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Section 1
INTRODUCT ION

PURPOSE AND SCOPE OF PROGRAM

Accident studies have revealed that rollover of vehicles that acciden-
tally leave the roadway is not only a frequent event, particularly in single-
vehicle accidents, but also the most hazardous in terms of the frequency and
severity of injuries to vehicle occupants. In addition, these studies show
that small, lightweight automobiles are more prone to overturn in an accident
than are large, heavy cars. In view of these facts, the trend toward
increasing use of small, lightweight vehicles in recent years gives rise to
concerns regarding whether the existing guidelines for the design of roadside
features are appropriate or require modification to reduce the rollover

potential of these newer-type vehicles during encroachments on the roadside.

The objective of this research program was to study the interaction of
vehicles with various roadside features to determine critical roadside~feature
design criteria based on the potential for inducing vehicle rollover., The
HVOSM (Highway-Vehicle~0bject Simulation Mcdel) computer program was used to
determine the dynamic responses of representative small and large cars trav-
ersing various sideslope, fill-embankment, and ditch configurations. Both
tracking and nontracking departures frowm the roadway were simulated. Prior to
the simulation study, full-scale tests with an instrumented Volkswagen Rabbit
automobile were performed to verify the HVOSM, which had been modified to
incorporate several revisions and extensions developed by McHenry Consultants,

Inc. (MCI) to improve the application of HVOSM to rollover situations.
CONTENT AND ORGANIZATION OF REPORT

This report coansists of six principal sections and three appendices.
The background of the rollover problem is discussed in Section 2, which
contains results of a reveiw of the literature to obtain data and information

useful to the present study. Section 3 describes modifications and extensions



developed by MCI which were implemented in a special version of the HVOSM,
Several of the extensions to the model were not used in this study; however,
brief descriptions of them are included for completeness. Section 4 contains
descriptions of the full-scale tests performed and the results of simmlations
of the tests to assess the accuracy of the model predictions, The methodology
and results of the HVOSM simulations of vehicles traversing roadside features
is discussed in Section 5. Conclusions and recommendations based on the

findings of the study are given in Section 6.

Appendix A presents the HVOSM input data sets used to simulate each of
the full-scale tests described in Section 4, Instructions for supplying input
to the modified computer program are given in Appendix B, which shows the data
that must be provided in the various fields of each data card. Appendix C

provides a funetional description of the HVOSM extensions.



Section 2
LITERATURE REVIEW AND ACCIDENT DATA ANALYSIS

SUMMARY

This section provides information pertaining to vehicle rollover
accidents gathered from a review and analysis of existing literature and
available data. The overall objective of this task was to determine the
general state of knowledge of rollover accidents, particularly with regard to
the frequency of occurrence for various classes of vehicles, the severity of
such accidents in producing injuries to the vehicle occupants, and the
identification of possible causative factors related to roadside features
encountered by the vehicles as well as conditions at which vehicles depart

from the roadway.

The search for literature dealing with rollover accidents revealed a
relatively large number of potential information sources. BHowever, many of
the documents examined were found to contain little or no information useful
to this study. During the course of the study, it also became clear that
certain types of information sought either were ndt available or would bhe
difficult to extract from existing accident data files. Hence, little attempt
was made to generate new information from further analysis of the data files
beyond that already reported in the literature, since such attempts were

deemed unlikely to prove very worthwhile,

The information presented herein was obtained from the documents
referenced and is divided into five main subject areas, or subsections:
(1) vehicle classifications, (2) frequency of rollover accidents, {3) vehicle
roadway-departure conditions, (4) occupant-injury frequency and severity, and
(5) roadside features (those involved in rollover, and nom~rollover,
accidents), The section concludes with a discussion of the principal findings

of the task.



VEHICLE CLASSIFICATIONS

The tendency of a vehicle to overturn is affected by numerous
characteristics of the vehicle design, including the height of the center of
gravity, wheel tread, moment of inertia, properties of the tires and
suspension, etec. Because these characteristics vary widely within and among
all types of vehicles, there is no single theoretically relevant variable or
combinations of such variables that can be simply and reliably used to

classify vehicles according to their different rollover propensities.

The review of the literature showed that classifications based on
vehicle use and/or size have exhibited distinct differences among classes in
their rollover rates. Classifications mainly used to group vehicles by type
or use include passenger cars, pickup trucks, utility vehicles, vans, and
light and heavy trucks. Passenger cars in particular are often further
subdivided by weight ranges or by the size categories described as subcompact,
compact, intermedigte, and full~size automobiles. A major drawback of using

"subcompact,” "

compact," etc., for classifying cars is the lack of adequate
definitions of such terms. Indeed, since the advent of "down sizing” of
automobiles in recent years, the meaning has changed, so, for example, a car
now described as "full size" may well correspond in actual size (or weight) to
one that formerly was considered an "intermediate" size. To provide a frame
of reference, the approximate wheelbases corresponding to these size
classifications, as given by the Motor Vehicle Manufacturers Association
(MVMA) for cars manufactured in the early 1970s, are listed in Table 1l. Also
shown in Table 1 are the values of the estimated average weight of vehicles in
each category as determined in 2 study of the relationship between accident

involvement rate and car size reported by Evans.2

1. "1975 Model Year Passenger Car and Truck Accident Investigations Manual,"
Motor Vehicle Manufacturers Association of the United States, Inc,

2. Evans, Leonard, "Accident Involvement Rate and Car Size," General Motors
Research Laboratories, Report No, GMR-4453, August 1, 1983,

4



Table 1. Size/wheelbase/weight relationships for vehicles

wmanufactured in early 1970s.192

Approximate Estimated average
Size clasaification vheelbase range, in. weight, 1b
Subcompact 94 to 101 1,998
Compact 102 to 111 2,796
Intermediate 112 to 118 3,510
Standard (Full-Size) 119 or over 4,324

l in, = 2.54 cm
1 1b = 0.4535 kg

Toward the objective of further identifying appropriate vehicle classes
for differentiating among vehicles in their tendency to roll over, an analysis
was made to determine if the weight of passenger cars is highly correlated
with other design variables that might be more directly related to rollover
propensity but for which information is not available in the automated
accident datz files, Variables considered for which data were readily

available include:

(1} Tread (track) width -- The ratio of this variable to CG height is
theoretically related to vehicle static roll stability. Since limited data
indicate rather little variation among automobiles in their CG heights, track

width was expected to have a strong relation to rollover tendencies,

(2) Wheelbase -~ This variable was thought possibly related to

tendencies for control loss and, thus, indirectly to rollover tendencies.

{3) Overall height -- This variable is probably correlated with CG

height and, thus, to rollover tendencies.

(4) Curb weight -- This variable would relate to rollover tendencies
through its relation to roll moment of inertia and to the energy required to

produce rollover.

All four variables were expected to intercorrelate through the common
dimension of vehicle size. To examine their correlations, a systematic sample
of vehicle makes and models was drawn from MVMA listings of 1980 passenger

5



cars. The sample included all major models of all U.S. manufacturers plus the
major imported cars., Care was taken to avoid inclusion of two models of a

manufacturer when those models were identical on the variables examined.

The intercorrelations among the variables are shown in Figure 1. It can
be seen that wheelbase, average tread width, and curb weight are highly
interrelated, especially among the American cars., Overall height is related
to the other variables, but to a lesser degree., It can also be seen that the
intercorrelations are generally greater among American cars than among the
foreign ones. From these results, it may be concluded that classes based on
wheelbase, average tread width, or curb weight would be very similar,
Consequently, one would expect that rollover rates of passenger cars would
correlate about equally well with any of these classificatory variables, in
terms of both dispersion (i.e., the difference in rollover rates between the
classes with the highest and lowest rates, which is & measure of the
classification's ability to distinguish vehicles with the greatest and least
rollover propensity) and the degree of monotonicity as indicated by the rank-
order correlation between the levels of the classificatory variable and the

rollover rates of the classes.
FREQUENCY OF ROLLOVER ACCIDENTS

Overview of Independent Analyses

Several reports examined contain information on the frequency of
rollover accidents determined from analyses of various accident data files,
such as the National Accident Sampfing System (NASS), the National Crash
Severity Study (RCSS), the Fatal Accident Reporting System (FARS), and
accident data records maintained by different states. Although not always
directly comparable because of differences in case selection criteria and the
methods of classifying vehicles, the results of these studies all show that

the frequency of rollover varies considerably for different vehicle types.

The available data indicate that rollover is an event mainly associated

with single~vehicle accidents (SVAs). Por example, from analysis of over 2300

single-vehicle and multiple~vehicle accidents of passenger cars in a Collision
6
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Figure 1. Correlations among key vehicle variables for 1980 model year passenger cars.



Performance and Injury Report (CPIR) file at the University of Michigan,
Huelke 35»31.3 determined that : (1) nearly 297 of all accidents in the sample
were SVAs, (2) about 10% of all accidents involved rollover, (3} rollover
occurred in 29% of the SVAs, compared to only 3% of the multiple-vehicle
accidents, and (4) 79% of all rollover accidents were SVAs. The latter value
ig slightly lower than the finding of McGuigan and Bondy,A who reported that
87.5% of the rollover accidents on the NCSS post-March 1978 file are SVAs.
Results from a study of accidents occurring in Worth Carolina during 1973 to
1978 reported by Reinfurt et 53.5 also show that the percentages of rollovers
in single-vehicle crashes were much higher than in multiple-vehicle crashes.
Their data indicsate that the rollover frequency of passenger cars and pickup
trucks was 40 times greater in single-vehicle accidents than in multiple~
vehicle crashes, and 20 times greater for utility vehicles. Similar large
differences between the rollover frequencies for the two types of accidents

were found in the study performed by Snyder et 33.6

Results obtained by different researchers who determined the rollover
(R.0.) frequencies of different classes of vehicles from analyses of various
accident data files are presented separately in Tables 2 through 8. In
comparing these results, it is important to bear in mind that rollover
frequency values vary, depending on the accident data base. For example, the
rollover rate for a given vehicle class expressed as a percentage of all
accidents is considerably different (lower) than when computed on the basis
of, for example, only single-vehicle accidents {SVAs), or perhaps only single-

vehicle fatal crashes. Note also that several of the analyses considered only

3. Huelke, Donald F., Marsh, Joseph C., and Sherman, Harold W., "Analysis of
Rollover Factors and Injury Causation,” in Proceedings of the 16th
Conference of the American Agsociation for Automotive Medicine, October
1972,

4. MecGuigan, R. and Bondy, N., "A Descriptive Study of Rollover Crashes,"
National Highway Traffic Safety Administration, unpublished report, July
1980,

5. Reinfurt, D.W., Li, L.K., and Popkin, C.L., "Rollover and Serious Driver
Injury Differences Among Utility Vehicles, Pickup Trucks, and Passenger
Car Groups,” in Proceedings of the 26th Annual Conference of the American
Association for Automotive Medicine, October 1982.

6. Sayder, R.G., McDole, T.L., Ladd, W.M., and Minahan, D.J.,, "On-Road Crash
Experience of Utility Vehicles," University of Michigan Highway Safety
Research Institute, Report No. UM-HSRI-80-14, February 1980.

8




those accidents in which rollover was the firat (or first harmful) aevent for

determining rollover frequencies.

Table 2. Incidence of rollover in all passenger
car sccidents (CPIR).3
Car size No. of accidents Bo. R.0. I R.O.
Mini 245 39 16
Compact 764 99 13
Intermediate 547 60 11
Standard 697 42 6
Luxury 17 4 s
All Sizes 2,330 244 10.47

Table 3.

Incidence of rollover as firat harmful event
(Michigan data, 1976).%6

Yehicle typa

Z 2.0, in all crashes

T B.0. in SVAs

Utility Vehicles
Pickup or Panel Trucks
Straight Trucks
Passenger Cars

Sports Car

Compact

Intermediate

Full Size
All Vehicles

1 (11.7)

(1.6)

»
-
-

2.7
2.9
3.1
1.1
3.5
2.3
1.4
0.6
1.7

39 (38.5)

7 (12,3)

*Values for combined data from five states are shown in parentheses.

Table 4. 1Incidence of rollover in SVAs (Worth Carclina -
P.D. over $200).3
Vehicle type R.0. rate/10,000 registrations Z R.O.
Utility Vehicles 55.5 36.6
Pickup Trucks 11.8 18.7
Passenger Cars 15.1 12.6
Subcompact 33.8 20.0
Compact 20.2 13.5
Intermediate 8.9 B.1
Full Size 3,6 5.0




Table 5. Incidence of rollover in fatal SVAs
(PARS 1978-79, 1972-78 model years).S
Fatal SVAs/
Vehicle type Ko. fatal SVAs 10,000 registrations Z R.O,
Utility Vehicles 633 3.1 83
Pickup Trucks 2,556 1.3 64
Passenger Cars 10,145 0.8 47
Subcompact 3,596 1.1 56
Compact 2,458 0.9 45
Intermediate 2,668 0.7 41
Full Size 1,423 0.5 35
Table 6. Incidence of rollover as first event in SVAs.’
Vehicle type Ho. SVAs No. R.O. I R.O.
Utility Vehicles 187 76 40.6
Heavy Trucks 788 290 36.8
Vans, Motor Homes 285 91 31.9
Light Trucks 1,338 348 26.0
Passenger Cars 5,223 711 13.6
Sports, Subcompact 1,124 252 22.4
Compact 1,255 191 15.2
Intermediate 1,203 126 10.5
Full Size 1,641 142 8.7
All Vehicles 7,821 1,516 19.4

Note:

(59.5%) of the rollovers were not first events.

The overall rollover rate (i.e., regardless of whether firsgt-

event) of all vehicles combined was 47.9%. Thus, a majority

Table 7. Incidence of rollover as first harmful event based
on 1978-1979 data (I of SvAs).8

RASS FARS

Vehicle type 1978-79 ave. 1978-79 ave.
Straight trucks 42.1 32.3
Pickup Trucks 20.1 28.7
Combination Trucks 17.9 34.0
Vans 11.2 23.0
Passenger Cars 6.6 17.1

Perchonok, K,, Ranney, T., Baum, S., Morris, D., and Eppich, J.,
"Hazardous Effects of Highway Features and Roadside Objects," Calspan
Field Services, Inc., Report No. ZR~5564-V-2, September 1978.

Malliaris, A.C., Nicholson, R.M., Hedlund, J.H., and Scheiner, S.R.,
"Problems In Crash Avoidance and In Crash Avoidance Research," Society of

Automotive Engineers, Inec., Paper No. 830560, March 1983.
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Table 8. Rollover rate in SVAs of light and heavy cars (2).8

NASS RCSS FARS

1978-79 ave, 1978 1978-79 ave.
Light-Car (3,500 lb or less) SVAs 11.6 22.2 46.4
Heavy-Car (over 3,500 1b) SVAs 3.4 10.7 36.2
All Cars 8.3 17.4 43.1

1 1b = 0.4535 kg

Calspan examined the data contained in the NASS accident data files for
the most recent years for which data were available (1979 through 1981) to
determine the relationship between the type of vehicle and its propensity to
roll over. Table 9 shows the proportion of single~vehicle crashes which
involved a rollover as the first harmful eventj the vehicles are ordered by
type in the same general manner used for Tables 3 through 7. To more clearly
show the relationship of rollovef to weight, however, passenger cars were also
subdivided into seven weight classes; and, to provide a more complete overview
of rollovers, counts were made of any rollover by a crashed vehicle,
regardless of whether or not the rollover was the first harmful event. (The
majority--59%--of the rollovers were not first harmful events.) The results

of these analyses are presented in Table 10.

Table 9. Incidence of rollover as first harmful event based
on 1979-1981 data (I of SVAs).

Vehicle type No. SVAs Z R.O,
Utility Vehicles 86 8.4
Pickup Trucks 503 19.3
Vans 119 13.5
Station Wagons 811 7.9
Passenger Carsg 1,637 7.1

3,500 1b or less 1,015 10.0

over 3,500 1b 622 2.3
All Vehicle Types 3,156 10.33

1 1b = 0,4535 kg

11



Table 10. Incidence of any rollover, regardless of whether
first harmful event (I SVAs).

Location of first harmful event
7 R.0.
Vehicle type On roadway Off roadway on and off
roadway
Ko. SVAs | T R.O. No. SVAs | T R.O. combined
Utility Vehicles 24 79.2 65 60.0 65.2
Pickup Trucks 76 34.2 430 50.7 39.7
Vans 33 18.2 86 34.9 30.3
Station Wagons 143 6.3 668 23.2 20.2
Passgenger Cars 302 7.6 1,346 24.6 21.5
2,000 1b or less 33 24,2 105 49.5 43.5
2,100~2,500 1b 31 22.6 204 35.3 313.6
2,600-3,000 1b 30 13.3 227 30.8 28.8
3,100-3,500 1b 69 2.9 323 21.1 17.9
3,600-4,000 1b 67 3.0 264 15.2 12.7
4,100-4,500 1b 51 0.0 167 12.6 9.6
4,600 1b or more 21 0.0 36 14.3 10.4
All Vehicle Types 57 14.4 2,395 28,1 25.6

1 1b = 0.4535 kg

Comparison of Results

Examination of the data presented in Tables 2 through 10 shows a
consistency among all of the study findings with regard to the rank ordering
of the different vehicle classes by rollover rate. Utility-type vehicles
clearly are identified as having the highest frequency of rollover in
accidents and are about three times as likely to overturn as passenger cars
considered as a whole, Of interest in the results shown in Table 10 is the
finding that, in contrast with those of the other vehicle types, the rollover
frequency of utility vehicles is higher for accidents in which the first

‘harmful event occurred on the roed, rather than off the roadway. This
suggests that utility vehicles are inherently less stable and more susceptible
to roll moments generated on the roadway, as in swerving maneuvers, With all
the other vehicles, it may be posited that rollovers depend more on the
tripping or flipping forces that are generated in traversing embankments,
ditches, and other roadside terrain irregularities or in impacts with objects

such as culverts, trees, rocks, and posts.
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Although the tabulated data show differences in the strength of the
trend of rollover frequency in relation to the size of passenger cars, the
results of the various studies are consistent without exception in indicating
that rollover tendencies decrease systematically with vehicle weight (or
size)., The curves of Figure 2, which are plots of the data presented in
Table 10, show this most clearly., The relationships tend to be curvilinear,
flattening out at weights above 3,500 1lb (1,587 kg). This suggests either
that the basic relationship with weight is curvilinear or that, at the upper
weight ranges, another key variable is stabilizing in its values. However,
inspections of the relatiénships with wheelbase, tread width, or vehicle
height did not indicate that either of these stabilizes in the upper weight
range., Another possible explamation is that the interrelationships among
weight, wheelbase, and tread width, or some other unknown relevant variable,
produce a cumulative effect on rollover tendencies in the lower weight ranges,
i,e., In those ranges, two or more factors combine to produce the exaggerated

rollover tendencies.

Malliaris et El'vs who separated the car population into two groups,
i.e., those weighing 3,500 1b (1,587 kg) or less (lighter cars) and those
weighing more than 3,500 1b (heavier cars), also shows that lighter cars have
a higher relative rate {percentage of car involvements in accidents divided by
percentage of car registrations). To provide a comparison with the relative
rates of involvement reported by Malliaris, similar rates were computed from
data given by Reinfurt et Ei'S,by assuming that the subcompact and compact car
sizes could be lumped to represent the "lighter car"” group and that the
intermediate and full size cars together constituted the 'heavier car"
category, Tables 11 and 12 compare the Malliaris and Reinfurt data obtained
from analysis of FARS data files for all single-vehicle accidents (Table 11)
and for single-vehicle rollover accidents (Table 12). It may be seen from
these tables that the values for the relative rates of involvement calculated
from the Reinfurt data agree quite closely with those reported by Malliaris
and likewise indicate that the accident involvement per registered vehicle is

higher for small cars than for larger ones.
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Figura 2. Passenger car rollover rates by weight class.
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Table 11. Comparison of involvement rates for all fatal SVAs.8:5
Relative rate
Car size I Car involvements X Car registrations of involvement
Malliaris | Reinfurt | Malliaris | Reinfurt | Halliaris | Reinfurt
Lighter 67.6 59.7 49,1 47.1 1.38 1.26
Heavier 32.4 40.3 50.9 52.7 0.64 0.76

Table 12. Comparison of involvement rates for fatal SVAs with rollover,8,5
Relative rate
Car size % Car iovolvements X Car registrations of involvement
Malliaris | Reinfurt | Malliaris | Reinfurt | Malliaris | Reinfurt
Lighter 72.8 66.2 49.1 47.3 1.48 1.40
Heavier 27.2 33.8 50.9 52.7 0.53 0.64

In a similar manner, the data of Table 10 were used to determine if
certain car sizes are overrepresented in rollover accidents by comparing the
proportion of all single-vehicle accidents that occurred with cars of each
weight class with the corresponding proportion of accidents that involved
rollover. The results are presented in Table 13 and show that cars weighing
3,000 1b (1,360 kg) or less are overrepresented. This is particularly true for
the lightest car weight class, which comprised 8.4% of all cars in the sample

but accounted for 17% of all rollovers.

Table 13. Comparison of passenger car relative rollover involvement rates
(SvAs) (WASS 1979, 1980, 1981 combined).
Proportion of Proportion of Relative rollover
all accidents all rollovers involvement

Car weight, 1b No. z No. 4 rate
2,000 or less 138 8.4 60 16.9 2.01
2,100-2,500 235 14.2 79 22.3 1.57
2,600-3,000 257 15.6 74 20.9 1.34
3,100-3,500 392 23.8 70 19.8 0.83
3,600-4,000 331 20.1 42 11.9 0.59
4,100~4,500 218 13.2 21 5.9 0.45
4,600 or more 1 4.7 8 2.3 0.49
Total 1,648 | 100. 354 | 100.0 1.00

1 1b = 0.4535 kg

15



VEHICLE ROADWAY-DEPARTURE CONDITIONS

As might be expected, data from studies of accidents show that most off~-
road accidents are preceded by the vehicle's skidding out of control. From an
analysis of the NCSS post-March 1978 accident data file, McGuigan and Bondy%
reported that 85.7% of the vehicles in rollover accidents were sliding (includ-
ing moving esgentially forward with locked wheels) at the start of rollover,
Approximately 48% of the vehicles were rotated at an angle of 90 degrees to
the direction of travel (i.e., skidding broadside) at initiation of rollover,
and another 36% were moving at & slip angle of +60 degrees. However, it is

reported that only 30% of the vehicles were spinning at the start of rollover.

Perchonok et 3&.7 determined the attitude of vehicles upon departing
from the road in terms of whether they were tracking (as indicated by coin-
cident front and rear wheel paths) or nontracking. In the latter case, the
implication is that the vehicle was either spinning or skidding with a side-
ways component of velocity and, hence, was likely to have been out of control.
Of 6,745 accidents for which the initial departure attitude could be ascer-
tained (no data on the magnitudes of the slip angles are given in the report),
30.7% involved nontracking vehicles. Nearly one-fourth (23.9%) of the
vehicles that departed on the right side of the road were not tracking,
compared to 43.2% for left-side departures. While the percentage of vehicles
that were nontracking is considerably lower than the findings of McGuigan and
Bondy, it is noted that the rate determined by Perchonok et al, is based on
all single-vehicle accidents, whereas the McGuigan and Bondy results are with

reference to only rollover accidents,

The study by Perchonok et al. revealed the importance of the attitude of
the vehicle in its effect on the type of event that occurred during the
initial departure from the road. They found that vehicles were much more
likely to "get away" without any impact if they were tracking, Also, nontrack-
ing vehicles were far more likely to experience rollover. Among nontracking
vehicles, the proportion of (first-event) rollovers (30%) was two to three

times greater than for vehicles that were tracking when they left the roadway.
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Malliaris et 33.8 analyzed information contained in the NCSS 1978
automated accident file to obtain the estimates shown in Table 14 regarding
the behavior of cars before the accidents. The condition "Going Straight"
means that the car apparently was under control by the driver and was not
undergoing any maneuver such as turning, changing lanes, or passing--or, in
the case of car-to-vehicle collisions, was not stopped in traffic, slowing,
parked, etc.~-all of which are included in the 'Other" category. '"Out of
Control" means that the driver was not in control of the car, which was either

skidding or spinning.

Table 14. Frequency of pre—crash conditions of cars (X).8

Pre-crash Single—car Car~to—vehicle All
condition accidents collisions accidents
Going Straight 40.0 47.5 46.3
Out of Control 49.5 11.7 18.2
Other 1G.5 40.8 35.5
100.0 100.0 100.0

It may be noted that skidding or spinning out of control is the leading
pre-crash condition for single-car accidents. Tables 15 and 16 show the
distribution of single~-vehicle accidents according to the pre~crash condition
(with "Out of Control" subdivided into three groups) and the resulting type of
impact for cars (Table 15) and for light trucks and vans (Table 16) involved

in single=-vehicle accidents.

L3
.

Table 15, Pre—crash condition and resulting type of
impact in passenger car SVAs (%).

Resulting type of impact
Pre—-crash
condition Frontal Side Rollover All other All
Straight 29.0 3.5 4.5 3.0 40.0
No Sk%d Sideways 8.5 10.5 9.1 1.1 29.2
Control Skid Front 13.4 1.0 1.1 0.9 16.4
Spin 1.0 1.6 0.7 0.6 3.9
Other R.0 0.5 0.9 1.1 10.5
All 59.9 17.1 16.3 6.7 100.0
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Table 16. Pre-crash condition and resulting type of
impact im light truck and van SVAs ().

RBegulting type of iapact
Pre-crash
condition Frontal Side Rollover | All other All
Straight 28.13 2.5 7.8 2.6 41.2
Yo Sk%d Sideways 7.3 7.4 17.4 2.2 36.3
Control Sk}d Front 10.4 1.2 2.3 0.7 14.6
Spin 0.0 0.3 3.1 0.0 3.4
Other 2.9 0.0 2.7 0.8 6.4
All 48.9 11.4 33.3 6.3 99.9

It is of interest to note that, in about 25% of the single-vehicle roli-
over accidents, both for cars and for light trucks and vans, the vehicles were
going straight without loss of control (or, at least, the driver presumably
had the option to control even though he may not have exercised the option).
Also, it may be seen that more than half of the vehicles were skidding side-
ways prior te rolling over, and that relatively few were spinning, which

compares favorably with the findings of McGuigan and Bondy“ discussed earlier,

Results of further analyses to compare the relative rates of pre-crash
conditions of light (3,500 1b (1,587 kg) or less) and heavy (over 3,500 1lb)
cars in single~vehicle accidents are also reported by Malliaris et il's These
relative rates, which, for each pre-crash condition, is the percentage of all
involvements divided by the percentage of the total car registrations

represented by each weight group, are shown in Table 17. B

Table 17. Relative rates of pre-crash conditions of
light and heavy cars in SVAs (WCss)3

Relative rate of involvement

Pre—crash coundition Lighter cars Heavier cars
Straight 1.24 0.81
Skid Sideways 1.43 0.65
Skid Front 1.15 0.88
Spin 1.33 0.73
Other 1.28 0.77
All 1.29 0.76
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Table 17 indicates overinvolvement of lighter cars for all of the pre-
crash conditions and, particularly, for skidding sideways and spinning out of
control, which are the conditions most likely to induce rollover. Based on
these findings, the authors conclude that, "It is in fact this mode of losing
control that leads the lighter cars to roll over so overwhelmingly more often

than heavier cars."

Some information on the speeds and path angles at which vehicles acciden-
tally depart from the roadway was also gleaned from the reports reviewed,
Wright and Zador report that the average departure angle at 48 rollover crash
sites examined in Georgia was 9.6 degrees.9 The data of Perchonok et 3&.7
show that the distribution of vehicle departure angles is slightly different
for divided and undivided highways, but is mostly affected by whether the
vehicle traversed a lane adjacent to the one in which it was traveling prior
to departure, Overall, 887 of the accident vehicles were traveling in the
right-most lane, and, of these, 67% departed on the right side. The distribu-
tion of departure angles for vehicles departing to the right from the right-
hand lane of both divided and undivided roads combined is depicted in Figure
3. The curve shows that the median departure angle was 10 degrees, and that
nearly 70% of the vehicles left the road at an angle of 15 degrees or less,
The calculated mean angle for all departure is 13.9 degrees. For the subset
of accidents in which rollover was the first event, the median departure angle

was 15 degrees, or 5 degrees higher than median angle for all accidents,

On the average, the mean departure angle of vehicles that crossed over a
lane prior to leaving the road was about 8 degrees larger than those which de-
parted on the same side of the road as the lane in which they were traveling.
The overall mean departure angle of tracking vehicles (right and left depar-
tures combined) was 14.3 degrees, compared to 22,8 degrees for non-tracking

vehicles,

9. Wright, P.H. and Zador, P., "A Study of Fatal Rollover Crashes in
Georgia," Insurance Institute for Highway Safety, unnumbered report,
November 1980.
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Figure 3. Distribution of departure angles for right-side departures from right lane.

Similar departure-angle results were obtained in an analysis by Vinerl0
of data obtained from two sources: (1) 1982 NASS Longitudinal Barrier Special
Study (289 obgervations, first impact with a guardrail or median bharrier) and
(2) "Analysis of Investigated Accidents," FHWA contract DOT-FH~11-9253,
Southwest Research Institute (SWRI), October 1983 (203 observations, police~
reported single-vehicle accidents of all types)., Figure 4 compares plotted
distributions of departure angle (reported as impact angle in the case of the
NASS data) for the two sets of data, From the distributions shown, mean depar-
ture angles were calculated as 17 degrees for the NASS data and 15 degrees for
the SWRI data, both of which are slightly higher than the 13,9 degrees showm
by Figure 3, Viner notes that some error was introduced in developing the
SWRI distribution of Figure &, because the data used were available for only
5-degree increments of departure angle; SWRI reported a median departure angle
of 18.7 degrees. (Also of interest is that SWRI reported this value to be 2
degrees lower than the median impact angle calculated from analysis of their
data.) Yaw-angle distributions determined by Viner from the same two sets of
data, depicted in Figure 5, are in surprisingly good agreement and show that,
in half of the police-reported (NASS and SWRI) accidents studied, the vehicle

was yawed at impact.

10. Personal communication from John G. Viner, FHWA Office of Safety and
Traffic Operations R&D, 1985, on tentative findings of FHWA staff study
21T1-554, "Clinical Analysis of Roadside Accidents."
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With regard to crash speeds, Huelke et 31.3 give the results shown in
Table 18, which were obtained from an analysis of over 2,300 car accidents in

a CPIR data file.

Table 18. Car speed prior to impact.3

Speed range, No. of Rollovers Percent of Cumulative
ai/h accidents No. b4 all rollovers 4
1-10 178 4 2 1.9 1.9
11-20 157 2 1 1.0 2.9
21-30 341 9 3 4.4 7.3
31-40 405 37 9 18.0 25.3
41-50 361 55 15 26.7 52.0
51-60 195 41 21 19.9 71.9
61~70 157 33 21 16.0 87.9
71-80 38 9 24 4.4 92.3
81-90 25 10 40 4.9 97.2
91-100 10 _6 60 2.9 100.1
Total 1,867 206 11 100.1

1 mi/h = 1.609 ka/h

Not surprisingly, Table 18 shows that the likelihood of rollover
inereases with increasing speed prior to impact. About one-quarter of the
rollover crashes occurred at speeds below 40 mi/h (64.4 km/h), and over half
of the rollovers in the sample involved vehicles traveling 50 mi/h (80.3 km/h)
or less, These data also indicate that the median speed of vehicles in

rollover accidents was somewhat higher than the median speed of all crashes,

From a study of rollover accidents of British cars and light vans,
Mackay and Tampen11 obtained the distribution of estimated crash speeds shown
in Table 19. Compared to the findings of Huelke et gl.3 thase data show that
more rollovers occurred at the lower speed ranges, with nearly 83% of the

vehicles overturning at speeds below 50 mi/h (80.5 km/h).

11. Mackay, G.M. and Tampen, I.D., "Field Studies of Rollover Performance,”
Society of Automotive Engineers, Inc., Paper 700417, 1970.
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Table 19. Estimated speeds of rollover.ll

Estimated speed, Bollover

mi/h Ko. Z Cumulative ¥
0-10 2 2.3 2.3
10-20 13 14.9 17.2
20~30 i8 20.7 37.9
30-40 22 25.3 63.2
40-50 17 19.5 82.7
50~60 8 9.2 91.9
60-70 6 6.9 98.8
70~80 1 1.2 100.0
Total 87 100.0

1 mi/h = 1.609 km/h

The report by Perchonok et il'7 provides data on the estimated speed of
the vehicle for the primary impact of each accident. 1In multi~impact
accidents, the primary impact was the one thought to have resulted in the
highest change of velocity (delta V) and, therefore, was most likely to have
caused injury to the occupants. Although the primary impact speeds are not
necessarily the same as those at which the vehicles departed from the highway,
the data are nonetheless useful in providing some insight as to the minimum
departure speeds, since most vehicles probably decelerated (rather than
accelerated) along the path to the point of impact. The distribution of speed
for primary impacts (467 were rollovers and 547% were nonrollover impacts) is
given in Table 20, which shows that most of the impacts occurred in the 21-30
mi/h (33.8-48.3 im/h) speed range, and that 87% of the vehicles were traveling
at 40 mi/h (64.4 km/h) or less. On the average, the speed was slightly higher

when the primary impact was a rollover, rather than a noanrollover, crash.

Table 20. Distribution of primary impact speeds,

Impact speed, Primary impacts
ni/h No. p 4 Cum. %
0-10 683 8.9 8.9
11-20 1,861 24,2 33.1
21-30 2,731 35.6 68.7
31-40 1,429 18.6 87.3
41-50 679 8.8 86.1
51-60 219 2.9 99.0
over 60 79 1.0 100.0
Total 71,681 100.0

1 mi/h = 1,609 km/h
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OCCUPANT-INJURY FREQUENCY AND SEVERILTY

Data on the frequency and severity of injuries to occupants of crash
vehicles indicate that rollovers tend to be more severe than other types of
accidents. Vinerl2 reported that overturn was the leading cause of roadside
fatalities in 1981, accounting for 33.8%7 of the fatalities on all roads and
44,7% of those on the Interstate system. From an analysis of single-vehicle
police-reported accidents in Tewxas in 1981, it was found that 2.32% of
overturn accidents resulted in driver fatality, as compared to 1.21% for

nonrollovers--a ratio of nearly 2 to 1.

McGuigan and Bondy* report a severe injury rate (AIS (Accident Injury
Scale) of 3 or more) of 11.5% for occupants of rollover vehicles, compared to
4,1% for the occupants of vehicles that did not overturun, from analysis of the
NCSS post-March 1978 data file. They also observed, in examining FARS 1978
data, that 53% of all occupants in fatal rollover accidents were killed, as
opposed to 41.6% of the vehicle occupants in non~rollover fatal accidents.
Table 21 shows, from the FARS data, the percentages of occupants killed by
vehicle type.

Table 21. F¥requency of oécupanta killed in rollovers of
different type vehicles (FARS 1978).%

Killed rollover
Z Rollover occupants as Z of all

Vehicle type occupants killed killed for vehicle type
Passanger Cars 55.6 23

Light Trucks 50.9 39

Vans 41.8 39
Multiple-purpose Vehicles 48,6 61

All Vehicle Types 53.5 26.4

Table 21 indicates that, although the percentage of occupants who are
killed in rollover accidents of multi-purpose vehicles is lower than for

passenger cars, rollover is a relatively more serious problem for the former,

12, Viner, John G., "Implications of Small Cars on Roadside Safety," in

Proceedings of the 27th Annual Conference of the American Association of
Automotive Medicine, October 1983.
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since it accounts of 61% of all fatalities that occur to multi-purpose vehicle

occupants,’ in contrast with 23%7 of all those killed in passenger cars,

In the study by Reinfurt et gl.,s it was determined that the rates for
serious (A) and fatal (K) driver injuries in single-vehicle recllover crashes
per 10,000 registered vehicles was much higher for drivers of utility vehicles
{10.0), compared to passenger cars (2.0), Among passenger cars, the serious-
injury rates decreased with increasing car size, with an approximately
fivefold difference (4.1 vs. 0.8) between subcompact and full-size cars.

Thus, accident data show not only that small cars roll over more frequently

than larger ones, but also that the consequences are more severe.

Ejection is a leading cause of serious and fatal injuries in rollover
accidents. McGuigan and Bondy% report that 404 of the occupants of passenger
cars that overturned were ejected, and 53%Z of those who were killed were
ejected. The lattaer value is somewhat lower than the four-out-of-six (67%)
fatal ejection rate cited by Huelke et 31.,3 who determined the distribution
of injury severity for passenger—car rollovers and for all accidents shown in

Table 22.

Table 22. Overall occupant injury severity.3

Injury severity AIS Rollover All accidents
0 - No Injury 15.3 23.9
1 = Minor 44.6 46.6
2 - Moderate 12.8 11.9
3 - Severe {Not Life-threatening) 7.8 6.0
4 —~ Serious (Survival Probable) 1.4 2.0
5 = Critical (Survivsal Uncertain) 2.5 1.7
6-9 Fatal 15.6 7.9
100.0% 100.07%

Table 22 shows that the distribution of injuries at the lower injury
levels is approximately the same in rollovers as in all vehicle collisions.
However, almost 16% of the occupants were fatally injured in rollovers which

is nearly twice that for all accidents.

The injury severity of 89 rollover accidents of British passenger cars

and light vans (147 occupants} as reported by Mackay and Tampen!l is presented
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in Table 23. It may be seen that this distribution more nearly corresponds to
the results of Huelke for all accidents rather than the distribution for roll~
overs. (Note that Tables 22 and 23 cannot be directly compared, since the
former is based on the total number of occupants involved in the accidents,
whereas Table 23 shows the distribution of rollover accidents according to the
level of injury sustained by the most severely injured occupant.) This may be
a reflection of the observation noted earlier that the vehicle speeds in roll-
over crashes estimated by Mackay and Tampen were lower than those reported by

Huelke et al.

Table 23. Injury severity for rollover sccideants.l!l

Injury severity Ro., of accidents 4
None 26 29,2
Minor 33 37.1
Moderate 14 15.7
Severe 10 11.2
Fatal 6 6.8

Total 9 100.0

Data on the most severe injury sustained by any occupant of the accident
vehicle are given in the report by Perchonok et 3&.7 Injuries were classified
by three levels of severity: none, nonfatal, and fatal. The frequency of the
most severe injury to an occupant in all rollever and nonrollover accidents is
shown in Table 24. The data show that occupants were injured in two~thirds of
the rollover accidents and in slightly less than half of the nonrollover
crashes, Also, the fatality rate of rollovers was nearly double that for
nonrollover impacts, That rollovers in general are shown to be more hazardous
than other types of accidents is in keeping with the findings of other studies

using different accident data bases.

Table 25. Distribution of the most severe injury level in
rollover and nonrollover accidents.

Injury injured®
z
Impact type None | Wonfatal | Patal | Total No. z Killed
Rollover 1,189 2,134 235 3,558 2,369 66.6 6.6
Nonrollover 2,160 1,914 146 4,220 2,060 48.8 3.5
Qverall 3,349 4,048 381 7,778 4,429 56.9 4.9

*Includes both fatal and nonfatal injuries
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As part of a study of factors influencing injury, Perchonok et 33.7
analyzed accidents on ditch and fill cut~type roads to determine if there were
differences in injury experience. It is well to point ocut that while the
presence of a ditch or fill is implied, neither of these features may neces-
sarily have affected the outcome of the accident. For example, in some
accidents on roads with a ditch, the vehicles may have safely traversed the
ditch, or perhaps not even have encountered it at all, The results of the
analyses show little difference in the frequency of injuries or fatalities for
the two road types, WNo relationship between the likelihood of injury and the
sideslope of either ditches or fills is evidenced by the results, but, for
fills, there is an indication of higher injury and fatality rates on slopes
steeper than 3:1. Analysis of the effects of fill height and ditch depth does
show a tendency of increased injury rate with increasing height or depth. The
trend is apparent for increases of fill height from 1 to 5 ft (0.3 to 1.5 m),
and, for ditches, there was the general effect of a higher injury rate for

depths greater than 2 ft (0.6 m).
ROADSIDE FEATURES

Although many analyses of accident data have shown, not surprisingly,
that the vast majority of rollovers occur off the road, most reports contain
little or no detailed information concerning the location and shape of the
roadside terrain features that caused the vehicles to overturn, or even
whether rollover was the result of a prior impact with an object, From gheir
analysis of NCSS data, McGuigan and Bondy* determined that 72% of the rollover
accidents were initiated off the roadway. Slightly more than half of the
rollovers occurred without a prior impact, and, of the accidents for which
there was an impact prior to overturning, the impact was judged to have
initiated overturning in 59% of them. Also, from the FARS 1978 accident data
file, they found that collision with a fixed object was the "first harmful
event" in 51% of the fatal single-vehicle rollover accidents. The frequency
of impact with the three terrain features included in the list of fixed
objects struck given in the report is shown in Table 25, where it may be noted
that embankments and ditches together were the objects struck in 36% of the
accidents of all types of vehicles (passenger cars, light trucks, vans, and
utility vehicles).
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Table 25. Object struck as first harmful event in single-
vehicle fatal rollover accidents (FARS 1978).%

No. of accidents Z of all fixed

Object struck (all vehicle types) object impacts
Embankment 673 18.3
Culvert/Ditch 652 17.8
Curb or Wall 232 6.3
All Other Objects 2,117 37.86
Total 3,674 100.0

From the analysis of data collected in a field study of 151 rollover
crash sites in New Mexico, Hall and Zadorl3 observed that a comparatively
small object was the most probablé‘cause of overturning. These objects
included curbs, edge dropoffs, ditches, and soft soil, Aﬁong their findings
were: 85% of the vehicles overturned within 27 ft (8.2 m) of the roadway; only
18% of the crash sites had glopes greater than 3:1, and there was evidence to
clearly indicate that vehicles which departed the road had serious difficulty
in traversing front slopes of 4:1; and over half of the fatal rollover crashes
occurred on embankments less than 4 fr (1.2 m) high, In a similar study of
rollover accident sites in Georgia, Wright and Zador? found that about 90% of
the roilovers were precipitated within 30 f£ (9.1 m) of the pavement edge.
Elongated hazards, such as ditches and embankments, were found more likely to
be present at sites of rollover accidents than at locations of fixed-object

¢rashes,

»
L}

Results reported by Malliaris et 51.8 and Huelke et 53.3 are in substan—
tial agreement with the findings discussed above, The former study showed
that over 80% of the rollovers were initiated off the road. Curbs are cited
as the tripping source of vehicles in 10% of the cases, whereas ditches,
embankments, and drop~offs constituted the majority of the rest, Of 200 roll-
over accidents selected from a CPIR automated file for detailed review in the
study by Huelke, 97% occurred off the roadway, and 60% of those case vehicles

struck another object or vehicle before overturning. 1In only four accidents

13, Hall, J.W. and Zador, P., "A Survey of Single Vehicle Fatal Rollover Crash
Sites in New Mexico," Insurance Institute for Highway Safety, unnumbered
report, November 1980.
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was there an indication that rollover occurred without tripping (e.g., hitting

a curb, or wheels digging intoc soft earth) or vaulting over an embankment,

Klein et 31.14 performed a study of roadway disturbances most likely to
be encountered and to cause an accident, as determined from accident data and
a survey of drivers. Approximately 4% of all gccidents were found to have as
a causal factor a '""road defect," which includes dips, bumps, shoulder drop-
off, holes, washboard, loose gravel, ete, A shoulder drop—off was rated as
the most hazardous disturbance in terms of the likelihood of causing loss of
control. However, shoulder drop-offs are seen to be a relatively infrequent
causal factor of rollover accidents, since, according to the authors, they
"appear to be involved in 1 to 3 percent of all passenger car accidents on dry

roads with unimpaired drivers."

From analysesz examining the effects of the character of the roadside on
the locations and of types of events that occurred in accidents, Perchonok
et 33.7 found that 20% of all (7972) first events occurred on the shoulder.
Of 1,528 accidents for which rollover was the first event, only 3.5% occurred
on, or were initiated on, the shoulder. The most frequent type of first event
on the shoulder was a "no impact" departure. In 607 of the 1,412 accidents in
which there was no impact during the initial departure, the vehicles did not
encroach on the roadside beyond the shoulder, No systematic relationship
between shoulder width and event type was found in the results of the

analyses,

In studying the effects of side slopes, Perchonok et al. distinguished
between two road types that are referred to as ditch cut or fill type roads.
Table 26 shows the frequency of the type of event (rollover, nonroll impact,
or no impact) that occurred in the first departure from these types of roads.
(Accidents also occurred on roads with rock cuts, retaining walls, hillsides,

etc., but the limited numbers of observations precluded meaningful analyses.)

4. Klein, R.H., Johnson, W.A., and Szostak, H.T., "Influence of Roadway
Disturbances on Vehicle Handling," Volumes 1-3, Systems Technology, Inc.,
Report Nos. DOT HS-802-210,-211,-212, February 1977.
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Table 26, Event type for fill and ditch cut type roads (first event).?

Bollover Nonroll impact No impact I roll for:
Road type No. b4 No. ) 4 No. b4 Impacts WOs®
Fill 971 | 23.1 2497 59.5 731 17.4 28.0 57.1
Ditch 404 | 16.1 1609 64.0 500 19.9 20.1 44,7

*No object struck

The data show ditch cut roads had relatively fewer rollovers, more
anonroll impacts, and slightly more frequent nonimpacts, Although the term
"ditch cut" implies that ditches were present on that type of road, the
roadside on an unknown number of roads built om fill also included a ditch.
The extent to which rollovers resulted from encounters with a ditch is not
reported, but it is gstated that there were a total of 660 nonroll impacts with
ditches, As indicated by the last two columns of Table 26, the frequency of
rollover was higher for the fill type of road, regardless of whether computed
on the basis of all impacts or only those accidents in which there was no

object struck (NOS).

Analysis of the objects struck in nonrell impacts showed that collisions
with ditches, embankments, and culverts were much more frequent on ditch cut
roads than on fill type roads, whereas guardrail impacts were overrepresented
for roads built on fill. Upcn removing the nonroll impacts with these objects
characteristically associated with each type of road, the proportion of non-
roll impacts was essentially equal for the two road types., Moreover, the
proportion of rollovers for fill type roads was still greater than for ditch
cut roads. Thus, it was concluded that the lesser likelihood of rolling over
on ditch cut roads was not due to more nonroll impacts, but appears to result
from the direct effect on rollover of differences between the general terrain

contours asgsociated with these two types of road construction.

The analyses of side slopes included examination of the effects of the
steepness of the slope as well as the height/depth of fills/ditches on event
type. Table 27 shows the distribution of event type as a function of side
slope for both fills and ditches. (It is tacitly assumed that, for ditches,
the slope pertains to the terrain between the road and the ditch and, in
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general, not to the side of the ditch itself.) The proportion of rollovers on
fill slopes show no congsistent relationship with slope, but the likelihood of
nonrollover impacts increased, and the proportion of no impacts decreased,
with increasing slope. Thus, for accidents in which there were no objects
struck, the proportion of rollovers increased with increases of the side
slope., Note that the highest proportion of rollovers occurred on 3:] slopes;
ou steeper slopes, the frequency of nonroll impacts increased sharply. Also,
even on the shallowest of slopes, less than one-quarter of the vehicles were

able to 'get away" without rolling over or colliding with an object,

Table 27. First event type by slope for fill and ditech cut type roads.

Konroll

Rollover impact No impact Total Z Roll for:

Slope Fo. | % Ko. | 2 Ro.| % No. b 4 Impacts | ROS*
Fill
6:1, or
flatter | 256 |22.4 | 645 | 56.4} 242 21.2 | 1,143 | 100.0 28.4 |51.4
411 167 | 22.8 | 425 |57.9 142/ 19,2 734 1 100.0 28,2 154.0
3:1 177 125.7 1 410 ] 59,4 103} 14.9 690 | 100.0 30.2 ]63.2
2:1 196 {19.6 ) 669 | 67.07 133 13.3 998 | 100.0 22.7 |} 59.6
1:1 28 124.3 71 { 67.0 10| 8.7 115 ) 100.0 26.7 | 73.7
Ditch Cut

6:1, eor
flatter | 125 |20.6 | 351 |57.9| 130§ 21.5 606 | 100.0 26.3 149,0
41 86 | 18.8 ] 273 59.7 98 | 21.4 457 | 100.0 24,0 | 46,7
3:1 43 [10.7 | 277 | 69.1 Bl ]| 20.2 401 | 100.0 13.4 | 34.7
2:1 53 |10.1 |} 388 | 74.0 B3| 15.8 524 | 100.0 12.0 {39.0
1:1 21 [10.4 | 155 ]76.7 26| 12.9 202 | 100.0 11.9 | 44.7

*No object struck

The effect of sideslope on diteh cut roads is geen to be somewhat dif-
ferent. As with fill slopes, the proportion of nonroll impacts increased, and
the proportion of no impacts decreased, with increasing slope. Surprisingly,
however, a decrease in the relative frequency of rollovers with increased
slope is clearly evident, and the highest proportion of rollovers océurred on
slopes of 6:1 or flatter, The frequency of rollovers dropped sharply on 3:l
slopes, primsrily because relatively many more accidents involved nonroll

impacts, which increased almost 20% from shallow to steep ditch slopes.
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The distribution of the type of svent that occurred in the initial
departure as a function of the height of £ill and depth of ditch is shown in
Table 28. The data show that the proportion of rollovers increased with
increases of both fill height and ditch depth., For fills, the frequency of
rollovers increased most rapidly as the height increased from 3 ft (0.9 m) to
the 4=5 ft (1.2~1.5 m) range. The results for ditches are similar in that the
major increase in the proportion of rollovers is also seen to occur when the
depth increased from 3 ft (0.9 m) to the 4-5 ft (1.2~1.5 m) range. No orderly
trends in the results were found when the combined effect of side slope and

the height/depth of fills/ditches on event type was examined,

Table 28. First event type by height of fill or depth of ditch.’

Ronroll
Rollover impact No impact Total Z Roll for:
Height,
ft o, | % No.| % No. | % No. 4 Impacts | NOS*
Fill
1 40 [ 15.1 172 | 64.9 53 120.0 265 | 100.0 18.9 |43.0
2 54 | 15.2 243 | 68,3 59 [ 16.6 356 | 100.0 18.2 47.8
3 64 |19.1 195 | 58.2 76 |22.7 335 [ 100.0 24.7 45.7
4-5 211 [27.2 | 415 | 53.4 151 | 19.4 777 1100.0 33.7 58.3
6-10 134 [23.3 339 | 59.1 10t 117.6 574 1100.0 28.3 57.0
11-20 91 | 26.4 210 | 60.9 44 112.8 345 | 100.0 30.2 67.4
20+ 58 |24.6 149 [ 63.1 29 | 12.3 236 | 100.0 28.0 66.7
Ditch
1 49 [ 11.7 307 | 73.3 63 | 15.0 419 |1 100.0 13.8 43.8
2 78 {11.5 | 441 | 65.2 157 [ 23.2 676 | 100.0 15.0 33.2
3 50 | 12.5 273 | 68.4 76 | 19.0 399 | 100.0 15.5 39.7
-5 108 |25.1 243 ] 56.5 79 | 18.4 430 | 100.0 30.8 57.8
6+ 19 | 14.6 89 | 68.53 22 | 16.9 130 | 100.0 17.6 46.3
*No object struck 1 ft = 0.3048 m

Unfortunately, information regarding the terrain features and geometry
where rollovers were initiated is not given in the report. Thus, for example,
whaether rollovers occurred mostly on the side slope, at break points such as
at the toe of the slopes, or as a result of encounters with objects such as
ditches, embankments, culverts, field approaches (raised driveways), etc.,
cannot be established, However, to the extent that they are equally likely to
induce vehicle rollover, the frequencies with which various terrain features

are struck in nonrollover accidents may be indicative of their relative rate
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of involvement in rollover accidents. Table 29 gives the distribution of
terrain objects struck in nonrollover accidents. These data indicate that
embankments, ditches, and culverts are features most frequently encountered,
and that they together account for nearly three-fourths of the terrain objects
struck in nonrollover accidents. Moreover, the high percentage of primary
impacts for these features, compared to the other terrain objects struck,

suggests that impacts with them are likely to be more severe.

Table 29. Terrain objects struck in nonrollover impacts.?

All impacts Primary impacts

Object . Wo. 4 No. %
Embankment 773 30.6 413 53.4
Ditch 642 25.4 374 58.3
Culvert 436 17.2 239 54.8
Ground 224 8.9 156 69.6
Field Approach 220 8.7 75 34.1
River, Pond, etec. 51 2.0 24 47.1
Snowbank 38 1.5 8 21,1
Curb 35 1.4 6 17.1
Other, Unknown 108 4.3 14 13.0

Total 2,527 100.0 1309 100.0

0f value to the prssent study is the information given in fhe report
regarding the location of certain terrain features with respect to the edge of
the road. The lateral distance to terrain features struck in primary non-
rollover impacts is shown in Table 30. From this table, it may be seen that
661 of the ditches, 73% of the embankments, 78% of the culverts, and 697 of
the field approaches were no more than 20 ft (6.1 m) from the road. The 13 to
20 ft (4 to 6.1 m) lateral distance interval was the median range for all of
the features except culverts, for which the median distance was in the 7 to 12

ft (2.1 to 3.7 m) range.
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Table 30. Lateral distance to terrsin objects struck in
primary nonrollover impacts.

Terrain object
Lateral - Field

distance, Ditch Esbankment Culvert approach

ft [ ®o. | % No. 4 %o. 1 No. z
0-6 36 9.8 74 18.0 35 14,9 5 6.8
7-12 97 | 26.3 120 29.2 86 36.6 17 23.3
13-29 110 | 29.8 107 26.0 61 26.0 28 38.4
21-40 86 | 23.3 88 21.4 41 17.5 21 28.8
41-60 20 5.4 11 2.7 6 2.5 2 2.7
over 60 | 20| s.& [ 1| 27| 6| 25| o 0.0
36% | 100.0 411 100.0 235 100.0 13 100.0

1 ft = 0,3048 m

Information reported by Perchonok 55‘51.7 concerning rollovers in rela-
tion to borders and border offset distances is slso of interest. A border was
defined to be & generally nontraversable obstacle which extended at least
through 50X of the vehicle's off-road path. The most fregquent type of border

" such as trees and brush; roughly one~half of the bor-

was a ''matural object,
ders were of this type. The next most frequent type of border was 'terrain";
this classification accounted for over ome-third of the borders and included
ditches, embankments, water, etc. Other border types included permanent

barriers such as guardrails, fixed objects (primarily fences, but also build-

ings), and road structures such as bridge side rails and overpass supports,

Table 31 shows the distribution of rollovers (first-event) by lateral
distance and border offset, Note that two-thirds of all of the rollovers
occurred at lateral distances less than the border offset, and that the pro~-
portion of rollovers that occurred in that region ingcreased with increasing
border ocffset. On the whole, one-third of the impacts occurring between the
road and the border were rollovers, and two-thirds were nonrollover impacts.
Whether these results are characteristic of terrain borders in particular is
not known, but it suggests that rollover may be caused as often by the effect
‘of slopes, surface irregularities, and the firmness of "traversable" roadside

terrain as by encounters with generally "nontraversable' terrain features.
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Table 31. Distribution of rollovers (first—event)
by lateral distance and border offset.

Bollover lateral distance
Border Less than Equal to Greater than
offset, - border offset border offset border offaet
fe Mo. | 2 ®o. | % No. | 2%

0~10 - - 29 50 29 50
11-20 45 39.1 52 45,2 18 15.7
21-30 49 62.8 23 29.5 6 7.7
31-40 37 80.4 5 10.9 4 8.7
41-60 42 82.4 9 19.6 0 0
61-100 16 88.9 2 1.1 0 0
over 100 171 98.3 3 1.7 - -
360 66.7 123 22.8 57 10.5

1 ft = 0.3048 m

PRINCIPAL FINDINGS

The major findings derived from the review of the literature are briefly

summarized below.

' Rollover is a relatively frequent occurrence, particularly in

single-vehicle accidents.

. Clagssifications of vehicles based on use and/or size exhibit .

distinct differences in the rollover rates among classes,

. Utility vehicles have been identified as a class having the
highest rollover frequency (40 to 60% rollover rate) and are about three to

five times more likely to overturn than passenger cars considered as a wholae,

® For passenger cars, the rollover rate decreases with increasing
car size; the weight, wheelbase, and tread width appear to be equally
appropriate as classificatory variables, since they are all highly

interrelated.
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° Iin most (50 to 80%) of the rollover accidents, the vehicles were

skidding out of control at a large yaw angle prior to overturning.

. About half of all accidental departures from the roadway occurred
at path angles greater than 15 degrees, and the majority of vehicles were
estimated to have been traveling at speeds less than 40 to 50 mi/h (64 to 80
km/h).

» The vast majority of rollovers occur within 30 fr (9.1 m) of the

roadway, and relatively few occur or are initiated on the shoulder.

[ ] Embankments, ditches, and culverts are the roadside terrain
features cited as being most frequently involved in overturn accidents, though
detailed information on the geometry of the terrain and/or whether rollover
was caused by the wheels contacting a small obstacle or digging inte soft soil

s0 as to trip the vehicle is generally lacking in accident data files,

. The likelihood of rollover increases with the steepness and height
of sideslopes and the depth of ditches. Available data indicate that rollover
frequency increases sharply for fill/ditch heights/depths greater than 3 ft
(0.9 m).

) Rollover accidents are severe in terms of the frequency and
severity of injuries to the vehicle occupants. The fatality rate of occupants
of rollover vehicles is approximately twice that for occupants of vehicles in
nonrollover impacts, Ejection is the leading cause of serious and fatal
injuries, accounting for more than half of the fatalities incurred in rollover

accidents.,
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Section 3
BVOSHM HMODIFICATIONS ARD EXTENSIONS

SUMMARY

The simulation aspect of this research project required several
analytical refinements and computer-program extensions to improve the
application of HVOSM to rollover situations. McHenry Consultants, Inc. (MCI),
retained as a consultant throughout this project, had incorporated several
specific program modifications in a proprietary (MCI) version of HVOSM to
achieve more realistic simulations of actual rollover accidents. Those MCI
modifications, and additional modifications, were implemented in the HVOSM

program at Calspan for use in this study.

Portions of this revised version of HVOSM are still in developmental
stages. Many of the new enhancements were developed in response to needs that
arose during previous research efforts. As a result of this functional
implementation, the program code is essentially a "working copy" and, hence,
contains variables redefined from previous options and dummy variables for
uncompleted extensions. Certain options previously available in the HVOSM-RD2
versioni? have been removed; these include the sprung-mass/barrier-impact

simulation and the road-roughness simulation.

Qutlines of the MCI modifications are provided in this section for
convenience; for more detailed discussioms of the related topics, the reader
is referred to the references noted throughout this section. For the new
options, functional descriptions of input, output, and intermediate variables
are given in Appendix C. For revised or extended computer routines, input
variables are defined in Appendix C. For extensions that produce additional

printed output, output variables are described in Appendix C.

15. Segal, D.J., "Highway-Vehicle~Object Simulation Model-~1976," Volumes |
through 4, Report No. FHWA-RD-76-162, -163, ~164, and -165, February 1976.
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DEFORMABLE~-S0IL MODEL

Tire sinkage into soft soil can produce motion-resistance forces greater
than those associated with pavement. As a consequence, vehicle rollover

occurs more frequently on unpaved surfaces.

The related MCI modifications of HVOSM are based on analytical relation-
ships developed by Bekkerl6,17 for a rigid wheel in homogeneous soil. The
selection of rigid, as opposed to elastic, wheel relationships was made in
consideration of: (1) the relatively cumbersome nature of Bekker's motion-
resistance relationships for elastic wheels, and (2) the fact that the pre-
dicted magnitude of the motion-resistance forces for elastic wheels tends to

be independent of inflation pressure in the range above 25 psi (172,369 Pa).

The specific analytical approach of the MCI modifications consists of

the following sequence of calculations:

(1) extent of tire sinkage (limited to one-sixth of the wheel

diameter),
(2) sideslip angle of tire,

(3) projected area of the tire/soil interface at the existing

conditions of sinkage and sideslip, .

(4)  mwmotion-resistance force for a tracking wheel adjusted for the

projected area of the sideslipping wheel, and

(5} addition of the resultant plowing force components to the rigid-

surface circumferential and side forces of the tire.

16, Bekker, M.G., Off-the-Road Locomotion, University of Michigan Press, Ann
Arbor, MI, 1960.

17. Bekker, M.G., Introduction to Terrain-Vehicle Systems, University of
Michigan Press, Ann Arbor, MI, 1965.
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The sinkage, Z, of a vehicle wheel {( and the resulting motion resistance
force for.a tracking wheel are approximated by Bekker's equations for a rigid

wheel as follows:

s (an+1)
tire sinkage =
Be ‘ (3-n) (% +2, £4) 2k )
, €
motion~resistance force, F. = CijiJ (2)
r Tmr; T £ —!—7 €f2
¢ (3-n) (n+) (R, Ly £¢)("‘”* )(Zh‘-J /
where: F;i = tire normal load
n = exponent of 301l deformation
£, = modulus of soil deformation due to cohesive compomnents
i¢ = modulus of soil deformation due to frictional
components
tw = tire tread width
hg = tire rolling radius
24+ 2
€ = an * 7

It is logical to expect that the resistance force due to plowing of the
soil is related to the vertical tire/soil-interface area and would be maximum
when the wheel is moving broadside at a 90~degree slip angle., The effect of a
sideslipping tire is accounted for in the model by assuming that the motion
resistance increases in proportion to the increase of the projected vertical
tire/soil-contact area in the direction of motion. The tire/soil-interface
areas for the contacts by the front and gsidewall of the tire are illustrated

in Figure 6.
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Figure 6, Tire/soil interface areas.

For a deflected tire that has sunk Z; inches into the soil, the area of the
tire sidewall in contact with the ground is determined by subtracting the area
of the segment associated with the chord ab from the area of the segment

formed by the chord ¢d for an undeflected tire of radius Rw, i.e.:

Ap = Agg ~Aab
A 12 ,
cd °F Rw (8 -~ 5un &) (3)
where -7
8 = 2 eas [(h‘~~&"-)/2w]
Rw = undeflected wheel radius
¢ = rolling radius
Z;, = sinkage
e .
Agh =2 Ru (8, ~57 92) (4)
where! -7
@, = zc¢cos (Hle,)
Thus, 2 of Rw
1 ‘ .
Ag =7 gfv [(9,-5m9,) - (8, -~ sin 92)} (s)
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The frontal tire/ground-contact area is:
Ap =t (Z;) ()

The projected tire/soil~interface area in the direction of motion,.AP,

for a tire sideslipping at an angle of & degrees is:

Ap = IAF cas @

+ [A‘L s.r.'na.i (7

The motion~resistance force calculated from equation (2) is multiplied
by the ratio Afjhp to determine the resultant soil plow force for the

gideslipping tire:

Fotoar; = sza( ::: ) (8)

The components of the resultant soil plow force in the x and ¢

directions of the wheel coordinate system are:

Falour x; = ~Fplour; 5@ (4?41. UGL) (9)
Fplrary; = Fploary Sin & (.4,»; FS(_-) (10)
whera? g, = wheel center forward velocity in the direction

parallel to the tire~rigid terrain contact plane

Fs; = tire side force in the tire/terrain contact patch
plane perpendicular to the line of intersection of the

wheel plane and the ground plane

These tire/soil plow force components are added to the rigid-surface
circumferential and side forces of the tire, respectively, in the equations

that resolve the tire forces into components along the vehicle-~fixed axes.

41



TIRE MODEL

Purpose of Modifications

The 1976 version of the HVOSM tire model was revised to: (1) reduce the
elastic rebound of the tires in the "hardening" spring phase of radial
loading, {2) calculate normal load independent of the side force, and
(3) assure saturation for an overloaded tire at a sideslip angle of 60

degrees. A detailed discussion of each modification follows.

Simulation of Energy Dissipation for Large Radial Deflections

The HVOSM represents the radial load-deflection characteristic of a tire
as a 'hardening" spring, as depicted in Figure 7, The hardening spring is
used to represent forces generated during excessive radial deflections of the
tire and to prevent the wheel center from penetrating the terrain. The
hardening-spring simulation is accomplished by use of a rate-increasing
factor, Ay, which is applied whenever the tire deflection is excessive (i.e.,

>ch).

Several application runs of the HVOSM by MCI in which the tire
deflection went into the range of the hardening spring (i.e., deflection>>c)
were found fo produce excessive elastic rebound of the tire, This excessive
rebound does not appear to be representative of the real world in cases where
energy is dissipated in deforming the vrim of the wheel, Therefore, the logic
was revised to reduce the elastic rebound of the tires in the hardening phase
of radial loading. Energy dissipation of the hardening spring is simulated by
implementing logic that applies the rate~increasing factor (Ar) only during
compression of the tire. This modification produces "plastic™ load-deflection

properties for the hardening phase of the deflection, as depicted in Figure 8,

The tire radial force is controlled by the following logic implemented

in subroutine GCP:
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Figure 7. Radial ioad-deflection characteristic of a tire {1976 version).
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Calculation of Normal Load

The expression for the calculation of tire loading perpendicular to the
local terrain was revised to make the normal load (Fé) independent of the

side force (F;) as follows:

Previous: Fa = (Ffg-Fs 5ind..) sec ., (12)
Revised: Fr = |Fa S€C Pcg For fo, < 84.3° (13)
Fa » 10 ¢CG 3 84.3°

vhere: F2 = Tire normal load

Fe = Tire radial load

Fg = Tire side force

beg = Tire camber angle relative to tire/terrain contact

plane

The previous analytical approach was based on the assumption that the
tire load deflection was directional, in the plane of the wheel, and that the
component of Fg that acted along the wheel plane altered the radial force and,
therefore, the normal force. However, difficulties were encounterad by MCI in
achieving realistic predictions of rollover responses which appeared related
to the increases in the tire normal load caused by the combination of a large
camber angle and the resulting side force. The need for the modification
becomes apparent at large roll angles, where the original relationship clearly
can produce unrealistically large values of normal load when the side force is

negative and the camber angle approaches 90 degrees.
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Since the tire exerts a resultant force, F, , perpendicular to the
terrain contact patch, the assumption that the side force, Fg, in the plane of
the contact patch can alter the magnitude of the normal force appears
unfounded (see Figure 9)., Therefore, the equation for the calculation of the
tire normal force (Fg; ) was revised to make the normal load independent of the

side force,

Calculation of Side Forces for Overloaded Tires

The general analytical approach for the calculation of side forces in
the HVOSM tire model was to adapt the approach of Radt and Millikenli8 (i.e.,
application of a nondimensional slip-angle variable and "friction circle"
concept) with modifications to approximate the effects of camber and load
changes. (For more detailed discussions, refer to the work of McHenry et
55.19 and McHenry?0,)

The resulting equation governing the side-force characteristics for the

entire range of slip and camber angles is {Figure 10):

_F(‘g'_)_._._l_ - -LtE A - & E
“0 T {Fs, Imax £ 3 e 27 "¢ (14)
and , ,
E— AIFE{,' CFR(:—AZ)-AOAL
g A (Fs; Imay :
(15)
Ve,
x | arctan ‘e - (1 sgn g, ) v, o+ B8

“sef

18. Radt, H.S8. and Milliken, W.F., "Motions of Skidding Automobiles,” Society
of Automotive Engineers, Inc., Paper No. 2054, June 1960.

19. McHenry, R,R., DelLeys, N.J., and Segal, D.J., "Determination of Physical
Criteria for Roadside Energy Conversion Systems," Calspan Corporation,
Report No. VJ-2251-V-1, Contract No. CPR~11-3988, July 1967.

20. McHenry, R.R., "An Analysis of the Dvnamics of Automobiles During
Simultaneous Cormering and Ride Motions," Institute of Mechanical
Engineers, Paper No. 3, Symposium--Handling of Vehicles under Emergency
Conditions, 1969,
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Figure 9. Tire loading normal to the ground contact patch,
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For tire loading in excess of Ny A;, the fitted parabolic curves
governing the small-angle cornering and camber stiffness are abandoned, and
the side-force properties in the original form of HVOSM were treated as being
independent of tire loading. The logic for the side-force properties during
tire overload was intended to avoid an artificial reversal of the slip~angle
forces (i.e., the fitted parabolic relationships are not limited to positive

values; see Figure 11).

The equation governing the side-force characteristics for the overload

conditions (i.e., f, >0, A,) is as follows:
&

Ay Ay (g -1)=A VG
- g A fir{diy 0
Ay = arctan +,3;~(1sin ug. ) ¥, (16)
zZ ) 2.‘ A u'G" & ¢
‘\/ ulF )" = Foy l ‘}
e
A, Azfiy (Ag-0lrAy)
23T V4 TA2 Fi
where: A = ¢%5[ - = Pes, Fcaé‘ (1m

A4[A, Azﬂr(nr“’)“‘\o}

MCI encountered problems with the overload-condition logic in
simulations of vehicle rollovers in which overloaded tires did not develop the
full friction force at a slip angle of 90 degrees. For slip angles in the
range of 20 to 90 degrees, the actual side-force characteristics are not
known, but the full friction force logically must be developed somewhere

between 20 and 90 degrees.

The problem with achieving saturation for an overloaded tire at large
slip angles is related to the variation of the effective cornering stiffness
for small slip angles. As the normal load increases beyond AZ/Z’ the
effective cornering stiffness decreases; therefore, it takes a greater slip
angle to achieve saturation (i.e., for f{2) to equal 1.0), and saturation may
not occur by 90 degrees, Figure 12 shows the tire carpet plot of a sample
tire used to demonstrate the tire side-force revisions; however, it does not
represent the tires used on the vehicles in this study. Note in Figure 12,

which is based on the original form of the HVOSM tire wmodel, that, at 7,400 lb
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(3,356 kg) of normal load and a 60-degree sideslip angle, only 3,600 1b (1,633
kg) of side force is developed {i.e., only a 54% utilization of the available

friction).

Intuitively, it would appear that, for slip angles greater than 60
degrees, the full saturation of the tire side forces must be achieved (i.e.,
tires begin marking, indicating saturation, at approximately 20 degrees of
sideslip)., Therefore, modifications were made to the HVOSM tire model to

assure saturation for an overloaded tire at a sideslip angle of A0 degrees.
The equations for the revised logic are as follows:

Let the sideslip angle for wheel ¢ (equal to the terms in the second
bracket of equation {16)) be designated as 4;. 1If the sideslip angle is
greater than 30 degrees and the nondimensional slip-angle variable 4, is not

saturated (i.e., 4, < 3.0), the following adjustment to A; is made:

- T 2 A (8] - 05236 5
By = Lg.s’zsel—g - G.:-o.a‘zss - < S S736 )}W A {18)

1f the absclute value of the adjusted ﬁi ig less than the absolute
value of the unadjusted,&;, the latter is taken as the current value for ﬁa.
This procedure assures that the side force saturates at 60 degrees of
sideslip, using a transition zone between 30 and 60 degrees to avoid step

discontinuities,

Figure 13 illustrates results obtained with the modified version of the
HVOSM tire model for the same asample data set used in Figure 12 and shows that
full tire saturation is made to occur at 60 degrees of sideslip. The
adjustment of the tire side forces in the sideslip~angle range between 30
degrees and 80 degrees reflects a simplistic approach toward achieving full
saturation by 60 degrees of sideslip., WHowever, until a wider range of real-
world tire data becomes available for sideslips greater than 30 degrees and
loads greater tham 2,500 1b (1,134 kg), a more elaborate and sophisticated

form of transition cannot be justified.
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TIRE-SIDEWALL CONTACT MODEL

The curb-impact option in the computer program was extended by MCI to
include the ability to simulate tire-sidewall contact forces?l. This
modification was prompted by a recent HVOSM simulation study of curb
impacts.?2 The simulation results compared reasonably well with actual data
for high—speed, large—approach-angle configurations but were considered

unacceptable for low-speed, shallow-approach-angle conditions.

The HVOSM simulation of tire forcea during curb contacts has remained
unchanged since 196719 with the minor exception that the maximum number of
curb slopes was extended from three to six in 1974.23 Each vehicle tire is
represented by & single, thin disc that generates forces primarily in the
plane of the wheel. The thin-disc representation of a tire generates forces
perpendicular to the wheel plane (i.e,, side forces) only through the
mechanisms of (1) combined slip and camber angles and (2) components of the
tire load normal to the local terrain. The points of application of side
forces determine the corresponding moments about the kingpin axes that act on

the simulated steering system of the vehicle.

An important aspect of a shallow-angle traversal of a pavement/shoulder
dropoff is the relatively large side force required to overcome the contact
force produced by scrubbing of the tire sidewall on the pavement edge. (See
Figure 14.) When the pavement edge is mounted, the sudden release of the
scrubbing contact force creates an unbalanced side force toward the roadway
and also tends to increase the already excessive steer angle by removing
registance to driver-input torque applied at the steering wheel, The existing
form of HVOSM was extended to include an approximation of the indicated
scrubbing contact force and of steering-wheel torque inputs, as opposed to

position inputs, by the driver.

21. McHenry, B.G., "Final Report on the Investigation of Pavement/Shoulder
Dropoffs,” Contract WNo. DIFH61-80-C~00146, November 1982.

22, McHeary, R.R., McHenry, B.G., and Glennon, J.C., "Follow-~up HVOSM Studies
of Highway Curb Impacts," Contract No. DOT~FH-11-9575, March 1981,

23. Olsonm, R.M. et al., "Effect of Curb Geometry and Location on Vehicle
Behavior,” Transportatlon Research Board, National Cooperative Highway
Research Program, Report No. 150, Sgashlngtan, 1974,
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Figure 14. Scrubhing contact in shallow-angle approach to a pavement edge.
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The existing thin-disc representation of the tire is illustrated by the
left-hand. portion of Figure 15. Tire forces are represented by a series of
radial springs distributed at 4-degree intervals around the tire. The elastic
forces generated in these springs are scanned and summed at fixed intervals by
the computer program, The tire sidewall contact forces are approximated in a
similar manner through the use of discrete points (or "springs"), with elastic
lateral load-deflection proporties, on the tire sidewalls adjacent to the
existing radial springs. The positions of these lateral springs are

illuystrated in the right-hand portion of Figure 15 and in Figure 16.

The analytical approach used by MCI was selected with a view toward
minimizing the extent of related programming changes. The explanation of this
approach is necessarily presented in the terminology used in HVOSM. These
terms are briefly defined and described here; for a more detailed discussion,

the reader is referred to the documentation of the program development.za

The analysis of tire contact forces in curb impacts uses three
coordinate systems: a space-fixed coordinate system; a vehicle-fixed
coordinate system; and a wheel-fixed coordinate system. For example, in the
space-fixed coordinate system, the x-axis represents distance along the
roadway (positive forward), the y-axis represents distance across the roadway
(positive to the right), and the z-axis represents elevation {positive
downward)., In the HVOSM program, the matrix ’%3" is uygsed to transform the
coordinates of a point ] on the circumference of wheel [ into the vehicle-
fixed coordinate system. This matrix corresponds to the sequence ¢; ,¥; ,8; ,

wheres

p; = camber angle of wheel ¢,
¥ o= steer angle of wheel ¢, and
8, = angular position of pointJ .

24, McHenry, R.R. and Deleys, N.J., "Automotive Dynamics~~A Computer
Simulation of Three-Dimensional Motions for Use in Studies of Braking
Systems and of the Driving Task," Calspan Corporatiom, Report No. VI-2251-
v-7, Contract No. CPR-11-3988, August 1970.
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Figure 15, Tire modeis for generating radial and sidewai! contact forces.
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{4° INCREMENTS)

A
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Figure 16. Sidewall contact with pavement edge.
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Similarly, a matrix H A H is used to transform the vehicle~fixed coordinates
of ” AJH,iﬂtO space-fixed coordinates, A matrix ” B H is defined as

T

Iy

directly into the space~fixed coordinate system. Thus, the space coordinates

. “AJ “ and used to transform points on the circumference of wheel ¢

of point on the periphery of the wheel disc are obtained as:

X X 0
TR a9
z 25 | hj

where: X, ,Y; ,Z; = the coordinates in space of the center of wheel(,
hj = the radial distance, in the wheel plane, to the point

of interest.

Equation (19) is used in the existing model to determine what portion of the

tire is in contact with the ground,

A determination of the portion of the sidewall in contact with the
pavement/shoulder dropoff can be obtained from additional soclutions of

equation (19) with the following substitutions in the column matrix for the

wheel:
’x3 | X 0 1
Vil = v+ |8 | '
’ ¢ I | (20)
¥ H / i H
I |
where: n = the number of points defining the sidewall, and
Yn = one-half of the tire width at radius r,.

1f the tire sidewsll is in contact with the dropoff (Figure 16}, the
components of the sidewall contact forces that are generated are calculated by

the equations presented below.
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The force occurring in a sidewall-spring contact is defined as:

~Ssw (SWKST) aign(YswW -Ywp) (21)
FTSWP =
By, sing., - By, cas s,
where: WSIGT lYsw - ywel| 2 wWsiaT
55W = for
hﬁw -YWPl |Y5w - YWP | < WSIGT
WSIGT = sidewall point deflection at which saturation occurs
(input)
YSsw = distance from wheel centerline to sidewall point
Ywe = calculated distance from wheel centerltine to the curb face
By s By, = components of 5 matrix defined above
,%‘» = {Pcurb slope angle
SwKsT = sidewall point load-deflection rate

The X , Y, and Z components of the sidewall/curb face contact force in space-

fixed coordinates are determined by:

Fxgwpe = - FTSWP (AMU) (AMUC) (SWMUY)
Fstp = FTSWP ( sen ﬁcd) (223
Frowp = " FTSWP (eas fc,)
where: AMY = tire/terrain friction coefficient
AMUL = curb friction-coefficient multiplier
SwMy = sidewall point friction-coefficient multiplier

Finally, these forces are translated to vehicle-fixed coordinates:

Fxswu Fxswe

T
Fyswu = A FYswe (23)
FZSWU f:'Zs\N?

The forces and moments on wheel ( that are produced by the individual
contact points are added directly to the existing summations in subroutines
TIRFRC, UMOMNT, and DAUX in the equations of motion for the steering system

and for the vehicle equations of wmotiom,
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During the implementation of the tire-sidewall contact option, a
developmental version of a variable-torque path-following (VIPF) driver model

was also incorporated into the HVOSM, 21

Prior to this addition, the simulation of impacts with curb-like
obstacles {(i,e., ﬁavement/shoulder dropoffs) could be performed only in a
"hands~off" steering mode. The use of either the input steer tables or path~
following driver model was abandoned, and a steering-system degree-of-freedom
routine was activated once a simulated tire came into contact with a curb.
The steering-system degree-of-freedom routine included the simulation of
external forces, such as aligning torques and the effects of terrain
irregularities (i.e., curbs), in the determination of the front-wheel steer

activity.

The VTPF was incorporated into HVOSM to give the user an alternative
to the "hands-off" steering mode. The VTIPF driver model utilizes the

enhancements made to the vehicle-dynamics driver model, including:

{1) A "wagon-tongue" type of guidance algorithm which calculates a
driver-applied front-wheel steering torque proportional to the path error at a
point on a forward extension of the x-axis of the vehicle, relative to the

desired path,

{2} An interface within HVOSM to convert the variable inputs of -
standard roadway geometric path descriptors to a second-order polynomial

definition of the desired path.

(3) Inclusion of a variable input "neuro-muscular" filter within the
HVOSM driver model which permits the simulation of first-order effects of the

neurological and muscular systems of 2 human driver,

{4) A varible input damping term and closed-loop amplitude limits on

the steering-system activity.

4 discussion of the above modifications is preseated later in this

section in the subsection entitled "Driver Model."
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The calculated torque from the VIPF driver model is included in the
steering-system degree-of-freeom routine to create a path-following mode. The
incorporation of this VIPF output into the routine permits simulation of
maneuvers such as those used in a pavement/shoulder dropoff, where the driver
inputs corrective torque to the steering system during the obstacle contact
and the return to the lane of travel, Difficulties were encountered in
applications of the VIPF by MCI to evaluate its performance which led to a
decision to abandon further attempts to develop this form of closed-loop

control,

SPRUNC-MASS GROUND CONTACT MODEL

To simulate terrain contacts by the sprung mass, the terrain-table
interpolation routine used for tire contacts has heen adapted to detect ground

interference of up to 39 points on the sprung mass that may be specified,

Deflections of the vehicle structure are assumed to occur in directions
that are perpendicular to the local terrain at the locations of the individual
contacts. A coefficient of restitution is applied to the structural
deflections to permit the achievement of equilibrium under conditions of
static loading. The resultant velocities tangential to the terrain contacts
are calculated for the individual points, and friction forces opposing the
motions are applied. Load-deflection properties of the points can be either

.

uniform or iadividually specified.

The rationale for the described analytical approach is based on impulse~
momentum considerations. The contact forces prior to the final rest position
are generally of a sufficiently short duration to be considered impulsive.
Therefore, the specific load-deflection properties of the points are not of
critical importance to the generation of appropriate linear and angular
impulse magnitudes, as long as realistic geometry for the applied impulsive
forces is produced by the point coordinates, Note that the simulated points
retain their deformed positions for use in secondary contacts. Subroutine
SFORCE first tranaforms the deflected and undeflected points from vehicle-
fixed to space-fixed coordinates. Subroutine INTRP5 is called to find the

elevation, slope, and pitch of the terrain at the body point locations in the
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space~fixed reference frame. If a point is below the ground surface, the
deflection is calculated from:

<up; " Lamp;

Sup; =
L
cas Ogup; coSPanp; (24)
where: Zup, = elevation of body point .
ZGHPL = terrain elevation at body point ¢
Oomup;, = terrain pitch angle at body point i
onp;, = terrain camber angle at body point (

If the deflection is greater than the previous maximum deflection for this

point, the resultant normal force is calculated:

F o= Kepo X{8.p.)
NST, sr; % (8up; (25)

where: Ksr, = omnidirectional stiffness for body point:

The resultant normal force is adjusted if the deflection is in the restitution
range (i.e., if the deflection is within 90% of the previous maximum

deflection):

The space-fixed location of the deflected point in the ground plane is

determined from:

Xety, =%up; = Sup, oS Panp; 397 Gaup; (21
YSTL'P = YHPL * SHPL 57 ¢GHP[ (28)
25Tip = Cup; " Oup, @S Paup, €05 Ogpp, (29)

where the assumptions are made that the structure deflects in a direction

normal to the ground, and that the ground does not deflect.
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After the deflection and normal forces are calculated for each point,
the normal forces are summed:

Z Fnsr = ;strg (30)
and the locations of the deflected points are transformed back to vehicle-~
fixed coordinates:

sty Xsrip T Xe

Ysrg = | AT Ysrp - Ye

zer, Lo, - 2. (D

where AT is the transpose of the matrix to transform from vehicle-fixed to
space-fixed axes. If the sum of the normal forces ( IFyg; )} is greater than

zero, the resultant forces and moments acting on the vehicle are calculated in
subroutine RESFRC,

The velocity components of each of the body points are determined and
transformed to space-fixed coordinates:

; r ,
Ubr, 1 U - R(Yer,)+ Q(Zsy))
Vs J

2'sr; ]

H
»

vV o+ E(Xs‘fd)“ PCZST;) ! (32

The velocity components in the ground plane of each point are calculated

from:
i ] B : T, 7
%pr fes &VGHP[ 0 - SR gC'HP" 17 sry
. (33)
= 4 sr,
Yenry S G, 39 Ponp, S Poup, S sy, ST Panry Wsr |

1f the resultant velocity ( GHP -J @HP

Venpy )is greater than 2.5, the
resultant friction force iss

Z = pyp % Fnst; (34)
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where u,p. = nominal body/ground contact-friction coefficient

1f velocity ¥;,p is less than the input value €., (friction nullband), the

magnitude of the resultant friction force is adjusted:

- Ewp = Ugwmp
Z = Auyp. X Fusr; [...,.__.._e_m___.., (35)
HP
The resultant space-fixed body-point forces are calculated using equations
(36) and (37):
’ -8
Let & = - T (36)
VeHpr
Fxp, a5 Bynpy 50 6up;  CBEgup,  SUN foup SNGgyp,
Fypg| = | Fnsr, @ Voup, G-:VGHPY] Sin fuey 4 as Poue,
(37}
and then transformed to vehicle-fixed axes:
[FXJ ? T !-FXPL
Py = [A] Freg (38)
[Fzg Fzp,

Finally, the vehicle~fixed body-point forces as well as the calculated moments

are summed:
ZFx&s - ;de

ZFYs = ZFYA' (39)
LFzg © ?-—-Fz;
Z’”;ﬁs = (_Z ( Fz; Yor; =~ Fyi Zs7t.)
INgs = ; (Fx; 2s7r; = Fzi Xsri) (40)
INps = ? (Fy;, Xst: = Fxi Yst.)
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DRIVER MODEL

Path-Following Option

New routines were furnished by MCI to incorporate a "wagon-tongue" type
of steering control and the definition of a desired path in the current
version of the computer program.25 The "wagon-tongue" algorithm calculates a
front-wheel steer angle that is directly proportional te the error of a point
on a forward projection of the vehicle x-axis relative to the desired path.
The minimum distance from the projected point to the desired path is
calculated in subroutine PROBE. If the absolute value of the distance,Eei‘,
is less than or equal to the input value Pp,; (the nullband for the error

correction), the steer angle is determined by:

€ = € rLasT)
¥ o= -Kg (41)
Derg
where: Ka = steer velocity damping term
& = error or distance from desired path
Dppg = time between probe samples
For
[Gd[ > Prin
o - P - € ) - K & = & cimsT) (42)
W = —~Kp (’ 4 muo 41"-(4 & ————E;:;———~
where Kp = steer correction factor.

If the new steer angle, ¥~ , increases and results in a comfort factor that
exceeds the maximum acceptable comfort factor, the steer angle is reset to its

previous value, i.e., if

icaFA,! ? Pomax (43)

Fe = FEaer,

25. Glennon, J.C., McHenry, B.G., and Neuman, T.R., "HVOSH Studies of Highway
Cross Slope Design," Contract No. DOT-FH-11-9575, October 1983,
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This check prevents any Lncrease in the steer angle if the comfort factor

becomes top high.

A path-generating routine to create a desired path of X,Y data pairs
from standard roadway geometric descriptors was added to HVOSM as an
enhancement of the current driver model. Subroutine SETD produces a Degree of
Curve set from a gross description of the desired path such that a set of
equally spaced points describing the path may be computed. The Degree of
Curve information is passed to subroutine PATH, which initislizes the first
X,Y data point and computes the initial tangent from a specified heading
angle., Subroutine PATHG is then called to evaluate the path descriptors from
the recursion relations described below. For a given arﬁitrary point and the
path descriptors, subroutine PROBE determines the sector in which the point
lies, computes the minimum distance to the desired curve, and computes the
point of closest approach. The output subroutine PTHOUT produces a printout
of the calculated path descriptors as well as important variables of the

selected driver-model options.

The path generated is defined as a curved roadway consisting of a
sequence of straight-line segments and circular arcs where the continuity of

the tangent has been preserved at the junction of the variocus segments.

The basic geometry of two adjoining segments is shown in Figure 17,

where! .

Xn»Yn = location of point » on the roadway,
¥n = direction of path (tangent) at pointn,
& = direcrion of chord, directed toward pointn+7? ,
#n = subtended angle of arc from point n to pointnes
An = length of chord from point n to point n+7
P = radius of curvature of path from point n to point n+7,
D = Degree of Curve, defining arc from point n to

point n+1 .
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Figure 17. Basic geometry of two adjoining segments.
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It is noted that the center of curvature for the arc from point n+1 to point
n+2 lies on the line from point rn+7 to the center of curvature of the arc
from point » to point n+; . This assures that the tangent vector to the path

is continuous at points where the Degree of Curve changes.

The Degree of Curve is the angle subtended at the center of curvature by
an arc 100 fr (30.5 m) in length. The radius of curvature, r,, is determined

from the Degree of Curve, D,, by:

A L o (44)
n (/80 190} 5729.58
The subtended angle #, equals:
&y = 2 x Sa'ﬁ-’(?’r‘x Dn % An) - s«.’n"(ﬂ' xDp xAp)
2 = 180 = 100 18,000 {45)
From the geometry of Figure 17, we have the following relations:
6 = Fp + i” (46)
Xne1 = Xg +0n X L2586, (47)
Yaer = Yo + Ap X 30 8y (48)
Fnvi = ¥n + §n .
v (49)

The unit tangent vector at point n has the components:

[cas Fn , sin ?’,,}

Note that the recursion relations are valid for a Degree of Curve of zero,
Equation (45) yields a zero value for ¢, when 0, is zerc; in this case,
equation (46) shows that &,:% , and equation (49) shows that ¥, , =¥, .
These relations are valid for a straight-line path from point » to point ns+7 .
For convenience, a sign convention is adopted for the Degree of Curve: A
positive value of o, will produce a positive £, and, hence, an increasing
value of # (equation (49)), resulting in 2 clockwise rotation of the path. A

negative value of 2, will produce a counterclockwise rotation of the path (a
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decreasing value of ¥ ). That is, a positive value of 5, is assigned to
produce a clockwise (to-the-right) curve, and a negative value is assigned to

produce a counterclockwise (to-the-left) curve,

A roadway consisting of a series of arcs and/or atraight-line segments
with a continuous tangent for a smooth transition may be defined by specifying
the parameters that follow,

Initial position and heading:

[X,,YJ = starting point

# = direction of path at starting point (tangent vector)

For each segment for values of » from 7 to ~-r:

N = total number of points ( N-T ) segments,
Ap = chord length from point n to point n+? | and
Dn = Degree of Curve for section of path from point n to point

n+! t Uy is positive if the turn is to the right, 0, is
zero for a straight-line segment, and D, is negative for a

turn to the left,

The recursion relations given by equations (45) through (49) may be used to
compute the values of all of the parameters describing the geometry, The

complete definition of the path may be retained for later use by saving the

following:
[Xn ,Th] = position of point n { n=t to N)
[%1,Vn] = unit tangent at point n {n=7 to N )
[ = Degree of Curve for segment from point n to point n+!

{(n=1  to N-1 ).
It is sometimes convenient to assign & value of zero to D,, which has the

effect of extrapolating the path as a straight line from the last point (N )

to any point in the direction of the tangent to pointN.
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To establish the vector geometry of the path, consider the geometry
shown in Figure 18, which illustrates the segment of a path from point n to

point n«1,

Define the following:

Tn = the unit tangent (to the path) vector at pointn,

Ny = the unit normal (to the path) vector at point n,

Z, = a vector from point n £o an arbitrary point in the plane of
the path,

rp = the radius of curvature of the segment of the path,

dy = the distance (smallest) of tlsw point 2 from the path,

defined so that, if dn is positive, the point z is to the
right of the path when the path is traversed in the sense of
the tangent vector T, and

Dp = the Degree of Curve of the segment.

We then have:

Th has the components ﬂin, Vn] .

Np has the components [“Vn “n] and is directed toward the
right of the path as it is traversed in the direction of the
tangent.

Zn has the components [X'Xna Y'*b] y where x and Y are the

location of Z in the basic reference system.

To determine the distance of an arbitrary point from the path, refer to
Figure 18, which shows that the“vector from the center of curvature to the
point Z is given by:

Zn = "nNn (50)

The minimum distance to the desired path, since it is a circular arc, is the

distance from the point Z to the point of intersection of the vector Z,-r, Ny

with the arec. Thus:
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ARBITRARY POINT Z
X,Y)

d, (NEGATIVE VALUE FOR d,SINCE Z IS TO
LEFT OF PATH}

X, Yn) _POINT OF CLOSEST APPROACH

» Xn+1: Yner!

CENTER OF
CURVATURE

Figure 18. Vector ggometry of segment of path from point n to point n+1,
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dp= rp = {2y =Ty Ny (51)

where ]QI indicates the magnitude of a vector Q. Rewriting equation (44) as:

! = & = " Op

2 r, 36000 (52)
{note that o has the

same sign as o,)

and letting

(53)

0.5 + +/6.25 - ab (54)

Equation (54) is an exact equation and, thus, is valid even when the Degree of
Curve is zero~-i.e., when
Dy=0 , dp=b =Ny 2,
To datermine the location of the peint of closest approach, P,, on the
arc:

Zn — dn Ny

Pﬂ = T-Za.d‘n (55)

This formula for P, is valid as long as 7, is in the half plane containing the
point 7. The dividing line of the plane is the line passing through the
center of curvature and parallel to the tangent. The formula is valid for all

Z, when the Degree of Curve is zero {(the center of curvature is at infinity).

To determine the sector containing an arbitrary point, refer to Figure
19. Using the same notation as employed previously for Figure 18, we see
that:

If the dot product Z, -7, is positive, the point Z is to the right of

the boundary line defined by the normal N, to the path.

If the dot product Z,-T, is negative, the point Z is to the left of the

boundary line defined by the normal N,; to the path.
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{X,¥) ARBITRARY POINT 2
n1 =

SECTOR n-1

Figure 19, Determination of sector containing arbitrary point.

1f the dot product 2,7, is zero, the point Z is on the boundary line

defined by the normal N, to the path.

The above fact gives a simple rule for determining the sector containing the

point Z: Find the value of n such that Z,-T, is positive for point n and

negative for the next point n+! ., (Recall that Z was evaluated relative to

the point n). Explicitly, the dot products are:

2, Ty = [x-x,,] x Uy + (YT % Y, for 021t N (56)
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Regardless of the complexity of the path, if the correct n has been
determined, the point 2z is reasonably close to the path (a small fraction of
the radius of curvature); if the next position of z is relstively close to the
current position, the proper sector can be determined by testing the dot

product for values of n-7,2, and n+7 ,

Emergency-Maneuver Control Option

A subroutine called DRIV2 was added to HVOSM by MCI to provide
simulation of driver emergency maneuvering. The algorithm was originally
developedZI to simulate the driver recovery maneuver subsequent to remount of
a pavement/shoulder-dropoff edge from a tire/pavement-edge srubbing condition.
The DRIV2 model is used to accelerate and decelerate changes in the front-

wheel steer angle based on user inputs describing driver characteristics,

Subroutine VPOS, which determines the position, orientation, and
velocity of the vehicle wheels, calls DRIV2. After Z'ppx (driver
perception/reaction time) seconds have elapsed in the simulation run, DRIV2
executes the equations that follow to accelerate the front-wheel steer

velocity to PSIDM (maximum front-wheel steer velocity).

The front-wheel steer velocity at time t is:

’ ; 2 ¥r
# = os Y2 max [I-cas ((rwf,,gs) _p’__mz.__)} (573
Fmax
where: V}m&x maximum front-wheel steer veloeity
Zogs ™ driver perception/reaction time
e maz * maximum front-wheel steer acceleration and

deceleration

The front-wheel steer velocity remains at ¢?rwp until either: (1) the comfort
factor (CMFCG) exceeds the maximum driver discomfort level (PHMAX) or (2) the
front-wheel steer angle ( #-) exceeds the input value for the maximum front-
wheel steer angle (PSIMAX). If either (1) or (2) is true, the front-wheel

displacement velocity is decelerated back to zero by the relationship:
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. : ) . _ -, 2';1"»;
= By 05 Yy [ ces (¢ =<0 —""“"““’)] (s8)

Fmar

where: r, = initial time of deceleration.

Once the front-wheel steer velocity is decelerated to zero, the front-wheel

steer angle will remain constant.
TERRAIN-TABLE ANGLED BOUNDARY SPECIFICATIONS

The angled boundary specifications available through the terrain-table
option were modified by MCI to relax the restrictions of the original
formulation.l> This modification allows the user to exercise control over the
X' and Y' ranges in which a specific angled boundary occurs, up to a maximum
of eight angled boundaries per terrain table. As a result, the angled
boundaries may be used, for example, to approximate a curved boundary in the

X',¥' plane.

The terrain-table angled boundary option is executed in subroutine

INTRP5, where the following interpolation scheme is employed:

1. The highest-numbered terrain table applicable to the wheel is
determined by sequentially testing if the wheel is located within the X' and
?' bounds of each table.

2. The particular grid segment within which the wheel is located is

determined and the corner points labeled.

3. The angled boundaries are scanned, and the first angled boundary

is chosen that passes through the grid segment in which the wheel is located.

When in effect, the terrain-table angled boundary option performs
additional tests to determine if the ground-contact coordinates are within the
range of a given angled boundary, 1f they are, the modified program proceeds
with the interpolation procedure. If not, the modified program ignores the

particular angled boundary and continues the scan of other angled boundaries.
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Section 4
HYOSM VERIFICATION

PURPOSE

Prior to application of HVOSM in the analytical study of roadside
features, a series of full-scale tests was performed to provide data for
evaluating the validity of the modified computer program. The test program
included two groups of tests. The first group was performed on flat, rigid
pavement to better enable checking that the vehicle characteristics in general
waere satisfactorily represented by the simulation model input data set. The
second group of tests consisted of maneuvers performed on various natural
roadside terrains to assess the predictive capability of HVOSM employing the

deformable~soil model.

All of the tests were performed on the Calspan Vehicle Experimental
Research Facility (VERF) and, with the exception of one test site deemed too

hazardous, all tests were performed by a driver in the vehicle.

The HVOSM input data sets used to simulate each of the full-scale tests

for verifying the model are listed in card-image format in Appendix A.
TEST VEHICLE AND INSTRUMENTATION

The vehicle used for the full-scale tests was a 197% Volkswagen Rabbit
automobile equipped with a manual transmission. This car, which has front-
wheel drive and independent suspensions for both the front and rear wheels,
was selected as representative of the small, lightweight class of automobiles
which accident data analyses indicate have a high frequency of rollover. 1In
addition, much of the data on the physical properties of the vehicle needed

for input to HVOSM were available.

Before preparing the vehicle for test, the "as received" total weight
and weight distribution on the front and rear wheels were measured to

facilitate accounting for the effect on the vehicle inertial properties of
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added weight of the instrumentation and other equipment. The total weight of
the car before installation of test equipment was 2,030 1b (921 kg), and the
total vehicle center of gravity (C.G.) was 30.72 in. (78.03 cm) aft of the

front-wheel center.

Preparations of the vehicle for test included the installation of a roll
bar, a double shoulder-harness and lap-belt restraint system, and a driver-
side window safety net to protect the driver in the event of an inadvertent
rollover; installation of instrumentation and recording equipment; and
hydraulic brake system modification, which permitted braking of only the rear
wheels to aid in inducing skids. A new set of Goodyear Polysteel P155/80R13
radial tires was also installed. Tire force data for this type of tire were
available from tests performed on the Calspan Tire Research Facility (TIRF) as

part of another research project.

Instrumentation installed in the vehicle included three accelerometers,
mounted close to the vehicle center of gravity, to measure the sprung-mass
longitudinal, lateral, and vertical linear accelerations; three rate
gyroscopes to measure the angular velocities about the vehicle yaw, pitch, and
roll axesj a tachometer generator, mounted on one of the rear wheels, for
mneasurement of the vehicle speed; and a string potentiometer, connected to the
steering wheel shaft and calibrated to provide a direct measure of the steer

angle of the front wheels,

For the driver-controlled tests, the signals from the transducers were
amplified and recorded on a seven-channel FM magnetic tape recorder aboard the
vehicle. To enable recording the data from the eight transducers on the seven-
channel tape recorder, a relay activated by a "time zero" switch was used. As
the vehicle was accelerated to the desired speed on the approach to the test
site, the output from the tachometer generator was racorded on the data
channel normally used to record the pitch angular rate., Upon driver closing
of either of two paralleled "time zero' switches (one on the dashboard and the
other operated by the brake pedal), éhe relay disconnected the circuit from
the tachometer generator, and the amplified signal from the pitch rate gyro
was subsequently recorded on that channel. Activation of the switch produced

a spike on all data traces for identification of "time zero" for each test and
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also fired a flash bulb installed on the roof of the vehicle for time

correlatipn of high-frame—-speed photographic films of the tests.

For the tests performed without a driver, the VERF tow system was used
to guide and accelerate the vehicle om the short approach to the test site,
and the speed upon release of the tow cable was determined using equipment
which accurately measures the time interval for the vehicle to traverse a
known distance, A hydraulic accumulator system was installed in the vehicle
to apply the brakes on the rear wheels and simultaneously cause the front
wheels to rapidly steer to a large angle by means of a hydraulic actuator
connected to the steering system linkage. Steering and braking were initiated
at "time zero" when an electrical plug attached to a tether line trailing the
vehicle was disconnected shortly after the car was released from the guide
rail and tow cable. The onboard tape recorder was removed from the vehicle
for these testsi instead, the signals from the various transducers were
transmitted via an umbilical cable to a magnetic tape recorder located in the

VERF instrumentation and control building.

The weight of the vehicle after installation of instrumentation and
other squipment was 2,230 1b (1,011 kg), and the loagitudinal C.G. position
was 32.63 in. (82.9 cm) aft of the front-wheel center. The vertical location
of the total vehicle C.G., was measured to be 21.3 in. (54.1 cm) above the

ground.

.
£l

Photographas of the test vehicle and some of the onboard instrumentation

equipment are presented inm Figure 20.
HVOSM INPUTS FOR TEST VEHICLE

Values for the model input parameters describing the physical properties

of the Rabbit automobile used in the tests were derived from data and
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information from several sources.26:27,28 Mych of the data on the
characteristics of the vehicle suspension systems were taken directly from the
ENSCO repart,26 which contains a complete HVOSM input data set that was used
to simulate a Rabbit vehicle having a total weight of 1,800 1b (816 kg).
However, since the Rabbit employed in tests of this project was substantially
heavier, data from all of the above-cited references were used to estimate the
inertial properties of the sprung {including driver) and unsprung masses.
Table 32 shows the values of the VW Rabbit test vehicle parameters in the

engineering output format of the HVOSM computer program.

As indicated earlier, measured tire test data for the type of tire
installed on the vehicle were used to determine the values of the several con-
stants for the tire side and camber force model. 1In the HVOSM, the tire side~
force calculations are based on the small-angle properties of the tires, which

are “saturated” at large angles. The side force for small angles is given by
Af ¢ 2 ’

F. = [T; (;:R) - A, Fg -Ao}z (59)

where the parameters A,, A;, and A,are the coefficients of a parabola used to

describe the variation of the smsgll angle cornering stiffrness with normal

laad, Fé , for small slip angles, & .

The side force for the entire range of slip angles,(Fé) s 1s computed

using a nondimensional side-force cubic relationship: .
Fo P S [, 53
VAR IR A (60)
S'max
- Fal
where: A = (Fsdmax (61)

26, Howerter, E.D., Hinch, J.A., and Owings, R.P,, "Sensitivity Analysis of
Subcompact Vehicle Performance Due to an Impact with a Breakaway Luminaire
Support,' ENSCO, Ine,, Report No. FHWA-83-02, 15 April 1983,

27. Personal communication from Lloyd E, Carlson, Mobility Systems and
Equipment Company, to Charles F. McDevitt of FHWA.

28, Riede, P.M,, Lefferet, R.L., and Cobb, W.A., "Typical Vehicle Parameters
for Dynamic Studies Revised for the 1980's," Society of Automative
Engineers, Inc., Technical Paper No. 840561, March 1984,
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Figure 20, VW test vehicle and instrumentation.
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‘Table 32. HVOSM input parameters for VW Rabbit rest

vehicle,

SPRUNG KASS m§ = 5,023 LB-SECa42/IN
FRONT UNSPRUMG %ASS INF = 329 LB-SECHe2/IN
REAR UNSPRUNG MASS MR = 36 LE-GECH2/IN
1 MOMENT OF [NERTIA HI = Z2600.000 LB-SECH2-1N
Y BOMENT OF INERTIA 1Y = B850.00t LB-SEC+#2-IN
1 MOKENT OF INERTIA T = 10400,000 LB-SECH2Z-IN
17 PRODUCT OF INERTIA e = .000 LB-GECH2-IN
FRONT AXLE MONENT OF INERTIR XIF = .000 NOT USED
REAR AXLE MOWENT OF INERTIA IR = 000 NOT USED
SRAVITY ( = 386,400 TN/SELH2

o= .14 INCHES
ACCELERQMETER { POSITION = .00 INCHES

i = 8.00 INCHES

n = .00 INCHES
ACCELEROWETER 2 POSITION 2 0= .0¢ INCHES

PN 200 INCHES

FRONT WHEEL X LCCATION &
REAR WHEEL I LOCATION g
FRONT WHEEL I LOCATION IF
REAR WHEEL I LOCATION IR

FRONT WHEEL TRACK TF
REAR WHEEL TRACK i
FRANT ROLL ARIS REGF
REAR ROLL AXIS A
FRONT SPRING TRALK T8F
REAR SPRIME TRACK 18

FRONT AUY ROLL STIFFNESS RF
REAR AUX ROLL STIFFNESS AR
REAR ROLL-STEER COEF. AKRS

[ T TR R R R TR B TR VRN TR TR ]

REAR DEFL-STEER CCEFS.  AKDSI=

AKDS3=

29. 600 INCHES
44,900 [NCHES
11,893 INCHES
11,283 INCHES
74,300 INCHES
53,500 INCHES
600 NOT USED
L U00 NOT USED
000 ROT USED
000 NQT USED
.00 LB-IN/RAD
q4750,01 LB-~[N/RAD
LGO00 NOT LSER
D00 RADIANS
06 RAD/IN
000 RAD/IN#42
005 RAD/INEY

STEERINGE GYSTER

HOMENT CF INERTIA 11PS 000 LB-GEC##2-IM
COULOMB FRICTION TORQUE CPSP 000 LB-IN
FRICTION LAG EPSF » 000 RAD/SEC

ANGULAR STOP RATE AKPS
ANGULAR STOP POSITION  OMBPS
FNEUMATIC TRAIL P8

000 L3-IN/RAD
004 RADIANS
000 INEHES

# B om BN M

FROGNT SUSPENSTON

SUSPERSION RATE BKF = 85.000 LB/IN
CCHPRESSION STOP COEFS. AKFC = 303.000 LB/IN
AKFEP = 502,000 LB/IN4¢]
EXTENSION 5TOP COEFS. AKFE = 2916,000 L9/IX
RKFEP  =1T4245.000 LB/INMI
COWPRESSION STOP LOCATION ONESFL = -1.4620 INCHES
EXTENSION STCP LOCATION OMEEFE = 2,060 INCHES
SI0P ENERSY DISSIPATION FACTOR XLAMF = 63
VISCOUS CAMPING COEF, (F x &.080 LB-SEC/IN
COULONB FRICTION EFF = (5,000 LB
FRICTION LAG EPSF = . 100 IN/SEC

AKR
AKRC
AKRCP
AKRE
AKREP
CREERC
CMESRE
1LAMR
(R
CrP
EPSR

REAR SUSPENSION

WOk 3 H OB O N B oW HoN

73,000 LB/IN
150,000 LB/ TN
37600 LB/ TN
1029.000 LB/ N
23210.000 LB/IN#4]
=2, 910 INCHES
3,590 INCHES
N
7,380 (B-GEC/IN
15,000 LB
100 IN/5EC
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Table 32. BVOSM input paraseters for VW Rabbit test vehicle. (countinued)

FRONT WHEEL CAMBER REAR WHEEL CAMBER FRONT HALF-TRACK CHANSE  REAR HALF-TRACK CHANGE
Vs L] Ve Vs
SUSPENSION DEFLECTION SUSPENSION DEFLECTION SUSPENSION DEFLECTION SUSPENSTON DEFLECTION
DELTAF PHIC DELTAR PHIRC DELTAF DTHF DELTAR DTHR
INCHES  DEGREES INCHES  DEGREES INCHES  INCHES INCHES  INCHES
-5.00 .08 ~5.00 .00 -5.00 =63 -5.00 30
~4,00 =33 ~4.60 .00 400 - -.30 -4.00 00
-3.00 -.50 -3.00 0 -3.00 “ 10 -3.00 .00
“2.00 - 50 ~2.00 .00 =1.00 035 =2.00 00
-1.00 - 17 -1.00 .00 -1.00 .05 -1.00 30
00 .33 .00 .00 00 .00 00 00
1.00 .83 1.00 00 £.00 =20 1.00 00
2.00 1,83 2.00 +00 2,00 - 45 2,00 00
3.00 2,58 3.00 .00 3,00 -.80 3.00 30
4.00 3.50 L0 00 £,00 -1.25 4.00 A0
5.00 5.00 5.00 D0 3.00 ~1.85 5.00 00

TIRE DATA
RF LF RR LR

TIRE LINEAR SPRING RATE AKT = 1099.000  1099.000  1099.000  1099,000 LB/IN
DEFL. FOR [NCREASED RATE SIET = 5.000 5.000 5.000 5.000 INCHES
SPRING RATE INCREASING FACTOR TYLAMT = 10,000 16,000 10.000 10,600

a0 = I542,000  2542,000  254Z.000  Z542.000

a1 : F.910 §.916 L H 9.910
SIDE FORCE COEFFICIENTS A2 = 2366.000  2046.000  2346.000  2366.000

a3 = 487 687 637 .487

Al = -§184.000 -B1B4.000 -BIB4.000 -B1B4.000
TIRE OVERLOAD FACTOR ONEET = T3¢ 730 T30 T30
TIRE UNDEFLECTED RADIUS it ] = 1S 11,343 11343 11,313 INCHES
TIRE / GROUND FRICTION COEF, AME = 800 .80 806 .B00

1 in, = 2.54 cm
1 1b = 0.4536 kg
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and (Fg)myy 18 the maximum (saturated) value of the side force, which, with no
braking or traction, is the product of the coefficient of friction, x, and the

normal load.

The usual method of obtaining the parameters A,, A;, and A, from
Equation (59), based only on a least-squares parabolic fit to the cornering-
stiffness variation with normal load determined from the test data, did not
result in good agreement between the calculated and measured side forces
throughout the entire ranges of slip angle and normal load for which test data
were obtained. Because it is difficult to determine how much each of the
three parameters should be adjusted to achieve a satisfactory analytical fit
to the experimental data, a different technique for determining the best

values of A,, A;, and A, was developed.

The experimental datas are side force as a function of slip angle for
several values of normal load. This side force, Fg , divided by the saturation
value, (Fg),,., + shown by the test data is the left-hand side of Equation (60).
For each combination of glip angle and normal lomd, this cubic equation was
solved for the desired root, 8. Using 4Fp for (Fy),y, in Equation (61), all
of these values of 4 were used to solve a least-squares fit for the coeffi-
cients of the second-order Equation (59). (The tire test data indicate that
the coefficient of friction varies with the normal load. An average value of
0.96 for u was used in calculating the values of the tire parameters.) In
this way, the resulting values of A, A, , and A; are those that minimize the

overall difference between the measured and calculated side forces.

The lateral force due to camber at zero slip angle is computed in HVOSM
from:

. A , Z
() campen = [As Fa ~ A_: (F")z] V 7t lﬂ (62)

where the terms in the first bracket are the assumed parabolic variation of
the camber stiffness at zero camber angle as a function of normal load, The
side force for a given normal load also is assumed to vary parabolically with
the camber angle (maximum at 45 degrees of camber) as given by the second

bracketed terms. As was the case with cornering stiffness, the determination
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of the values for Aa and A, based on the slopes of the plots of measured force
vs camber angle at zero camber angle also did not yiéld a good analytical fit
to the test data. Therefore, values of the measured side forces for several
combinations of camber angle and normal load were all used to compute the
coefficients Ay and A, of Equation (62) that provide a least-squares best fit

to the test data.

The values of the HVOSM tire-model coefficients and the resulting fits
of the slip-angle and camber-angle test data are shown in the carpet plots of

Figure 21 and Figure 22, respectively.

TESTS ON PAVED SURFACE

ScoRe

Two series of tests were performed in which the vehicle was maneuvered
on asphalt pavement. The main purpose of these tests was to obtain response
data for a single operating enviromment which would allow checking that,
overall, the actual vehicle properties were satisfactorily represented by the
model input values before simulating the tests performed on roadside terrains,
which involve the added complexity of tire/soil interactioms. The vehicle
maneuvers executed in theses tests were: (1} a sinusoidal steer input and
(2) a rapid steer of the front wheels to & large angle, combined with locked
rear~-wheel braking to produceHa spinout. Replicate test runs of each type of
maneuver were performed to assure that the measured responses were repeatable
and constituted a valid data base with which to compare the results of HVOSM

similations of the tests,

Sinusoidal Steer

In this test, the vehicle was given a nearly sinusoidal steer input of
about +10 degrees of front-wheel steer angle at a frequency of 0.5 Hz while
coasting from an initial speed of 33 mi/h (53.1 km/h) with the transmission in
neutral, The predicted vehicle responses are shown in the plots of Figure 23
for comparison with the data measured in the test. The agreement of the model

is seen to be quite good, The main differences are the magnitudes of the
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Figure 23. Comparison of HVOSM and measured vehicle rasponses in sinusoidal-steer

test. {continued}
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peaks of the lateral-acceleration and yaw-rate responses and an apparent
slight phase shift of the roll rate after t = 2.5 seconds. Analysis of the
simulation output data shows that the front-wheel suspension deflected
sufficiently to contact the jounce bump stops at the times of the lateral=-
acceleration and yaw~rate peaks. Note that the test measurement of the roll
rate is a distorted sine wave with "flat spots' at the zero crossings. These
"flat spots”" might also be indicative of the suspension's centacting the
jounce bump stops in the test, inasmuch as they occur at the same times that
the simulation model shows that the stops are engaged. Since data on the
actual properties of the bump stops were not available, how well the character-—
istics are duplicated by the model inputs is not known. Hence, inaccuracies

of the bump~stop moedel could be the main cause of the noted discrepancies.

Plots showing the integrated outputs of the three angular rate gyros
recorded in the test are also included in Figure 23, 1t is noted that these
angular displacements do not define the orientation of the vehicle and cannot
be directly compared with the pitch, yaw, and roll angle outputs by the HVOSM,
which are Euler angles, The roll-~angle time history obtained by manually
integrating the roll rate predicted by the HVOSM is depicted in part j of
Figure 23 for comparison with the test data. As may be seen in this plot, the
regsponse of the model lags the test result, and the negative roll-angle peaks
are slightly greater following completion of the first cycle of front-wheel

steer angle.

Combined Steer and Braking

In this test, the vehicle was caused to skid and spin out on the dry
pavement by braking the rear wheels {only) to produce lockup and then rapidly
steering the front wheels to a large and constant negative steer angle.
Lateral accelerations in excess of 1 g were developed as the vehicle spun
about 180 degrees before coming to rest from an initial speed of 35 mi/h (56.3
km/h}. Tire marks on the pavement indicate that the left rear wheel 1lifted
off the ground for a short period in at least two of several replicate test

runs performed.
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Results of the HVOSM simulation of the test are presented in Figure 24
for comparison with the measured data. For the most part, the correlation is
excellent; however, it may be seen that peak negative lateral acceleration
predicted by the model is substantially less than the 1 g or more recorded in
the full-scale test. The value of 0.8 for the tire/pavement friction
coefficient assumed for the simulation run was based on skid trailer
measurements of the roadway surface made several years earlier. Since a
friction coefficient as high as 1.0 or more is indicated by the test data,
other simulations in which the coefficient was increased to a maximum value of
1.0 were made to examine the effects of varying this parameter. The most
noticeable effect was an increase in the magnitude of the oscillations of the
lateral-acceleration and roll-rate responses that may be noted to occur
between approximately t = 0.5 second and t = 2 seconds. With a friction
coefficient of 1.0, these excursions became very large, and analysis of the
run output shows that the right-front suspension deflected sufficiently to

contact the jounce bump stop.

The friction coefficient of the tire/pavement suggested by the test
results is substantially greater than the range of typical values reported for
a dry asphalt surface. However, the difference is too large to be ascribed
solely to instrumentation error for the lateral-acceleration data channel,
Moreover, the good correlation of the longitudinal acceleration before signifi-
cant yaw rotation of the vehicle had occurred indicates that the assumption of
0.8 for the coefficient of friction is indeed close to the real value in the
test. One plausible explanation is that the actual tire properties are not
accurately represented by the model in the high normal-load and slip-angle
ranges experienced in the test, and for which no tire test data are available.
Analysis of the simulation run shows that, in the time interval between ¢ =
0.75 second and t = 2 seconds, the tires operate at slip angles in the range
between approxiamtely 23 degrees to over 100 degrees, and that the right front
tire, in particular, is heavily loaded (1,200 to 1,650 1b (544 to 948 kgl}).
Note that, if the actual side force developed by this tire is higher than
predicted, it would be expected to result in not only a higher lateral
acceleration but alsc an increased peak yaw rate (as shown by the test data),

since that wheel is basically the pivot for the yaw motion of the vehicle,
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Another simulation run was made with the auxiliary roll stiffness of the
rear suspension reduced to zero. It was thought that this might result in a
greater weight transfer to the tires on the right-hand side of the car,
particularly the right-front wheel, and thereby increase the side force and,
hence, the lateral acceleration and the peak yawing velocity. Although thig
did occur to some extent, the principal effect again was a greatly increased
magnitude of the oscillations of these reaponses between t = 0.5 second and

£ = 2 asconds.

The large negative lateral acceleration pulse evident at about t = 3,75
seconds in the simulation results is an anomaly that should be ignorsd. At
that time, the vehicle is moving s0 slowly that small changes in the direction
of the wheel velocity vectors result in large and asudden reversal of the tire

slip angles and, hence, of the tire side forces.

The good. agreement shown between the simulation and experimental results
for both this test and the sinusoidal-steer test provided confidence that the
vehicle physical properties were adequately represented by the defined model
inputs,

TESTS ON ROADSIDE TERRAIN

S0il Measurements

.

All of the off~road teasts were performed on sod ground consisting pri-
marily of a mixture of coarse rye grass and natural weed cover 4 to 6 in. (10
to 15 em) in length, Measurements of two samples of the soil underlying the
field turf were made to identify and classify the type of soil existing at the
test sites, The two soil samples analyzed were taken from beneath the left
and right tire tracks made by the vehicle in traversing the ditch embankment
described later. The sample from the left track was taken from the lowest
part of the ditch, whereas the soil sample from the right track was removed
from the steepest part of the sideslope. Although the grass was scuffed and
sheared off at the soil surface in some places, the surface was not penetrated
by the tires to any significant degree in that test, It is noted, however,

¢
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that the firmness of the ground varied greatly among and within the individual

test sites due to differences in the moisture content of the soils.

The collected soils were analyzed for a variety of physical soil
parameters to define the soil characteristics. The parameters selected for
measurement included grain-size distribution, moisture content, Atterberg
limits (liquid limit, plastic limit, and plasticity index), and the
recompacted permeability of the soil. The moisture content of the grass was

also measured., The results of these measurements are shown in Table 33,

Table 33. Measured soil properties.

Sxaple

Parameter ASTM method left track | Right track
Grain Size, % D421, 422

over 2,0 mm 23 47

0.1-2.0 mm 52 32

less than 0.1 mm 25 21
Moisture Content, % D2216 45 (64)* 20 (58)*
Liguid Limit D421, 423 81 &7
Plastic Limit D421, 424 70 32
Plasticity Index D421, 424 11 13
Recompacted Permeability, em/sec D2434 7.7 x 1079 1.1 % 1078

*Moisture content of grass

Grain size is commonly used as a basis for classifying soils, although
such classifications are by no means adequate for all purposes, The four
major classification groups are gravel, sand, silt, and clay. The associated

ranges of grain sizes are as follows:

Gravel over 2.0 mm

Sand 2.0-0.06 mm

silt 0.06~0.005 mm
Clay less than 0,005 mm

From the measured grain-size distributions shown in Table 33, it appears

that the soil is best described as a sandy silt but with substantially more
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gravel on the sideslope. Based on the permeability data, the soil would be

classified more as a clay, but the grain-size analysis does not besr this out,

Motion~-Resistance Tests

A series of tests was performed in which the motion-resistance forces
developed when the Rabbit test car was pulled over the uneven surface of a sod-
¢overed field were measured, The objective of these tests was to provide data
that would allow a gross check of the validity of the HVOSM deformable-soil
model as well as determination of the tire/ground coefficient of friction for

a typical roadside terrain surface.

For these tests, two steel cables, 58.5 ft (17.8 m) in length, were
attached to the center of the front and rear wheels on the right side of the
VW Rabbit. A load cell installed on each cable was used to measure the forces
developed as the Rabbit was pulled over the surface of the ground at a speed
of 10 to 15 mi/h (16.1 to 24.1 km/h) by another vehicle. Tests were also
performed with the length of the front-wheel cable reduced to 54 ft (16.5 m)
and to 51 ft (15.5 m) so the vehicle would be pulled at different sideslip
angles. The conditions and general observations for each of the 11 test runs

performed are briefly described below,

Test 1, -- This test was performed in an area where the sod was dry and
firm. The cables to the front and rear wheels were each 58.5 ft (17.8 m) in
length, No brakes were applied, and very little wheel rotation was observed,
Wheel tracks were visible, but no grass roots were torn up. Force data were

invalid due to an apparent unknown pre-load on the load cells.

Test 2, -~ This was a repeat of the first test except that all wheels
were braked, A few surface scuffmarks were observed where grass tufts were

uprooted,
Test 3. This test was performed in the same area as the previous tests,

but with the front cable shortened to 54 ft {16.5 m), and with the wheels free

to rotate. The vehicle moved forward along the initial heading angle until
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the front cables became disconnected when the load-cell swivel unscrewed from

the wheel. No valid data were obtained,

Test 4. —— This test was the same as Test 3, except with braked wheels.

The wheel tracks showed occasional scuff marks.

Test 5, ~- This test was performed in the same area as the previous
tests. The front-cable length was reduced to 51 ft (15.5 m) and all wheels
were braked. Some oscillation of the vehicle about the yaw axis was noted.
Measurements of the car attitude after the test indicated a slip angle of
approximately 40 degrees. No force data were obtained due to inadvertent
failure to connect load-cell signal cables to signal-conditioning equipment,
However, from observation of the tow cables, it appeared that little force was

transmitted by the one attached to the rear wheel.

Test 6. —— This test was a repeat of Test 5. Slight yaw oscillation was
again observed, and the resar cable again appeared to carry little or no load.
A sideslip angle of approximately 37 degrees was calculated from post-test
measurements of the vehicle position, The tires scrubbed the grass without

leaving ruts.

Test 7, -~ The conditions for this test were the same as for Tests 5 and
6 (i,e,, a tow cable 51 ft (15.5 m) in length was attached to the frount wheel,
and all wheels were braked) except that a location in the field was selected
where the ground surface was more uneven and where there were local areas
where the sod was moist and less firm. The car driver {who applied the brakes
for all of the locked-wheel braking tests) noted that the ride was distinectly
more rough than in the earlier tests. The tires produced scuff marks on the
more firm ground but made ruts up to 3 in, (7.6 cm) in depth and 10 to 15 ft

(3 to 4.6 m) in length in an area where the ground was very soft.

Test 8. -— For this test, the Rabbit was towed broadside (front-wheel
and rear-wheel tow cables each 58.5 ft (17.8 m) in length and with all wheels
braked) in the same general area of the field as in Test 7. The wheel tracks
showed more scuffing of the ground by the front tires than by the rear tires,

which tended to "skip" over the surface. Both the front and the rear wheels

95



plowed up the sod surface for a distance of 10 to 15 ft (3 to 4.6 m) in two

spots where the soil was quite soft,

Test 9. =-- The car was towed longitudinally without brakes over a sod
ground surface that was very wet and soft, so as to be easily penetrated by
the thumb, Very slight ruts less than 1 in. (2.5 em) in depth were created by

the rolling tires,

Test 10, =~ This test was the same as Test 9 except that it was
performed with locked-wheel braking. The sod was uprooted by the tires,

creating ruts 2 in, (5.1 cm) or more in depth in the softest ground.

Test 11, =-- The car was pulled broadside, with the wheels locked, over
the same soft sod area as in Tests 9 and 10, Wider ruts than in Test 10, but
of about the same depth, were produced by the tires, However, variatioms in
the depth of the ruts, particularly those made by the front wheels, gave the
track a lumpy appearance and probably were caused by variations in the

firmness of the soil along the vehicle path.

Data obtained from the motion resistance tesats are summarized in Table
34, Listed initially in the table are the minimum, maximum, and average
forces measured in the individual tow cables attached to front and rear
wheels; from the sum of the cable forces, the corresponding value of the
affective friction coefficient was calculated. An example data record is
presented in Figure 25, which shows the forces measured when the car was
pulled broadside in Test 8, The variation of the forces about the mean value
when the car was moving at a constant speed may be attributed to contact of

the tires with local irvegularities of the ground surface,

The data of Table 34 indicate that the average friction coefficient of
sutomobile tires sliding on sod ground is typically about 0.5, which is the

gsame as that reported by the Texas Transportation tnstituteZ? but less than

29. Ross, Hayes E., Jr. and Post, Edward R,, "Comparisons of Full-Scale
Embankment Tests With Computer Simulations——Volume 1, Test Results and
Comparisons," Texas Transportation Institute, Research Report No. 140-7,
December 1972.
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half the value measured in similar tests performed at the General Motors
Proving Ground30, It may be noted that the data from the three tests at 90°
sideslip angle (Tests 2, 8, and 11) show a slight trend of increased motion

regsistance with decreased firmmess of the soil.

Tests 2, 4, and 6, which were performed with the car pulled at different
sideslip angles on the same ground, show that the motion resistance was not
affected by the sideslip angle, In view of the fact that the tires slid over
firm sod ground without creating any ruts in these tests, wmeasurement of an
essentially constant average resistance force would be expected., It may be
noted that no force was measured in the cable to the rear wheel in Test 6 (or
Test 7) when the sideslip angle was approximately 40 degrees, Since the
resultant pull force must pass through the vehicle C.G., this angle is equal
to the angle between the longitudinal axis and the line from the C.G. to the
cable attachment point at the front-wheel center. Calculations show that,
with the vehicle oriented at that angle, the rear cable, 51 £t (15.5 m) in

length, is slack and, thus, would carry no load.

Tests 9, 10, and 1l were performed on a small area of a field where the
ground (sod) was wet and soft. Although the sinkage of the tires generally
was quite small and variable along the wheel paths, the data from these tests
show that higher forces were developed when the car was pulled broadside and
allow at least a gross check of the validity of the HVOSM deformable-soil

+

model,

Using soil parameter values given by Bekkerl? for unplowed sod, the
computed sinkage of the front and rear tires--0.71 in, (1.8 cm) and 0.46 in.
(1.2 cm), respectively~-compares favorably with the l-in. (2.5 em) or less
depth of the ruts produced by the rolling tires observed in Test 9, However,
the average motion resistance measured in that test (550 1b (2,446 N)) is
substantially greater than the 310 1b (1,379 N) computed by the model. Since
Bekker's analysis treats only the resistance due to compaction of the soil,

other factors such as friction of the running gear, losses due to deflection

30. Stonex, K.A., "Roadside Design for Safety," Paper presented at the 3%th
Annual Meeting of the Highway Research Board, March 1960,
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of tha rire carcass, and bulldozing resistance can account for at least part

of the difference between the analytical and test results,

For the 90-degree sideslip angle of Test 11, the lateral force due to
plowing of the soil by the sidewall of the tires calculated using the HVOSM
deformable~soil model is 441 1b (1,962 N). However, the force in the contact
patch due to the tires sliding on the ground must be added to this value in
order to make a direct comparison with the total force measured in the test,
1f it is assumed that the sliding friction force in the tire/ground horizontal
contact patch is the difference between the forces measured in the longitu-
dinal pull tests with the wheels locked (Test 10) and those measured with the
wheels free to roll (Test 9), the resulting total force would be 441 + 560 =
1,101 1b (4,897 N), compared to the average force of 1,370 1b (6,094 N)

measured in the test.

It is also of interest to note that the 131-1b (583-N) increase of the
motion resistance predicted by the model for the 90-degree change of the
sideslip angle is close to the 160~1b (712-N) increase of the average force
indicated by the data measured in Tests 10 and 11, This finding supports the
assumption made in formulating the model that the motion-resistance force is
proportional to the projection of the vertical tiref/soil interface area in the

direction of motion.

The results discussed above show that the forces predicted by the
deformable-soil model are reasonable for the conditions of the tests but,
clearly, are too limited for drawing any firm conclusions regarding the

general validity of the model.

Skid on Level Turf

In the first of the tests performed on roadside terrains, the vehicle
was maneuvered into a spinning skid on basically level ground. Although the
tests were performed following two days of rain showers, the sod surface was
quite firm, so rutting by the tires was quite minimal, However, in one of the
preliminary runs made to allow the driver to practice the maneuvers required

to achieve the desired high angle of departure from the roadway at the pre-
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selected location, a rut approximately 3 ft (0.9 m) in length, 1 ft (0.3 m) in
width, and 3 in. (7.6 c¢m) in depth was created by the right-front tire.

Blades of grass that were noted to be caught between the wheel rim and the
tire bead gave evidence that high side forces were developed by that tire in

particular,

Results of the HVOSM simulation of a test in which the vehicle departed
from the roadway at 33.5 mi/h (53.9/h) at an angle of 16.8 degrees, as
determined from tire-track measurements, are shown in Figure 26 for comparison
with the vehicle responses recorded in the test, It may be noted from the
steer-angle time history that the driver had not yet completed the right-turn

" when rear-wheel braking (only) was applied as the

maneuver at "time zero,
vehicle passed by a marker cone set at the edge of the roadway. Shortly there-
after, the front wheels were rapidly turmed to a large left steer angle, which

caused the vehicle to skid and spin counterclockwise as it came to a stop.

The test records show considerable high~frequency "hash," particularly
for the accelerometer data, which is probably mostly due to sprung-mass
structural vibrations that occurred as the vehicle traversed the irregular
surface of the field. For the simulation, measurements of the elevation of
the ground at grid points spaced 10 ft (3.05 m) and & £t (1.22 m) apart in
directions parallel and perpendicular te the roadway, respectively, were used

to describe the profile of the ground surface.

The plots of Figure 26 show that the dynamic responses of the vehicle
were closely predicted by the HVOSM, which used values of the soil parameters
given by Bekkerl’ for unplowed sod. There was little rutting of the ground
ocbserved after the test, although the grass was scuffed and roots torn up in
some places, In like manner, the sinkage of the tires in the simulation run
was small (generally, between 0.1 and 0.7 in. (0.3 and 1.8 cm)), depending on
the wheel load) and exceeded 1 in. (2.5 cm) only briefly for the right-front

wheel, which was the most heavily loaded,.

Comparison of the time histories of the yaw angle obtained by integrat-
ing the output of the yaw date gyro shows that the HVOSM accurately predicted

the approximately 175-degree change of the heading angle measured in the test.
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103



The predicted coordinates of the final rest position of the vehicle were X' =
95.7 fr (29.2 m) and Y' = 20.9 fr (6.4 m), which also is very close to the
measured location of approximately X' = 96 ft (29,3 m) and Y' = 19 ft (5.8 m).

Traversal of Fill Transition

In this test, the vehicle was driven over the end transition of a fill
embankment to level ground. Since the vertical alignment of the roadway at
this site had & slight down grade, the height and slope of the embankment
varied with distance along the road, At the point of vehicle departure from
the roadway, the embankment was about 3 ft (0.91 m} in height and had an
average sideslope ratio of approximately 5:1. The measured profile of the
ground surface at several stations along the roadway is illustrated in Figure
27. The grass-covered slope was dry and firm, but the sod at the toe of the

embankment was saturated and, hence, quite soft,

For this test, the driver accelerated ta;‘car while in the left-hand
lane of the two~lane road on the approach to the test site, Shortly after the
car passed over a raised railroad grade crossing, the driver executed a sharp
right steer maneuver, so the car departed from the right side of the road at a
speed of 35 mi/h (56.3 km/h) at an angle of appropximately 18 degrees as
determined from tire marks in sand that had been lightly spinkled on the road.
Rear-wheel braking signalling "time zero" was applied while the car was still
in the right turn. At t = 0.6 sacond, a large left steer of the front wheels
was initiated to- Lnduee a counterclockwxse sgxnout on the roadside turf. As
may be seen in the post~test photograph of Figure 28, large ruts of varying
length and as much as 3 in. (7.6 cm) in depth were created by the skidding

tires.

Diffieulty was encountered in early attempts to simulate this test,
which showed that the yaw angular velocity increased to such a high positive
value in the first 0.5 second of the simulation that the vehicle ultimately
became unstable and spun out in a clockwise skid. Because the car was in a
hard-cornering maneuver (0.4 g lateral acceleration) at "time zero" just prior
to departing from the roadway, and also because of disturbances resulting from

crossing of the railroad track located about 120 ft (36.6 =m) upstream, some of
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Figure 28. Ruts produced by tires in fill-transition test.
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the initial conditions needed for input to the model (e.g., pitch and roll
angles, suspension deflections and velocities, and lateral and vertical
velocities of the sprung mass) were not accurately known. However, about 20
short-duration runs in which these parameters were varied showed little effect

on the yaw response,

Realizing that what was needed to stabilize the vehicle in the turn off
the roadway was more side force from the rear tires to balance the yaw moment
of the steered front wheels, it was thought that perhaps the braking of the
rear wheels wag the key to the problem, since those tires had minimal capa-
bility to generate side forces when the wheels became locked up. Therefore, a
gimulation run was made in which lockup of the rear wheels was delayed by 0,2
second from the time of lockup in the earlier simulations. 1t was found that
early clockwise spinout of the vehicle was avoided, and the yaw response time
history agreed fairly well with that measured in the full-scale test., In thar
simulation run, lockup of the left and right rear wheels occurred at t = 0.45
second and t = 0.35 second, respectively, which appear to be reasonable for
the time to decelerate the wheels to zero angular velocity from the initial
value of approximately 55 rad/second (3,200 degrees/second) for the 35-mi/h
{56.3 km/h) speed of the wvehicle.

Results of the HVOSM simulation of the test are shown for comparison
with the measured responses in Figure 29. These plots all show that, in
general, the dynamics of the vehicle were predicted gquite well by the model,
The main discrepancies are seen to be that the model predicted substantially
lower lateral accelerations between t = 1,75 seconds and t = 3.5 seconds, and
a smaller change of heading angle as a result of the more rapid decrease of
the yaw velocity after t = 3,0 seconds. It is of interest to note that the
model predicted the "spikes' evident in the pitch-rate and roll-rate traces at
t = 1.5 seconds, although they occur about 0.2 second earlier in the

simulation, and the subsequent oscillations are of smaller magnitude,

The measured and predicted wheel paths are depicted in Figure 30, where
it may be seen that, except for the final heading angle, the trajectory and
final rest position of the test vehicle were quite accurately matched by the

simulation model.
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Traversal of Ditch Embankment

The last full-scale test was performed at a site adjacent to the Calspan
VERF skid pad that included a 3-ft (0.9-m) deep drainage ditch that widened
into a large curved hollow or swale. The slope of the embankment forming the
side of the ditch and the hollow traversed by the vehicle was variable, with a
maximum value of about 3:1. The slope of the terrain is illustrated in the

sketch of Figure 31.

Since the test site was deemed too hazardous to use a driver, the VERF
tow and rail guidance system was used to accelerate the vehicle on the
approach to the site, The approach path was such that the entry into the
ditch was essentially end-on, so the wheels on the left side of the vehicle
traveled along the bottom of the ditch while these on the right side remained
higher on the embankment., (See Figure 31.,) Just before the left-front wheel
reached the bottom of the ditch, a remotely activated system aboard the
vehicle rapidly turned the front wheels to a large, right steer angle and
applied brakes to the rear wheels. The vehicle subsequently climbed back up
the side of the ditch (or hollow) about 70 ft (21.3 m)} further downstream and
spun out as it came to vest, Due to the horizontal curvature of the embank-
ment as well as the turning of the vehicle, the embankment traversed on exit
from the ditch was more like a longitudinal slope than a side slope with

respect to the vehicle path.

Two nearly identical tests of the vehicle traversing the ditch embank-
ment were performed., In the first test, the speed upon entering the ditch was
39.4 mwi/h (63.4 km/h). The car did not roll over and did not appear to have
sustained any damage. However, review of the recorded data indicated that the
onboard system to steer the front wheels and apply brakes to the rear wheels
did not function as intended. The data trace for the steer angle showed that
steering was initiated about 0.6 second later than desired and was highly
oscillatory, with peaks that exceeded the known maximum steer angle to which
the wheels could be turned. In addition, no roll angular veloecity data were

obtained, due to a faulty rate gyro.
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After identifying and correcting the source of these problems, a second,
replicate test was performed. The vehicle speed in this test was 42.26 mi/h
(68.0 km/h}, and the front wheels were rapidly steered 17.5 degrees to the
right just before the left wheel encountered the bottom of the ditch,

Although the response of the car was quite violent, the car remained upright
during passage through the ditch and in the subsequent spinout while coming to

rest, Sequential photographs of the test are displayed in Figure 32.

Results of the HVOSM simulation of the test are shown for comparison
with measured responses in Figure 33. The agreement between the model and
test results is, in general, deemed gquite good, except for the yaw respouse.
It may be noted that the predicted yaw rate is lower than that measured in the
test from about t = 1 second to t = 2.1 seconds and then continues to increase
to a much higher peak value. As a result, the total change of vehicle heading
angle shown by the simmlation model is substantially greater than observed in

the test.

From analysis of the output data from this and other simulation runs
made in an attempt to account for the different yaw behavior of the simulated
vehicle, it appears that the discrepancy is most likely mainly due to
inaccuracy of the plow forces calculated by the deformable-soil model for the
very large tire normal forces produced in traversing the terrain feature. The
left-front tire, in particular, was heavily loaded at t = 0,25 second (8,230
1b) and again at t = 0.8 second {6,622 1b), which resulted in the close match
of the x and z acceleration "spikes" of the test data., In contrast to the
negligible sinkage of the tires in the test, the simulation shows sinkages of
the tire of 4.4 in, (11.2 cm) and 3.8 in. (9.7 cm), respectively, at these
times, which, in turn, resulted in very high aoil plow forces., Although the
lateral component of the plow force produces a positive yaw moment, this is
more than offset by the counter moment of the much larger circumferential tire

plow force, so the net effect is to reduce the yaw angular velocity.

Because of the differences between the simulated and measured yaw
responses, the path of the simulated vehicle is also different from the actual
trajectory. This is shown in Figure 34, where it may be noted that, although
the distance traveled in coming to rest is predicted well by the model, the

path of the simulated vehicle curves too sharply to the right,
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t= 0.4 second

t= 0.1 second t= 0.5 second

t = 0.2 second t = 0.75 second

Figure 32. Sequence photographs of ditch-embankment test.
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t = 3.0 seconds

t = 1.6 seconds t = 3.5 seconds

Figure 32. Sequence photographs of ditch.embankment test. {continued)
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To egamine the effect of the deformable~soil model, a simulation of the
test was made in which the ground was considered rigid, In that run, the
shape of the yaw rate response more closely matched that of the test, and the
predicted vehicle trajectory up to the final rest position in the test was
alsoc better. Howeﬁer, the magnitude of the yaw rate was too large, so the
agreement with the test data for the time history of the yaw angle was not as
good, Moreover, the two "spikes" in the x acceleration data were not
evidenced in this run, and the distance traveled by the vehicle before coming
to rest was much greater. Hence, based on these observations, it may be
concluded that, despite any shortcomings of the deformable-soil model, the
results are nevertheless better than if the tire/soil-interaction effects are

neglected altogether.
SUMMARY

The described verification effort allowed assessment of the capability
of the modified HVOSM to simulate the responses of a vehicle for a variety of
of f-the-rcad envirommental conditions, Evaluation of the comparisons pre-
sented for all of the full-scale tests performed shows that the HVOSM yielded
results that are in reasonable agreement with the experimentally measured
responses, As might be expected, the correlation appears to be best for the
less-severe operating conditions and tends to decrease as the conditions
become more severe and exceed the limits of the underlying assumptions aqd

approximations inherent in the model,

On the whole, the deformable-scil model of the modified HVOSM computer
program improved the accuracy of the simulations of the tests on the various
roadside terrains, thereby providing some evidence of model validity.
However, this study did not thoroughly establish the extent to which the model
accounts for all of the various real-world conditions that contribute to
vehicle rollover. A more extensive and rigorous validation of the analytical
approach might be obtained through direct measurements of the sinkage and
motion resistance forces of tires cperating on soil for various tire loads,

sideslip angles from 0 to 90 degrees, and socil conditions,
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Section S5
STMOLATION ANALYSIS OF ROADSIDE FEATURES

APPROACH

The HVOSM computer program was used for investigating the tendency of
vehicles to overturn during encounters with different roadside terrain
features. Sideslopes and fill embankments were the primary features addressed
in the study, but a few simulations of ditch configurations were also made.

As indicated by the findings of the accident data analyses summarized in
Section 2, those features are indicated to be most frequently involved in

rollover accidents that occur off the highway.

Vehicle roll response is affected by a mumber of factors, including the
geometry of the terrain; firmness of the ground; physical characteristics of
the vehicle; driver control actions; and the initiazl conditions of vehicle
road departure, such as speed, path angle, position and orientation of the
sprung and unsprung masses, and the yaw, pitech, and roll angular rates of
rotation, The roadside cross section for all simulations included a rigig
shoulder, 8 ft (2.44 m) in width and having a friction coefficient, ., of 0.6.
The ground surface beyond the shoulder was assumed to be deformable, with char-

acteristics defined by the soil counstants for sod given by Bekker (1969).17

The results of accident studies show that the kinematics of vehicles at
the time of departure from the roadway are highly variasble and are virtually
without limit with regard to the number of combinations of the many factors
involved (speed, path angle, orientationm, angular velocities, etc.), each of
which varies over a wide range., For this reason, the selection of "typical”
conditions is somewhat arbitrary. Two sets of departure conditions were

considered in this study, as shown in Table 35.
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Tsble 35. Departure conditions considered,

Variable Departure No. 1 Departure Ro. 2
Speed, mi/h 60 45
Path Angle, degrees 15 25
Sideslip Angle, degrees 0 30

60 mi/h = 96.5 km/h; 45 mi/h = 72.4 km/h

These departure conditions are illustrated in Figure 35. Departure
No. 1 is one of the test conditions recommended for evaluating the safety
performance of highway appurtenances,3l Data from Viner (1985)10 and
Southwest Research Institute32 show that 60 mi/h (96.5 km/h) is approximately
the 85th percentile estimated impact speed and that 40 to 50 percent of the
departures occur at path angles of 15 degrees or less. For this departure,
the vehicle was also assumed to be oriented at a 15-degree yaw angle, so it
was tracking with zero sideslip, which the available data indicate is the case

in about 50 percent of the encroachments.

For the second departure condition, the vehicle left the roadway at a
lower speed and higher angle while skidding at a 30-degree sideslip angle,
This departure was selected as an example of an out-of-control pre-crash
condition, The 45 mi/h (72.4 km/h) speed is the average departure speed
reported by Southwest Research Institute,3? and the data of both Viner
(1985)10 and Southwest Research Institute3? indicate that, in over half of the
cases examined in which the vehicles were not tracking when they left the
roadway (i.e., more than 25 percent of all of the accidents), they were
skidding at a sideslip angle of 30 degrees or more. The forward and lateral
components of the vehicle velocity vector for this departure condition are 39
mi/h (62.7 km/h) and 22.5 mi/h (36.2 km/h), respectively.

All simulation runs started with the vehicle on the roadway in static

equilibrium and positioned so that the wheel closest to the shoulder was

31, Michie, Jarvis D., "Recommended Procedures for the Safety Performance
Evaluation of Highway Appurtenances,' National Cooperative Highway
Research Program, Report No. 230, March 1981,

32, "Analysis of Investigative Accidents," Southwest Research Institute,
Contract No. DOT-FH-11-9523, October 1983.
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Figure 38. Simulated roadway departure conditions,
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within a fgw inches of the pavement edge. A value of 0.8 for the friction
coefficient of the pavement was assumed. Steer control to simulate a driver's
attempt to maneuver the vehicle back to the road was also input to the model.
The steer maneuver consisted of a linear increase of the front-wheel steer
angle to 10 degrees in 1 second, beginning 0.5 second after the first wheel
crossed the edge of the pavement. The steer angle remained constant at the
maximum value throughout the remainder of the run., The emergency steer
maneuver, although quite severe in terms of the magnitude of the steer angle,
is well within the capabilities of drivers and corresponds to only about one-
half turn of the steering wheel for vehicles equipped with power steering.

For example, it may be noted from the steer—angle time histories measured in
the full-scale tests presented in Section 4 that the driver performed steer
maneuvers in excess of 10 degrees of front-wheel steer angle in less than 0.5
second, or at more than twice the angular rate used in the similated return-to-

the-road maneuver.
PHYSICAL CHBARACTERISTICS OF SIMULATED VEHICLES

Three vehicles were simulated to examine the effect of roadside design
variables on rollover causation for vehicles representing different weight
classes. The VW Rabbit used im the full-scale tests, which weighed 2,410 1b
(1,093 kg) including the driver, was selected as one of the vehicles for the
study, inasmuch as an input data set of the physical properties had already
been defined. (Refer to Table 32.)

For the second wvehicle, the data set developed for the VW Rabbit was
modified to reflect a lower total weight based on values of parameters
reported by ENSCO, Inc.,26 for a VW Rabbit weighing only 1,800 1b (816 kg).
The values of those parameters affected by the different weights of the two

vehicles are shown for comparison in Table 36,

The third vehicle simulated was one representing the large, heavy class

of automobiles at the opposite end of the size and weight spectrum. Using
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Table 36. Physical characteristics of VW Rabbita of different total weight.

Total vehicle weight

Symbol ' Parsmeter 1,800 1b 2,410 1b*
Mg | Sprung mass, ib-secZ/in. 4.014 5.593
I, Sprung-mass roll moment of inertia, lb-secZ-in, 1,932 2,600
Iy Sprung-mass pitch moment of inertia, lb-secZ-in, 7,231 8,850
I, Sprung-mass yaw moment of inertia, lb-sec?-in. 7,976 10,400
a Sprung-mass C.G. location aft of front axle, in. 32.7 31.49

b Sprung-maes C.G. location forward of rear axle, in. 61.8 63.01 .
zk Sprung-mass static C,G. height above ground, in. {(-)21.1 (=)22.49
Zg Sprung-mass static C.G. height above front axle, in. 10.307 11.893
z, Sprung-mass static C.G. height above rear axle, in. 10.087 11.563

*Weight of test vehicle plus 180-1b driver

1 1b = 0.454 kg
1 in, = 2.5 cem

data and iaformation from a number of sources,33!3&’35*36 typical values for
the characteristics of a vehicle weighing 4,450 1b {2,081 kg) and having a
121=-in. (307.3-c¢cm) wheelbase were defined and are shown in Table 37, The tire
properties are those determined from tire test measuremements of a HR78-15
tire, which is a type often used on large-size cars, The static stability
ratio, T/2h, is 1.44, Hence, among three cars considered in the study, this

vehicle is indicated to provide the greatest resistance to rollover,

33, Personal communication from Robert J. Keenan, Johns Hopkins University
Applied Research Laboratory, IHVHP computer program input data listing for
1976 Ford LTD vehicle, 25 September 1984,

34, Basso, G.L., "Functional Derivation of Vehicle Parameters for Dynamics
Studies,'" National Research Council Canada, Report No. LTR-ST 747,
September 1974.

35. Rasmussen, R.E, et al., "Typical Vehicle Parameters for Dynamics Studies,”
General Motors Corporation, Report No, A-2542, April 1970,

36. "U.S. and Foreign Passenger Car Specifications, 1973-1982," Motor Vehicle
Manufacturers Association.
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Table 37. Physical characteristics of simulated 4,450-1b (2,018-kg)
' automobile.
SPRUNG MASS XMS ¢ 9.840 LB-SEC**Z/IN FRONT WHEEL X LOCATION A * 52.100 IKCHES
FROMY UNSPRUNG MASS XMUF = 435 LB-SEC**2/IN REAR WHEEL X LOCATION B = 68.900 INCHES
REAR UNSPRUNG MASS YR = 1,022 L8-SEC**2/IN  FRONT WNEEL Z LOCATION  ZF = 10.B00 INCHES
X WOMENT OF INERTIA XIX = 5000.D00 (8-SEC™*2-18  REAR WHEEL 7 LOCATION  ZR =  10.660 INCKES
Y MOSENT OF [HERYIA XY = 31000.000 L3-SEC**2-IN FROWT WHEEL YRACK TF = 64,100 INCHES
I MOMENY OF INERTIA X17 = 35000.000 LB-SEC™*2-IN REAR WHEEL TRALK m o= 64,300 INCHES
X1 PROGUCT OF IMERTLA Xz = .000 LB-SEC**2-1IN FROMT ROLL AX!IS RHDF = 000 NOT USED
FRONT AXLE MOMENY OF [WERTIA XIF = .00D WOT USED REAR ROLL AXIS RHO = 000 IMCHES
REAR AXLE MOMENT DF INERTIA  MIR » 750,000 {B-SEC™*2-iN FROWT SPRING TRACX TSF = 000 NOT JsEn
GRAVITY G = 384,400 IN/SEC*™2 REAR SPRING TRACK T§ = &5.500 IMCHES
: o= .00 THCHES FRONT AUX ROLL STIFFAESS RF = 230000,00 18- {N/RAD
ACCELEROMETER t POSITION i = .00 INCHES REAR AUX ROLL STIFFNESS RR = .00 LB-IN/RAD
7. D0 INCHES REAR ROLL-STEER COEF.  AXRS » 0330 RAD/RAD
x2 = .00 IHCHES AKDS = 000 MOY LSED
ACCELEROMETER 2 POSITION 2 e .00 INCHES REAR DEFL-STEER COEFS.  AKDSte .000 NOT USED
2 = .00 INCHES MD52= L000 NOT USED
ADS3 .000 wOT USED
STEERING SYSTEM
MOMENT OF TNERTIA XiPs = L0DD LB-SEC**2-IN
COULOMB FRICTION TORQUE CPSP = 008 LB IN
FRICTION LAG EPSP = 008 RAD/SEC
ANGULAR STOP RATE AKPS  » 000 LB-IN/RAD
ANGULAR STOP POSITION  ONGPS = L000 RADTANS
PREUMATIC TRAIL XPS = LDOD INCHES
FRONT SUSPENS[ON REAR SUSPENSIOH
SUSPENSION RATE A s 120,000 LB/IN AR = 115.000 LB/IN
COMPRESSION STOP COEFS. AKFC = 189 D00 LE/IN AKRC = 324,000 LR/
AKFCP = 600.000 LB/IN**3 AKRCP s &DC.O00 LB/IN*'S
EXTENSION STOP COEFS. AKFE = 588,000 LB/IN AKRE = BS4.300 LB/IN
AKFER = HDO.DO0 LB/IN"'S AKREP = 600.000 LB/IN""]
COMPRESSIDN STOP LOCATION OMEGFL = -5.000 INCHES OMEGRC = ~3.500 INCRES
EXTENSION STOP LOCATION DMEGFE = 3,000 INCHES OMEGRE = 4,000 INCHES
SYOP ENERGY DISSIPATION FACTOR  XLAMF = 650 MLAMR = 650
VISCOUS DAMPING COEF. G+ 6.850 LB-SEC/IN CR e 7.480 LB-SEC/IN
COULOMB FRILTION CFP = 160.000 L& Cxe = 55.000 L8
FRICTION LAG EPSF = 100 IN/SEC EPSR = 100 IH/SEC

125




Table 37. Physical characteristics of simulated 4,450-1b (2,018-kg)

automobile.

(continued)

REAR WHEEL CAMBER
Vs
SUSPENSION DEFLECTIOM

FRONT WHEEL CAMBER
vs
SUSPENSION DEFLECTION

FRONT WALF-TRACK CHAKGE

vs

SUSPENSION DEFLECTION

REAR HWALF-TRACK CHANGE
Vs
SUSPENSION DEFLECTION

DELTAF PHIL DELTAR PHIRC DELTAF BTHE DELTAR GTHR
INCHES DEGREES NOT USED NOT USER INCHES IMCHES NCT USED KOT USED
-3.00 <43 -3.00 .00 -3.00 .06 -3.00 .00
-2.00 -.95 -2.00 .00 -2.00 .00 -2.00 .00
-1.00 -1.22 +1.00 .00 +1.00 00 -1.00 .00
.00 -1.26 .00 00 .00 .00 .00 .00
1.00 <98 1.00 .00 1.00 G0 1.00 .00
2.00 A 2.00 .00 2.00 .00 2.00 .00
3.00 .00 3.00 .00 3.00 .00 3.00 e
TIRE DATA
«F LF RR LR
TIRE LIMEAR SPRING RATE AXT v 1360.000 13460.000 1360.000 1360.000 L8/IN
DEFL. FOR INCREASED RATE sigY = 6.000 6.000 6.00C 6.000 1NCHES
SPRING RATE INCREASING FACTOR XLAMT = 1¢.000 10.000 10.000 10.000
AQ = 2318.000 2318.000 2318.000 2318.000
M = 7.600 9.600 9.606 9.600
SIDE FORCE COEFFICIENTS A2 = 3775.600 3775.000 3775.000 3775.000
Al = .187 Jar 587 .387
Al = -3365.000 -3365.000 -3365.000 -3345.000
TIRE OVERLOAD FACTOR OMEGT = 750 750 758 L7350
TIRE UNDEFLECTED RADIUS RW = 13.980 15.980 13.980 13.980 INCHES
TIRE / GROUND FRICTION COEF, AWMU = .800 .300 800 800

126




SIDESLOPES

The slope of the ground on fill sections is recognized as an important
roadside cross—section variable for which little data showing the effect of
different values of the sideslope on the propensity of vehicles to roll over
currently exist, Simulations of the responses of different vehicles tra-
versing only the sideslope'region of fill embankments having slope ratios of
2:1, 3:1, and 4:1 were performed., The effect of different rounding of the
transition from the shoulder to the sideslope was also examined. The
roundings considered were 4 ft (1,22 m) and the profiles defined by the
equations given by AASHTO37 for a 60-mi/h (96.6-km/h) departure, which are
herein referred to as "optimum" roundings. The roadside terrain

configurations simulated are illustrated in Figure 36,

The maximum roll angles of the vehicles operating on sideslopes having a
surface friction coefficient of 0.6 are shown in Tables 38 and 39 for cross
sections with 4~-ft (1.22-m) and optimum rounding at the shoulder, respec-
tively., Also listed in Tables 38 and 39 are the values of the roll angle
expressed as a percentage of the critical roll angle of each vehicle. The
critical roll angle is the angle at which the vehicle, considered as a rigid

body, would become statically unstable and is equal to tan ' (T/20) |

The tabulated results show that, as one would expect, the amount of
vehicle roll decreases as the steepness of the sideslope decreases. In’
comparing the results obtained for the two different departure conditions, it
may be seen that the tendency to produce rollover was greater for the non-
tracking departure condition., WNo rollevers occurred in any of the simulations
of the tracking departure, although each of the vehicles came very close to
overturning on the 2:1 sideslope with 4-ft (1.22-m) rounding., The importance
of rounding, particularly of steep sideslopes, is evidenced by the increased
roll stability of the vehicles in the simulations of configurations with
optimum rounding. Indeed, vehicles that otherwise rolled over on 2:1 and 3:1
. slopes with 4~ft rounding at the shoulder were prevented from overturning when

optimum rounding was used. The lateral distance at which the vehicle roll is

37. "Guide for Selecting, Locating, and Designing Traffic Barriers,"” American
Association of State Highway and Transportation Officials, 1977.
127



‘sado|sapis palejnuils jo SINCIUOD punosgy "gf amnfitg

W E0E'D =13 Y 'JONVLSIA IVHILYT

o

o

"
%
N
-
™
=]
™
™
P
)

L3

T
]
v
v
'

4
+
v
i

]
B LT T Ty
®

DNIGNNOY WNWILJO {q)

s .
. +

g - i S

R L Lt L R SN - g

mmasssemmbrannanasd

el Sk LT LR T s A,

Lgtecmccmmnbnstanr e

L L L T T T T Ty errpnphy

T S Lil|cn|vv|h|.||l|l|l;
v »

'
H
1
H
i
o
:
i
.
:
:
i
:
;
;
B
:

M i 1 5 v
13 ) 13 v + L] .
t T [ ’ + t + .
" 13 " * v 1 t . M
. 1 ' ' ’ ' i ' 1
" i ) ) » * 1 ’ ’ *
e ' ] ' + t * ¥ ' '
+ . ' 4 ' i 1 + H ’ !
. S e L] . : ¥ M 3
4 + 3 T e T B S g SN - g T P Ty
7 4 + 1] + ¥ 1 ¥ . + L]
1 1 ’ [l 3 T T 3 ] ¥
. [} * * * * 1 i 1 L] L]
. H + H H M N ‘ v 1 L]
¥ . + + [} * 1 3 1 4 ’
r * + + i t [ J 1 ] ' H
. t ¥ 1 . * Ll 1 v 1 *
& § @ + ' » » o . v ' ‘ " “
A, [T SRR S SR RS P PR L1 ) .
4 s + 4 4 4 . v MM T e e ey iid At m e g ————
1 » 1 . r + . 1 ' ’ 4 +
1 H v ] ‘ . b . ' ¥ 4 M
' + T v ' ' + 1 ' H M M
. ¥ 4 1 a + . ' r H 4 S
» . 1 [ 1 N ' ' H H H
¢ 1 [ . ¢ '
p H ' ' ‘ ' L] ' v ‘
+ 1] " 1 + 1 . h ) 13
v~ adasan aberrm bl e e bt nnrd B LT Ty ESpRSURR. S Y
+ ] L * I + i - H
: i : : : g : / T HIATNOHS 148 : :
3 ’ ' i ' ' * 1 ' 1 V [} '
h N , ' ' . » . ' 1 | 4 [ '
N H ’ 1 M . ¥ + 1 v e i + 1’ v
N v ’ 1 ) . ¥ ¥ + 1 . ' 13 5 '
. ] . . ‘' . . + H . i ' ] ] v
N M H 1 H N € + N ’ e ' ¥ ' *
1 3 1 [ ' ’ » . ’ + ' ' . ' ¥ . '
L o ] b il n T T L U PRI ST RN RpR - SIS SRR SIS SRR P PIPIRIOY Sy EO P
H H M . H » . ' * . * ' ¥ ¥ i "
. 4 . . + + 1 ] M . ' M ' ¢
. + . . 1 . 13 ¥ + . [ M H r
' H + I . H ' ' ' i ' + 4 : €
. 1 ’ . ] + * Ll € L] [ ’ * * »
. H H . ] v . ] ¥ * [ + + ]
v ' ] ' ¥ ] ] ¥ . ' 14 , 4
H . N » 1 1 ¥ * . * *
Kl . ' . 1 . 1 . " 1
T L yURGUUypUPE SSyiyS gl guR ey SOyt i, AP S S S s
. ' N ' ' 1 ' 1
' . ' 1 + ' ' ®
i ¥ ] 1 . + [l
. " v v *
: ; 1 ONIONNOH Wb () :
+ . . 1 ' .
R 1 s . ] + .
et s h EEE R LR S, rrrdencana awurndesareneanatbuaao o A ]
o+ * A D S . ] .l B T e L R et Ry LT T LT T
H N . i ' . ' [
M » v ' * ’
h + 1 * " 1 1 '
3 * * ¥ L] ] » 1 )
) * + * . ) ¥ 1 v
' . M ¥ . ) 1 4 \
H .o + ) T ¥ + 4
v * * ¥ v 3 + 1 4
.5 [, H L e e r R e = - R TP, AR
4 . + ' 1 ] ' ¥
» T 1 1 L] 13 +
. ' « ‘. ¢ 3
, ' * ’ ¢ £
b 1 r 3 &
. ' , ' t
N . . ] . 3
+ ] ' [ + +
FOEY PY T urony Ry SN ISR MR SRR
1] L] ) £l ® 3 + ¥
. . ¢ . + + +
H ' . ' H + H
» L] L] L ¥ * Ll
. 1 . ) ¥ “ u
H ' ' v
V ’ i i
+ 1 ] ¢ L] 4
3 '
3

[ R R

e e e e e N Mt et - R

H3IaINoHs

8"

T rev———

-
3 'NOILYAIIS

14 'NOILVAZT]

128



Table 38. Maximm vehicle roll on sideslopes with 4~ft (1.22-m) rounding
, (u= 0.6)
Car weight, Departure, Roll angle, % critical | Lateral diatance
1b mi/h @ degrees degrees roll @ max, vroll, ft
2:1 Slope
1,800 60 @ 15 43.2 80.2 21.6
2,410 60 @ 15 46,2 89.2 22.8
4,450 60 @ 15 42.4 76.8 22,1
1,800 45 @ 25 Rollover 100.0 19.0
2,410 45 @ 25 Rollover 100.0 18.0
4,450 43 @ 25 37.8 68.5 18.4
3:1 Slope
1,800 60 @ 15 24.6 45.6 18.0
2,410 60 @ 15 26.4 51.0 19.2
4,450 60 @ 15 24,7 44,8 17.3
1,800 45 @ 25 26.5 49.2 16.4
2,400 45 @ 25 Rollover 100.0 25.2
4,450 45 @ 25 25.1 45.5 22.6
4:1 Slope
1,800 60 @ 15 17.8 33.0 33.90
2,410 60 @ 15 19.6 37.8 29.0
4,450 60 @ 15 19.6 35.5 39.7
1,800 45 @ 25 19.7 36.6 15.3
2,410 45 @ 25 23.8 45.9 16.8 "
4,430 45 @ 25 20.0 36.2 20.9

1 1b = 0.454 kg
1 f£t =0.305m
1 mi/h = 1.609 km/h
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Table 39. Maximm vehicle

roll on sideslopes with optissm rounding

(4= 0.6)
Car weight, Departure, Boll angle, % critical | Lateral distance
1b mi/h @ degrees degrees roll @ max. roll, ft
2:1 Slope
2,410 60 @ 15 32.8 63.3 48.3
4,450 60 @ 15 32.7 59,2 35.0
2,410 45 @ 25 29.8 57.5 27.2
4,450 45 @ 25 30.4 55.1 27..
3:1 Slope
2,410 60 @ 15 24.8 47.9 28.5
4,450 60 & 15 25.1 45.5 29.3
2,410 43 @ 25 25.2 48.7 21.0
4,450 45 @ 25 23.7 42.9 24.0
4:]1 Slope
2,410 60 @ 15 19.6 37.8 34.9
4,450 60 @ 15 20.2 36.6 27.9
2,410 45 @ 25 20.0 38.6 20.4
4,450 45 @ 25 19.6 35.5 22.3

1 1b = 0.454 kg
1 ££ = 0,305 m
1 mi/h = 1,609 lkm/h

130




maximum is gsomewhat larger for sideslopes with optimum rounding but ususlly is

within 30 ft (9,14 m) of the edge of the pavement.

It may be noted that vehicle rollover was produced in three simulation
runs, all involving the small, lightweight cars. Thus, the finding of
accident data showing that small cars have a greater propensity to roll over
than the large, heavy class of automobiles is also indicated by the simulation
results., In the runs in which the vehicle did not overturn on the 2:1 and 3:1
slopes, all of the cars spun out on the sideslopes and did not follow a
trajectory that would allow return to the roadway, Spinout was also produced
on the 4:1 slope but occurred after the vehicle had started -to return to (was
on a path back toward) the road. The 4,450-1b (2,018 kg) car had less of a
tendency to spin out and returned to the road without loss of directional

stability in the nontracking departure on the 4:1 slope.

It had been expected that use of the deformable-soil model incorporated
in HVOSM would have produced more rollovers in this series of simulations.
However, analysis of the detailed output of the simulations provides insight
on some of the complex interactions of various factors that influence the roll

dynamics,

Responses of the 2,410-1b (1,093~kg)} car traversing the 3:1 sideslope
with 4~ft (1.22~m) rounding for both departure conditions are depicted in
Figures 37, 38, and 39. 1In the case of the departure at 45 mi/h (72.4 kta/h)
and 25 degrees, the negative lateral acceleration is high initially, because
the vehicle is moving at a large sideslip angle. As the vehicle starts to
roll, the lateral acceleration decreases due to the component of gravity
acting along the vehicle lateral axis and because of the decreased load on the
tires after they cross the shoulder/sideslope rounding., At t = 0,75 second,
both left wheels have lifted off the ground, and the vehicle is rolling at a
high angular velocity. Subsequently, the load on the leading tires (particu-
larly, the right-front) increases due to the weight transfer and, since the
sideslip angle is large, high side forces are produced that are reflected by
the sharp increase of lateral acceleration. Although the suspension forces
increase to reduce the roll rate for a short time, the high angular momentum

and the effect of the sustained large side forces are sufficient to cause the
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vehicle to continue to roll beyond the critical roll angle. Also, it is noted
that, because the vehicle yaw angle is small, vehicle roll due to the angle of

the sideslope is maximum.

In the case of the departure at 60 mi/h (96.5 km/h) and 15 degrees, the
lateral acceleration is positive initially due to the increasing gravitational
component as the vehicle rolls and, since the sideslip angle is small and the
tires become lightly loaded, the tires do not generate much side force, At
t = 0.8 second, the right~front tire recontacts the sideslope, and the wheel
is forced upward against the jounce travel stop, which decreases the roll rate
and limits the maximum roll angle to a subcritical value. As the vehicle
turns in response to the steering of the front wheels, the tire side forces
increase to produce a net lateral acceleration of about -0.3 g, and the roll
angle remains nearly constant at approximately 23 degrees. Thus, the roll
angle is only 5 or 6 degrees more than the angle of the sideslope when the
vehicle has yawed so that the vehicle heading is nearly perpendicular to the

crossalope.

Subsequently, the yaw rate continues to increase and, as shown in Figure
37, the vehicle ultimately spins out., During the spinout, the left-rear tire
lifts off the ground, but the side forces developed by the other tires
(particularly, the right~-front), although high because the vehicle is moving
at high slip angles, are insufficient to produce rollover. The increase of
the negarive lateral acceleration and the reduction of the roll angle begin-
ning at about t = 3 seconds result from the reduced effect of the sideslope
angle as the yaw angle approaches 90 degrees. Note that, when the vehicle is
sliding broadside (between t = 4 seconds and t = 4.5 seconds), it is pointing
nearly straight up the sideslope (at a pitch angle of about 18 degrees), so
the slope does not contribute to the vehicle roll, As the rotation continues
beyond 90 degrees of yaw angle, the vehicle continues to roll in the counter-
clockwise direction, and the roll angle becomes negative because the tire side
forces decrease and the gravitational moment now assists the negative roll,
The vehicle speed also reduces rapidly during the spinout and is only about 28

mi/h (45 km/h) when it is skidding broadside.
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An important factor affecting the vehicle roll behavior evidenced by the
simulation results, which perhaps before has not been fully recognized, is the
jacking effect associated with independent suspensions. The jacking force is
a function of the tire-force components acting along the vehicle's lateral and
vertical axes and the rate of change of the camber and the half-track change

. . . . d¢ dATH; .
of the wheel with suspension deflection (i.e., d$; and d5£‘ , respectively).

For the vehicles simulated in this study, both 'ggf" and (for the Rabbit) %ﬁg?i
of the front suspension vary with suspension deflection, and the characteris-
tics are such that, for given values of the tire-force components, the jacking
force increases as the wheel moves in the rebound direction. Since positive
jacking forces tend to raise the vehicle C.G. and also resist upward (jounce)
motion of the wheel, the roll-moment contribution of the tire lateral forces
is higher and, hence, increases the likelihood of rollover. Moreoever, it is
noted that the adverse jacking effect tends to be progressive, since, by
acting to force the wheel downward, the tire normal load is increased, which,
in turn, increases the side force that gave rise to the jacking force in the

first place,

From the above discussion, it is e¢lear that vehicle rollover is a
dynamic phenomenon that involves complex interactions of many vehicle,
envirommental, and operational factors whose effects are nonindependent and

time~varying.

To better assess the degree to which the rollover hazard is affected by
the steepness of the sideslope, additional simulations were performed to
determine rollover threshold conditions for each sideslope. The primary
independent variable for these simulations was the coefficient of friction of
the ground surface heyond the shoulder, which was varied to identify the
minimum value necessary to produce vehicle rollover on each sideslope, It was
recognized that the resulting values of ground friction coefficient might be
unrealistic in terms of representing the value for actual roadside terrain,
but the approach was viewed as a simple way to obtain the increases of tire
side forces that were necessary to cause vehicle rollover. Ia this manner,
differences of the minimum friction coefficient would serve as a metric
indicative of how much the potential for causing rollover differs for wvarious

sideslopes.
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Over 100 computer runs were made in seeking the rollover threshold
values of the ground friction coefficient for the different combinations of
vehicles, departure conditions, and sideslopes. 1In view of the greater roll
stability of the vehicles on the sideslope with optimum rounding at the
shoulder, only configurations with 4-ft (1.,22-m) rounding were simulated., A
5:1 sideslope was included in the simulation run matrix to better verify

trends in the results.

The critical ground friction coefficients resulting in rollover of the
1,800~1b {(816~kg) car for both departure conditions are given in Table 40 and
also are depicted in the plots of Figure 40, FPFor the skidding departures,
these data show a consistent trend of increased friction required for rollover
as the steepness of the sideslope is decreased. WNote that the relationship is
linear with the angle of the slope and, hence, is nonlinear with respect to
the sideslope ratio. As noted in Table 40, for values of the friction
coefficient 0.05 less than critical, the vehicle returned to the road on the
4:1 and 5:1 sideslopes but went into a spinning skid on the steeper slopes.
Extrapolation of the curve shows that rollover on flat terrain would be
expected for a friction coefficient of about 1.5. However, in a simulation of
flat terrain with a friction coefficient of 1.5, the car also quickly returned
to the roadway after encroaching about 12 ft (3.7 m) from the edge of the
pavement, and the maximum roll angle was 11 degrees. Figure 4] shows the path
and yaw attitude of the vehicle in traversals of the 2:1 and 5:1 sideslopes
with friction coefficients equal to as well as 0.05 less than the rollover

threshold values,

In contrast, the results for thé tracking departure show that the frie-
tion coefficients required for rollover are nearly the same for all sideslopes
and range between 0.9 and 1.0. Although the results do not exhibit a consis-
tent pattern, they seem to indicate a trend of somewhat lower threshold values
with decreasing sideslope, which is contrary to what one would normally

expect,

The path and yaw attitude of the vehicle in traversals of the 2:1 and
5:1 sideslopes with friction coefficients equal to and 0.05 less than the roll-

over threshold values are illustrated in Figure 42, where it may be seen that
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Table 40. Threshold of ground frictiom coefficient for rollover of
1,800~1b (816-kg) car.

Maximam
Sideslope Friction roll angle,
ratio coefficient degrees Comment s

45-mi/h and 25-degree (30-degree Sideslip} Departure

2:1 0.45 45.2 Car spins out and slides down sideslope,

2:1 0.50 Rollover Rollover 25.6 ft from EOP.

3:1 0.75 2.1 Car begins return to road, stops on
sideslope; maximm latersl distance 26.2
fr from EOP.

3:1 0.80 Rollover Rollover 21,5 ft from EOP.

41 .90 24.7 Car returns to road at high angle; maximum

lateral distance 19.3 ft from EOP.
411 0.95 Rollover Rollover 18.3 ft from EOP,

5:1 1.0 24.3 Car returns to road at high angle; maximum
lateral distance 16.6 ft from EOP.

5:1 1.05 Rollover Rollover 12.6 ft from EOP on return path
to road.

60-mi/h and 1S5~degree (Tracking) Departure

2:1 0.95 43.5 Car spins out on sideslope.
2:1 1.8 Rollover Rollover 50.7 ft from EOQP.
3:1 0.90 24.9 Car begins return to road, spins out.
3:1 0.95 Rollover Rollover 27.9 ft from EOP on return path
to road.
3 4
il 0.95 20.8 Car begins return to road, apins out.
4l 1.0 Rollover Rollover 14.6 ft from EOP on return path
to road.
5:1 0.85 16.8 Car begins return to road, spins out.
5:1 0.90 Rollover Rollover 16,2 ft from EOP on returm path
to road.

1l mi/h = 1,609 km/h
1 ft = 4.3048 m
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the yaw and sideslip angles of the vehicle at the time of rollover are much
greater for the shallower sideslope. The roll responses of the vehicle when
rollover was induced on the various sideslopes are shown for comparison in
Figure 43. Note that, although the vehicle initially rolls to a higher angle
as the steepness of the sideslope is increased, the time at which the tires
develop sufficient side force to overturn the vehicle is nearly the same for

all slopes, and the roll angle subsequently increases very rapidly.

The reason for the difference in the relationship between the sideslope
and the friction coefficient needed to produce rollover for the two different
departure conditions is not clear. 1In the case of the sideslipping departuras,
the car is nearly broadside to the slope, so the inclination of the slope
contributes to the vehicle roll; hence, the magnitude of the tire side forces
needed to trip the vehicle is reduced as the steepness of the slope is
increased. For the tracking departure, the interactions of factors affecting
the roll dynamics are much more complex, but it appears that the vaw velocity
achieved by the vehicle during spinout is a primary factor influencing whether
the lateral accelerations developed are high enough and sustained for a

sufficiently long period to induce rollover.

The rollover threshold values of ground friction coefficient determined
from HVOSM simulations of the 2,410-1b (1,093-kg) automobile are listed in
Table 41, and the variation with sideslope angle for the two roadway departure
conditions is shown by the plots of Figure 44. These results exhibit trends
similar to those for the 1,800-1b (816-kg) car, but the critical friction
coefficients are substantially lower for the 2,510-1b vehicle. As was the
case for the lighter car, the results for skidding departure at 45 mi/h (72.4
xm/h) and 25 degrees show a consistent, and essentially linear, trend of
increasing friction coefficient required to produce rollover with decreasing
angle of the sideslope. For lower values of the friction coefficient, the
vehicle returned to the road on the 5:1 slope but spun out on the steeper

slopes.

The results for the (tracking) departure at 60 mi/h {96.5 km/h) and 15
degrees again show little difference in the minimum friction coefficient to

produce rollover on the different sideslopes. However, the simulations of the
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Table 41. Threshold of ground friction coefficient for rollover of
- Z,410-1b (1,093-kg) car,
Haximm
Sideslope Priction roll angle,
ratio coefficient degrees Comment s
45-mi/h and 25-degree (30~degree Sideslip) Departure
231 0.30 49.6 Car spins out and slides down sideslope.
2:1 0.35 Rollover Rollover 21.3 ft from EOP.
3:1 0.50 29.2 Car spins out and backs down sideslope.
3:1 0.55 Rollover Rollover 39.3 ft from EOP.
4l .70 26.8 Car begins return to road and spins out on
sideslope.
41 0.75 Rollover Rollover 21,2 ft from EOP.
5:1 0.75 22.8 Car returns to road; maximum lateral
distance 20.2 ft from EOP.
5:1 0.80 Rollover Rollover 19.0 ft from EOP.
60-mi/h and 15-degree {Tracking) Departure
2:1 0.75 46 .4 Car slides on return path to road.
2:1 0.80 Rollover Rollover 76,1 £t from EOP om return path
to road.
231 1.25 46.8 Car on stable return path to road.
2:1 1.30 Rollover Rollover 55.1 from EOP.
3:1 0.65 26.5 Car spins out on sideslope.
3:1 0.70 Rollover Rollover 46.4 fr from EOP. .
431 0.70 17.9 Car begins return to road, spins out.
411 0.75 Rollover Rollover 30,2 ft from EOP on return path
to road.
5:1 0.75 18.90 Car begins return to road, spins out.
511 0.80 Rollover Rollover 16.5 ft from EOP on return path
to road.

1 mi/h = 1.609 km/h
1 £t = 0.3048 m
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2:1 and 3:1 sideslopes, for which the friction coefficient was varied over a
wide range (between 0.6 and 1.7), show some unexpected findings that further
illustrate the complexity of the rollover phenomena. In the case of the 2:1
sideslope, spinout of the vehicle occurred for values of friction coefficient
of 0.75 and lower. The car rolled over in runs performed with friction

coefficients of 0.8 and 0.9 but followed a stable return path toward the road
for coefficients in the range between 1.1 and 1.25. PFurther increases of the

friction coefficient to 1.3 and 1.4 again resulted in rollover of the vehicle,

The responses of the car on the 3:1 sideslope were similar, in that
rollover occurred only for the narrow range of friction coefficients between
0.7 and 0.8, Below this range, the car spun out on the slope; for higher
values (up to 1.7), it was steered on a stable trajectory back to the road

without rolling over.

The results of the simulations of the two small cars indicate that the
propensity to roll over is greater for the heavier one, since lower values of
the friction coefficient were found to be needed to produce rollover. Two
reasons were identified that could possibly explain the difference in the
behavior of these vehicles, which, it will be recalled, were identical except
for those parameters affected by the different weights and weight
distributions of the sprung mass, First, as may be noted in Table 36, the
elevation of the sprung-mass center of gravity was higher for the 2,410-1b
(1,093-kg) car. As a result, the valuye of the static rollover stabilicy
factor for the total vehicle (%%) was lower (1.27, compared to 1.37 for the
1,800~1b (816-kg) vehicle). Second, because of the higher loads on the tires
(particularly, those of the front) of the 2,410-1b car, the tires produce
deeper ruts in the soil. Hence, the soil plow forces not only are larger,
but, since they contribute a higher percentage of the total side forces
developed, a proportionately lower contribution of the tire "contact patch"

forces (and, thus, a lower friction coefficient) is needed to cause rollover.

Twenty-four simulation runs of the 4,450-1b (2,018-kg} car traversing
2:1 and 3:1 sideslopes were executed. It was found that rollover occurred on
the 2:1 sideslope for the sideslipping departure condition if the friction

coefficient was 0.8 or higher. However, the vehicle otherwise did not roll
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over, even for values of the friction coefficient as high as 1.6. For the
tracking departure, the vehicle spun out on the slope for friction
coefficients up to 1.2 and returned to the load with further increases of the

coefficient.

On the 3:1 sideslope, the sideslipping departure resulted in the vehicle
returning to the road for friction coefficients of 0.8 or more. (Recall that,
with a value of 0.6, the car spun out), For the tracking departure, spinout
occurred for values of the friction coefficient up to 1.0; for higher values,
the car returned to the road. Since it appeared that rollover of the large,
heavy car could not be achieved on the 3:1 sideslope by changing the ground
friction coefficient, it was deemed that additional simulations of shallower

slopes would not be worthwhile.

The reason why the 4,450-1b (2,018-kg) car did not rell over at some
value within the wide range of friction coefficients used in the simulations
is not clear. For the one case in which the vehicle did overturn, it may be
noted that a higher value of the coefficient than was needed to produce roll-
over of either of the smaller, lighter cars was required. In view of the
inhereatly greater roll stability of the lsrge car, as indicated by the higher
value of —%%- = 1,44, such a finding is not altogether unexpected, Moreover,
although the tire normal loads of the heavy car were higher, the larger
diameter and tread width of the tires resulted in soil sinkages and plow
forces that were comparable to ﬁhose for the lighter cars. Therefore, a
larger friction coefficient for the contact patch was needed to develop the

increased lateral accelerations required to induce rollover.

An interesting observation noted in analyzing the results of all of the
simulation runs is that, when the vehicles did not roll over, the maximum roll
angles were always much less than the critical roll angle, particularly for
the shallower slopes, and changed only slightly with changes of the friction
coefficient. PFor example, in the case of the sideslipping departure of the
1,800~-1b (816-kg) car on a 4:1 sideslope, the maximum roll angles were only
19.7 degrees (37% of the critical roll angle) and 24.7 degrees (46% of
critical roll) for values of the friction coefficient of 0.6 and 0.9, respec—

tively, Yet, a further small increase in the coefficient to 0.95 suddenly
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produced a very large change of the roll response that resulted in rollover,
This suggests that, when unknown combinations of a host of other variables
(e.g., speed, orientation, linear and angular velocities, suspension deflec-
tions and velocities, and driver control inputs) are such as to create nearly
threshold conditions for rollover, nonuniformities of real-world terrains
which may cause only small variations of the effective friction coefficient
can spell the difference between whether a vehicle safely traverses a

sideslope or is triggered into a rollover,
FILL EMBANKMENTS

The simulations of vehicles traversing fill embankments were aimed at
verifying the current AASHTO criteria for determining the need for protective
barrier systems on roadway fill sections. These barrier-warranting criteria
are shown in Figure 45, taken from AAsHTO.37 Of primary interest was that
portion of the curve for fill heights less than about 17 ft (5.2 m), where,
depending on the height, unrounded slopes as steep as 1%:1 are permissible

without barrier protection.

Embankments with 2:1, 3:1, and 4:1 slopes and varying in height from
3 fr (0.9 m) to 17.5 ft (5.3 m) were considered. The cross sections all
included 4-ft (1.2-m) rounding of the shoulder/sideslope juncture except for
one embankment, for which optimum rounding to the 2:1 slope was used.
Rounding of rhe toe was provided based on the rate of 0.3 fr (0.09 m) per
degree change of slope recommended by DeLeys (1975)38 for avoiding bumper
impact with the ground. The resulting nominal toe roundings were thus 8§ ft
(2.4 m), 6 £t (1.8 m), and 4 ft (1.2 m) for the 2:1, 3:1, and 4:1 slopes,
respectively. A value of (0.6 for the friction coefficient of the ground was

used in all of the simulation runs.

The results of the simulated traversals of the various embankment
configurations are summarized in Table 42, Note that the vehicle was not
steerad in several of the runs, because the earlier study of sideslopes had

shown that, with the assumed steer maneuver, the car would either return to

38. DeLeys, N.J., "Safety Aspects of Roadside Cross-Section Design,'" Report
No. FHWA-RD-75-41, February 1975.
148



FILL-SECTION SLOPE (by/a,)

0.7

0.6

05

04

0.3

0.2

04

0.0

TRAVELED WAY

SHOULDER

FILL-SECTION EMBANKMENT

HEIGHT

v
b 17211
BARRIER
4 4 WARRANTED —~ /// 2:1
7/ A/ /// ///
Vi / / 31
=4:1
ON OR BELOW THE CURVE, BARRIER -5:1
NOT WARRANTED FOR EMBANKMENT. "
HOWEVER, CHECK BARRIER NEED
FOR OTHER ROADSIDE HAZARDS. 61

1f1=0.306m

10

20

3¢

40

FILL-SECTION HEIGHT (f1)

50

Figure 45. Warrants for fill-section embankments. 37

149

FILL-SECTION SLOPE {a.l:blll {RECIPROCAL)



Table 42, Summary of fill-embankment simmlations.
Vehicle | Departure, | $ide- | Pill | Toe dist. Hax, Kax. lat.
weight, | mi/h & | slope | height, [ Erom EOP, roll, encrosch.,
1b degrees | ratio 113 13 degrees ft Comsant s
1,800 60 @ 15 2:1 3.2 15.4 26.8/-13.0 35.4 Airborne after crossing
) rounding at shoulder,

impacts beyond toe
rounding. Returns to road
during spincut.

1,800 45 @& 25 2:1 3.2 15.4 Rollover t8.9 Rollover on toe rounding,

2,410 45 @ 25 231 3.2 15.4 Rollover 17.9 follover on toe rounding.

1,800 60 @ 15% 1 2:1 5.5 20.0 37.6/-18.5 >140 Car ailrborne after crossing
rounding at shouldar,
impacts on toe rounding,
spins out on flat.

1,800 60 @ 13 2:1 5.5 20.0 38.4/-16.5 41.9 Same as above, except stear
causes car to return to
road during spinout,

1,800 45 @ 25% 2:] 5.5 20.0 Rollover 23.5 Rollover on toe rounding,

2,410 45 @ 25 2:14 6.5 27.9 2¢.9 29.9 Returns to road, no
spinout.

4,450 | 60 @ t5 | 211t 6.5 27.9 28.3 19,3 Returns to road, no
apinout.

1,800 60 @ 15 2:1 10.0 25.0 Rollover 40.9 Rollover during spinout

¢ after recrossing toe on
veturn path to road.

1,800 60 @ 15 3:1 3.0 17.5 22.5/=12.1 32.9 Car begins return to road,
spins out on flar.

1,800 45 @ 25 3:1 3.0 17.5 26.8/~1.4 22.3 Car raturns to road, very
stable, LF wheel does not
go beyond toe rounding.

1,800 60 @ 15 35t 5.0 23.5 24.6 33.5 Cav returns ta road in spin
ar high yaw and sideslip
angles.

1,800 45 @ 25 3:1 5.0 23.5 26,3 26.5 Stable return to road.
Left-side wheels do not go

_beyond toe rouning.
2,410 45 & 25 3:1 5.0 23.5 Rollover 25,2 Rellover on toe vounding.
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Tsble 42. Summary of fill-embankment simuslatiouns. (countinued)
Vehicle | Departare, | Side- Fill Toa dist. Max., Mex, lat.
weight, ei/h @ slope | height, | from EOP, roll, epcroach., ,
1b degrees |ratio fr fe degrees fe Coumenit s

t,B00 60 @ 15 | 3:1 10.0 38.5 24.5 41.9 Stable return to road,
Left-side wheels do not go
beyond toe rounding.

1,800 45 @ 25 3 10.0 8.5 26.3 35.6 Car stable on return path
to road, remainsg on
sideslope.

t,800 60 @ 5% 3:1 17.0 59.5 23.5/-6.2 > 138 Car stable on slight curved

: path away from road.
1,800 | 45 @ 25% 3:L 17.0 5%.5 26.3/~13.5 41.6 Car spins out on sideslope.
1,800 | 60 @ 15% | 41 17.0 76.0 17.0/-5.8 > 133 Car stable on slightly
. curved path away from road.

1,800 45 @ 5% 411 i7.0 76.0 19.6/-9.9 27.8 Car begins return to road,

spins out.

1 mi/h = 1,609 km/h
1 fr = 00,3048 m
1 1b = 0,454 kg

Notes:

¥

simulations with zero steer input

simulations with optimum shoulder/sideslope rounding
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the road or spin out on the slope before reaching the toe of the embankment,
As may be seen from Table 42, rollover of the vehicles occurred for the
nontracking departure on the 2:1 embankment with a height of only 3.2 ft
(0.98 m), which is the minimum fill-section height possible with the assumed
roundings at the shoulder and toe, As would be expected, the vehicle also
rolled over whenithe height of the embankment was increased to 5.5 ft

(1.68 m), which is about the maximum height allowed by the current criteria
before a barrier is warranted. Note, however, that rollover was avoided when
the transition from the shoulder to the sideslope was more gradual, as

provided by the optimum rounding.

The vehicle also did not overturn on these embankments for the case of
the tracking departure. In traversal of the 5.5-ft (1.68~m) embankment with
no vehicle steer input, the vehicle impacted on the toe rounding after having
been completely airborne for a short time. The high tire loads when the right-
front wheel impacted the ground resulted in a yawing moment that caused the
vehicle to subsequently go out of control in a clockwise spin on the flat
surface at the bottom of the embankment, In another simulation, identical
except that the vehicle was steered, the positive yaw moment upon impact was
counterad by the negative moment produced by the steered wheels when the car
was on the flat and the vehicle followed a return path to the road while in a
rapid counterclockwise spin. Although the vehicle did not roll over in either
instance, the respbnses were quite vioclet, as evidenced by the high accelera-
tion levels and by the large change of roll angle (approximately 55 degrees)

that occurred in less than 0.35 second when the car impacted the toe regiomn.

Rollover was also induced after the vehicle had successfully negotiated
the 10ft{3.0m)-high embankment with a 2:] slope while tracking. 1In this
instance, rollover was precipitated by the high lateral acceleration developed
while in a rapid spin as the vehicle was moving back up the embankment. It is
of interest to note that the rollover was uphill, since the car was facing
nearly backward (-148~degree yaw angle) when the critical roll angle
(approximately 54 degrees) was reached. According to Calspan accident
investigators, such a response, in which the direction of roll was toward the
roadway as the vehicle was traveling up a sideslope, has been found to be not

uncommon in rollover accidents.
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Roll stability was maintained in all of the simulations of the 1,800~1b
(816-kg) .car traversing the embankments with a 3:1 front slope, and the
maximum roll angle was essentially independent of the height of the embank-
ment. For the sideslipping departure condition, the car returned to the road
except in the one simulation of the 17ft(5.2m)-high embaniment in which the
vehicle was not steered and resulted in a spinout on the slope. Spinout also
occurred in the tracking departure on the 3ft(0.9m)-high and S5£t(1.5m)~high
embankments. Note that the vehicle did not encroach much beyond the toe of

the embankment in many of the runs,

The 2,410~1b (1,093-kg) small car rolled over in the case of the
skidding departure on the 5ft{l.5m)~high, 3:1 embankment. As discussed in the
preceding subsection, that car was found to overturn more readily than the one

weighing only 1,800 1b (816 kg).

The results of this study of embankments show that fill sections with a
front slope of 2:1 are hazardous, regardless of the height of the embankment.
It also appears that a 3:1 embankment slope is marginally safe, since rollover
of one of the small cars was shown to occur on embankments 5 ft {1.5 m) or
more in height. This is evidenced further by the results of recent full-scale
tests of a 15ft(4.6m)~high embankment for which the steepness of the main
portion of the sideslope was nominally 3:1,39 In those tests, a pickup truck,
a van, and a minisize automobile weighing 1,938 1b (879 kg) were each remotely
controlled so as to depart from the right side of the roadway at 50 mi/h (80.5
km/h) and at a 1S-degree angle (tracking). Approximately | second after
leaving the road, a left-steer control input was initiasted to maneuver the
vehicle back toward the road, Both the pickup truck and the van successfully
traversed the embankment and followed a stable return path to the road; the
maximum roll angle of each vehicle was approximately 23 degrees, However, in
the test with the small automobile, the rear of the vehicle began to slide
around (counterclockwise yaw) shortly after the left-steer maneuver was begun.

As the vehicle continued down the embankment, the tires on the right side

39. Buth, C.E. and Campise, W.L,, "Performance Limits of Longitudinal Barrier
Systems, Volume IV - Appendix C, Details of Embankment Traversal Tests,"
Texas Transportation Institute, Contract No. DTFH61-82-C-00051, May 1985.

153



began to plow into the sod ground, and the vehicle subsequently rolled over

near the ‘bottom of the embankment,

In view of all of these findings, it may be concluded that roadgide
barriers are warranted on embankments having & front slope steeper than 3:1]
and 3 ft (0.9 m) or more in height to protect against rollover of small,
lightweight vehicles, Note that this criterion would also be more consistent
with the existing AASHTO criteria for the preferred design of ditches. (The
AASHTO guidelines for preferred ditch sections3’ indicate that, for ditches
having zero backslope (i.e., with a cross section like that of an embankment),

the front slope should be no steeper than 3:1.)
DIT CHES

Among the important factors that need to be considered in the design of
ditches that can be safely traversed are the steepness of the front and back
slopes and the depth and shape of the bottom of the ditch. Thus, compared to
fill embankments, ditches involve at least two additional geometric variables,
Criteria for combinations of front and back slopes that provide acceptable
cross sections for ditches with various shapes of the bottom are defined by
AASHT037 and are depicted in Figure 46.

Because of the short time that was available for investigating the
effects of ditch design variables on vehicle rollover tendencies, only a few
simulations of three selected ditch configurations could be executed and evalu-
ated, Two of these ditches had combinations of front and back slopes that
were within the envelopes for preferred cross sections, One was a 17££(5.2m)-
deep vee ditch with front and back slopes of 4:1 and 6:1, respectively; the
other was a 3ft(0.9m)-deep round bottom ditch with an 8-ft (2.4-m)} rounding
between 4:]1 front and back slopes., The third ditch considered was also a vee
shape with a 3:1 front slope and a 4:1 back slope which, as may be seen from
Figure 46, is a slope combination that is outside the boundary for preferred
ditch cross sections. However, this shape is regarded as probably fairly
representative of ditches often found along many types of roadways. A ditch
depth of 3 ft (0.9 m) was also chosen to ensure that the vehicle would

encounter the back slope for the nontracking departure conditiom. The
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ROUNDED TRAPEZOIDAL DITCH, WIDTH >4 H

1ft=0.3048 m

Rgure 46. Envelopes of front and back slope combinations for preferred ditch sections. 37
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roadside terrain for each ditch configuration included an 8ft(2.4m)-wide

shoulder with 4~ft (l.2-m)} rounding tangent to the front slope.

The responses of the simulated, 1,800-1b (8l6~kg) small car in travers-
ing the various ditches are summarized in Table 43. Because of the larger
lateral distance from the edge of the road to the bottom of the 17ft(5.2m)~
deep vee ditch, only the 60-mi/h (96.5-km/h) at 15-degree tracking departure
wags simulated. The car easily traversed the ditch and, as may be seen, the
maximum roll angle was in the counterclockwise direction. From a comparison
with a similar simulation of a 17f£t(5.2m)~high fill embankment having a 4:1
sideslope (refer to Table 42), it may be noted that the effect of the change
Erom zero to a 6:1 back slope was to increase the maximum negative roll angle

from -5.8 degrees to -23.7 degrees,

Table 43. Summary of ditch simalations.

Departure, | Slopes, g Dist, Bottom Max. Hax. Lat.
mi/h @ fromt/ | Depth, | from EOP, | rounding, roll, encroach.,
degrees back fr fe fr deg fr Comment s

Vee Ditches

60 @ 15*% 431/6:t 17.0 76.0 0 17.0/-23.7 »>133 Car stable on
slightly curved
path away from

road,
60 @ 15 3r1/4121 3.0 17.5 0 Rollover(~)} 21,0 Severe impact with
. back slope caused
"flip'-type
rollover. .
45 8 25 3:1/4:1 3.0 17.5 0 48.8/-22.2 20.4 Airborne sfter im—

pacting backslope,
Sprung-mass right-
front corner impact
with back slope
prevented rollover.

Round Bottom Ditch

&0 @ L5 4111431 3.0 0.0 8 20.9/~11.6 28.1 Car returned to
road, very stable,

45 @ 25 4:1/4:1 3.0 10,0 8 19.6 22.5 Car returned to
road, did not
contact back slope.

1 mi/h = 1.609 km/h
I ft = 0,3048 @

*Simulation with zero steer input.
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The vehicle responses in the simulation of the other vee ditch with
steeper front and back slopes were very violent and resulted in overturning of
the car in the case of the tracking departure. The very large radial tire
forces developed when the right-front wheel impacted the back slope caused a
"flip" type of rollover in the counterclockwise direction. The vehicle also
nearly rolled over (attained 90% of the ¢ritical roll angle) in the nontrack-
ing departure from the road. In this instance, however, note that the maximum
roll was in the clockwise direction, because of the high lateral forces that
were generated by the tires prior to and upon impact with the back slope. As
noted in the table, forces resulting from contact of the right end of the

front bumper with the back slope prevented the vehicle from rolling over.

From the responses of the vehicles observed in the few simulations of
ditches performed in this study, it appears that the existing guidelines for
the design of preferred ditch sections, which are primarily based on vehicle
linear scceleration limit eriteria for avoiding injuries to occupants, provide
for designs that also are safe from the standpoint of offering low vehicle

rollover potential,
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Section 6
CONCLUSIORS AND RECOMMENDAT IONS

Based on the findings of this study, the following conclusions and

recommendations are made:

. The sideslope of a fill embankment should be no steeper than 3:1,
and preferably flatter, to reduce the likelihood of rollover. Results of
tests and computer simulations show that 3:] slopes are marginally safe for
traversal by small, lightweight automobiles, which are known, from the
preponderance of evidence from accident data analyses, to be more likely to
roll over than large, heavy vehiclea, The slopes should also be firm and
smooth to minimize the likelihood of the vehicle's tires digging into the
ground or striking a surface irregularity which could trip the vehicle into a

rollover.

It is recommended, therefore, that coamsideration be given to revising
the current AASHIO design eriteria for barrier warrants on sideslopes and
embankments so as to indicate that safety barriers are warranted for all
slopes steeper than 3:1, for fill heights greater than 3 ft (0.9 m). This
would make the criteria for barrier placement on embankments more consistent
with the AASHTO criteria for the design of ditches shown in Figure 46, (Note
tﬁat, for ditches having zero backslope (i.e,, with a cross section like that
of an embankment)}, the front slope should be no steeper than 3:1.). The
simulations of this study were limited to £ill heights of 3 ft (0.9 m) or

greater in order to accommodate the roundings of the slope breaks.

2. Current AASHTO criteria for the design of preferred ditch
sections, which limit the front slope to no steeper than 3:1, appear to define
diteh configurations that are relatively safe with respect to vehicle rollover
potential. However, because of the small difference between two of the
criteria applicable to different ranges of ditch bottom width (see Figure 46,
curves B and C), it is recommended that those criteria be replaced by a single

faired curve that follows curve C of Figure 46 for front slopes steeper than
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5:1 and that follows curve B of Figure 46 for shallower front slopes to

provide a greater margin of safety,

3. All slope breaks of roadside terrain should be rounded as much as
possible to reduce the potential for vehicles to be caused to roll over due to
tripping on sag vertical curves, The need for adequate rounding of crest
vertical curves, such as the break line of shoulder and side slopes, also
cannot be overemphasized. Such roundings not only afford drivers greater
opportunity to maintain or regain control of their vehicle but also decrease
the likelihood of rollover by preventing the vehicle from achieving large

values of angular momentum about the roll axis,

4, The modified HVOSM has been demonstrated to be capable of
predicting the response of wvehicles operating on off-road terrains with
reasonable accuracy. The development and incorporation of the deformable-soil
model in HVOSM is considered an important improvement, since it allows
simulation of the effects of tire sinkage in soil, which has been identified
as one of the leading causes of rollover. This model improved the accuracy of
the predictions of vehicle dynamic responses during traversals of roadside
terrain features, but evidence of the validity of the model is still very
limited., It is recommended, therefore, that tests be performed to measure the
sinkage and motion-resistance forces of tires in soft soil for various tire
loads and for sideslip angles from zero to 90 degrees, which would provide
data needed for a more extensive and rigorous validation of the analytigal

approach.

5. The relatively few simulations that resulted in vehicle rollover
in this study point to the dynamic nature of the rollover phenomenon, which is
sensitive to the complex interactions of many factors whose effects are
nonindependent. Adequate vehicle parametric data for the severe operating
regime associated with the reollover response are generally lacking. Among the
most important of these are definitive data for tire properties under the high
tire load and large slip and camber angle conditions that prevail in most
rollover events., To alleviate this deficiency of the model data base, it is

strongly recommended that a test program he conducted to determine typical
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force characteristics of tires for slip and camber angles ranging up to 90

degrees and for loads including extreme overload.

6. Ultimately, the vehicle rollover potential associated with
roadside features is reflected by real-world accident experience. From the
literature review performed as a part of this study, it is apparent that the
existing accident data base lacks the comprehensive and detailed information
necessary to define the conditions that lead to rollover for the different
vehicle types. For example, data contained in accident files such as NASS and
FARS usually provide little or no information regarding the geometrics of the
accident site (e.g., steepness of slopes, embankment height, and roundings),
whether the vehicles were tripped by a surface irregularity or as a result of
tire ruts in soft soil, where rollovers were initisted with respect to the
terrain feature (sideslope, backslope, toe of embankment, etc.}, vehicle

trajectory, atc.

To alleviate such shortcomings of the existing accident data base, it is
recommended that & data-collection effort be made that is specifically
directed toward providing the information necessary to evaluate, using
statistical analysis techniques, the suitability of roadside-feature design

criteria for the current and projected mix of vehicle types.
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Appendix A
INPUT DATA FOR HVOSM VERIFICATION

The HVOSM input data sets for simulating the full-scale tests performed

for verifying the computer model are presented in Tables 44 through 43,

Table 44. BVOSM ioputs for sinusoidal-steer test.

RABBIT SINUSOIDAL STEER TEST #5 100

0.0 6.0 0.010 0.050 70.0 1.0 g.010 01
1.0 12
1.0 2

0.0 0.0 0.0 a.0 1.0 1.0 8.0 104

1979 VW RABBIT 2 DOOR YEST VEHICLE 200
5.593 0.3287 0.31%7 2600.0 BB50.0 10400. 0.0 201
31.49  63.01  54.5 53.5 386.4 202
3.05 0.9 8.00 11.893 11.563 203

204
205

85.0 303.6 902.1 2916.1 134245. 0.65 -1.62 2.88
75.0 150.6 37.3 1029.3 23210.6 0.45 -2.91  3.5%9

6.08 15.0 0.1 3.58 15.0 0.4 206
¢.0 84730.0 ¢.0 0.0 8.0 0.0 207
5.0 5.0 1.0 1. 0.0 209
-¢.08  -0.33  -0.5C -0.50  -0.17  0.33 0.83 1.83 2.58 209
3.50 5.00 209
0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 209
0.0 0.0 209
«0.65 -0.30 -0,10 0.05 0.05 g.00 -0.20  -0.43  -0.80 209
-1.25  -1.85 209

3400
301
301
302
400
40t
401
401

GOODYEAR POLYSTEEL RADIAL P155/B0R1Y

1.0 1.9 1.0 1.0

1099.0 5.0 10.0 2542,  9.91 2386. 0.687 -8184. 0.75
0.80 11.313

APPROX. SIKE STEER AT 0.5 HZ.

0.0 6.0 0.2 1.9

0.0 0.0 ¢.0 g.47 1.1% 4.31 7.09 3.6% -1.77
-8.88 9,47 -9.67 -7.96 -0.48 T.22 10.98 11,26 8.70

0.21 -8.25  -9.36 -9.62 -8,29 -1.5% 4.88 12.19  12.76 401
10.35  2.47 +6.96  -10.53 401
33.0 MPH 600
0.0 6.0 0.0 g.0 ¢.0 G.0 0.0 401
0.0 c.0 -22.492 580.8 Q.0 6.0 602

O D OO WHN - O000 =000 WmEHRN-S OO0 0o D00 0000

6.0 ¢.0 0.0 ¢.0 0.0 0.0 0.0 403

09999

161



Table 45. HAVOSK inputs for cowmbined steer and braking test,
Rabbit forward Skid Test #10 0 100
6.0 5.0 0.010 0.050 70.0 1.0 0.0%0 0 10%
1.0 g w2
1.0 G 103
0.0 0.0 g.0 6.9 1.0 1.0 1.0 0 104
1979 V4 RABBIT 2 DOOR TEST VEHICLE 0 200
$.593  0.3287 0.3157 2500.0 8856.0 10400. 9.0 g 20
31,49 63,01 54.5 53.5 385.4 9 202
3.09 0.0 8.0 11.893 11,563 0 203
85.0 303.6 902.1  2916.1 134285, 0.45 -1.62 2.88 0 204
73.0 150.6 37.3 1029.3 23210.4 0.65 -2.91 359 g 205
6.08 15.0 0.1 3.58 15.0 0.1 Q206
8.0 84750.0 0.0 3.0 g.0 8.0 0 207
-5.9 5.0 1.0 1. 0.0 G 209
-0.08 -0.33 -0.50 -0.30 -0.17 0.33 0.83 1.83 2.58 1209
3.50 5.00 2 209
0.0 0.0 a.0 4.0 0.0 4.0 0.0 g.0 0.0 3 209
2.0 8.0 4 209
-0.65 -0.30 -0.%10  0.05 0.05 0.00 -0.20  -0.45 -0.80 3 209
-1.2%  -1.85 & 209
GOODYEAR POLYSTEEL RADIAL P155/80R13 0 300
1.0 1.0 1.0 1.0 o 30
1099.0 5.0 16.0 2542, 9.9t 2366, 0.487 -8184, 0.7% 1 30%
0.80 11.313 0 302
LEFT STEER AND LOCKED REAR WHEEL BRAXING 0 400
0.0 3.5 2.1 1.0 0.0 1.0 0 40%
0.0 a.0 -2.7%  -4.75  -10.75 -14.07 -15.11 -15.11 -15.07 1 401
-15.07 -15.09 -15.15 -15.45 -15.53 -15.45 15,49 -15.45 -15.35 2 401
-15.15 -15.19 -15.15 -15,15 -15.45 -16.05 16,05 -15.75 -18.7% 3 4
-15.65 -15.,65 -15.49 -15.7% -15.5% -15.35 -15.25% -15.2% -15.2% & 40%
0.0 -100.8 -300.0 -500.0 -500.C -500.80 -500.0 -500.0 -500.0 § 40%
-500.0 -500.0 -500.0 -5C0.0 -500.0 -500.0 -500.0 -500.0 -500.0 & 4014
-500.¢ -500.0 -500.0 -500.0 -500.0 -500.,0 -500.0 -50C.0 -500.0 7 40
-500.0 -500.0 -500.0 -500.0 -500.0 -500.0 -500.0 -500.0 -500.0 8 401
35.0 MpH 0 600
0.0 0.0 0.0 0.0 0.0 0.0 0.0 ¢.0 0 601
0.8 0.0 -22.642 628.0 0.0 0.9 a 402
0.0 0.0 0.0 0.0 0.0 0.0 g.¢ g.0 0 403

9999
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Teble 46. HVOSM inputs for level-turf skid test.

RABBIT SKID ON LEVEL TURF-TEST #18 G 100
G.0 6.0 0.010  0.G50 70.0 1.0 0.010 01
1.0 g 102
1.0 6 103
0.0 0.0 0.0 6.0 1.0 1.0 1.0 0104
1979 VW RABBIT 2 DOOR TEST VEHICLE G 200
5.593  0.3287 0.3157 2600.0 8850.0 10400. 0.0 0 201
31,49 63,01 54.5 53.5 386.4 0 202
3.0% 0.9 8.0 11.893  11.583 0 203
85.0 303.0 902.0 2916.0 134265. 0.65 -1.62 2.88 0 204
73.0 150.0 37.0 1029.0 23210, 0.65 -2.91  3.59 G 205
6.08 15.0 0.1 3.58 15.0 0.1 0 206
0.0 84730.0 0.0 8.0 0.9 6.0 0 207
-5.0 5.0 1.9 t. 0.0 0 209
-0.08 -0.33 -0.50 -0.50 -0.17 0.33 0.83 1.83 2.58 1 209
3.50 5,00 2 209
0.0 0.0 0.0 0.0 ¢.0 0.0 0.9 0.0 g.0 3 209
0.0 0.0 4 209
-0.65 -0.30 -0.10 0,05 0.05 8,00 -0.20 -0.45 -0.80 5 209
<1.25  -1.8% & 209
GOODYEAR POLYSTEEL RADIAL P155/80R13 0 300
1.0 1.0 1.0 1.0 ¢ 30
109%.0 5.0 10.0 2542, 9.9 2366.  0.687 -8184. 0.75 1 361
0.80 11.313 0 302
LEFY STEER AND LOCKED REAR WHEEL BRAKING 0 400
0.0 3.0 0.1 1.0 0.0 1.0 Q 40
2.0 2.84 3.03 2.42 1.15 -1.3% -4.30 -7.30 -11.7% 1 401
-14.70 15,69 -17.8% -18.79 -19.0 -19.03 -18.88 -18.89 -19.00 2 401
-18,.87 -18.82 -18.92 -18.62 -18.45 -18.41 -18.34 -18.43 -18.72 3 40t
-18.78 -18.80 -18.80 -18.80 4 401
0.0 -100.0 -300.0 -%00.0 -500.0 -500.0 -500.0 -500.0 -500.0 5 401

-500.0 -500.0 -500.0 -500.0 -500.0 -500.0 -500.0 -500.0 -500.0 & 401
-5¢0.9 -500.0 -500.0 -500.0 -500.0 -500.0 -500.0 -500.0 -500.0 7 4
-500.0 -500.0 -500.0 -500.0 & &
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Table 46. BYOSM inputs for level-turf skid test. {contivued)

LEVEL GROUND BEKKER DATA SET ¥16 FOR SO0 509
0.0 1800.0 120.0 0.0  626,0 48.0 0.0 0.0 501
0.0 2.2 48 7.6 9.6 1.2 10.8 1.5 11.6 1501
1.8 1.3 118 108 8.5 2 501
0.0 2.2 46 7.2 9.0 9.7 121 N5 17 3 501
2.2 109 12,5 113 10.1 4 501
0.5 1.8 3.6 7.3 9.6 0.8 132 121 132 5 501
3.2 1.3 1.8 2.0 1.3 6 501
0.4 19 40 7.9 9.1 1.0 120 118 12.5 7 501
12,7120 1.0 10.2 1.2 8 501
0.2 1% 35 7.2 1.8 0.4 125 15 126 % 501
1.5 1.3 9.8 104 103 10 501
0.6 1B 32 7.4 86 9.7 2.6 101 11.8 1 501
1.3 104 109 10.8  11.0 12 501
0.5 13 3.0 6.2 7.9 89 149 109 10.8 13 501
M2 1.3 1.3 10.8 109 ‘ 1% 501
0.6 1.1 31 5.06 756 8.4 9.8 103 10.8 15 501
My M9 121 1.8 1.6 16 501
0.4 0.8 25 53 65 82 9.2 9.8  11.0 17 501
M4 1.6 120 109 119 , 18 501
0.3 1.0 1.8 &8 7. 7.7 &8 9.5 107 19501
0.3 12.0 1.9 1.3 124 20 501
0.5 1.8 35 53 7.2 7.8 9.0 9.1 104 2150
10.0 118 1.5 0.9 110 22 501
1.6 3.2 46 61 82 91 90 83 89 23 501
9.8  10.0 1.0 10.6 109 24 501
1.9 3.5 64 7.1 83 85 9.0 85 7.3 25 503
9.6 107 10.3 0.1 11.2 26 501
2.5 4.2 68 9.0 95 %1 %4 101 6.6 27 501
9.8 9.8  10.6 10.2 10.8 28 501
3.2 4.7 7.t 104 104 110 1046 9.6 9.5 29 501
1.3 10.8 104 104 10.9 30 501
43 5.8 7.7 119 1.5 122 101 126 115 31 501
1.3 15 10 102 12,6 32 501
0.75 0.0 0.0 ; 0.0 0.0 1.0 506
t.o 15.0- &0/ 095 15 6.0 60 60 6.0 1 506
33.5 MPH, INIT, COND. EST. FROM TEST DATA 0 600
0.0 0.0 168 1.0 0.0 3.0 2.0 0.0 0 401
-60.0 0.0  -22.49 589.0 0.0 0.0 0 602
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 9 603

9999
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Table 47.

HVOSH inputs for fill-transition test.

RABBIT SKID ON FilLl TRANSITION TURF-TEST #22

0.0 4.5 ¢6.010 0.050 70.0 1.0
1.0

1.0

0.0 4.0 1.0 1.0 0.0 1.0
1979 VW RABBIT 2 DOOR TEST VERICLE

5.593 0.3287 0.3157 2500.0 8850.0 10400,
31,49 63.01  54.5 53.5

3.05 0.0 8.0

85.0 303.0  902.0 2916.0 134265, 0.65
73.0 150.0¢  37.0 1029.0 23210, 0.45
6.08 15.0 8.1 3.58 15.0 g.1
0.0 84750.0 8.0 8.0 0.0
-5.0 5.0 1.0 1. 0.0

-0.08 -0.33 -2.5¢ -0.50 -0.17 0.33
3.5¢0 5.00

0.0 0.0 0.0 g.0 Q.0 c.0
0.0 0.0

-0.65 -0.30 -0.10  0.05 0.95 0.00
-1.2%  -1.85

GOODYEAR POLYSTEEL RADIAL P155/80R13

1.0 1.0 1.8 1.4

1089.0 5.0 10.0 2542, 9.9 2366,
G.80 11.313

LEFT STEER AND LOCKED REAR WHEEL BRAKING

0.0 4.2 0.1 1.0 1.0 1.0
3.90 3.8 3.50 3.99 3.42 2.07
-13.79 -17.35 -18.73 -7 -22.01 -2
-26.80 -27.23% -27.20 -27.60 -2B.09% -27.85
-27.29 -27.12 -27.26 278 -27.25 -37.27
~26.72 -26.60 -26.7% -27.17 27,21 -2r.21
-100.0 -150.0 -150.0 -150.0 -150.6 -150.0
-150.0 -150.0 -150.0 -150.0 -150.0 -150.0
-150,0 -1%0.0 -150.0 -150.0 -150.0 -150.0
-150.6 -150.0 -150.0 -150.0 -150.0 -150.0
-150.0 -150.0 -150.0 -150.0 -150.0 -150.0
0.0 0.0 0.0 -106.0 -300.0 -500.0
-500.0 -500.0 -500.0 -50G.0 -500.0 -3G0.0
-500.0 -500.0 -500.0 -500.0 -500.0 -500.0
-500.0 -500.0 -500.0 -500.0 -5Q0.0 -500.0
-500.0 -500.0 -500.0 -500.0 -500.0 -500.0

¢.010

1.0

0.0

11.893
1,62
-2.91

0.0

0.83

6.0

-0.20

0.687

-0.19

-24.59
-28.12
-27.13
-27.21
-150.0
-150.0
-150.0
-180.0
-150.0
-500.0

+500.0

-500.0
-500.0
-500.0

11.563
2.88
3.59

1.83

0.0

-0.45

-8184.

-5.30

-235.22
-27.83
-27.36

-150.0
-150.0
-150.0
-150.0

-500.0
-500.0
-500.0
-500.0

0

0

0

o

¢

0

0

385.4 ¢
¢

g

0

0

Q

a

2.58 1
2

0.9 3
4

-0.80 5
&

il

0

G.75 H
4

g

0

-9.96 3
-26.77 F
-27.41 3
-27.22 4
5

-150.0 6
-150.0 7
-150.0 8
+150.0 @
10

-500.0 N
~500.0 12
-500.0 13
-500.0 14
15

100
101
102
103
104
200
201
202
203
204
20%
206
297
209
209
209
209
209
209
209
300
301
301
302
400
401
401
401
401
401
401
401
401
401
401
401
401
4
401
401
401
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Table 47. HVOSH inputs for fill-tramsitioa test. (continued)

FiLL TRANS. ' 500
-360.0 360.0 340.0  -200.0 0.0 100.0 501
9.0 -9.0 -9.0 1 501
0.0 0.0 0.0 2 501
7.56 7.56 7.56 3 501
0.6 180G6.8 120.0 0.0 624.0  48.0 0.0 0.0 502
0.0 2.28 10.2 19.7 30,5  35.6 34,7 340 34.0 1502
35.4 37.8  38.5 8.9 9.2 2 502
3.0 6.1 11.6 21.5 2.5 38.1 36.8 37,7 37.4 3502
37.7  38.4  38.0 38.6  39.7 4 502
3.6 8.4 13.9 23.4 33.8 366 36,8 37.3 17.9 5 502
40.2  42.5 42.4 40.9  40.3 . 6 502
7.56 10.2 16.6 2.3 315.6  39.0  38.9  41.9  41.0 7 502
0.6 413 431 41,4 42.2 8 502
9.6 12.4 17.5 28.3 7.2 38.4 3¢.5 38.3 18.% ¢ 502
1.9 42.4 42,7 42.2 41,8 10 502
1.5 1.6 18.8 29.4  38.2 40,0  39.0 37.9 33.4 11 502
9.2 410 41.6 43.4 44,2 12 502
13.8 14.6 19.3 29.3 7.9 41.0 40.1 37.6 38.0 13 502
38.3 40.3 42.8 63.1 42.6 14 502
16.7 17.2 22.2 30.8  39.8  41.8 401 37.0 37.0 15 502
192 41,2 42.7 4.6 45,0 14 502
18.8 19,7 23.6 31,4 38.8 42,5 39.6 38.6  38.3 17 502
9.5  42.5 443 4.8 45.4 18 502
21,7 21,7 2.0 2.3 398 40,2 400 388 39.2 19 502
9.2 41,2 42.8 45,0 48.1 20 502
2.8  23.4 25.9 337 396 39.5 8.4 390 39.5 21 502
9.8  40.9 41.6 3.9 46.6 22 502
26.4 24.8 2741 35.6  41.5 39.5 8.9 39,0 40,3 23 502
40,7 41.6 42,4 46.3  44.8 24 502
27.4 29.2  30.2 7.9 43.2 40,8 42.0  40.0 40.6 25 502
41,0 42,4 44D 47.0  45.7 26 502
29.3 31,9 35.2 42.2 469 442 4306 42,7 43.2 27 502
42.5 438 45.7 7.0 46T 28 502
30.5 34.1 36.0 40,7 448 461 44.5 44.8 45.0 29 s02
45.6 48,7  LB.G 48.5 49,1 30 502
32.2  33.6 3.4 40.2  46.2 466 481 48.0 48.4 31 502
48,7 4%.4 49,1 30.4  50.%9 32 502
1.0 8.75 0.0 0.0 0.0 1.0 ¢ 506
2.0 15.0 64.0 0.95 1.8 6.0 6.0 6.0 6.0 1 506
35 WPH, INIT. COND. EST. FROM TEST DATA G 800
1.0 -1.37  16.0 4.0 0.0 1.0 3.9 0.0 0 401
-90.0  -60.0  -24.74 816.0 -3.0 0.0 0 602
c.5 -0.5 8.0 0.0 0.0 0.0 e.0 0.0 0 403

9999
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Table 48.

HVOSM inputs for ditch—esbankment test.

RABBIT TRAVERSAL OF DITCH EMBANKMENT TEST W25

0.0 5.0 0.005 0.025 70.0
1.0

1.0

G.0 0.0 1.0 1.0 1.0
1979 W RABBIT 2 DOOR TEST VEHICLE
5.023 0.3287 0.3157 2600.0 8850.0
29.60 64,90 54.5 53.5

1.16 0.0 8.0

85.0 303.0  902.0 2916.0 134265,
73.0 150.0 37.0 1029.0 23210.
6.08 15.0 8.1 3.58 15.0
0.0 B4750.0 0.0 0.0
5.0 5.0 1.0 1. 2.0
-p.08 -0.33 -0.50¢ -0.50 -0.17
3.50 5.00

0.0 8.0 8.0 0.6 0.0
¢.0 0.9

-0.65  -0.30  -0.10 0.05 0.05
-1.25  -1.85

GOODYEAR POLYSTEEL RADIAL P1553/80R13
1.0 1.0 1.0 1.0

1099.0 5.0 10.0 25462, 9.,
0.80 11,313
RIGHT STEER & LOCKED REAR WHEEL BRAKING
0.0 2.45 0.05 1.0 0.0
-1.7 1.7 1.7 -3.2 3.4
9.41 -0.55%  0.15 2.0 e
17.45  17.453 1745 17,45 17.45
17,45 1745 17,45 1745 1745
17.45 1745 1745 1745 17,45
17.45 17,45  17.45 17.45 17.45
0.0 0.0 0.0 0.0 ¢.0
0.0 c.0 0.0 0.6 0.9
0.9 9.0 6.0 8.0 0.0
0.¢ 2.0 0.0 6.0 0.0
0.0 0.0 0.0 6.0 0.0
0.9 -100.0 -250.0 -250.0 -250.0

1.0

0.0

10400.

0.65
0.45
6.1
0.0

0.33

0.0

0.00

2366.

1.0
6.0
0.560
17.45
17.45
17.45

0.0
0.0
0.0
0.0
6.0

0.010

1.0

0.0

11.893
-1.62
-2.9

0.0

¢.83

2.9

-0.20

0.687

-1.0
0.36
17,45
17.45
17.45

0.0
9.0
¢.0
0.0
0.0

11.563
2.88
3.59

1.83

0.0

-0.45%

-8184.

-1.8
6,14
17.45
17.45
17.45

0.0
a.o0
0.¢
0.0
0.0

386.4

2.58

0.0

-0.80

0.75

-0.17
17.29
17.45
17.45
17.43

0.0
0.0
0.0
0.0
0.0

100
10%
102
103
104
200
2C1
202
203
204
205
206
207
209
209
209
209
209
209
209
300
mm
301
302
400
401
4
407
401
401
5 401
& 401
740
8 401
9 40
10 401
1140
12 401

W - 0 00 - OO0 WV & W 0000000000000 0o

fo)
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Table 48. HVOSHM inputs for ditch-embankment test. (comtinued)

CITCH & CURVED EMBANKMENT-SITE 3 500
9.0 1200.0 t20.0 -192.0 0.0 48.0 0.0 0.0 501
12.6 8.6 7.3 2.4 0.0 1 501
1.4 8.4 7.6 1.6 0.8 2 50
12.2 8.0 4.6 1.6 -0.8 3 504
19.9 9.2 4.0 6.2 -2.0 4 501
18.1 5.5 2.5 -1.1 -3.0 5 50t
10.2 5.4 2.2 -1.0 3.5 & 501
5.2 2.5 1.8 -1.0 -3.7 7 561
5.3 3.2 0.8 -0.8 A 8 501
3.5 3.5 1.9 -1.7 -5.0 % 501
2.6 1.1 -0.2 -3.0 -5.8 10 501
0.5 0.7 -1.3 3.4 6.7 11 501
0.0 1200 120,0 -400.0 -192.0 24.0 0.0 ¢.0 502
15.7 139 8.5 6.6 3.8 5.8 6.2 8.6 0.0 1 502
2.1 %.8 12.0 3.4 14.4 15.5 14.9 15.0 12.4 2 502
10.6 1.9 11.0 10.1  %.0 10.9 12.5 13.4  15.2 3 502
14.% 16.8 14.8 7.4 18.8 18.5 17.6 15.4 11.4 4 502
-3.2 0.8 5.4 7.9 1.8 13.0 4.6 12.4 13.4 5 502
16,2 16.7 18.1 9.6  21.1 22.0 20.5 15.2 12.2 & 502
9.4 9.1 -7 -3.5 -0.7 2.5 4.9 7.2 10.2 7 502
14.9 18.1 20.0 22.7  26.3 28.0 27.5 2.7 19.9 & 502
6.7 -6.5 -3.1 1.2 3.8 5.0 5.2 8.9 10.0 $ 502
13.3 19.2 26.2° 8.6 33,7 37.8 3.1 26.4 18.1 10 502
6.8 5.9 6.2 9.1 1.2 12.7 13.9 6.1 17.8 11 502
22.1 27.7 33.5 37.1 7.3 3.7 22.% 15,1 0.2 12 502
28.3 28.7 28.7 28,4 30,2 3.9 3.9 35.5 7.2 13 502
38.3 38,9 3.8  30.2 218 14.6 11.4 8.5 6.2 1% 592
34,6 35.8 35.9  36.6  36.1 35.6  36.4 36,0  35.5 15 502
33.1 29.0 23.9 14.2 12.4 16.3 7.7 6.2 5.3 16 502
31,3 3.8 31.0 328 34.1% 31.6  26.5 22.4 214 17 502
16.8 13.3 10.1 8.2 6.2 5.6 4.9 4.2 3.5 18 502
2461 21.6 18.5 16.4 14.6 12.0 10,2 8.2 8.7 19 502
5.5 4.3 4.6 3.5 4.0 3.4 2.9 2.3 2.6 20 502
8.8 7.2 4.7 2.4 2.0 1.6 1.7 1.8 6.5 21 502
1.4 0.8 0.8 1.0 0.7 0.4 -0.% -1.8 0.5 22 502
1200.0 1800.0 120.0 -576.0 0.0 48.0 0.0 0.0 503
7.2 2.4 1.6 1.8 1.4 0.6 0.7 -0.5 6.5 1503
0.7 1.3 -3.4 6.7 2 503
2.4 0.6 0.0 1.8 2.2 1.1 -0.4 -1.0 -0.2 3 503
-1.3 -3.6 -3.8 7.6 4 503
2.2 1.2 0.7 0.1 0.1 1.1 -2.0 -2.4 -3.7 5 503
-4.8 5.3 -6.7 -8.3 6 503
2.0 2.5 2.6 1.7 -0.2 -1.3 0.4 1.1 6.6 7 503
9.0 -9.8 -8.8 -8.5 8 503
0.5 1.6 1.9 2.4 0.1 ‘1.0 1.4 -4,.8 5.8 9 503
-9.4 -10.4  -9.8 9.1 10 50%
3.6 3.5 4.2 3.6 2.2 4.5 -1.2 2.8 6.2 11 503
-e.7 -10.3  -10.7 -10.0 12 503
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Table 48, HVOSM inputs for dietch-embankment test. (continued)

600.0 1800.0 120.C -1200.0 -576.0 48.0 0.0 8.0 504
32.8 33.4 33.7 32.9 32.4 29.0 25.0 14.8 10.2 1 504
10.2 8.8 8.4 6.8 5.9 2 504
33.2 38.3 36.8 33.1 2.9 32.5 36,7 28.2 28.0 3 504
29.2 28.4 29.2 30.6 28.7 4 504
25.1 28.1 30.4 31.3 32.5 32.8 34.0 32.4 30.5 S 504
3.6 33.6 3.9 36.1 35.8 & 504
32.4 33.6 3.1 3.8 35.8 5.8 36.1 37.0 36.4 7 504
5.9 35.4 3.4 31.3 30.8 8 504
30.6 29.5 30.4 30.0 30.5 9.2 29.0 9.6 29.8 5 504
29.8 28.3 26.4 26.5 21.6 10 504
24.8 24,2 24.1 26.1 26.7 22.7 21.¢ 20.9 20.7 11 504
20.0 15.9 13.1 10.4 7.2 12 504
19.8 19.3 19.9 20.2 18.4 18.7 17.4 17.5 16.4 13 504
15.4 13.8 7.7 3.8 2.4 14 504
12.6 15.5 16.3 16.2 15.7 14.5 16.2 13.9 12.2 15 504
11.5 8.9 6.5 4.3 2.2 16 504
0.5 7.2 1.3 13.9 14.3 13.2 1.9 11.0 1.3 17 504
10.0 8.5 6.7 4.1 2.0 18 504
7.7 -3.1 6.1 8.4 10.3 12.4 10.0 7.9 7.8 19 504
5.6 4.1 3.4 2.3 0.5 20 304
-1.7 7.7 -3.5 11 6.2 8.4 7.7 8.4 7.0 21 504
5.2 4.7 3 3.1 3.6 22 504
.75 0.73% 0.7 0.73 0.0 4.0 0 506
1.0 15.0 &4.0 0.95 1.5 6.0 6.0 4.0 8.0 1 506
2.0 15.0 & ,0 0.95 1.5 6.0 6.0 6.0 6.0 2 506
3.0 15.0 64.0 £.95 1.5 6.0 6.0 6.0 6.9 3 506
4.0 15.0 64.0 c.95 1.5 6.0 6.0 6.9 6.0 4 506
42.26 MPH# AT -23.75 DEG. DEPARTURE ¢ 600
0.0 0.0 -23.7% 0.0 0.0 0.0 1.7 0.0 0 &1
c.0 0.0 -22.49 7438 0.0 0.0 0 4C2
0.0 0.0 0.0 0.0 0.0 0.0 8.0 0.0 0 603

9999
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Appendix B
BVOSHM IRPUT DESCRIPTION

Input to the HVOSM is supplied in 80-column punched-card formats. Each
input card must contain a three-digit number in columns 78 through 80. The
first of these digits represents the data-block number, and the remaining two
digits represent the card number within the data block. Data blocks are

categorized and numbered as follows:

Data-Block Wumber Data Content

Simulation-control data
Vehicle data

Tire data

Vehicle~control data
Terrain/enviromental data
Initial conditions

[v SNV I R PR O

Each data block may contain a title card, with the last two digits of
the card number being 00. (For example, the title card for vehicle data is
numbered 200.) Title cards may contain alphanumeric information, which is

printed onr each ocutput page.

Data are entered on individual data cards and on table cards in nine
fields of eight columns each (9F8.0 format). Any data not supplied defaults

to 0.0. The format for table entry consists of a table information card

containing information on the number of entries, the beginning and end values,
the number of tables, etc., depending on the particular table being read.

Immediately following this card are the table data cards, each containing the

same card number in columns 78 through 80 as the table information card,

Table data cards must also contain a table sequence number in column 76
(columns 75 and 76 if a two-digit number) which must always be larger than the
sequence number on the previous table data card. The last card in the iaput

data deck must be numbered 9999 in columms 77 through 80.

A description of the data required follows in the form of a chart for
each card. Plots of functions simulated and/or the geometry involved are
included following card charts as nescessary for clarity, as are discussions of

the use of cards for given tables.
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RUN TITLE . 100
R N E R RN S ST N D FINIES BL !Ml?nﬂiﬂﬂiJ!R]}N.‘n?”nl!lc“!lllsu“t!!!ﬂQHHH&!]HHUIHIIJ‘I O TR SRR
Program Analytical o Input
Varizhle | Varisble Description Units

HED - RUN TITLE CARD
This card may contgin up to 72 characters of alphanumeric
information describing a run and is printed on each output
page.

TO Ti DTCOMP DTPRNT THHMAX UVWMIN | PQRMIR 191
[ AR L | VRSN ERE RN ERI AT FIRT N :sm)nnnﬂﬂu_ux:nuu AU GE CE NN T iRt LA RN A R )
Program Anslytical . Input
Variable | Variable Description Units

TO Initial simulation time 8
T1 Final simulation time s
DTCOMP Normal vehicle integration time step s
DTPRNT Output print time interval (multiple of DTCOMP) ]
THMAX Value of pitch angle {&;) at which space~fixed axes
are indexed (usually, 70 deg) deg
UVWMIN Values of resultant linear and angular velocities for in./s
simulation stop test, If both vehicle velocities are less
PORMIN than input values, run is terminated. rad/s
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1508

INDCRB

NCRBSL | DELTC DELTB

102

(IR |

FIETT 11854 14048

Ve 222t MY AR A IN T 0 %60 M 030 ecde <7 AT an 0 44T MBS SA Y AT 54 S5 LOBTIEA M AL 6T D

R LR

IR R LY |

Program
Variabie

Ansiytical
Variabie

Description

Input
Units

1598

INDCRB

NCRBSL

DELTC

DELTS

ate

{at)y

Suapension option indicator

= 0, independent front, solid rear axles
= 1, independent front and rear axles

= 2, solid front and rear axles

Curd impact indicator

= 0, no curb input

= 1, curb input supplied (provides steer degree of
freedom and radial-spring tire model)

= -1, no curb input supplied (provides steer degree
of freedom with point~contact tire wodel)

Number of curb slopes supplied if INDCRB = 1
2 < NCRBSL <7

Integration time step for curb impacts

Hote: BRarrier Option has been disabled;
. field 5 should be blank.

Vehicle integration time step for use during
sprung-mass ground contacts

Note: If INDCRB = -1, initial conditions for front-
wheel steer angle (PSIFIO, (PSIFDO) must be
supplied on card 601.
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MODE HBAR EM AAA HMAX HMIN BETA 103

Py o4 s B D E 8102030638 VY N 0 21 27 71 24 N!?Rﬂﬁ!l]‘IS)‘!QHH”H‘!NNJHI!“!? MUNMHAME MR IRE U RGN T I TN

Program Analytical L fnput
Variabie | Variabie Description Unity

MODE Numerical integration mode indicator
= (}, variable Adams~Moulton

= 1, Runge-Kutta

= 2, fixed Adams-Moulton

Note: The following variables are required only when

MODE = O,
EBAR £ Upper bound on truncstion error estimate
EM M Constant from which lower bound on truncation error

estimate is computed

AAA a Positive number used to prevent unnecessary reduction
in variable step size

HMAX Benax Positive upper bound on magnitude of variable step size
HMIN hmin Positive lower bound on magnitude of variable step size
BETA A Positive number between zero and one used to incregse or

decrease step size
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NPAGE(&)%PAGE(B} LPAGE(T) LPAGE(&) LPAGE(9) LPAGE(IO)F?AGE(IA)F?AGE(17)

104

LIS B TR .

[ RsRr AP RISEY]

Y U6 T8 20 27 1727 24625 20 77 TE 29 30 20 S2000 54 39 0 15 30 70 A1 A7 03 64 05 4447 el 8 51 AT 5344 55 ST 53 00 0843 02 83 LYY

IHIVIETI I

Program
Variabie

Analytical
Variable

Description

Input
Units

NPAGE (4)
NPAGE (6)

NPAGE(7)

NPAGE(8)
NPAGE(9)

chp:(mp
NPAGE (14

NPAGE(17]

Nota: The NPAGE array is used to control output printed
from a run. If an array element is non-zero, the
group of output data corresponding to that element
is printed., The output corresponding to the elements
read on card 104 are user-controlled, If an ocutput
is desired, a non~zero number must be read in the
appropriate field. The output groups corresponding
to these elements aret

Angular accelerations; suspension accelerstions for
independent suspensions; or displacements, velocities, and
accelerations of roll center and axle zngle for solid axles
Inclination (camber) angle of wheels with respect to ground;
steer angle of wheels; and camber angle of wheels with
respect to vehicle

Longitudinal and lateral velocities of tire contact point
with respect to vehicle

Elevation of ground contact point of tires
Total suspension forces and suapension anti-pitch forces

Suspension damping forces and change in suspension spring
forces from equilibrium

Components of tire forces along inertial axes, tire
sinkage and circumferential and side plow force

Comfort factor, friction demand, terrain friction
coafficient
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VERICLE LESCRIPTJDN TITLE

200
vy oaon & 0 sleugre eyl e s ey e w2020 27 23 P 28 27 2E 28 08 30 TN 04 30 3R 07 3R M AT KT AT A4 4 A4 47 LG S0 53 52 83 44 40 L OGN U LR (RN
Program Anatytical e input
Variable | Variable Description Units

VHED - VEHICLE DESCRIPTION TITLE
This card may contsin up to 72 characters of alphammeric
information describing the simulated vehicle, Wote that
only the first 40 characters sre printed on each output
page,

M8 XMUF XMUR XIX XIY X1z X1xz XIR XIF 201
T334 5 & P MOttt ST eI N IS M e 3s ) R Bk O S s L S YL LRy 2R R
Program Anslytical " input
Variable | Variable Description Units
XMS Mg Sprung mass 1b-a2/

in.
it M,y Total fromt unsprung mass 1b-s2/
in.
XMUR MR Total rear unsprung mass Ib-s2/
in,
XX Iy HMass moment of inertis of sprung mass about vehicle X-gxis 1b~s2-
in.
X1y Iy Mass moment of inertis of sprung mass about vehicle Y-axis 1b-g2-
in,
X1z Iz Mass moment of inertis of sprung mass about vehicle Z-axis 1b-gl-
in.
XIX2 Ixz Mass product of inertia of sprung mass in vehicle X-7 plane 1b-gi-
in,
XIR Ig Mass moment of inertia of sclid-axle rear unsprung mass 1b~gd”
about a line parallel to vehicle X-axis and through rear in,
unsprung-mass C.G. Required only if 1SUS = 0 or 2.
XIP ip Mass moment of inertis of solid-axle front unsprung mass 1b-32-
about a line parallel to vehicle X-axis and through in.

front unsprung-mass C.G, Required only if ISUS = 2,
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+

A B ¥ = RHO T8 RHOF TSP G 202
54 s 8 T g 7 I I T 2t 20 p2 oS 26 ET R PO 2000 JAO B4 T4 36 17 00 U AL 47 €1 40 43 4047 GARE B0 ST A2 53 0 4 32 M L M 60 KT 4 T T LR Y Ernr
Program | Analytical Descripti Input
Variable Varisbls iption Units
A a Horizontal distance from sprung-mass C.G, to centerline in.
of front vheels

B b Horizontal distance from sprung-msss C.G. to centerline in.
of rear wheels

i43 Te Front wheel track in.

TR TR Rear wheel track in.,

RHO P Vertical distance between rear-sxle C.G. and rear-axle in.
roll center, positive for roll center above C,G.

TS Tg Distsnce between rear spring mounts for solid rear axle in,
Hote: RHO and TS required only if ISUS = 0 or 2.

RHOP Py Vertical distance between front-axle C.G. and front-axle in,
roll center, positive for roll center above C.G.

TSY Ty Distance between Eront spring mounts for solid front axle in.
Note: RHOF and TSF required only if ISUS = 2,

G g Gravitational acceleration in./s2

Note: If G is not supplied, a default value of 386.4 in/sl

ig assumed,
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X1 Y1 21 X2 Y2 22 ZF ZR 203
Tr3 e s A B YICTINT R N 2T T R TR M 0t TTE T TG 36 2T B0 TR AOR A2 43 M ES AR AT ““SIHH'&THH.NHB“ SAAT AR & T M IR A TS T Y
Program | Analytical - input
Variable Variable Description Unity
X] Xy
1 ¥ Coordinates of first sccelerometer position in,
1 with respect to sprung-mass C.G.
Z1 Zy
X2 Xq
v2 v Coordinates of second accelerometer position in,
2 with resapect to sprung-mass C.G.
z2 29
P Zg Static vertical distance between front-wheel C,G, in,
(or front-axle roll center if ISUS = 2) and sprung-mass C.G.
ZR Zp Static vertical distance between rear—axle roll center in.

(or resr~wheel C.G.) and sprung-mass C.G.

Note:

If ZF and ZR are not supplied, they will
sutomatically be calculated within the

program to ensure initial vertical equilibrium

of the vehicle on flat, level terrain at
0.0 elevation.
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ARF ARFC AKFCP AKFE AKFEP XLAMF OMEGFC | OMEGIE 204

I L RIS PR RaRidisi HINBR B43H HE 370 TH 4N T G2 AL M4 4B 47 4000 40 ST A2 40 54 55 SRT 50 S 98 41 42 52 4455 48 7 58 81 78 11 70T 18 T8 N6 T TR 1Y 4
Pragram | Analyticat o Input
Variable | Variable Description Units

AKF Xp Linear front-suspension load/deflection rate 1b/in.

AK¥C Kpo Linear coefficient of front-suspension compression 1b/in.

{jounce) bumper term

ARFCP R'pe Cubic coefficient of front-suspension compression 1b/in.3
(jounce) bumper rerm

AKFE Kpy Linear coefficient of front-suspension extension 1b/in.
(rebound) bumper term

AKFEP K'pr Cubic coefficient of front-suspension extension 1b/in.3
: (rebound) bumper term

KLAMF Ap Ratio of conserved to toral absorbed energy in front- -
suspension bumpers

OMEGFC [ipg Pront-suspension deflection at which compression in.
bumper is contacted (Note: should be negative)

OMEGFE |ipg Front-suspension deflection at which extension bumper in.
is contacted (Note: should be positive)

Note: All suspension parameters are effective at the
wheel fer independent front suspension or st the
spring position for solid fromt axle.

f2

re——U0,

K SUSPENSION DEFLECTION

GENERAL FORM OF SIMULATED SUSPENSION BUMPER CHARACTERISTICS
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AKR AKRC AKRCP AKRE AXKREP YLAMR CMEGRC | OMEGRE 205
IR CELEIR D STRL Y FATHLE BiR e R bl oo R E MY cEF PR b L A L L U BN LT SO SREETD IR 1408 2 Y gl
Program | Analytical . Input
Variable | Variable Description Units
ARR Kg Linear rear-suspension load/deflection rate 1b/in.
AKRC Kpe Linear coefficient of rear-suspension compression 1b/in,
(jounce) bumper term
AKRCP K'ge Cubic coefficient of rear-suspension compression 1b/in,3
(jounce) bumper term
ARKE Kpe Linear coefficient of rear-suspension extension ib/in,
{rebound) bumper term
ARREP K'ge Cubic coefficient of rear-suspension extension ib/in,3
(rebound) bumper term
TLAMR | AR Ratio of conserved to total sbsorbed energy in rear- -
suspension bumpers
OMEGRC |fgo Rear-suspension deflection at which compression in.
bumper is contacted (Note: should be negative)
OMEGRE |Ngpg Rear-suspension deflection at which extension bumper in.

is contacted (Note: should be positive)

Note: All suspension parameters are effective at the
wheel for independent rear suspension or at the
spring position for solid rear axle.

179



EPSF CR Crp EPSR

., CFP 206
Erodoa oy B 0 Attt s e e 1 22z A PG 2T R T 0 3V JACE 2000 36 37 0 MR ARE) 47 43 4 ah 4f a7 (il M 5157 51 4 8% IR LIRS D - RN SRR TR LAY
Program Analytical . mqut
Varisble | Variable Description Units
CF Cy Front-suspension viscous demping coefficient per side lb~g/
in.
CFP C'p Front-suspension coulomb friction per side 1b
EPSF €p Front~suspenaion friction null band in./s
CR Cy Rear-suspensicn viscous damping coefficient per side 1b~s/
‘ in.
CRP C'a Rear—suspension coulomb friction per side 1b
EPSR € Rear—-suspension friction null band in./s

Note: All suspension parameters are effective at
the wheel for independent suspension or at
the spring position for solid axle.

DAMPING G
FORCE jaF,R
¢
| L— SUSPENSION
| G VELOCITY
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RF "RR ARRS AKDS ARDS1 AEDSZ ARDS3 207

SRR B | KACRLRE R ELRLN 'l"llllﬂ“ﬂ!”l:ﬁn!?ﬂﬂ)ﬂ!lleﬂlﬁﬂl!!‘nlgiﬂlluﬁﬂﬂ SR ETE TSR D BT LORE IO 7T PR M TS 1T TS A

Program | Analytics! . fnput

Variable | Variable Description Units

R¥ Ry Auxiliary roll stiffness of front suspension - 1b-in./
rad

RR Rp Auxiliary roll stiffness of rear suspension 1b=in,/
rad

ARRS Kyg Rear~axle roll-steer coefficient deg/deg

Note: AKRS is required only if ISUS « 0 or 2.

AXDS Rsg Coefficients for cubiec representation of resr-wheel rad
steer angle as a function of wheel displacement.

ARDS] Ksg1 These coefficients are required only when ISU§ = | rad/in.

ARDS2 | Kg,» rad/in. 3

AKDS3 | Kgg1 rad/in.3
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XIPS cpsep OMGPS AEPS EPSPS XP8 208
H 486 ,:ﬁm!:l:ruslun\iunnnnz‘EHHINI!NIH MMM 1 a3 a1 AL Sh4) LI lruuimnunuunnms it 2RCRUSIRR RAE
Program | Analytical e input
Varisbie | Varisble Description Units
XIPS 1y Steering-system steer moment of inertia about wheel " 1b-s2-
steering axis in.
CPSP C'W Steering-system coulomb friction torque, effective 1b=in.
at wheel stesring axis
OMGPS Ly Front-wheel steer angle at which steering limit stops rad
are engaged
 ARPS Ky Stiffness of steering limit stops, effective at 1b=in./
front-wheel steering axis rad
EPSPS Ew Friction lag in steering system rad/sec
Xrs PT Front-wheel pneumatic trail in.
Note: This card must be furnished if INDCRB {Card 102)
is either 1.0 or ~1.0.

LT
TORIUE

ir

%

FRICTION
TORQUSE

a
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DELB _DELR DDEL NDTHF NDTHR 209
IR EREE R RN IR« R R (AR e b L IR LT #5051 2515408 THHREO IR T M T IR YT TS
Program Anslytical . Input
Variable | Varisble Description Units

Note: The parameters on card 209 apply to four tablea
defining camber and half-track changes as a
function of wheel displacement. Card 209 and
subsequent table cards are not required if ISUS = 2,
DELB Beginning value of wheel displacement for tables in,
DELE End value of wheel displacement for tables in.
DDEL Increment value of wheel displacement for tables in.
NDTHF Indicator for front half-track change table. Table is
supplied if NDTHF # 0. :
NDTHR Indicator for rear half-track change table. Table is
supplied if NDTHR # 0.
Following card 209 are up to four tables containing
(DELE-DELE}/DDEL +] entries in the order:
™RIC(1) Right-front wheel camber deg
PHIRC(I) Right-rear wheeal camber (required if ISUS = 1) deg
PTHF(I) Front half-track change (required if NDTHF ¢ Q) in,
DTHR{1) Rear half-track change (required if ISUS = [)
and NDTER # 0) in.
Table entries are read in fields of eight and must contain
209 in columns 78 through BO. A table sequence number must
also be supplied in columm 76, and the sequence number must
increase with each card. Each new table must start on & new
card. A maximum of 50 entries is sllowed for each table.
=5.9 5.0 1.0 1.0 1.0 209
PRIC(1) | PHIC(2) | ... ea PHIC(9) 1 209
PHIC(10)| PRIC{11) 2 209
PHIRC(1)| PHIRC{2) ... . " | PHIRC(9Y 3 209
PHIRC(IODPHIRC(1Y) 4 209
DTHF(1) | DTHR(2) ] ... ane DTRF(9) 5 209
DTHF{10} DTHF{11) 6 209
DTHR{1) | DTHR(2) | ... es DTHR(9) 7 209
DTHR(10)| DTHR(12} 8 209
12) €5 5 7 81512154 18t Ll it 212 Hiinmun HIENITHE surnuuwmuuu TH!IIM“I?CIIH? 3 T4 IS I TT I8 T4 M
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CAMBER TABLE
{DEFINED FOR RIGHT-FRONT (OR RIGHT-REAR) WHEEL)

§ Pe

PELB PHIC(1}
DELB+DOEL | PHICI2}

DELB+nDDEL | PHICIn+1)}

DELE pm&[rmqmﬂ
DDEL
l‘\b‘
.. (_)¢’
) ¢2
"
A
- !
e ]
LF WHEEL

POSITIVE CAMBER — WHEEL LEANS QUT AT TOP
NEGATIVE CAMBER — WHEEL LEANS iN AT TOP
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DAPFE DAPYE DDAPF 210
NN IEHDTIEY SR s LE Y VR RS’ L IUOUTT I NPT L T LT ENE TIEREE
Program Anslytical - Input
Variabie Varisbie Description Uinity
DAPFB Beginning suspension deflection for front anti-pitch in.
coefficient table
DAPFE Ending suspension deflection for front anti-pitch in.
coefficient table
DDAPF Incremental deflection for fromt anti-piteh coefficient in.
table
Following card 210 is & table containing
(DAPFE~DAPFR) /DDAPY + 1 entriea of front anti-pitch 1b/1b~£8
coefficient, APF(I)
Note: Table entries are read in nine fields of eight columns)
A monotonically increasing table sequence number mist
be in colymn 76, and card number 210 must be in
columns 78 through 80.
A maximum of 2] entries is allowed. Example:
-5.0 5.0 1.0 210
APF(1) | APF(2) | APF(3) | ... APF{8) | APF(9) 1210
APF{10) | APF(11) 2 210

Trlas gt

LRERARFRRRLRLYT:

PINMIN IFIIEN T T IS 303 ST SN 16 06 X7 00 00 WY A Y A3 bk kj 46 4T VEERE 56 §1 57K 6 SE GUT SO SO0 N1 (2 E3 el pE BT TN 1T )

I I g
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DAPRB | DAPRE DDAPR 211
TLY S E o Y e N AR IR NN | 63740 45 48 47 480 30§ 52 5] S0 53 ?!M!m CELL T R AR TR RN Kl
Program | Analyticat - input
Variabls Variable Description Units
DAPRB Beginning suspension deflection for rear anti-pitch in,
coefficient table
DAPRE Ending suspension deflection for rear anti-piteh in.
coefficient table
DDAPR Incremental deflection for rear anti-pitch coefficient in.
table
Following card 211 is a table containing (DAPRE~DAPRB)/ 1b/1b=fy
DDAPR + | entries of rear anti-pitch coefficient, APR{I)
Hota: Table entries are read in nine fields of eight
columms. A monotonically increasing table sequence
number must be in column 76, and card number 211
must be in columns 78 through 80,
A maximum of 21 entries is allowed, Example:
-5.0 5.0 5.0 211
APR(1) | APR(2) | APR(3) 1211

1734561 B

SIETT 12 121415 0

EALRI Y- SIF/Robl o P Fob B R X)) T NI M A 4243 Mgt WB1AT KT 96 50 D 58 54 0% 81 L2 3 L LY KRR
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NHARPT EPSHP AMUGHP INDKST AKCNST FHIHP 215
R NN BN e N e e R e R T S - T SR IR L 1K) LA L R KR cHER )
Program Analytical - lnqut
Variable Variable Description Unity
Sprung-mass/ground-contact option
NHARPT | =~ Bumber of pointe on sprung mass to be checked for ——
ground interference, maximm 39
EPSHP Velocity-null band for ground-contact point friction- in./s
force calculations
AMUGHP |ayp Nominal point/ground-friction coefficient, -
NMote: The effective coefficient is the product of
H#ygp and AMUG for the terrain (see card 506).
INDRST | = Indicator for constant stiffnees for all points —
If INDEST = 1, all points have same atiffness
If INDKST = 0, the stiffness for each point must
be input on card(s) 217
ARCNST | == Constant omnidirectional stiffness of vehicle 1b/in.
structural points, must be input if INDRST = 1
PHIHP Vehicle roil or piteh angle st which option ie enabled, deg
input positive, test is made on absclute value.
Note: DELTB > 0.0 (card 102, fiald 6) is required
for sprung-mass/ground-contact option
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XSTIO | YSTIO | ZSTIO | XSTI0 | YSTIO | 2ZSTIO
XSTIO(I) YSTIO(I] ZSTIO(I] (I+1) (1+1) (1+1) (1+2) (1+2) (1+2) N 216

R W AR IR ROREAL SR Y PIR R Bl BRIk kR RN PR RtE S L AT I l'!““ﬂ“ﬂ!?uﬂ.‘lﬂ”"ﬁﬂl"“?‘?l i ERLRA N AR L R T |

Program Anailytical . tnput
Variable | Varisbie Description Units

Sprung-mass/ground-contact option

X3TIO(I) X, Y, and Z positions of vehicle structural poiats in.
¥eT10(1) with reapect to vehicle axis system, Input three sets in,
ZSTIO(1) per card up to & maximmum NHARPT. in.
XSTI0(I41)
YSTIO(141)
ZSTIO(141)
XSTI0(142)
YSTIO(I42)
Z8TI0(142)

N Card sequence mumber, right-justified in columns 75 and 76,
beginning &t 0

AKST AKST AKST AKST AKST

ARST(I)| (1+1) (I+2) (1+3) (1+4) (1+5) N 217
103 3 4 % 5 1 831811171405 HI!!N!IH“ZMI?HH”)]J HiEmIIUN § 4243 56 49 4 47 nusinniﬂu!nuﬂll!s_zru G 8 &7 W B G 7T VI R 15 16 10 TR 1Y 40
Program Analyticai . Input
Variable Variabls Description Units
Sprung-mass/ground~contact option
AKST(T) Omnidirectional stiffness for each individual point, 1b/in.
AKST(1+]) must be input if INDRST = O (card 215, field &), Six
AKST(I+1) values per card up to a maximum NHARPY
AKST(I+})
ARST(I+4) .
ARST(1+9)
N Card sequence number starting at 0,
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TIRE DESCRIPTION [TITLE 309
T2 34 b N[00t I2INN0 gRY R 8 e 7727 NN HE 2T 2D 300 DN DA 36 3 17 00 29 401 47 43 da 55 4 47 EIPN 0 41 A7 53 54 95 4607 55 58 0 5L K763 GO K8 5T B BB 10 13 TRD 46 75 28 11 7K 19 0y
Program Arnslytical " Inqm
Variable | Varisbie Dascription Units
THED - TIRE TITLE
This card may contain up to 72 charscters of alphsnumeric
information describing the simulated vehicle tires. Note
that only the first 40 characters sre printed on each
output page.
ITIR{1) | ITIR(2)| ITIR(3)| ITIR(4)| RWHJE DRWHY 301
EEERN R [N AL Y I SR N E R ey PR JCRERT DL TIITE Y P DU YT TR TEE LML
Program | Analytical L Input
Variable | Variabie Description Unity
ITIR{1) Indicator identifying set of tire data to be used -
for RF tire
ITIR(2) Indicator identifying set of tire data to be used -
for LF¥ tire
ITIR(3) Indicator identifying set of tire data to be used -
for BR tire
ITIR(4) Indicator identifying set of tire data to be used -
for LR tire
RWHIE Final deflection (B,~h';} of the force (¥':) versus in.
deflection characteristic of radial-spring tire model
DRWH.S Increment of deflection of the force/deflection in.

characteristics of radial-spring tire model.

Note: RWHJE and DRWHJ must be supplied only if
INDCRB = 1. The force corresponding to the
deflection values is computed sutomatically
in subroutine WHEEL for each set of tire
properties, The number of force entries is
limited to 3%. Therefore,

RWHIE , ; < 35
DRWHJ -
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ART(1) | SIGT(1)| XLAMT(1] AO(1) A1{1) A2(1) | A3(1) As(1) OMEGT(1 1 301
LR | LA 2SR A LA lelnznzznﬂllﬂnnﬂnu WIS M T M M S DR MU M R LI L LN SRR X
Program | Analytical ey Input
Variable Varishie Description Units
ART(1) X'I‘i Tire load/deflection rate in quasi-linear range 1b/in.

SIGT(1) 0"-1-1 Tire deflection at which load deflection rate increasas in.
KLAMT( L) ?s-rl Multiplier of Ky used to obtain tire stiffness at large -
deflectious
AO(1) "01
Constants for parabola describing small-angle cornering-
AlL(D) All stiffness variation with tire normal load. (See
sketch on following page.)
A2(1) Az,
A3(D) 531 Constants for parabola describiang small-angle camber-
stiffness variation with tire normal load. (See
AL(D) sy sketch on following page.)
0&6’1‘(11 1y Multiplier of A5 at which tire side-force characteristic
variation with load is abandoned
Note: This card represents the first partial set of tire
data and is required. If more than one tire data
set is indicated by two or more different entries
for ITIR on card 301, subsequent data follow this
card with the same format and the tire data set
number replacing 1 in columm 76. For example,
card 30! below indicates two different tire data
sets, with the first used for the front tires and
the second used for the rear tires of the vehicle.
1.0 1.0 2.0 2.0 301
AKT(1) | SIGT(1) | XLAMT(1] AO(1) A1(1) A2(1) A3(1) A4(1) OMEGT(1] 1 301
ART(2) | SIGT(2) | XLAMI(2] AO{2) A1{2) A2(2) A3(2} AL(D) OMEGT(2] 2 301
RN N !IDH121]N!5!11?lNiNZIHZ!IEHHRB”!!&EM!!'”Q” nmu«uuiﬂxwuuuguunuuun WIS I ISR IR
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AMU(L) | AMU(2) | AMU(3) | AMU(4) | RW(1) RW(2) RW(3) RW(4) 302
IEENY RN IR O NP TERLEE B R B IDOTTTIL P NI TE kT T UL TEERE G HETUEEY
Program | Anaslytical . Input
Varisbie | Varisble | Description Unity

AMU(L) |y Nominal friction coefficient between tire and ground,
The four values correspond to the four tire data sete.

AMU{2) | uy At least one, and at most the same number as the mmber
of data sets being used, is required,

AMO(3) | ug

AMU(S) | My

RW(1) Ry Undeflected tire radius, The four values correspond to in,
the four tire data sets., At least one, and at most the

RW(2) qu same number as the number of data sets being used, is in.
required,

BW(3) | Ry, in.

RW({4) Ry, FPor example, if, as in the exsmple of card 301, two tire in.
data sets are being used:

AMu(l) AMU(2) BW(1) mw(2) 302

POT 08§ T IR 2SS T I \B 021 22112 UMY 4SS MM ) ST AT T A S S W Y T 4 50 90 BV 7 50 SAL DR ST 05 00 P4 7Y TFY Fe T 11 T N M

—— ] A ™t
RADIAL, | }
:.OAD | |
Fq 1 1b -
R, i .
Ky I 1ih=0asakg
| 1, =258 em
i
RADIAL DEFLECTION
OF TIRE (R,, - h;), in.
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VEHICLY [CONTROL J;SCRIPTIJN TITLE

400
YRy b KM G e T HRRD :JMlnl3!105"”!13“&3“!?&!““”95!{ 7 S8 50 40 01 K2R3 BAE BE 67 BR BN VR 2 OOX 4TS 06 7T NS Y
Program Anailytical N Input
; - Descr n s
Varizhle | Variable iptio Units

CHED - VEHICLE CONTROL TITLE

This card may contain up to 72 charscters of alphanumeric
information describing vehicle control imputs. Note that
only the first 40 characters sre printed on each output
page.
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8 TE TINCR NTBL1 NTBL2 NTBL3 401
IR RN LR DY SN Y ik tih 1k 2N 435 M 3T R TR AR A2 AT LA M AT WSS URE RO L EEE J YR
Program | Analytcal - input
Variable | Varisble Descrigtion Unity

T8 Initiel time for driver control input tables s
TE Final time for driver control input tables s
TINCR Increment of time for driver control input tables 8
NTBL1 Indicator for steer angle (¥;) table; read ¥p table only
if NTBL1 ¥ = 0.0
NTBL2 Indicator for front-wheel torque (1Qp) table; read TQp
table only if NTBLZ ¥ 0.0
NTBL3 Indicator for rear-wheel torque (TQg) table; resd TQy
table only if NTBL3 ¢ 0.0
Note: TE must be >TB, and the number of entries in each
table (TE-TB)/TINCR +1 must be < 50. IETB ¥ 10
(control inputs starting in the middle of a rum),
the first three values in the inpuf tables must be
zero control inputs between TO and TB. Also, if
TE < T1 (control inputs ending in the middle of
a2 run), the control inputs between TE and Tl
are determined by quadratic intsrpolation of the
last three values in the control table. Hence,
if zero control inputs are desired between
TE aud T1, the last three entries in the tables
must be zero, Any (or all) of the three tables
that are to be input must appear in the order:
PSIF -~ front-wheel steer table deg
TQF - front-wheel torque table (each wheel) 1b=ft
TQR - rear-wheel torque table {each wheel) 1b-ft
Note: Each table card must coantain 401 in columns 78
through 80 and must also contain an increasing
table sequence number in column 76. For example,
if PSIF and TQR are to be read from t = 0.0 to
t = 1.0 second, in increments of 0.1 second:
0.0 1.0 0.1 1.0 0.0 1.0 401
PSIF(L) | pSIM{2) | ... ces PSIF(8) | PSIF(9) 1 401
PSIF{10} PSIF(11)} 2 401
TQR{1) TQR(2) vae ven TQR(8) | TQR(®) 3 401
TQR{10) | TQR(11) 4 401
1214 56 7 B| BTG ARaNT M IS 2 P 2o 2N T TR T 30 3 20T 238 B 0V A 00 At 4240 44 63 M) LER R R Rt &Ill!uumﬂﬂﬁlﬂn!lr PliassTiiice
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IPATH TWAGHN IFILT TIL TI TAUF ITDOPT 402
RPN DT IR S L E R PR BT L LY usluuuuﬂruu-alwnnm 374 75 1§11 T8 4 400
Program | Analyncai . input
Variable Variabie Description Units
Driver mode! path-~following option
IPATH Driver model path-generator option indicator
= 0, no path data to be supplied
= 1, user will supply path dats on card 403, 404
IWAGN Driver model wagon-tongue steer option indicator
= , no wagon-tongue steer data to be used
= 1, wagon—-tonque steer data to be supplied on card 405
= ~1, DRIV2 emergency steer response model option,
additional card 402 required
IFILT Driver model neuro-muscular filter option indicator
= 3, no filter data to be supplied
= 1, filter data to be supplied as follows:
T1L Time~constant lag of neuro-muscular filter 8
TI Time lead of neuro-muscular filter s
TAUF Net time delzy of neuro-muscular filter s
1TDOPT Varisble-torque path-following option indicator,

set = 1.0 for VIP?

Notes If ITDOPT = 1, IWAGN must equal |, and
alternate definition of card 405 uwaing VTPF
inputs is used,
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PSIA ‘PSIDM PSIDDM | TPBB PMAX PSIMAX IDUMP 1 402
RN LR TN SRRk FEEE L K il R g b L I 1 mnuuuu_uumwn&ununnm T TSR TT MY
Program | Analytical - input
Variabie Variable Description Units
DRIV2 - Emergency-maneuver driver control option inputs
(card must be supplied if IWAGN = =1)
PSIA ¥ Initial front-vwheel steer angle deg
PSIDM* ?F Maximum front-wheel steer velocity deg/s
PS IDDM* ﬁp Maximum front—vhael steer acceleration and deceleration deg/s?
TPRB tpry Time at which emergency-maneuver driver control 8
algorithm is to begin
PMAR Maximum driver discomfort level at which deceleration g's
of steering system is to begin
PSIMAX Maximgm front-wheel steer angle, input as positive value deg
After TPRB seconds have elapsed in the simulation rum,
DRIV2 accelerates the front-wheel steer velocity to PSIDM,
The velocity remains at PSIDM until either (1)} the
comfort factor exceeds PMAX or (2) the front-wheel steer
angle exceeds PSIMAX, If either (1) or (2) is true, the
front-wheel steer velocity is decelerated
back to zero.
IDUMP If IDUMP > (, subroutine DRIV] intermediate variables

are printed on unit 49.

#*Note: Algebraic sign of these variables determines the
direction of initial response,

**Note: For accel limit to work, must set NPAGE(17) = 1
(i.&., card 104, field 8)
Also: PMAX = -SIGR(PSIDM) * ABS{PMAX) "
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KLI | WPTS XINIT | YINIT | PSA DELL 403
P34 & BfEsisiiledisog ngumyumzw_unnunn EE R L e I Ty s Ll T T LR IR
Program | Ansiyticsl - input
Variabte Variable Description Unin
Driver model path-generator option inputs
{muet be supplied if IPATH = 1)
KLI Number of curvature descriptors to follow on card(s) 404, -
maximum of 8§
NPTS ¥umber of points to be generated frowm the path -
descriptors, maximum of 100
XINIT Initial X spsce~fixed coordinate of path in.
YINIT Initial ¥ space-fixed coordinate of path in,
PSA Initial path heading with respect to space~fixed rad
coordinate axes
DELL Distance between generated path points in.
DI(I) | RLI(2) | DI(I+1)| RLI(I+1] DI(1+2) | RLI(I+2) DI(I+3)| RLI(1+3 N 404
17 3 4 5 § 0 3015121145 R I 2018 1 EY N HOAMWNY LR FEE B ) 14243 4d 44 40 17 AN iuuts:usulnsuulhmnuuunn FEES M TA IR TV TN A
Program Analytical " Input
Variable | Variable Description Units
Driver mode)l path~-generator path descriptors
(st be supplied if KLT > 0 (card 403, field 1))
DI(I) Degree of curvature of path deg
where degree = 5729,6/radius in inches (1 ip. = 2.54 cm)
RLI(I) Distance along path at which degree is effective in.
Note: A constant and/or spiral path may be generated by
the use of DI(I) and RLI(I), RLI(I) should be &
wmultiple of DELL. TIf DI(I) does not equal DI(I+1),
the curvature will be spiraled between the two
descriptors.
N Sequance No., initial value O
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TPRB DPRB PLGTH BMIN PMAX PSIFD PGAIN QGAIN 405

IR ELL LIRS AR s Y BiR-Fiy, Nllﬂﬂwhﬁlﬂlﬂ 4742 M 4% 4G 4T MU MEMEIMNNRTR SO S RTINS IS e

Program | Analyticzl e Input

Varinble | Variable Duscription Units
Driver model wagon-tongue steer option inputs
(must be supplied if IWAGN = 1 (card 402, field 2))

TERB Initial probe sample time 8

DPRR Time between probe samples s

PLGTH Length of probe from vehicle C.G. extending along in.
vehicle~fixed longitudinal (X} axis

PMIN Error correction null band., If error of probe from path
is < PMIN, no corrective steer will be applied. in.

PMAX Maximum acceptable comfort factor above which driver g's
model will only reduce front-wheel steer angle.

PSIFD Maximum front~vheel stesr velocity, Corrective steer deg/s
response will be limited to < PSIFD

PGAIN Steer correction factor, Error is multipliesd by PGAIN rad/in.
to determine corrective stear.

QGAIR Steer velocity damping term. Limits velocity with which rad-
front-wheel steer angle can change. a/in,

Note: If ITDOPT = 1 (card 402, field 7), see alternate
definition of card 405 inputs on following page.
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TPRB DPRB PLGTH PMIN PMAX KrQRi EKTQR2 TMAX TDPSIO 405
IR ER NN Y ITY TR awnnxnu:guu:uuun uuiumuu#rmnmnn L L Y (LY HEYLT
Program | Analyticsi L input
Varisble | Vatiable Bescription Unis
Varisble-torque path-following (VTPF) option inputs
(must be supplied if ITDOPT = | (card 402, field 7))

TPRB Initial probe sample time s

DPRB Time between probe samples s

PLGTR Length of probe from vehicle C.G. extending along in.
vehicle~fixed longitudinal (X) axis

PMIN Error correction null band. If error of probe from in,
desired path is < PMIN, no corrective torque will be applied.

PMAX Maximum acceptable driver discomfort factor above which g's
driver model will only reduce front-whael steering torque

KTQR1 Torque correction factor. Error is uﬁltiplied by KTQR1 1b~in,/
to determine corrective torque applied to front-wheel in.
steering system

KTQR2 Torque correction damping factor. Limits resultant 1b=-in,~§
change in corrective torque applied to front-wheel in,
steering system

TMAX Maximum corrective torque which can be gpplied to Ib~in.
front-wheel steering system

TDPS1O Initial corrective torque to be applied to front-wheel 1b~in

steering system

Note: VIPF is used in conjunction with the tire sidewall
contact option model.
See input IADDT, card 516, field 8,

199




-
TERRAIN [DESCRIPTION TITLE 500
Poroa 056 8 smvHH!uHlln1“!)0112?:!212_&&}?"5)!:“ SEYTE Y] |2 a3 A A5 4 5142 40 50 45 Sl M0 S W AT K2 63 SE 8T A ES PO 2T TIRI M IR 60T IR 1Y A
Program Arnalytical L input
Variable | Variable Description Units
GHED - TERRAIN TITLE -
This card may contain up to 72 characters of alphanumeric
information describing the simylated vehicle's environment
{curbs, terrain tables). Note that only the first 40
characters are printed on each output page.
Cards 501 through 505 are employed for input of terrain tables, These

tables include a maximum of four constant-increment tables and one variablew

increment table, which must be the highest-numbered table in use.

The

constant~increment tables are all read under the same format, Table 1 being

read on cards 501, etc.

The variable~increment table is read with a slightly

different format on cards numbered one greater than the highest-numbered

constant~increment table.

x A

XE
XINCR >
i@ NOTE: 1,2, 3,4 ARE
’ R CORNER POINTS OF
— TERRAIN SEGMENT
h‘V IN WHICH WHEEL ;
BORY 1S LOCATED
S —
2 a | BON=
x* X2 - T -pOSITION OF WHEEL i
P NS = WP
x1 1 3
X8
Y8 Y1 ¥2 YE
XBDRY eti{ YINCR jotm
1 y"
Py
TEARAIN TABLE GRID
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XB(I) - XE(1) XINcr(1) YB(I) YE(I} YIRCR(1Y NBX(1) HRY(I) SOL
Y I I e LN P N E L T T e I rrTe Y ULY PRl T
Program Anaiytical L input
Variable | Variable Description Units

Constant-increment terrain tables
Note: The constant-increment terrain table number
raplaces the letter I in the card number.
Thus, constant-increment Table | becomes
card 501, etc.
¥B(1) Initial X' value of tervain Table I in.
XE(1) ¥Final X' value of terrain Table I (XE(I)} > X8 (1)) in,
XINCR(I} Increment of X' between terrain~table entries in.
¥B(1) Initial ¥' value of terrain Table I in,
YE(I) Final ¥' value of terrain Table I (YE(I) > YB(I)) in.
YINCR(I) Increment of Y' between terrasin-table entries in.
NBX(I) Number of angled boundaries for Table I (0 < NBX ¢ 8)
NBY(1) Wumber of ¥' boundaries for Table I (0 < WY < 8)
Card S0I contains the control information for terrain
Table 1. The remainder of the data is contained on
cards numberad 501, with an increasing table sequence
number contained in column 76.
If NBX(I) # 0, the following two cards are required
containing:
X38DRY LgpRY XBDRY - XB intercept of angled boundaries in.
PSBDRO | #BDRY PSBDRO - angled boundaries' angle from X' axis deg
XBDRY{J,[L} J = 1, NBX{1) 1 501
PSBDRO(A, I) J = 1, NBX(I} 2 591
1£ NBY(I) ¥ 0, the following card is required containing:
YBDRY TapRY YBDRY ~ the location of the Y' boundaries in.
YBRDRY{J D) J = 1, NBY{(I) n 301

where n is the largest sequence mumber yet supplied,

Note: 0 < NBX(I) < 8
0 < NBY(I) < 8

No boundary cards need be supplied if boundaries are

not required for Table 1.
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Following the boundary cards, or card 50I if no boundary cards are used,
are the terrain-elevation cards., These cards contain the elevation of the
terrain (Z'g) at each grid point within Table I. NX x NY entries must be

supplied, where:

NX = {(XE(I)-XB(1))/XINCR(I)] + 1
NY = [{YE(I)-YB{I))/YINCR(I)} + 1

and NX < 21, NY < 21. Entries are made with the Y' coordinate varying most
rapidly and must contain ecard number 50T in columns 78 through 80 and an

increasing sequence number in column 76.

ZGP{1,J) J = 1,NY Elevation for y' values at XB(1) s | 301

ZGP(2,3) J = 1 ,NY Elevation for y' values ac XB(I) + s | 50L
XINCR(1)

ZGP(NX, %) J = 1,RY Elevation for y' grid points at XE(I) s | sot

I EREIPTERIAT SRy, SR PR RN PR NPT e r o ey T NN, . N T LI SR TR

.where s in colummn 76 represents the table sequence number, which must increase
with each card,
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(1) |[XE(D NX(1) Y8{1} YE(1) NY(I) Nsx(1) | wBY(I) | 1.0 501
RN N R NIRRT O T PR LK AITARM 33537 XM AL 42 AT M AR 47 lﬂluuuuumuu-nnn CEETER M M T FRIJeRIE2 1E 1h
Program | Anslyticat Descriot; Input
Variable Variable iption Units

Variable~increment terrain table
Note: The variable-increment terrain table number
replaces the letter I in the card number,
Thue, if the variable~increment table is Table
Number 3, it is read on cards 503.
¥B(1) Initial X' value of terrain Table I in.
XE(L) Final X' value of terrain Table I (XE(I) > XB(I)) in,
NX(I} Number of X' grid points to be supplied
YB{I) Initial Y' value of terrain Table I in,
YE(I) Final Y' value of terrain Table I (Y8(I) > Y8{(I))} in.
NY(I) Number of Y' grid points to be supplied
NBX(I) Number of angled boundaries for Table I (0 < NBX < 8)
BBY(I) Number of ¥’ boundaries for Table I (0 < NBY < 8)
Note: 1.0 must sppear in columns 65 through 72.
Card 501 contains the control information for terrain
Table I. The remainder of the data is contained on
cards mumbered 501, with a&n increasing table sequence
number contained in columm 76.
1f NBX(1) ¥ 0, the following two cards ere required
containing!
XBDRY Xapry XBDRY - XB iuntercept of angled boundaries in.
PSEDRO | #mprY PSDBDRO - angled boundaries’ angle from X' axis deg
XBDRY (I J1} J =1, NBX(1) 1 501
PSBEDRO(], 1) J = 1}, NBX(I} 2 501
If NBY(I) # 0, the following card is required containing:

YBDRY YepRry YBDRY - the location of the Y' boundaries in,
YRDRY (T /1) J =1, NBY{D) n 501
where n is the largest sequence number vet supplied.

Note: 0 < WBX(1) < 8
0 < WBY(I) <8
Ne boundary cards need be supplied if boundaries are
not required for Table I.
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Following the boundary cards, or card 50L if no boundary cards are used,
are the terrain-elavatien cards. These cards contain the elevation of the
terrain (Z'g) at each grid point within Table I. NX x NY entries must be
supplied, where NX and NY are read in fields 3 and 6 on card 50I and NX ¢ 21,
WY < 21. Entries are made with the Y' coordinate varying most rapidly and
must contain card number 501 in columns 78 through 80 and an increasing

sequence number in columm 76.

ZGP(1,1) J = 1 ,NY Elevation for y' values at XB(I) s | 501
ZGP(2,J) J = 1 RY Elevation for y' values at XX2GP5(2) s [ 501
ZGP(NX, 1D J = 1,NY Elevation for y' grid points at XE(1) s | 501
Pt s s SREN0 i e e 122 20N aR 1T A0 X800 D) 30D 24 15 JA DT VA I9 ARAY 4760 40 45 6847 40 50 §1 820 2405 ST S0 V0N B 62 63 MK W0 6T 5068 00 21 13 1 25 T 9 3

where 8 in column 76 represents the table sequence number, which must increase

with each card.

Following the elevation entries are two tables containing the ¥' and X'

grid locations for the variable increment table:

¥Y26P5 () N = 1,NY(D) s |50t
XXZGP5(N) N o= 1,8X(1) s 501
Vs s alieae iy e et ni9 2000 2] 8 26 00 A0 1 1085 336 2630 T8 19 G 4141 ke 45 4R LT AMKY SR 815753 64 54 VEIRT 063 R0 41 67 83 oY 66 £7 B 48 T 11 2RI 14 g1 4 1 u
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TERRAIN TABLE EXAMPLE

Consider three terrain tables as shown in the sketch:

160 [-oemepmseseopneees R T T )
140 it ) TABLE3
120 ! ;
L e e O frerenefeonass poreeeet
; u : P! ) TABLE2
T - A — O - SR R o
X, in, 80 [T ! ; P
80 [t} R
op—t il A
) L e B g : :
'{—:'_?P,“Y--’T : i1 1) TABLE1
L ! : i 4 ' i
2a H i 4 1 ‘: ------- ‘s ‘‘‘‘‘‘‘ E
0 H H ) 4 H . H

o
80 100 120 140 160
y, in,

o
L]
o
&
[ ]
8

Tin, =254 cm

Let table 1 have a X' increment of 20 in. and a Y' increment of 50 in.:
let table 2 have an X' increment of 30 in. and & Y' increment of 40 in.
Table 3 is a variable~increment table containing elevations at Y' = ¢, 20, 40,
60, 80, 100, 120, 130, 145, and 150 in. and X' = 120, 140, 150, and 160 in.
Also, let table 1 contain an angled boundary with an X' intercept of 20 in.
100

and #appy = arctan (mi-a) = 78.7 degrees.
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Let the elevations for each grid point be as given in the following

tables:

¢ s
X', 1in,

X', inm.

. s
', 1n.

Table 1

v s
Y', in.

0.0 50.0 100.0

0.0 { 0.0 0.0 0.0
20.0 1.0 2.0 1.0 1 in. = 2.54 cm
40.0 2.0 3.0 2.0
60.0 | 4.0 4.0 4.0
Table 2
¥, in.
0.0 40.0 80.0 120.0
60.0 | 4.0 4.0 4.0 4.0
90.0 | 4.0 5.0 6.0 4.0
120.0 3.0 4.0 5.0 5.0
Table 3
¥', in.
0.0 20.0 40.0 60.0 80.0 100.0 120.0 130.0 145.0 '150.0
120.0 3.0 3.5 4.0 4.5 5.0 5.0 5.0 6.0 3.0 1.5
140.0 | 3.0 3.0 3.5 4.0 4.0 4.5 4.0 3.5 2.5 2.0
150.0 1.0 2.0 2.0 2.5 2.5 2.5 2.5 2.0 1.0 G.5
160.0 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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AMUG(1) t AMUG(2) | AMUG(3) | AMUG(4) | AMUG(5) | ISINK 506
CERAL A KRUAERERPRLIC L NIE FIRIRC3: (o0 ki b B Rl pEY L I M4 M nuu.niﬂuﬂlnnnnnm“unnnu
Pragram Anatytical - Inpuy
Variable ] Varisble Description Units
AMUG(L) [ Mq, Terrain tsble friction multipliers., These factors are a -—
AMUG(2) |y, multiple of the nominal tire-ground friction coefficient
AMUG(D) | ky, (card 302) that change that value when a tire is within a
AMUG(4L) | sp, given terrain table.
AMUG(5) Moy
ISINK Number of terrain tablea for which deformable soil option
is in effect
ISINK < 5
If >1, additional card(s) 506 must be supplied. See below,
]
J KC() KPHI(I) | N(J) PTPLOW TRB(1) TRB(2) TRB(21) TRB{4} |NSEQ 506
L 405 5 I AIE D TSI NN ITIEN BN AR ulixnnnguzuuawuuuuuuu 780 5000 Bt 62 63 LY G ET A0 EY KO TE AT e TS I TI T8 I Ay
Brogram | Analytical o Input
Variable | Variabie Dascription Unit
Deformgble soil terrain table option inputs
(must be supplied if ISINK > 0, card 506, field 6)
J Terrain table no. for which deformable soil descriptors
are to be used
KC(1) Ke Moduluys of soil deformation due to cohesive ingredients 1b/in.N{2
of soil far Table J
KPHI(J) K¢ Yodulus of soil deformation due to frictional ingredients 18/in,N92
of soil for Table J
N(I) ” Exponent of soil deformation .-
PTPLOW Pneumatic trail for soil-~induced moments in,
TRB(1) to Tire tread width for wheel I, where I =: in.
1 for R¥, 2 for LF, 3 for RR, 4 for LR
Note: KC, KPHI, N are soil constants as defined by
Bekker, 17
NSEQ Sequence number, beginning with 1, up to value of ISINK.
Enter in column 76
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YON(1) | YCW(2) | YCN(3) | YCN(4) | YCN(S) | YCN(6) | (YCR(?)| AMUC 507
+ 6 Bl a2 e gh N N IIEN M MR I M N M I ATl AR 44T LB R ] 1!!!..""& S IH L RN SRR R RN L)
Program Analytical . Inp_ut
Variable Variable Description Units
Curb Option Inputs
{wust be supplied if RCRBSL (vard 102, field 3)> 0
YCN(I) | ¥'ey Lateral positions of first through seventh slope in,
changes defining a curb
Note 1: The first and last curb slope definitions
are for the terrain preceding and following
the curb. The radizl-spring tire model is only
uged on curb faces number T+l up te NCRBSL-1.
Note 2: Only as many curb slope change positions as
indicated by NCHBSL need be supplied.
Note 3: Terrain table definitions may be used in addition
to the curb option, The terrain tables will be
ignored only for each tire within one wheel radius
of the second and second-last curb-face definition,
AMUC e Curb friction coefficient multiplier. This value is & -
multiple of the nominal tire-ground friction coefficient
{card 302) that changes that value when in contact with the
curh.
TWO-SLOPE CURB
90 < by <O
¢c2”°
Y Z'G- 0 -
—] c1‘—.{_
z l FOUR-SLOPE CURB
0 > ¢C‘I >0
t+l¢c1 ! i tizeq
nzc:3
Y'ozg=0 ®ce=0
G
. P
e “"ca mzcz
Yez
z !
Yc3 "_']

C4 -'l
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ZOR(1) | ZON(2) | zCW(3) ] 2CM{&) | ZCW(S) | ZCN(6) | ZCW{(7) 508

P e h R M eI M RIS R T AR MR AR I LN LR R Y L Tk MEATER RS PO TT TR N4 0N T4 1T TR Iy e
Program Analytical L Ingut
Variabte Variable Deseription Units
ZCR(L) [2'gy Curb elevation at YCN(1l) through YCN(7), in.

respectively., (See notes on card 507.)

PHICU(1) PHICU(2) PHICU(3)] PHICU(4] PHICU(5) PHICU(4] PHICU(7] 509

t IR MR IR NI A AN HI NI en u:uuuuno’ﬂﬂ!Huutﬂlirﬂinnn B TL 7 AR DR 7Y IO M TE T Y a0
Program | Analyticai L Input
Vatiable Variabis Deseription Units
PHICU(I) dey First through seventh curb alope angles deg
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XBERO XEERO XBERO XEERO XBERO XEERO XBERD XEERO
(a,1y  [(,n (2,1) |(2,D {3,1) (3,1) (6,1) [, |1 NSEQ 514
Popotoa s § 0 RS0 ti TS ST i e 20 FRTIIETY 2R ST N 29203 SHTI 34 35 16 17 M 2P APt 4243 M4 RS M 4T uunuuuus_!ruunnnu W5 46 6T Sh A% 20 1t ?Eﬁill REER L
Program Analyticat e Input
Variale | Variable Descrintion Units
Terrain table angled-boundary specification
XBERO(J, 1) Beginning of X range for angled boundary J, in.
terrain Table 1
XEERO(J,1) Ending of X range for angled boundary I, in.
terrain Table I
where 1< J<C 8
L<Igs
t Ro. of terrain table containing boundaries
NSEQ Card sequence No,: 0 ¢ NSEQ < 9
YBERC YEERO YBERO YEERD YBERO YEERO YBERO YEERD
(1,1} (1,1} {(2,1) (2,1) (3,1) (3,1} (4,1) (4,1) 1 NSEQ 515
1204 % 6 A sg Il cacts (g R I8 M P 22230 l!?‘z?nﬂﬁi‘lﬁ U RMIT PRI T MY uuuuunn“luuwnnnumnm 3041876 1 TR MY
Program Analytical L Input
Variable | Variable Dascription Units
Terrain table angled-boundary specification
YRERO(J,I) Beginning of Y range for angled boundary J, in.
ferrain Table I
YEERO(J,0) Endmg of Y range Em.- anglad boundary J, in. ,
terrain Table I
where 1 <J <8
1<I<5
I No, of terrain table coataining boundaries
NSEQ Card sequence No,: 0 < NSEQ < 9
Rote: Either or both cards 514 and 515 may be used,

(%]
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|

NSW . DIWS DIWI ISWOPT | DUM(1) | DIM(2) | DUM(3) | IADDT | DUM{4) 516
448 LRSS TR S P O o BiR . B PLR: i RID- ¥ | TARAT A A4 G AT ANEE S ST 52T W S0 LT S SR O 61 A7 K3 G0n SR KT 0 08 0N 11 FRY ra s i !y g re el
Program | Analyticat - Input
Variable Veriable Description Units
Tire-sidewall contact model option inputs {ISWOPT)
NSW Number of sidewall springs per radial vector (maximum of 6)
DIWS Radial-apring sweep extent (defaulr = 104 degrees) deg
DIWI Radial-spring sweep interval (defsult = 4 degrees) deg
Note: DIWS must be a multiple of DIWI,
ISWOPT Sidewall contact model option indicatoer
= 0, model not used
= ], option enabled
If = 1, sidewsll point definition must be supplied
on card 517
DUM{1) Maximum sidewall-spring-induced moment which can act on
front-wheel steering system lb~in.
DUM(2) Elevation of top of curb (simple step curb representation),
used for additive torgque option. This is separate from the
multiple slope curb option on cards 507-509. in.
DIM(3) Initial elevation of front tire, additive torque option in,
TADDT Additive torque option indicater =: | for BF, 2 for LF.
Permits the simulation of tire sidewall spring/curb
gerubbing, where driver model will abandon path following
and add torque to front-wheel steering system at DUM(4) rate
DUM(4) Percentage of existing torque to be added to front-wheel p4
steering system per sampling time (DPRB, card 40%, field 2
for VIPF option)
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ZSW(I) | YsW(I) LWKST(I) WSIGT(I) | swMu(L) N 517

N R LR RN A FNINT R ST Y RN FEl mmnum!:unaxama 14243 44 43 45 47 SE 415251 4 I RSN B BEED L L E R T

Program Analyticai

s Input
Vatiabie Varizble Description Units

Tire-sidewall contact model option inputs (ISWOPT)

28W(1) Tire radiue at which sidewall spring is located on in,
each radizl vector for spring I

TSW(1) Distance from wheel centerline to sidewsll point I in.

SWKST(1) Sidewall point I load deflection rate tb/in.

WSIGT(I) Sidewall point I deflection at which saturation occurs in,

SWMU(I) Sidewall point I friction coefficient multiplier —

N Card sequence number, beginaing with 0 in column 76.

Note: This card represents the first set of tire sidewall
point definitions. 1If NSW >} (card 516, field 1) ,
additional cards sust be supplied with the same
format as this card except that the sequence number
must be increased by one for each additional card.
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INITIAL CONDITIOJ DESCRIPTION TITLH 800
* I L I N R N R R R S M b L T e IR Rl e L At Y R RN SRR R IR
Program Anglyticat . input
Variable Vatiable Description Units
SHED - INITIAL CONDITION TITLE -
This card may contain up to 72 characters of slphanumeric
information describing the initial conditions for the run.
Note that only the first 40 characters are printed on each
cutput page.
PHIO THETAQ | PSIO PO Q RO PSIFIO | PHIFDO 601
Fa ol ay & Al aanasgmie i int BN AMYY Ay 4 47 AT 4 £4 40 47 060 S0 R AT 43 54 I L -t O LR IR
Program Anaiyticsi L Input
Variable Variable Description Units
PHIO ¢0 initial vehicle vehicle roll angle deg
THETAO |&g Initial vehicle pitch angle Euler angles¥® deg
PSIO ¥o Initial vehicle vaw angle deg
PO Pg Initial vehicle angular velocity about X axis deg/s
Q0 Qa Initial vehicle angular velocity about Y axis deg/s
RO Ro Initial vehicle angular velocity about Z axis deg/s
PSIFIO | #¢p Initial front-wheel steer angle deg
PSIFDO "}fo Initial front-wheel steer angular velociry deg/a
*Rotation sequence is yaw, pitch, roll
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XCop ¥COP 2C0P uo vo wo 602
PS03y S 1 A9 Fmrt 203 eh on bEf1) b M 77 73 1A3S 26 27 ME PR30 3 TS 20 05 0 27 36 30 AMRA1 47 43 44 55 a8 &) a1 MK B! 5T 43 V4 55 08l5Y S0 54 60 44 67 63 ITERE PR ET
Program Analytical . Ingut
Variable Variable Description Uity

xcor o Initial X' coordinate of sprumng-mass C.G, from in,
space axes

YCOP L APV Initial ¥' coordinate of sprung-mass C.G. from in,
space axes

zcop 2'en Initial Z' coordinate of sprung-mass C.G. froem in.
space axes

o Uy Initial longitudinal velocity of vehicle C.6. (along in./s
vehicle X axis)

vo Vo Initial lateral veloecity of vehicle C.G. {along in./s
vehicle Y axis)

WO Wy Initis)l vertical velocity of vehicle C.G. (along in./s
vehicle 2 axis)

ELID DEL20O DEL30 PHIRO DEL1OD DEL.20D DEL30D PHRIROD 603
Toroad b6 2 B30 A ISR 01820 2 22l R 25 27 20 F9 20 10 T3 1 3N 4 37 38 29 4 4T add At agd) ll“!l“%Tﬂﬂ.llﬁ“lﬁ“ﬂn“?ﬂ”? P36 IS TE g 19 E
Program Analyticat . Input
Variable Variable Description Uni

DEL10 810 Initial RF-wheel displacement from equilibrium in,
DEL20 840 Initial LF-wheel displacement from equilibrium in.
DEL30 530 Initial rear roll-center displacement from equilibrum in,
PHIRO ¢Ro Initial rear-axle roll angle with respect to vehicle deg
DEL1OD | &4y Initial RF-wheel deflection veloeity in./s
DEL20D |4 Initial LF-wheel deflection velocity in./s
DEL30D 530 Initial rear roll-center displacement velocity in./s
PHIROD o Ro Initial rear-axle roll angular velocity deg/s
Note: This form of card 503 is used only when ISUS = O,
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DEL10 D‘ELZO DELIC DEL4G DELIOD DEL20D | DEL30D | DEL4AOD 603
17 e s SEO QPP IR EI v s gl N N NN IE I INIMIS )T IS 3A2AT MM AL SR AT AgY SESS ST 0T 04 P SURT BN A ME NG A2 40 RARE B ET GR &N M T PMRPT 00 0T T 0T UE ra by
Varatie | ‘voriie. Description Umvs
DEL10O 510 Initial RF-wheel displacement from equilibrium in.
DEL20 §a0 Initial L¥-vwheel displacement from equilibrium i,
DELIG 81g Initial RR—wheel displscement from equilibrium in.
DEL4O $40 Initial LR-wheel displacement from equilibrium in,
DEL10OD 510 Initisl RF-wheel deflection velocity in./s
DEL 20D 520 Initial LF-wheel deflection velocity in./a
DEL30D 530 Initial RR-vwheel deflection velocity in./s
DEL4OD Sao Initial LR-wheel deflection velocity in./s
¥ote: This form of card 603 is used only when 15US = |,

TELLO PHIFO DEL30 PHIRO DEL1OD | PRIFOD | DEL3GD | PHIROD 603
P43 E L MEHEMIZIIRMEIIES AN NN AN BN IPIMN BN uN 141463 48 48 4841 HHSISMH‘MH S6 0T RO R e P UTT ML T Y U809
Variabie | acable Description s

DEL1O S10 Initial froat roll-center displacement from equilibrium in.
PHIFO ¢go Initial front—axle roll angle relative to vehicle dag
DEL30 810 Initial rear roll-center displacement from equilibrium in.
PHIRO ?RO Initial rear—~axle roll angle relative to vehicle deg
DEL1OD 510 Initial froat roll-center deflection velocity in./s
PRIFOD &po Initial front-axle angular velocity deg/s
DEL30D 530 Initial rear rollwcentar deflection velocity in/s
PHIROD égo Initial rear—axle angular velocity deg/s
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This card signifies the end of & data set and must

be supplied.
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Appendix C
FURCTIONAL DESCRIPTION OF HVOSM EXTENSIONS

SCOPE

This appendix provides a functional description of the additions and
modifications contained in thias version of HVOSM. For the new options
(deformable-soil model and sprung-mass ground contact model), a full descrip-
tion of input, intermediate, and output program variables is given. For exist-
ing routines that have been modified or extended, the input program variables
and, where applicable, the output program variables are defined. All input
program variables have the input card number and the location on that card
listed next to them. Wherever it exists, the analytical variable (symbology)

representing a4 program variable is also given,
DEFORMABLE SOIL-~MODEL

The vehicle response due to one or more wheels leaving the pavement and
sinking into soft soil is simulated by the deformable-soil model option in sub-

routine SINKF., Subroutine SINKF is called by subroutine TIRFRC (tire force).

Inputs for the deformable~soil model are entered on the 306 card series.
Entry of ISINK >1 on card 506 and the inclusion of additional 506 cards (one
for each terrain table with soft soil) are necessary to enable the deformable-
s0il model. The input variables, intermediate variables, and output variables
for the deformable-soil model are described in Table 49, Table 50, and Table

51, respectively,
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Table 49, Input variables for deformable-soil model.
Program | Anslytical
variable variable | Card | Field | Descriptiom Units
AMUG(J) Ay 506 15 | Terrain-~table friction multipliers’ -
ISINK 506 6 Number of terrain tables for which -
deformable~soil model is in effect
If ISINK 21, values for the following input varisbles must
be supplied on ISINK number of supplementary 506 cards
A i 5086 1 Terrain-table number for which -
deformable~soil model is in effect
RC(I) Ko 506 2 Modulus of soil deformation due to 1b/in. N*2
cohesive components of the soil for
table J
RPHI(J) Ky 506 3 Modulus of soil deformation due to | Ib/in,N*2
frictional components of the soil
for table J
N(J) n 506 4 Exponent of the soil deformation -
PTPLOW 506 5 Pneumatic trail for soil-induced in.
moments
TRB(I) ty 506 6 Tire tread width for wheel I in.

Values for K., K¢, and n for different types of soils are given by Bekker,i7
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Table 50. Intermediate variables for deformable-~soil model.
Program: Analytical
variable variable Description Dnits
1 i Tire number
FRCP(I) F'gp. Tire force perpendicular te the 1b
tire/terrain-contact plane.
HI(D) hi Tire rolling radius in,
SLPANG(1) @y Tire I sideslip angle rad
vG(I) G, Contact-point lateral velocity in in./s
the direction parallel to the
tire/terrain-contact plane
UG(1) ug, Wheel center forward velocity in in./s
the direction parallel to the
tire/terrain-contact plane
PSIIP(I) ' Steer angle of wheels in tire/ rad
terrain-contact plane
RW Ry, Undeflected tire radius in.
fHI(I)-ZSINK(I)] §2 Tire daflection in.
THET1 64 One-half the angle subtended by rad
the chord Z
THET2 952 One-half the angle subtended by rad
the chord &4
AS Ag Area of tire side in contact in.2
with soil
AF Ag Front area of tire in contact in.2
with soil
AP Ap Projected tire/soil-interface in.2
area for a sideslipping tire
MR(I) FMr; Motion-resistance force 1b
FS(1I) Fg. Tire side force in plane of the 1b

tire/terrain-contact patch
perpendicular to the line of
intersection of the wheel plane
and the ground plane.
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Table 51. Output variables for deformable—soil wmodel.

Program Analytical
variable variable Description Units
ZSINK(I) Z3 Tire sinkage for wheel I in.
FPLOWX(I) / FPLOWX. Tire circumferential plow force for 1b
L wheel I
FPLOWY(I) FPLowy. Tire side plow force for wheel I 1b
i

SPRUNG~MASS GROUND CONTACT MODEL

. The sprung-mass ground contact model (contact-point) option is
incorporated into subroutine SFORCE (sprung-mass impact force) to allow the
vehicle sprung mass to react to contacts with the local terrain. The
resultant moments and friction forces at each body point are computed in
subroutine RESFRC,

Inputs for this model are supplied on cards 102, 215, 216, and 217.
Inclusion of cards 215 and 216 and an entry of NHARPT > 0 (card 215) are

required to call the sprung-mass ground contact model into effect.
The input variables, intermediate variables, and output variables for

the sprung-mass ground contact model are described in Table 52, Table 53, and

Table 54, respectively.
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Table 52. Input variables for sprung—wmass ground contact model,

Program

Analytical
variable variable | Card | Pield | Description Tnits
DELTB 102 6 Vehicle integration rime atep for use s
during point/ground contacts
NHARPT 215 1 Number of structural omnidirectional points, -
maximum of 39
EPSHP Eyp 215 2 Friction null band of point/ground contact in,/s
point calculations
AMUGHP Agp 215 3 Nominal point/ground friction coefficient. -
Note: The effective coefficient is the
product of mpp and AMUG for the terrain
(see card 506).
INDKST 215 4 Indicator for constant stiffness for sll -
points
If INDKST = |, all points have
same stiffness
If INDRST = 0, the stiffness for
each point muat be input on
card(s) 217
AKCNST 218 5 Constant omnidirectional stiffness of 1b/in,
vehicle structural points, must be input
if INDEST = 1
PHIHP Pap 215 6 Roll or pitch angle at which point option deg
calculators are to begin, input positive,
test in made on absolute value,
XSTIOCI) xSTi 216 1 X, ¥, and Z positions of vehicle in,
¥YSTIOT) o 218 2 structural points with respect to
Z8TI0(1) 216 3 vehicle axis system. Input three
XSTIO(1+1) 216 4 seta per card up to a maximum of NHARPT,
YSTIO(I+1}]  Ygy; 216 5
ZSTIO(I+1) @ 216 6
XSTIO(I+2) 216 7
YSTIO(I+2) 216 8
ZSTIO(I+2) ZSTIO 216 9
ARST(1} KSTi 217 1 Omnidirectional stiffness for each 1s/in.
AKST(I+1) 217 2 individual point, must be input
ARST(I+2) 217 3 if INDKST = 0. Six values per card
AKST(1+3) 217 4 up to a maximum of NHARPT.
AXST(I+4) 217 5
AKST(I+5) 217 6
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Table 53. Intermediate variables for sprung-mass ground contact model.
Program Analytical
variable variable Description Onits
XSTI XgT, Vehicle-fixed locatioms of deflected in,
YSTI g1y points calculated in SFORCE
Z8TI1 ZSTi
X8TIP XSTi Spaced-fixed locations of deflected in.
YSTIP YSTiP points in ground plane, calculated
Z8TIP zSTip in SFORCE
P
XSTIPO Zyp; Space-fixed locations of undeflected in,
YSTIPO Yyp; points, calculated in SFORCE
ZSTIPO Zup;
FNSTI FNSTi Point force normal to local terrain ib
INDHPT - Point option indicator set in BLKO2 if -
input card 215 is supplied
INITHP - Point initialization flag set equal to O -
in BLKD2, equals 1 in SFORCE after
initialization
FRICF Resultant friction force for each point 1b
calculated in RESFRC
UPT U'STi Velocity components of the points in in./s
VPT V'STi space-fixed axes
WPT WISTi
ZAPGHP (40) Zgup; Elevation of terrain at point locatiom, in.
calculated in INTRPS on a call from
SFORCE
THGIHP (40) QGHPi Pitch angle of terrain at point rad
location, calculated in INTRPS on a
call from SFORCE
PHGIHP(40) ¢GHPi Camber angle of terrain at point rad
location, caleulated in INTRPS on a
call from SFORCE
XMUGHP (40) A GHP g Resultant friction ceoefficient of -

point, caleulated in INTRPS on a
call from SFORCE
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Table 54. Output variables for sprung-wass ground coutact model.

Program | Analytical
variable variable | Description Units
DEFHP(I) (SHPi)max Poznt/g;ound-coutact—xnduced in,
deflection
SFXS 2¥yg X, ¥, and Z resultant forces of 1b
SFYS 2 Fyg point/ground contact in vehicle-
SFZ8 IFyg fixed axis system
SNPS IN ¢g Roll, pitch, and yaw moments resulting 1b~in.
SNTS IN gg from point/ground contact forces
SNPSS IN yg in vehicle-fixed coordinate system
FXpSIM IFyp X, ¥, and Z resultant forces of point/ 1b
FYPSUM iFyp ground contact in space-fixed axis
FZPSUM LFzp system
TIRE MODEL

The modifications to the HVOSM tire model involving energy dissipation
for large radial deflections, normal-lcad calculation, and side~force
saturation for overloaded tires did not result in changes in the tire input or
output variables. For a description of tire input information, refer to the

charts for cards 300 through 302 in Appendix B.
TIRE-SIDEWALL CONTACT MODEL

A tire sidewall in contact with the curb is modeled in subroutine CRBIMP
(curb impact). To initiate the tire-sidewall contact model option, NSW (card
516) must not equal 0, and card(s) 517 {providing tire-sidewall information)
must be supplied. Since this option serves to calculate the forces and
moments on each wheel that are added to the existing summations in subroutines

TIRFRC, UMOMNT, and DAUX, there are no direct output variables.

The variable-torque path-following (VIPF) option up to this point in
time has been used only in conjunction with the tire-sidewall contact model to
provide driver control during a tire/curb-scrubbing situation. Since the VTPF
requires driver-model inputs, the input variable description for this option

is included in the subsection entitled Driver Model in this appendix.
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The input variables for the tire-sidewall contact model are described in

Table 35.

Table 55. Input variables for tire-sidewall contact model.

Program | Analytical
variable variable | Card | ¥ield | Description Units

NSW 5th 1 Number of sidewsll aprings per radial vector
(maximm of &)

DIWS 516 2 Radial-spring sweep extent deg
(default » 104 degrees)

DIV 516 3 Radial-spring sweep interval deg
{default » 4 degrees)
Note: DIWS must be a multiple of DIWI.

ISWOPT 516 4 Sidewall spring option indicator
= 0 option not in effect
= ] option in effect

DUM{1) 5t6 5 Maximum sidewall spring~induced moment i1b-in,
which can act on front-wheel steering
system
DUM{2) 516 6 Elevation of top of curb in,
DUM(3) 516 7 Initial elavazion of front tire in.
TADDT 5t6 8 Additive torque option indicater #: 1 for

RF, 2 for LF. Permits simulation of tire
sidewall spring/curb scrubbing where

driver model will abandon path-following
mode and add torque to front-wheel steering
aystem at DUM{4) rate.

DUM{4)} 516 9 Percentage of existing torque to be added z
te front-wheel steering system per
sampling time (DPRB, card 405, field 2)

ZSW(I) 517 1 Tire radius at which sidewall spring is in',
iocated for each radial vector for spring I

YSW{I} 517 2 Distance from wheel centerline to sidewall in.
poine I

SWRST{(I) 517 3 Sidewall point I load deflection rate 1b/in.

WSIGT(I) 517 4 Sidewall point I deflection at which in,

saturation occurs

SWHMU(T) 517 5 Sidewall point T friction coefficient
multiplier

N 517 i0 Card sequence number, beginning with 0,

Note: This card represents the first set of
tire sidewall point definition, If
NSW > 1, additional cards must be
supplied with the same forwat as this
card, except that the sequence number
must be increased by one for each
additional card.
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DRIVER MODEL

General Discussion

Inputs for vehicle control are entered on the 400 series cards. A
driver model has been added that includes a neuro-muscular filter, an
emergency-maneuver option for the driver, a path-generating option, a "wagon-~
tongue" steer option, and a variable~torque path-~folleowing option, 1t is
noted that the variable~torque path-following (VTPF) option must be selected
in ¢onjunction with the wagon-tongue steer control algorithm; that is,

IWAGN = 1 (card 402, field 2) and the alternate definition of card 405 are
used. The inputs for the wagon-tongue steer control option are then derived

from the VIPF inputs.

Along with the driver-model enhancements, calculation and output of
additional data related to the vehicle response were added to subroutine
OUTPUT. These are (a) a discomfort factor indicating the net lateral
acceleration felt by vehicle occupants and (b) a friction-demand factor

indicating the friction demand of each tire.

"Discomfort Factor"

The lateral-accelerztion output of HVOSM corresponds to measurements
made with a "hard-mounted," or body~fixed, accelerometer oriented laterally on
the vehicle. During cornering, the lateral acceleration of the vehicle is
directed toward the center of the turn. On a superelevated turn, the com-
ponent of gravity that acts laterally on the vehicle is also directed toward
the turn center., Thus, the lateral-acceleration output is increased by

superalevation.

Since the vehicle occupants respond to centrifugal force, their inertial
reaction is toward the outside of the turn; therefore, the component of
gravity that acts laterally on them in a superelevated turn reduces the
magnitude of the disturbance produced by cornering. A corresponding program

output has been defined to evaluate occupant discomfort in turns.
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The effects of the vehicle roll angle and lateral acceleration on
occupants are combined in a discomfort-factor relationship which represents
the net lateral disturbance felt by the occupants {(i.e,, the occupants'

reaction to the combined effects of the lateral ascceleration and roll angle),

The discomfort factor at the C.G. and at two specified accelerometer

positions are calculated in subroutine QUTPUT using these equations:

at C.G.: CMFog = -apar *+ sin ¢'7 where §'p = roll angle

apar * lateral accelera-
tion at C.G.

at location l: CMF,y = ~ag, * sin §'y  where ay, = 1itira1t§cceieration
at location

at location 2t CMFp, = “ay, * sin ¢'p where ay, = lateral §cceieration
, at location 2

Friction Demand

The friction demand is defined as the ratio of the side force to the
normal load of an individual tire., It is indicative of the friction being
utilized by each individual tire. The standard outputs of HVOSM include the
side force and normal force for each tire, Coding changes to calculate and
print out the friction demand of each tire at each interval of time using the
equation

. = f
ZUDMD; FS,‘_/F R;
were incorporated into subroutine OUTPUT.

Input Variables

Input variables for the basic driver model are described in Table 56.
Input variables for the driver emergency-maneuver option are described in
Table 57. Input variables for the model's path-generating option and wagon-
tongue steer option are described in Table 58 and Table 59, respectively.
Input variables for the variable-torque path-following option are described in
Table 60,
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Table 56.

Input variables for driver model,

Program
variable

Analytical

variahle

Card

Pield

Description

Ouits

TPATH

IWAGN

IFILT

TIL
TI

TAUF

ITDOPT

402

402

402

402
402

402

402

i

Driver-model path-generating option indicator
= 0, no path dsara to be supplied
= 1, user will supply path data on
card 403, 404

Driver-model wagon-tongue steer optionm
indicator
= 0, no wagon tongue steer data to be used
= |, wagon~tongue steer data to be supplied
on card 40% )
= -], DRIV2 emergency steer response model
option, additional card 402 required

Driver model neuro-muscular filter optiom
indicator .

= 0, no filter data tc be supplied

=1, filter data to be supplied on card 402

Driver model filter inputs as follows:

Time constant lag of neuro-muscular filter
Tima lead of neyro-mwuscular filter

et time delay of-Whuro-muscular filter

Vsri;bla-tnrqug“pgiﬁ-follcuing option
indicator, set = .0 for VTPF

Notet Option inputs on card 405.
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Table 57. Input variables for driver emergency-maneuver optiom.

Program | Anslyticsl
variasble wariable | Card | Field | Description Units

{Card 402 muat be supplied if IWAGN = -1)

PSIA #p 402 1 Initial front-wheel steer angle deg
PSTIDM* ¢?max 402 2 Maximum front-wheel steer velocity deg/s
PSIDDM* ﬁFmax 402 3 :aximum fFontawheei steer acceleration and ”
eceleration deg/s
TPRE . 402 4 Time at which driver emergency-maneuver 8

control algorithm is to begin

PMAR*#* 402 5 Maximum driver discomfort level at which g's
deceleration of steering system is to begin

PSIMAX 402 6 Maximum front-wheel steer angle, input as deg
positive value

After TPRB seconds have elapsed in the
simulation run, DRIV2 accelerates the front-
wheel steer velocity to PSIDM,

The velocity remains at PSIDM until either
{1) comfort factor sxceeds PMAX or

(2) front-wheel steer angle exceeds PSIMAX,
If either (1) or (2} is true, front-wheel
steer displacement velocity is decelerated
back to zero.

*Note: Algebraic sign of these variables
determines the direction of initial
response.

*tNote: For accel limit to work, must set
BPAGE(17) = 1 {i.e., card 104,
field 8)

Also:r PMAX = -SIGN(PSIDM) * ARS(PMAX)
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Table 58. Input variables for driver-wodel path-generating optiom.

Progrsm | Analytical
variable varisble | Card | Pield | Description Units

(Card 403 must be supplied if IPATHE = 1}

KLI . 403 H Number of curvature descriptors to follow on -
card(s) 404, maximum of 8

NPTS 403 2 Nusgher of points to be generated from path -
descriptors, maximum of 100

XINIT 403 3 Initial X' space~fixed coordinate of peth in.

YINIT 403 4 Initial ¥' space-fixed coordinate of path in,

PSA 403 5 Initial path heading with respect to rad

space-fixed coordinate axes

DELL 403 6 Distance between generated path points in,

Driver-model path-generator path descriptors
(must be supplied 1f KLI > 0)

DI(1) 404 1,3, Degree of curvature of path deg
5,7

RLI(L) 4504 2,4, Distance along path at which degree of in.
6,8 curvature is effective

Note: A constant and/or epiral path may be
generated by the use of DI(I) and
RLI(I). BRLI(I} should be a multiple
of DELL. 7I1f DI{I)} does not equal
DT(1+1}, the curvature will be
apiraled between the two descriptors,

N Sequence No., initial value 0
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Table 59. Input variables for driver-model wagom-tongue

steer option.

Progrsm | Anslytical

variable varisble | Card | ¥ield | Description Tnits
(Card 405 must be supplied if IWAGN = |
{card 402, field 2))

TPRB 405 1 Initial probe sample time s

DPRB 405 2 Time between probe samples s

PLGTH 403 3 Length of probe from vehicle C.G. extending in,
along vehicle-fixed longitudinal (X) axis

PMIN 405 4 Error correction null band. 1f error of in,
probe from path is < PMIN, no corrective
steer will be applied.

PMAX 405 5 Maximim acceptable comfort factor above g's
which driver model will only reduce
front-vheel steer angle.

PSIFD 405 6 Maximum front-wheel steer velocity. deg/s
Corrective steer rvesponse will be limited
to < PSIFD

PGAIN 405 7 Steer correction factor. Error is rad/in.
wultiplied by PGAIN to determine
corrective steer,

QGAIN 405 8 Steer velocity damping term. Limits rad-a/
velocity with which front-wheel steer in.

angle can change.

Note: If ITDOPT = 1 (card 402, field 7},
see glternate dafinirion of
card 405 inputs on following page.
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Table 60. Input variables for variable-torque path-following option.

Program | Analytical )
variable variable | Card | Field | Description Taits

Variable-torque path-following (VIPP)
gption inputs

(myst be supplied if ITDOPT = 1

(card 402, field 7))

TPRB 405 1 Initial probe sample time s
DPRB 405 2 Time between probe samples 3
PLGTH 40% 3 Length of probe from vehicle C.G. extending in.

along vehicle-fixed longitudinal (X) axis

PMIN 40% 4 Error correction null band. If error of in,
prohe from desired path ism < PMIN, no
corrective torque will be applied.

PMAX 405 5 Maxiwum scceptable driver discomfort factor g's
abave which driver model will only reduce
front-wheel steering torque

KTQR1 405 6 Torque correction factor. ZError is 1b=in./
multiplied by KTQR] to determine corrective in.
torque applied to front-wheel steering
sysCem

KTQR2 405 ? Torque correction damping factor. Limits ib-in,~s/
resultant change in corrective torgque in.

applied to front-wheel steering system

THAX 403 B Maximum corrective forque which can be 1b~in,
applied to front-wheel steering system

TDPS1IO 405 9 Initial corrective torque to be applied to 1h-in
front-wheel steering system

TERRAIN-TABLE ANGLED BOUNDARY SPECIFICATION

The terrain-table angled boundary option was modified to allow for the
specification of up to eight angled boundaries for each terrain table. The
user now has control over the X'~ and Y'-ranges in which a specific angled
boundary occurs. This revision was designed to use the angled boundaries to
approximate a curved boundary (such as the separation of a rosdway curve from

the shoulder) within a terrain table.
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The inclusion of card 514 initiates the X'-range angled boundary option.
An entry of NBX > 0 (card 50I where I = no. of terrain table) and the
completion of cards 1 501 and 2 50T must also be made to define the number of
boundaries per table and the angle of each boundary. The Y'-angled boundaries
may or may not be specified along with the X'-angled boundaries; they are not
required, If selected, the Y'-angled boundary range information is input on
card 515. The number of Y'~-boundaries and the location of the Y'-boundaries
are supplied in the 50I series cards., Separate boundary specifications must
be made for each terrain table that contains one or more angled boundaries,
The above-mentioned cards may be omitted for tables that do not contain angled

boundaries,

Input variables for terrain-table angled boundary specification are

described in Table 61.

Table 61. Input variables for terrain-table angled boundary specification.

Program | Analytical

variable varisble | Card | Pield Description Units

XBERO(N,I) 514 | 1,3,5,7 | Beginning of X'-range for in.
engled houndary

XEERO(N,I) 514 | 2,4,6,8 | Ending of X'-range for in.

angled boundary
Note: XEERO > XBERO

N = no, of angled boundary
N<B

I = no. of terrain table
15

i.e,, maximum of five
terrain tables with eight
angled boundaries each

I 514 9 No, of terrain tahle
) containing boundary
RSEQ S$14 10 Card sequence no,
YBERO(N,1) 515 | 1,3,5,7 | Beginning of Y'~range for in.
angled houndary
YEERO(R, I} 515 | 2,4,6,8 | Ending of Y'~range for in.
angled boundary
I 515 9 ¥o. of terrain table
containing boundary
NSEQ 515 t0 Card sequence no.

Notet YEERO > YBERO
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