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This report is recommended to highway design engineers, safety engineers, maintenance engineers, researchers, and others concerned with the performance of highway
appurtenances and roadside features when impacted by small vehicles. Rigid and
flexible longitudinal barriers, breakaway luminaire supports, breakaway and basebending sign suppOrts, crash cushions, guardrail terminals, and roadside features such
as slopes, ditches, driveways, and curbs were evaluated under a full-scale crash test
program coupled with extensive computer analyses. Emphasis was placed on the
evaluation of the impact performance of widely used roadside safety elements for
1,500-lb vehicles and the identification of potential modifications to existing hardware
and roadside features that would accommodate vehicles weighing as little as 1,250
lb.

The size and weight of passenger vehicles on the nation's highways have decreased
during the 1980s. However, most highway appurtenances and roadside features were
designed to safely accommodate passenger vehicles with weights in the range of 2,250
to 4,500 lb. In the last few years some crash tests have been conducted on roadside
elements with lighter weight vehicles. The results of these tests indicate that many of
the impacts involving small vehicles are more hazardous than similar crashes with
larger vehicles. Some of the roadside hardware have been modified to improve the
impact performance with vehicles as light as 1,800 lb.
Prior to the research effort performed under NCHRP Project 22-6, "Roadside
Safety Design for Small Vehicles," little was known about the impact performance
of appurtenances and roadside features with vehicles lighter than 1,800 lb. The objectives of this project were to assess the performance of selected highway safety
appurtenances and roadside features with passenger vehicles below 1,800 lb and to
project the limits of vehicle characteristics that can be safely accommodated through
improvements in current hardware and roadside features.
The researchers identified problem areas with many of the highway appurtenances
in common use, described the variables involved in the vehicle-appurtenance interaction and, in most cases, suggested modifications to extend the impact performance
of the systems and features evaluated to safely accommodate vehicles as light as 1,250
lb. For those highway appurtenances that could not be modified to accommodate
these small vehicles, the researchers identified safe vehicle weight limits. Specific
findings are provided for concrete safety shape barrier; G4(lS) roadside barrier;
breakaway luminaire supports with transformer and slip bases; breakaway sign supports; GREAT, Hi-Dri, and sand-filled plastic barrel crash cushions; breakaway cable
terminals (BCT) and guardrail extruder terminals (GET); roadside slopes, ditches and
driveways; and AASHTO curb types C, E, and G.
The researchers concluded with specific recommendations that should be considered in the modification of national roadside design and barrier performance standards to accommodate small vehicles.
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ROADSIDE SAFETY DESIGN
FOR SMALL VEHICLES

SUMMARY

Most roadside safety elements have been designed for vehicles weighing 2,250 lb
or more. An effort has been made since the publication of NCHRP Report 230 in
1981 to modify existing designs and to develop new designs to accommodate an 1,800lb design vehicle. The trend is toward even smaller, more fuel efficient vehicles. At
the time of this writing there were at least four minicars on the U.S. markets, two
of which have a curb weight of approximately 1,500 lb.
This project had two basic objectives; (1) to evaluate the impact performance of
widely used roadside safety elements for a 1,500-lb vehicle, using NCHRP Report 230
performance guidelines, and (2) to identify potential modifications that would enable
existing roadside safety elements to accommodate a design vehicle weighing as little
as 1,250 lb. A full-scale crash test program coupled with an extensive computer analysis
study were used to accomplish the objectives.
Specific roadside safety elements (roadside hardware and roadside features) analyzed and conclusions reached about each follow.
Concrete Safety-Shaped Barriers (CSSB). Barrier performance is acceptable for cars
weighing as little as 1,250 lb based on NCHRP Report 230 performance guidelines.
However, modifications may be needed to reduce overturn accidents associated with
nontracking or high angle impacts. It is estimated that approximately 50 percent of
inadvertent run-off-the-road vehicular encroachments occur in a nontracking mode.
G4(1S) Roadside Barriers. Barrier performance is acceptable for cars weighing as
little as 1,250 lb. Minor modifications may be needed to minimize wheel snag.
Breakaway Luminaire Supports. Most supports with transformer bases are not in
compliance with existing performance guidelines for an 1,800-lb vehicle. It is doubtful
that the transformer base can be modified to accommodate a vehicle weighing 1,500
lb. Moderate size steel or aluminum supports with the slip-base design are acceptable
for a 1,500-lb vehicle. For taller supports, acceptable performance can be achieved if
aluminum or lightweight materials are used, provided a slip base is used.
Breakaway Sign Supports. Most sign supports with the slip-base design, or an
equivalent design, will be acceptable for vehicles weighing 1,500 lb or more.
Base-Bending Sign Supports. A 4-lb/ft rail steel, single U-post is marginally acceptable for a 1,200-lb vehicle. Improvement in the performance of the U-post can
be achieved by the use of a two-piece support with a short bolted splice at ground
level.
Crash Cushions. None of the current crash cushions would be acceptable for a
1,500-lb vehicle. The sand-filled plastic barrel system can easily be designed to accommodate a 1,300-lb vehicle. The GREAT and Hi-Dri systems could be modified
to accommodate a 1,500-lb vehicle.
Guardrail Terminals. Performance of the "eccentric loader" breakaway cable terminal (BCT) is not acceptable for a 1,500-lb vehicle. Performance can be improved
by reducing the mass of the nose and by further reducing the force needed to buckle
or collapse the W-beam. A new "guardrail extruder terminal" (GET) shows promise
as a cost-effective design and could possibly be modified for minicar criteria. The
SENTRE system could be modified to accommodate a 1,500-lb vehicle.

Slopes, Ditches, and Driveways. The behavior of sub-1,800-lb cars on these features
is similar to larger cars for encroachments on smooth, well-compacted terrain. However, soft terrain or terrain irregularities, such as large rocks or eroded areas, pose
an increased risk to occupants of a small car. It was shown that terrain objects that
would not trip a large vehicle would trip and overturn a smaller one. It is not clear
if current design guidelines for the above features should be changed to accommodate
sub-1,800-lb vehicles. At a minimum, more care would have to be exercised in their
construction and maintenance to avoid an increase in overturn accidents.
Curbs. Six-inch high curbs can easily be traversed by a 1,250-lb car if it impacts
the curb in a tracking (nonskidding) condition. For nontracking impacts a small car
will overturn more easily than a larger car. To minimize overturn accidents of nontracking minicars, the face of the curb should be sloped as flat as possible. AASHTO
curb types C, E, and G or similarly sloped designs are preferred.

CHAPTER ONE

INTRODUCTION AND RESEARCH APPROACH

PROBLEM STATEMENT

SCOPE

Spurred by Federal regulation and consumer demand, auto
manufacturers have reduced the weight and size of passenger
vehicle models and are developing even smaller models. Consumers are purchasing the smaller sized models in increasing
numbers. Several cars weighing less than 1,800 lb are now being
marketed in the United States, and others are planned for the
near future. Table 1 lists cars in this classification now on the
U.S. market.
Most current roadside safety features were designed and tested
with passenger vehicles ranging from 4,500 lb down to 2,250
lb. Research is currently in progress to develop hardware and
roadside features for vehicles in the 1,800-lb range. Under some
conditions, impacts with safety features become increasingly
hazardous for smaller vehicles; however, little is known about
the performance of current hardware and roadside safety features with vehicles weighing less than 1,800 lb. Research is
needed to gain insight on the effectiveness of hardware and
roadside features for these vehicles and to determine how small
the vehicles can become before the development of effective
safety design is no longer feasible.

This project consisted of two phases. In Phase I the following
tasks were addressed:

OBJECTIVES

The objectives of this project are (1) to assess the performance
of selected existing highway safety appurtenances and roadside
features with passenger vehicles below 1,800 lb and (2) to project
the limits of vehicle characteristics that can be safely accommodated through improvements in current hardware and roadside features.

Task 1—Review, evaluate, and document foreign and domestic information on the performance of safety appurtenances
and roadside features with passenger vehicles weighing 1,800 lb
and less.
Task 2—Identify all types of 4-wheel sedans below 1,800 lb
that may constitute a significant portion of the vehicle fleet in
the United States within the next 10 years. For the vehicle types
identified, acquire, measure, or, where necessary, estimate the
dynamic properties and other characteristics required for the
computerized simulation of their reactions with safety hardware
and roadside features.
Task 3—Select specific appurtenances for study in this project. Special emphasis shall be given to systems presently being
installed in significant numbers and having a reasonable probability of successful impact performance with small cars. The
following items shall be included: a rigid longitudinal barrier;
a flexible longitudinal barrier; a breakaway support; a basebending support; an impact attenuator; and a guardrail terminal.
Task 4—Select specific roadside features for study to identify
performance limits when traversed by small cars. As a minimum,
these features shall include slopes, ditches, and curbs.
Task 5—Using available data from crash tests with the lightest vehicles tested, calibrate selected existing computer programs
for simulation of impact performance, and use the calibrated
programs to simulate occupant-risk tests for the selected hardware and roadside features with a 1,500-lb sedan.

Task 6—Prepare an interim report on the findings of Tasks
1 through 5. This report shall contain a detailed working plan
for the remainder of the study. NCHRP approval of the interim
report will be required before initiation of Phase II.
Phase II tasks included the following:
Task 7—Conduct full-scale crash tests using vehicles in the
1,200 to 1,500-lb range to recalibrate the model and to demonstrate the validity of the computerized simulation to be carried
out concurrently in Task 8.
Task 8—Using existing simulation models for a variety of
appurtenances and roadside features (including potential improvements), vehicle types (including projections down to the
lowest conceivable weight range), and crash test conditions,
delineate the limiting values of particular vehicle èharacteristics
for which feasible designs are capable of providing satisfactory
performance according to the guidelines in NCHRP Report 230
(1), When these evaluation criteria are not satisfied, determine
the changes in impact conditions that would be required to
achieve compliance.
Task 9—Based on this research, identify design modifications
to hardware and roadside features to improve performance for
vehicles at the low end of the weight spectrum. Such modification shall be supported by computerized simulation.
Task 10—Prepare a final report.

RESEARCH APPROACH

Collection of information on vehicles weighing 1,800 lb or
less was pursued through the Transportation Research Information Service (TRIS) computerized information retrieval system, through direct contact with researchers in the United States
and foreign countries, and through a survey mailed to individuals and agencies worldwide. The researchers also relied heavily
on international automobile trade magazines and publications
to secure small car information.
The Texas Transportation Institute (TTI) subcontracted with
Cranfield Institute of Technology (CIT) in Bedford, England,
to acquire and measure the properties of under 1,800-lb automobiles. CIT was chosen for this task because of the large variety
of small cars in use in England and because CIT had a test

facility to measure the various vehicle properties needed for
computer simulation. A total of ten cars was purchased and
shipped to TTI. It is nàted that at the time the project began
(1985) there were no under 1,800-lb cars available in the United
States. In the latter part of the project a Chevrolet Sprint,
weighing approximately 1,500 lb, was purchased locally and
crash tested. Its dimensions and inertia properties were measured at TTI.
Selection was made of roadside safety hardware for study in
the project after a review of the candidate systems. Each item
selected satisfied three criteria: (1) it met current safety performance standards, (2) it was widely used, and (3) there was
a reasonably good probability that it would be successful for
impacts with under 1,800-lb cars. Rigid and flexible longitudinal
barriers were selected, as were breakaway sign and luminaire
supports, a base-bending sign support, crash cushions, and a
guardrail terminal.
Roadside geometric features were also selected for study.
These included fill and cut slopes, ditch sections, curbs, and
driveways. Typical slopes, fill heights, ditch depths, and crosssection combinations were selected.
Simulations of vehicle impacts with roadside safety hardware
were made with the GUARD program (2) and a modified
version of the HVOSM program (3). Simulations of vehicle
encroachments on roadside geometric features were made with
the HVOSM (Highway Vehicle-Object Simulation) program.
In Phase I of the project these programs were calibrated with
existing data from full-scale crash tests of small cars. Practically
all of the test data involved vehicles weighing approximately
1,800 lb. In Phase lithe programs were recalibrated with data
derived from the Phase II full-scale crash tests.
A total of seven different roadside features were subjected to
a series of full-scale crash tests. They were: (1) concrete safetyshaped barrier; (2) strong-post, W-beam guardrail on steel posts;
luminaire support mounted on a frangible transformer base;
base-bending small sign support; (5) eccentric-loader" end
treatment for W-beam guardrail; (6) AASHTO type " B " curb,
6 in. high; and (7) side-slope, driveway slope combination. These
tests provided valuable insight on the performance of under
1,800-lb cars impacting widely used roadside safety features.
They also provided a data base from which the aforementioned
computer programs could be further calibrated for minicar simulation.

CHAPTER TWO

FINDINGS
Table 1. Under 1,800-lb cars sold in the United States (1987-1988

model year).
MINICAR DATA

At the beginning of this project in 1985, only one under 1,800lb car was available in the United States and it was being test
marketed in the western states. At the time of this writing (early
1988), four such cars are now being sold nationwide (see Table
1). Worldwide, the minicar has been prevalent for several years,

NAME

APPROXIMATE
CURB WEIGHT
(lb)

APPROXIMATE
WHEEL BASE
(In.)

BEGINNING
MARKET DATE

Chevrolet Sprint

1600

88.4

1985-86

Daihatsu Charade

1780

91.3

1987-88

Subaru Justy

1660

90.0

1987-88

Ford Festiva

1710

90.2

1987-88

especially in European and Asian countries. A review of the
literature and trade magazines revealed that there are in excess
of 50 models of under 1,800-lb cars on the world market. A
compilation of minicars sold worldwide was presented in the
Phase I interim report (4).
While minicars have been used extensively in other countries,
there is a sparsity of data on their impact performance as related
to roadside safety features. A number of tests have been conducted in recent years in the United States with cars in the
1,700-lb to 2,000-lb range. These tests have followed and are a
consequence of the publication of NCHRP Report 230 (1) in
1981, the adoption of the 1,800-lb vehicle as a standard by the
FHWA upon publication of NCHRP Report 230, and the adoption of the 1,800-lb test vehicle in the 1985 AASHTO specifications for structural supports for luminaires, signs, and traffic
signals (5). Shown in the tables of Appendix A is a compilation
of tests with minicars to date.
A review of studies summarized in Appendix A indicated
there were potential problem areas in the impact performance
of roadside safety features for small vehicles. These are summarized as follows:
Longitudinal Barriers:
Wheel snag—There is a tendency for the front, impact
side, wheel to snag on barrier posts, particularly for
impact angles of 20 deg or greater. This is attributed
to (a) structural aspects of front-wheel drive vehicles,
including the tire and wheel diameters and the wheel
design, (b) close proximity of front wheel to front
bumper, and (c) close proximity of front wheel to outside edge of fender sheet metal.
Stability—The small car appears to have a greater propensity for overturn following impact with the concrete
safety shaped barrier. This is attributed to tire climb
and the relative instability of the small car.
2. Longitudinal Barrier End Treatments:
Stability—The small car has a greater propensity for
overturn, especially for the turned-down W-beam treatment. Overturns have also occurred following off-center
impacts with the breakaway cable terminal (BCT).
Velocity change—Excessive occupant impact velocities
have occurred following impact with the BCT. This is
due to the lower mass of the small car.
Luminaire and Sign Supports:
Stability—The small car has a greater propensity for
overturn after impact with a support, especially for an
off-center impact. An off-center impact causes the vehicle to yaw (spin), and if the yaw is excessive, the tires
can engage terrain irregularities and soft soil that can
result in an overturn.
Velocity change—For a given luminaire or sign support
system, the change in vehicular velocity increases as
the mass of the vehicle decreases. In turn, the occupant
impact velocity increases.
4. Crash Cushions:
a. Velocity Change—For a given crash cushion, the
change in vehicular velocity increases as the mass of
the vehicle decreases. In turn, the occupant impact velocity increases.

SELECTION OF MINICARS AND MEASUREMENT
OF THEIR PROPERTIES

A review of the literature produced very little in-depth data
on under 1,800-lb cars suitable for use in computer simulation
programs. Data on suspension properties, mass distribution, and
inertia properties are difficult to measure and are not readily
available from automobile manufacturers.
In the absence of data, TTI subcontracted with the Cranfield
Institute of Technology (CIT), Bedford, England, to acquire
and measure properties of selected autos. Use of under 1,800lb cars is widespread in the United Kingdom, and the researchers
had a number of models from which to choose.
Several factors were used in the selection process. First, it
was decided that the cars selected should encompass the size
and weight range of interest, i.e., one car should weigh less than
1,300 lb, one should be in the 1,300-lb to 1,500-lb weight range,
and one should be in the 1,550-1b to 1,800-lb range. Further, it
was desirable that the cars be representative of the type of cars
that may constitute a meaningful portion of the USA market
in the near future. And, lastly, it was desirable that a reasonable
number of cars be purchased within the project budget for crash
test purposes. Using these criteria, the following cars were purchased:

Name

Approximate
Curb Weight (Ib)

Daihatsu Domino (1983)
Fiat U no*
Ford Fiesta (1982)

1,250
1,500
1,600

No. Purchased
8

Seven Unos were 1985 models and one was a 1983 model.

Photos of the above three cars are shown in Figure 1, together
with a 1979 Honda Civic for comparison. Note that the steering
wheel is on the right side of each car. For purposes of comparison, the rear bumpers are aligned parallel so that the overall
lengths can be compared in the front profile view. The Honda
Civic has been widely used in the United States in recent years
as a test vehicle to represent the small car population. Manufacturers' specifications for the cars were given in the Phase I
report (4). The Fiat Uno was chosen to represent the mid-range
of the under 1,800-lb cars in this project for purposes of crash
testing and for most of the computer simulation work. It was
used to examine the impact performance of each major roadside
feature. The other two cars were used to examine the limits of
performance of selected roadside features.
Dimensions, inertia properties, and suspension properties of
the Daihatsu, one of the 1985 Fiats, and the Ford were measured
by CIT. A complete report of the CIT work was included in
the Phase I report (4). Data from CIT, suitable for use in
computer simulation programs HVOSM, GUARD, and BARRIER VII, are summarized in Appendix B.
In the latter part of th&project, a 1985 Chevrolet Sprint was
also purchased and crash tested. Dimensions and inertia properties of the Sprint, as measured at TFI, are also given in
Appendix B.
Table 2 is a summary of the properties of the four cars used
in the present project, together with the properties of three other
small cars. The Honda Civic has been widely used in the United
States as a test vehicle to measure impact severity of most
roadside safety features. It can be seen that properties of the
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Honda Civic compare reasonably well with the other small cars.
The source (6) for data on "Vehicle 1" and "Vehicle 2" did
not reveal the make or model for these cars.
A key but unknown property of the four cars evaluated in
ii,,- pwect was the frontal crush charactcrislie. The Daihatsu
Doiiiio, Fiat Uno, and Ford Fiesta are European rars with
bumper standards different from those in the United States. The
European cars do adhere to a "front and rear protective device
(bumpers, etc.)" standard developed in 1980. In summary, the
cars are subjected to a 2.5-mph "impactor" test on the front
and rear bumpers. The standard does not necessarily require a
damage-free vehicle after the test. The requirements state that
certain items on the vehicle must be functional after the test,
such as lighting and signaling devices, hood and doors, fuel and
cooling systems.
It is noted that the U.S. Department of Transportation, National Highway Traffic Safety Administration, has recently reduced the requirements for car bumpers. According to the latest
standards, a vehicle should be able to sustain a 2.5-mph front
or rear impact with no damage. The authors have serious doubts
that certain cars in Table 1, and now on the U.S. market, will
meet the 2.5-mph standard. Further discussions of the structural
design and crush properties of small cars and the effect these
factors have on the performance of roadside safety features are
given in subsequent sections.
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PERFORMANCE OF SELECTED ROADSIDE
SAFETY ELEMENTS FOR MINICARS

In accordance with project requirements, specific roadside
safety hardware and geometric features were selected for study.
Emphasis was given to widely used systems having a reasonable
probability of success when impacted by small cars. A threestep procedure was followed in evaluating the hardware and

Figure 1. 1983 Daf/zatsu, 1985 Fiat Uno, 1982 Ford Fiesta. and
1979 honda Civic: (a) front profile; (b) rear profile.

Table 2. Comparison of vehicle properties
1983
DAIHATSU
_LDIIP3

!&.

Curb Weight (ib)

1,250

1,477

Wheelbase (In.)

84.7

93.0

Front Track (in.)

49.9

Rear Track (In.)

1985
FIAT

1982
F)

1985
CHEVROLET

SPRINT

1978
llCtDAb

VEHICLE

fl]

VEHICLE

UYE

..J..........

..............

1,613

1,554

1,699

1,244

1,355

89.8

88.3

86.3

N/A

N/A

84.7 -

93.0

52.8

53.2

52.4

51.1

N/A

WA

49.9 -

53.2

48.6

51.2

52.4

51.2

51.1

N/A

N/A

48.6 -

52.4

Overall Length (in.)

124.3

143.5

142.5

143.5

140.25

N/A

N/A

Overall Width (in.)

54.5

60.3

PROPERTY

Tire Size

1455R10

145SR13

Above Ground

20.2

21.7

Aft of Front Axle

32.3

30.4

61.5

RNIGE OF
VALUES
1,250- 1,699

124.3 - 143.5

60.0

59.4

N/A

N/A

54.5 -

145PR12

155SR12

N/A

N/A

-

21.2

20.2

20.4

22.9

20.8

20.2 -

33.2

33.0

31.8

N/A

N/A

30.4 - 33.2

1800d

1451112

61.5

C.G. Position (in,1d
22.9

Monen t
t ia
(l b in. sc
Roll

1196c

Pitch

5130C

Yaw

4815c

aFron Reference 6
bFron Reference 7
Cvalues are for sprung maSs.
dval u es are for total mass.

1528c

1426c

1569

2000

7259C

7209

66C

7I07

4180d

6634c

8354c

6858c

5013c

4980d

1677

1196C

- 1 677c

4790'

5130

-

5740d

4815c -

performance if the vehicle overturns or if it experiences excessive
decelerations.
Roadside Hardware

Rigid Longitudinal Barriers

Figure 2. Concrete safety-shaped barrier.

features. In the first step, computer programs GUARD (2) and
HVOSM (3) were calibrated with available small car crash test
data. The programs were then used to simulate impacts by a
1,500-lb car with the hardware and to simulate encroachments
by a 1,500-lb car on the geometric features. In the second, a
series of full-scale crash tests were conducted using under 1,800lb cars. The purpose of these tests was to gain further insight
on the performance of selected safety hardware and roadside
geometric features for small car impacts. The tests also provided
a valuable data base from which the computer programs could
be recalibrated. The third and final step involved the recalibration of the computer programs to verify, and improve where
necessary, the original simulation.
Impact performance of the hardware was judged in terms of
the evaluation criteria of NCHRP Report 230 (1). Performance
of the roadside geometric features was judged primarily in terms
of vehicle stability. In most cases, a roadside geometric feature
such as a ditch, embankment, or driveway will have acceptable
performance if the encroaching vehicle can traverse the feature
without overturning. The feature is judged to have unacceptable

The concrete safety-shaped barrier (CSSB) with the "New
Jersey" shape was selected because it is a widely used rigid
longitudinal barrier. It is designed as "MB5" in the AASHTO
Barrier Guide (10). A cross section of the barrier is shown in
Figure 2. Although the CSSB was initially used as a median
barrier, it is now widely used as a roadside barrier, as a bridgc
railing, and as a temporary barrier in construction or work
zones.
Based on a series of computer simulations and five full-scale
crash tests, the impact performance of the CSSB was judged to
be in compliance with the recommended evaluation criteria of
NCHRP Report 230 (1) for all under 1,800-lb cars investigated
including a car weighing only 1,250 lb. This included evaluations
according to test S12 in the "minimum test matrix" and test
S13 in the "supplemental test matrix."
It is important at this point to discuss the impact conditions
rccommcndcd in NCHRP Report 230 to evaluate occupant rick
for a longitudinal barrier. The vehicle is directed into the barrier
in a tracking (no cornering or skidding) mode at 60 mph at an
impact angle of 15 deg for test S12 and 20 deg for test S13. As
stated above, under these conditions the CSSB exhibited acceptable performance for the minicars.
Council. 't al. (11) recently completed a study in which small
car accident data from a variety of studies were examined. It
was found that small vehicles have an increased propensity to
overturn in almost all types of accidents, including impacts with
the CSSB. An ongoing study at TTI is also addressing rollover
problems with the CSSB (64). Because simulations and crash
tests ol the USSD, conducted in accordance with NC'IIRP Reprt
230 recommendations, gave no indication of increased overturn
propensity for minicars, an attempt was made to investigate the
disparity between results of this project and evidence from accident studies. As reported in Ref. 23, a large percentage of
single-vehicle accidents involves a skidding or nontracking vehicle. A nontracking vehicle, as used herein, is one in which
there is some lateral component of vehicular velocity at impact
or at the time of encroachment on the roadside. A series of
computer runs were made to study the impact behavior of minicars, as well as larger cars, for nontracking impacts with the
CSSB. Results of those runs, although somewhat tentative and
subject to verification, clearly point to greater overturn propensity of the minicars for these impact conditions.
Computer simulations were also made to study tracking impacts at lower speeds and at higher impact angles than recommended in NCHRP Report 230. For these conditions the
minicars also had a greater propensity for overturn than did
the larger cars.
These results offer some insight into possible reasons minicars
have a greater overturn propensity in CSSB accidents. The results also raise interesting questions about the degree to which
current impact performance tests reflect critical real-world accident conditions.
As will be discussed later, the nature of the pavement surface
and roadside surface over which the vehicle travels before and
after impact is also a factor in the vehicle's stability.

Flexible Longitudinal Barriers
The G4( iS) (10) roadside barrier was selected as a representative, flexible longitudinal barrier. A cross section of the
barrier is shown in Figure 3. The steel W-beam is supported by
steel posts spaced 6.25 ft apart. This system, together with the
G4(2W) (10), is the most widely used roadside barrier in the
United States. Tests have shown that they have similar impact
behavior for given impact conditions.
On the basis of a series of computer simulations and two fullscale crash tests, the impact performance of the G4( IS) was
judged to be in compliance with the recommended evaluation
criteria of NCHRP Report 230 for all under 1,800-lb cars investigated. This included evaluations according to tests S12 and
SI 3.
It is noted that in one of the two crash tests, the vehicle
ultimately overturned. This result, however, was not attributed
to improper barrier performance. Upon impact at 60 mph at a
15-deg angle the car was smoothly redirected. The car then
turned back toward the barrier, began to slide sideways, and
encountered soft soil that had been weakened by recent rains.
The tires dug into the soil which tripped and overturned the
vehicle. It is believed that a larger car would probably not have
overturned under the same conditions. As discussed in subsequent sections, smaller cars have a reduced threshold of stability
and conditions, such as those just described, that can trip a
small car but will not trip a larger car. It is also noted that
overturn did not occur when the same barrier was impacted at
60 mph at a 20-deg angle with the same model car. A postimpact trajectory similar to that in the 15-deg impact occurred,
but the soil was dry and compacted.
Nontracking impacts with the G4( IS) system were not simulated. As discussed later in this chapter, under "Modifications
to Selected Roadside Safety Elements to Accommodate Minicars," overturn of the nontracking minicar was virtually eliminated in the CSSB by the use of a vertically faced barrier. The
G4( iS) is essentially a vertically faced barrier and very little
vehicular roll or pitch motions occur during minicar impacts.
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Breakaway Lurninaire Supports
From discussions with FHWA and industry representatives,
it was determined that cast aluminum transformer bases continue to be the most widely used breakaway device for roadside
luminaire supports. It was further determined that a pole with
a 40-ft to 45-ft mounting height and a 15-ft mast arm is a
typical, widely used support configuration. Steel and aluminum
poles are widely used, with neither having a disproportionate
share of the market. The steel pole and luminaire support structure selected was as shown in Figure 4. Further details of the
transformer base are given in Appendix C, test 6.
On the basis of a full-scale crash test of the system with a
1,500-lb car impacting at 20 mph, it is concluded that this and
similar transformer bases will not satisfy the NHRP Report
230 evaluation criteria for under 1,800-lb cars. In fact, subsequent to the test reported herein, it was learned that tests of a
wide variety of cast aluminum transformer bases with an 1,800lb bogie (12) were unsuccessful in terms of the NC'HRP Report
230 criteria and AASHTO standards (5). Efforts are under way
by industry to address this problem.
Analysis showed that many widely used luminaire poles that

Figure 3. G4(JS) roadside barrier.

are mounted on slip bases will exhibit acceptable impact performance for under 1,800-lb cars. For example, the analysis
indicates that a 35-ft steel pole with a 20-ft mast and a multidirectional slip base with a total weight of approximately 500
lb will satisfy current AASHTO criteria (5) for a vehicle weighing 1,250 lb.
A computer program was developed to assist in the design
and analysis of breakaway sign and luminaire supports for minicar impacts. It is used to estimate the vehicular velocity change
that occurs during impact with a breakaway sign or luminaire

F148

1

42'— 1
35-6

Figure 4. Luminaire support.
support. The program can be used to examine the sensitivity of
impact performance to key vehicular and support parameters.
Effects of structural stiffness, mass, and speed of the vehicle
can be studied. Effects of mass, length, slip force, location of
hinge (for a sign post), and vertical position of impact force
aboveground of the support can be studied. An interesting result
found by use of the program is the relatively high degree of
sensitivity of impact performance to the position of the impact
force on the support. This has major implications for supports
located on nonlevel terrain and for impacts by the side of a
vehicle. Another interesting result is the degree of sensitivity of
impact performance to the activation (or lack thereof) of the
hinge on a sign post, especially for a large post impacted at a
high speed. Further details of the program and its applications
are given in a later section of this chapter, under Modifications
to Selected Roadside Safety Elements to Accommodate Minicars," "Roadside Hardware"; and in Chapter Three, under
"Specialized Analytical Procedures," "Breakaway Supports."
Breakaway Sign Supports
Based on tests of a large roadside sign system with a slip base
design in which test cars weighing approximately 1,600 lb were

used (13), it was concluded that further tests of these systems
were not warranted in the present study. In the referenced study
a 24-ft wide by 12-ft high sign panel supported by two 12WF45
steel posts with a standard slip base design was impacted at 20
mph and 60 mph (one of two posts hit in each test). The
vehicular velocity change was approximately 10 ft/sec and 11
ft/sec for the 20 mph and 60 mph impacts, respectively. Because
this is one of the largest posts in use and because the velocity
changes were well below the 15-ft/sec limit (1, 5), it was concluded that, in general, slip-base signs will pose no serious hazard
to vehicles in the 1,500-lb weight range, at least for head-on
impacts. Impacts, in which the side of the vehicle strikes the
support, are known to pose a much greater risk to occupants
because of the relatively low lateral stiffness of most vehicles.
Also, the vertical location of the resultant force on the support
is thought to be higher than that exerted in a head-on impact.
Since lateral stiffness is thought to be roughly proportional to
the weight (or size) of the vehicle, it follows that as the weight
of the design vehicle decreases, the probability of injuries in side
impacts increases. To the extent possible this should be considered and breakaway designs that offer the least impact resistance
should be sought. Further analysis of breakaway sign supports
is given later in this chapter and in Chapter Three.
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Base-Bending Sign Supports
A study at TTI (14) determined that the steel U-post (also
called a flanged channel post) is the most widely used basebending signpost. Sizes vary from 2 lb/ft to 4 lb/ft with the
3-lb/ft post the predominate size. In many installations the post
is driven full-length into the soil. In many other installations a
base U-post is first driven in the soil. Then a U-post upright is
attached to the base with a relatively short, nested splice near
ground level. Tests have shown that the post exhibits much
better impact performance if it is made from a high carbon,
relatively low ductility steel, similar to that in rail steel. Most
U-posts are now produced with these properties.
A 4-lb/ft rail steel U post was scicctcd for cvaluation in this
study. The test installation was as shown in Figure 5. Note the
full-length signpost was driven into the soil 3.5 ft. The sign was
impacted at 60 mph with a car weighing approximately 1,500
lb and the impact point was approximately 15 in. to the right
of the centerline of the car. Based on this test and supplemental
computer simulations, the single 4-lb/ft steel U-post was judged
to be in compliance with NCHRP Report 230 per test 63 for
cars weighing 1,500 lb or more. It must be added, however,
that the system should be viewed as being only marginally
acceptable for several reasons. First, the vehicle sustained considerable damage during the above-described test. Second, while
the occupant impact velocity was below the 15-ft/sec limit of
NCHRP Report 230 and AASHTO (5), it was above the "desirable" 10-ft/sec value of AASHTO (5). Third, although no
overturn occurred in the test or in the supplemental computer
simulations, the stability of a minicar must be of concern after
a nonccntric impact with a signpost or other roadside features.
The probability of overturn increases as the impulse on the
vehicle increases because of the yawing motion that the offcenter impulse produces. Fourth, a slow-speed impact test was
not conducted. Previous tests of high carbon steel U-posts at

Figure 5. Small sign support details.

(a)

Figure 6. Widely used energy absorption devices. (a) sand-filled
plastic barrels; (b) "GREAT" system

both low and high speeds indicate that the occupant impact
velocity may be greater at the low-speed impact (15).
Further discussions of the estimated limits of performance of
other small sign supports now in use are given later in this
chapter under "Modifications to Selected Roadside Safety Elements to Accommodate Minicars."

Crash Cushions
It was determined through discussions with industry representatives that the sand-filled plastic barrel cushion and the
GREAT system are the most widely used crash cushions. Photographs of these systems are shown in Figure 6. The sand-filled
plastic barrel cushion is marketed by two different firms (16,
17), while the GREAT system is available from only one source
(16).
Both systems have been tested and shown to be in compliance
with the recommended evaluation criteria of NCHRP Report
230 for an 1,800-lb vehicle. This includes test 52 for the sandfilled plastic barrel cushion and tests 44 and 45 for the GREAT
system. However, neither of these systems, as presently designed
and configured for 60-mph impacts, would meet the NCHRP
Report 230 evaluation criteria for under 1,800-lb cars. Nonetheless, as will be discussed later in this chapter, both systems
can be designed to meet the NCHRP Report 230 criteria for a
1,500-lb car without much difficulty.

Guardrail Terminals
The breakaway cable terminal (BCT) developed at the Southwest Research Institute (SWRI) (18) and the twisted and
turned-down guardrail, sometimes called the "Texas twist" developed at TI! (19), are widely used across the United States.
Neither, however, satisfies all of the NCHRP Report 230 criteria
for 1,800-lb cars. In recent studies at SWRI, the BCT was
redesigned to meet the criteria for an 1,800-lb car (20). The
new design is known as the "eccentric loader" because a device

has been added to the nose of the BCT to apply an eccentric
load on the guardrail during impact to enhance the buckling of
the rail. The only other guardrail terminal available at the beginning of the project that met the NCHRP Report 230 criteria
for an 1,800-lb car was the SENTRE, a proprietary terminal
(16). Its use has been limited to date.
For the foregoing reasons the eccentric loader was selected
for further evaluation in this study. Details of the eccentric
loader are given in Appendix C, test 7043-8, and photographs
of the system are shown in Figure 7.
The eccentric loader was impacted head-on by a 1,500-lb car
at 60 mph (test 45 in NCHRP Report 230). Based on this test
it was concluded that the eccentric loader does not satisfy
NCHRP Report 230 criteria for a 1,500-lb car. Discussion of
alternate guardrail terminal designs for under 1,800 lb cars is
given later in this chapter.

Roadside Features

Slopes
Figure 8 shows the slope variables investigated for both fill
and cut slopes. All slope analyses reported herein were made
by use of the HVOSM computer program. Details of the analysis
are given in Chapter Three, under "Computer Simulation Studies."
Current AASHTO policy (24) recommends that fill slopes
be 4:1 or flatter if feasible. If the slope is steeper than 3:1,
guardrail may be warranted depending on the fill height (10).
Based on results of the present study, this policy would probably
be sufficient for a minicar design vehicle. However, the propensity for overturn on an embankment is greater for a minicar
than for larger cars, because surface irregularities, soft soils,
etc., become more critical as the design vehicle's size decreases.
More attention would have to be given to the construction and
maintenance of roadside slopes. Further discussions of factors
that should be considered in designing slopes for minicars are
given under the section heading "Modifications to Selected
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Figure Z Eccentric loader and treatment: (a) overall view; (b)
nose details.

Roadside Safety Elements to Accommodate Minicars."
The safety aspects of cut slopes similar to the geometry depicted in Figure 8 have not been studied in-depth to date. The
current AASHTO policy (24) suggests that these slopes should
normally be 3:1 or flatter, but recognizes that slopes as steep
as 2:1 may be necessary. Based on results of the present study,
a minicar will overturn on a 2:1 cut slope and a larger car would
not. Consideration of 3:1 or flatter cut slopes would therefore
be in order for a minicar design vehicle.
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Ditches
Figure 9 shows the variables investigated for roadside ditches.
All ditch analyses reported herein were made by use of the
HVOSM computer program. Details are given in Chapter Three,
under the heading "Computer Simulation Studies."
Based on current AASHTO policy (24, 10), foreslopes of 4:1
or flatter in combination with backsiopes of 3:1 or flatter are
recommended. However, foreslopes of 3:1 are acceptable where
site conditions do not permit use of flatter slopes. On the basis
of the results of the present study, this policy would probably
be sufficient for a minicar design vehicle. It is to be noted that
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Figure 9. Ditch parameters.
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Figure 10. Driveway parameters.

a 4-ft wide ditch bottom was used in the present study. Overturn
of minicars can be expected as this width approaches zero, i.e.,
as the cross section approaches a "V" ditch (23). Reference
should be made to the discussion, in this chapter under "Modifications to Selected Roadside Safety Elements to Accommodate Minicars," concerning other problem areas in designing
slopes and ditches for minicars.

Driveways

Nationally recognized guidelines for the safe design of driveways or similar geometric features, such as median crossovers
abutting main thoroughfares, are very limited. Studies at Yr I
(26, 27) have addressed the problem and have clearly shown
the hazard these features pose to errant motorists. These studies
have led to standards in Texas regarding driveway design and
safety treatment of culverts.
Figure 10 shows the driveway parameters investigated. Analysis included use of the HVOSM computer program to simulate
vehicular encroachments and two full-scale vehicular tests with
minicars. Note that no attempt was made to simulate the effects
of a drainage structure or culvert and on the driveway slope.
Further details are given in Chapter Three.
Although no national guidelines exist, it is believed that most
states use a 6:1 or steeper driveway slope. Further, it is believed
that the foreslope is typically 4:1. Studies have shown (26, 27)
that large cars will overturn on encountering a 4:1 foreslope in
combination with a 6:1 driveway slope at speeds less than 50
mph. As will be discussed later in this chapter, minicars overturn
even more readily than do larger cars on driveways. This means
that driveways as presently constructed pose a serous hazard
to occupants of the current vehicle population and that the
hazard will become more acute as the size of the minicar population increases.

Figure 11. Curb parameters.

Shown in Figure II is a cross-section of the curb selected for
analysis in the present study, referred to as the type "B" curb
by AASHTO (24). It was selected because of its wide use in
urban areas.
Analysis of the type B curb was made by use of the HVOSM
computer program and a series of full-scale vehicular tests with
minicars. Further details are given in Chapter Three, under
"Full-Scale Crash Test Program" and "Computer Simulation
Studies."
On the basis of the results of this analysis, it was concluded
that the type B curb poses no appreciable hazard to occupants
of a minicar for the conditions evaluated. Those conditions were
tracking impacts with the curb at various encroachment angles
and speeds up to 60 mph. Behavior of the minicar is similar to
larger cars for these impact conditions. However, as discussed
in Chapter Three and as documented in a recent study (11),
minicars have a greater propensity to overturn than do larger
cars when impacting a curb in a sliding or sideways motion.
Suggested curb shapes to accommodate minicars are given in
the following discussion.

MODIFICATIONS TO SELECTED ROADSIDE
SAFETY ELEMENTS TO ACCOMMODATE
MINICARS

Curbs

Although the use of curbs is discouraged on high-speed roadways, they are still used to a large extent on urban highways.

This section summarizes potential modifications to selected
roadside safety elements that may be necessary if the minicar
becomes a design vehicle. These findings are based primarily
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on the use of computer simulation programs previously mentioned and, to a lesser extent, on a limited full-scale crash test
program with minicars. Details of the analysis procedures are
given in Chapter Three.

Roadside Hardware

Rigid Longitudinal Barriers
As discussed earlier in this chapter, the CSSB (see Fig. 2)
was found to be in compliance with the performance standards
of NCHRP Report 230 for minicars weighing as little as 1,250
lb. If those performance standards remain in effect, one can
conclude that no changes would be necessary to the CSSB to
accommodate minicars. However, there is evidence that small
cars are overrepresented in overturn accidents involving the
CSSB. One reason for this disparity is that in comparison to a
larger car a minicar appears to have a greater propensity for
overturn when striking the CSSB at impact conditions other
than the test conditions of NCHRP Report 230. These include
high angle tracking impacts and nontracking impacts in which
the vehicle is sideslipping at the time of impact.
Studies of new shapes for the concrete barrier were made in
an effort to mitigate the overturn problem associated with high
angle or nontracking minicar impacts. Presented in Figure 12
are three designs that show promise in meeting this goal. Slopes
(/3) up to approximately 10 deg for the constant-slope barrier
appear satisfactory. Note that the "modified CSSB" shape of
Figure 12 could be a new design, or an existing CSSB could be
retrofitted to achieve the shape. This concept was conceived by
Ivey, et al., (54) at TFI. Based on a series of HYOSM computer
runs, each of the shapes in Figure 12 will appreciably reduce
the overturn problem. Details of these runs are given in Chapter
Three.
At the time of this writing, the Texas State Department of
Highways and Public Transportation was pursuing a feasibility

study of the constant-slope barrier with TFI. It is anticipated
that a design will be selected in the near future and that a
prototype will be constructed and crash tested. In addition to
the potential for improved impact performance, the height of
the constant-slope barrier can be selected so that several pavement overlays can be accommodated without the necessity of
raising the barrier. Note that, as opposed to the CSSB, the adding
of an overlay does not alter the shape of a constant-slope barrier.
For example, the barrier can be initially 42 in. high, permitting
up to 10 in. of total overlay without reducing the barrier's height
more than the 32 in. commonly used on the CSSB.
Use of the vertical wall or constant-slope barriers shown in
Figure 12 in lieu of the CSSB would not be without some
tradeoffs. Certain shallow angle impacts with the CSSB that
produce no damage would cause some damage with the new
shapes. However, one life saved by preventing an overturn and
the associated societal cost will outweigh a very large number
of minor, scrape hits. The new shapes may also require more
concrete than the CSSB. To the extent possible all of the foregoing factors should be evaluated in a benefit/cost analysis if
further evaluations of the new designs are planned.

Flexible Longitudinal Barriers
The G4( 1S) roadside barrier, as shown in Figure 3, was found
to be in compliance with the performance standards of NCHRP
Report 230 for minicars weighing as little as 1,250 lb. Based on
crash tests and the analysis described in Chapter Three, it was
concluded that the G4( iS) as presently designed would satisfactorily accommodate minicar impacts.
Although it was not within the scope of the study to evaluate
other flexible longitudinal barriers, an attempt was made to
estimate the performance of widely used barriers for minicar
impacts. The analysis was based on results of the G4( iS) evaluations, a review of vehicle/barrier geometry, and recent crash
tests of longitudinal barriers with an 1,800-lb car (28). Shown

(VAR IALE)

(a) VERTICAL WALL

(b) CONSTANT—SLOPE WALL

Figure 12. Potential rigid barrier shapes.

(c) MODIFIED CSSB
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in Figures 13 through 20 are profiles of minicars in relation to
selected longitudinal barriers. Barrier designations are from the
AASHTO Barrier Guide (10). Comments about each barrier
follow.
Of concern in the G 1 system is the potential for underriding of the cables .by minicars. Note that the 1988 Honda
Civic CRX-HF has a hood height approximately equal to the
height of the lower cable. It is noted that tests of the Gi with
the older Honda Civic, with a 30-in, hood height, were satisfactory (28).
There are no apparent problems with the G2. Tests of
this system with the older Honda Civic were satisfactory (28).
Tests of this system with an 1,800-lb car (28) resulted in
questionable post-impact behavior. On impact, the wheel of the
vehicle wedged under the rail and the vehicle spun or yawed
approximately 1 80-deg. Similar, and possibly more severe, behavior would probably occur with a minicar impact, especially
with a vehicle like the 1988 Honda Civic.
G4(JS). No major problems are anticipated with this design
for any of the minicars shown. The same conclusion would also
apply to the G4( 1W), G4(2W), G4(2S), and MB4S systems in

CAR

CURB WHEEL
WEIGHT BASE
(In.)
(Lb.)

DIMENSIONS (In.)
a

b

C

d

e

f

9.5

16.0

20.5

28.5

N/A

20.5

9.3

14.0

18.8

27.0

28.5

21.0

9.5

14.5

21.0

29.0

25.5

11.0°

15.0

20.5

28.0

29.0

1988 Subaru Justy'

1675

90.0

21.0

1988 Chevrolet Sprint1

1600

88.4

1988 Ford Festjva1

1713

90.2

1988 Daihatsu Charade'

1775

91.3

22.03

1988 Honda Civic CRX-HF'

1819

90.6

21.0

8.0

13.8

18.8

24.8

31.0

1980 Honda Civic'

1800

86.0

22.0

8.5

15.6

19.6

30.8

29.3

1982 Ford Fiesta2

1610

89.8

20.8

9.75

14.5

18.3

30.3

25.5

1985 Fiat Uno2

1550

93.0

21.0

10.8

16.0

20.3

30.0

28.0

1983 Daihatsu Domino 2

1300

84.5

19.0

12.0

15.3

19.3

29.0

21.0

Sold in the U.S.A.
2

the AASHTO Barrier Guide (10). Occupants of a minicar would
experience a lateral impact velocity during recommended impact
performance tests that would probably exceed the 20-ft/sec
design value recommended in NCHRP Report 230 but not the
30-ft/sec limit value cited there.
G9. No major problems are anticipated for this design for
any of the minicars shown. The same conclusions would also
apply to the MB9 system in the AASHTO Barrier Guide (10).
It should be noted, however, that occupants of a minicar would
experience a lateral occupant impact velocity during recommended impact performance tests that would exceed the 20-ft/
sec design value recommended in NGHRP Report 230 but not
the 30-ft/sec limit value cited there.
No major problems are anticipated based on successful
tests of the G2 system (28) with 1,800-lb cars. There is some
concern, however, relative to the opening below the rail and the
increased potential for underriding by the minicars.
Problems similar to those described under the G2 system occurred in tests of the MB3 system with 1,800-lb cars
(28). The 24-in, opening below the rail may also permit underriding by some of the minicars.

Used as a test vehicle (not sold in the U.S.A.)
Estimated

Figure 13. Profile of minicars in relation to Gi barrier.
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Figure 14. Profile of minicars in
relation to G2 barrier. See Figure
13 for minicar dimensions.

Figure 15. Profile of minicars in
relation to G3 barrier. See Figure
13 for minicar dimensions.

Figure 16. Profile of minicars in
relation to G4(IS) barrier. See
Figure 13 for minicar dimensions.

Figure 17. Profile of minicars in
relation to G9 barrier. See Figure
13 for minicar dimensions.
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Figure 18. Profile of minicars in
relation to MB2 barrier. See Figure 13 for minicar dimensions.

Figure 19. Profile of minicars in
relation to MB3 barrier. See Figure 13 for minicar dimensions.

Figure 20. Profile of minicars in
relation to MB4W barrier. See
Figure 13 for minicar dimensions.

MB4W. No major problems are anticipated with this design
for any of the minicars shown. Comments made under the
"G4( is)" discussion regarding occupant impact velocity apply
to the MB4W also.

Breakaway Luminaire Supports
It is clear that modifications to most cast aluminum transformer bases for luminaire supports will be necessary to accommodate under 1,800-lb cars. In fact, results of a recent study
(12) show that modifications will be necessary for these bases

to meet current AASHTO standards that are based on an 1,800lb car (5). The modifications may include features to enhance
fracture, such as holes or notches, thinner sections, more brittle
materials, or a combination thereof. Manufacturers of the bases
are currently examining alternatives. There is concern that further weakening of the bases may compromise the structural
integrity of the support. The task of accommodating an 1,800
lb-car will be difficult. Accommodating a 1,500-lb minicar
within current performance standards (1, 5) may be beyond the
state of the possible for transformer bases, at least for the near
future.
Figure 21 is a California Department of Transportation Type
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30 lighting standard (39). A multidirectional slip base is used
with the installation. This installation is believed to be typical
of many slip-base designs. The total weight of the steel support,
above the slip plane, is approximately 490 lb. Each of the three
7/8-in, bolts is torqUed to 150 ft-lb. Based on reported data
(40), bolt torque " T " and bolt tension "N" can be approximated
by N = (K1)(T) where K1 depends on the bolt diameter. For
a 7%-in. bolt, K1 is estimated to be 5.7/in. Thus, for T = 150
ft-lb = 1,800 in.-lb, N = (5.7)(1,800) = 10,260 lb.
The total tension force, N1 , is therefore approximately 30,780
lb. As discussed in Chapter Three, under "Specialized Analytical Procedures," a typical effective friction coefficient for a
multidirectional slip base is approximately 0.5. Thus, the slip
force is estimated to be (0.5)(30,780) = 15,390 lb. It is noted
that the actual slip force can also depend on the direction of
the resultant impact force and on the notch geometry of the
flanges.
Further, it should be noted that significant variations in slipbase friction have been reported. Therefore, although the above
procedures for linking bolt torque to slip-base force are reasonably accurate, some caution is advised when using these estimated values for specifying allowable bolt torque.
Impact performance of the support shown in Figure 21 was
examined by use of the computer model described in Chapter
Three, under "Specialized Analytical Procedure." As discussed
in that chapter, the model predicted actual crash test results
with reasonably good accuracy. The reader should note that the
frontal stiffness (in. lb/in.) of the vehicles used in these parametric studies was assumed to equal the weight of each respective vehicle. Reference should be made to Chapter Three, for a
discussion of frontal vehicular stiffness and its effect on vehicular
velocity change.
Figures 22 and 23 are plots of the estimated vehicular velocity
change, AV as a function of slip-base force for four vehicular
weights and for 20 mph and 60 mph impacts, respectively. The
dashed line in Figures 22 and 23 is drawn at 15 ft/sec, the
current limit on vehicular velocity change (5). Results indicate
the following for the given support: (1) for the lower slip-base
forces, the A V is appreciably greater at the higher impact speed;
(2) the A V is more sensitive to slip base force at lower impact
speeds; and (3) if the slip-base force is as computed above
(approximately 15,500 lb), the support will satisfy current performance criteria (5) for a 1,500-lb car. The predicted velocity
change for a 1,250-lb car is slightly above the 15-ft/sec LW
limit at 60 mph (see Fig. 23).
Figure 24 is a plot of i V versus impact speed for four slipbase forces for the Type 30 support for a 1,500-lb car. The
5,000-lb to 20,000-lb range on slip force is believed to bracket
the extremes that would occur in the field. It can be seen that
i V increases with increasing impact speed for these conditions.
However, even at the 20,000-lb slip force, the support satisfies
current performance criteria (5) for a 1,500-lb car.
Figures 25 and 26 show estimated changes in vehicular velocity for a 45-ft steel luminaire support with dual mast arms,
weighing approximately 960 lb, for impacts at 20 mph and 60
mph, respectively. This support is believed to be near the extreme
in terms of weight for breakaway roadside luminaire supports.
In this case there are obvious problems for high-speed impacts
for vehicles weighing less than 2,000 lb. Figure 27 is a plot of
i V versus impact speed for the same pole when impacted by a
1,500-lb car for a range of slip-base forces. It can be seen that

.
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Figure 21. California type 30 luminaire support.

CA. Type 30 Luminaire Support
Total Weight = 490 lb
Impact Speed = 20 mph

24

Vehicle Weight
20
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16
0
U,

12

8

4

0
0 4 8 12 16 20 24 28 32 36 40
Slip—Base Force (kips)

Figure 22. Change in velocity versus slip-base force.
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CA. Type 30 Luminaire Support

CA. Type 30 Luminaire Support

Total Weight = 490 lb
Impact Speed = 60 mph

Total Weight = 490 lb
Vehicle Weight = 1500 lb
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Figure 23. Change in velocity versus slip-base force.

Figure 24. Change in velocity versus impact speed.

45 ft. Luminaire Support; Dual Most Arm

45 ft. Luminaire Support; Dual Mast Arm

Total Weight = 964 lb
Impact Speed = 20 mph

Total Weight = 964 lb
Impact Speed = 60 mph
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Figure 25. Change in velocity versus slip-base force.

24

28

32

Figure 26. Change in velocity versus slip-base force.

the 15-ft/sec limit is exceeded for a slip force in excess of 20,000
lb. For a slip force less than 15,000 lb, performance is unacceptable for impact speeds in excess of about 35 mph.
If the weight of the 45-ft support were cut in half, say 500
lb, the analysis indicates satisfactory performance for a vehicle
weighing 1,500 lb. It is believed that a 45-ft aluminum pole
would be satisfactory.

45 ft. Luminaire Support; Dual Most Arm
Total Weight = 964 lb
Vehicle Weight = 1500 lb
24

20

16
C)
C

12

Breakaway Sign Supports
As discussed earlier in this chapter, tests of a large sign
support system with under 1,800-lb cars (13) were satisfactory
in terms of current safety standards (1, 5). Further analysis of
the referenced support system was made in the present study
for minicars using the computer program presented in Chapter
Three. Shown in Figure 28 are key sign support parameters that
affect impact performance. In the reference system the parameters were as follows: sw = 24 ft, SD = 12 ft, SH = 3 in.,

<

8

Slip Base Force

.—. 5000 lb
10000 lb

4

15000 lb
—. 20000 lb

P-P

0
20

30

40

50

Impact Speed (mph)

Figure 27. Change in velocity versus impact speed.
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HH =8.25 ft, PL =2O ft, PS =l5 ft, and BH =17.5in.
The unit weight of each of the two supports was 45 lb/ft.
Figures 29 and 30 are plots of estimated vehicular velocity
change, A V as related to the "effective" slip-base force for four
vehicle weights at impact speeds of 20 mph and 60 mph, respectively, for the support system just described. The effective
slip-base force is that necessary to activate and release the lower
slip plane and the upper hinge mechanism. A procedure to
estimate the effective force is given in this section under "Roadside Features." It depends primarily on the torque applied to
the slip-base bolts and to the bolts in the hinge. Based on
reported information (13) the effective slip-base force in the test
installation was estimated to be approximately 8,000 lb.
Note that the data in Figures 29 and 30 are based on the
assumption that the hinge activates and releases at both 20 mph
and 60 mph. In the referenced tests (13) the hinge did not
activate at 20 mph, whereas in the 60-mph test the hinge worked
properly. Figures 31 and 32 are similar to Figures 29 and 30,
except it was assumed the hinge did not activate. Note that an
effective post length of 17.5 ft was used in the "no hinge"
analysis although the total post length was 20 ft. This was done
because the depth of the upper 5 ft of the wide-flange support
is tapered down to near zero.

Figure 28. Breakaway sign parameters.

Figure 33 is a plot of iV versus signpost weight for a 1,250lb car, for a range of effective slip-base forces, for a 60-mph
impact. Parameters S11, HH, and B11 were as follows: SH = 3
in., H11 = 8.25 ft, and B11 = 17.5 in. It can be seen that
acceptable performance is indicated for post weights up to about
40 lb/ft for the given conditions.
Results of the analysis indicate the following, recognizing that
40-lb/ft to 45-lb/ft signposts are probably the largest in present
use: (1) practically all slip-base sign supports will satisfy current
safety standards for vehicles weighing as little as 1,500 lb, provided the effective slip force is not excessive and provided the
hinge mechanism activates, especially for high impact speeds;
(2) the A V is much more sensitive to the effective slip-base
force at low speeds than at high speeds; (3) for large supports,
such as the 45-lb/ft wide-flange post, it is essential that the
hinge activate during high speed impacts; and (4) The foregoing
implies that extra care will be necessary in the installation and
maintenance of breakaway sign details for minicar design vehicles.
A common concern about breakaway structures is the effect
of the location of the impact force relative to the slip plane on
impact performance. Supports placed on side slopes, behind
curbs, and so forth, can be struck at other than a "normal"

20
Hinge Activated

Hinge Activated

Impact Speed = 20 mph

Impact Speed = 60 mph

Sign Post Weight = 45 lb/ft
28

Sign Post Weight = 45 lb/ft

28
Vehicle Weight

24
20
C.,

24

•-. 1250 lb
1500 lb
—. 1750 lb
—. 2000 lb

20
C.,

16

16

12

12

8

8

4

4

Vehicle Weight

II

—. 1250 lb
1500 lb
—a 1750 lb
—. 2000 lb

C.,

0 4 8 12 16 20 24 28 32 36 40

0 4 8 12 16 20 24 28 32 36 40
Effective Slip—Base Force (kips)

Effective Slip—Base Force (kips)

Figure 29. Change in velocity versus slip-base force.

Figure 30. Change in velocity versus slip-base force.
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Figure 31. Change in velocity versus slip-base force.

position. The program described in Chapter Three, under "Specialized Analytical Procedures," was used to approximate the
effect of this factor. The program accounts for the effect of
impact force location on the transfer of momentum. It does not
account for changes that may occur in the slip-base force due
to the added moment on the slip plane. As such, the results
should be viewed as a lowerbound on estimated changes in
vehicular velocity.
Figure 34 is a plot of A V versus "effective" vehicular bumper
height for a 60-mph impact with a 45-lb/ft signpost for a 1,500lb car. With reference to Figure 28, the effective vehicle bumper
height equals the difference in BH and 5H On the basis of
previously described values, the effective bumper height for a
1,500-lb car is approximately 14.5 in. It can be seen that if the
effective bumper height is increased from 14.5 in. to 36 in., the
Vincreases from approximately 14 ft/sec to about 24 ft/sec,
a 70 percent increase.

Figure 32. Change in velocity versus slip-base force.
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Figure 33. Change in velocity versus signpost weight.
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Another key parameter in breakaway performance is the
structural stiffness of the impacting vehicle. It is also very difficult to define other than by carefully controlled full-scale crash
tests. A good illustration of this sensitivity can be found in a
study previously cited (13). Four tests were conducted on the
sign support previously described (the 45 lb/ft supports, etc.).
Two of the tests (1147-1001 and 1147-1008) involved a 1973
Chevrolet Vega, weighing approximately 2,400 lb, impacting the
post at 20 mph and 60 mph. The other two tests (1147-1009
and 1147-1010) involved a 1974 Honda Civic, weighing about
1,600 lb, also impacting the post at 20 mph and 60 mph. The
average reported A V (from film and accelerometer data) for
the vehicles were as follows:

Hinge Activated
Impact Speed = 60 mph
28
24
20
U

16

20 mph

60 mph

1973 Vega
1974 Honda

10.0
9.9

8.4
9.3

One would conclude that the A V for the much smaller Honda
should be measurably greater than that for the Vega. While
there may in fact be some errors in the data, differences in the
frontal stiffness of the two vehicles is believed to be a primary
reason for the apparent discrepancy, especially at the low speed
impacts. The frontal stiffness of a 1973 Vega and a 1981 Honda
Civic (for the crush distance experienced in the tests) as measured in full-scale crash tests (6) were as follows:
Vehicle

Crush Stiffness (lb/in.)

1973 Vega
1981 Honda

480-850
1,600-2,300

If the stiffness of the 1974 Honda is similar to that of the 1981
Honda, the 1974 Honda is three to four times stiffer than the
Vega for the crush distances that occurred in the tests. The
sensitivity of the impact performance of breakaway structures
to vehicular stiffness is examined further in Chapter Three,
under "Specialized Analytical Procedures." It is also shown
that there are major differences in the frontal stiffness of various
small vehicles.
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Figure 34. Change in velocity versus bumper height.

Base-Bending Sign Supports
The base-bending sign support selected for analysis in the
present study was a single 4-lb/ft rail steel U-post. Properties
of the post are given in Appendix C, test 7. Test and analysis
of this post indicate it will be marginally acceptable for minicars
weighing 1,500 lb.
Although the scope of the project did not permit an in-depth
test and analysis program for other small sign support systems,
estimates were made of the impact performance selected systems
would exhibit for minicars. The analysis procedure used to make
the estimates is given in Chapter Three, "Specialized Analytical
Procedures." Results are summarized in Table 3.
Notes concerning the information in Table 3 follow:
1. Current AASHTO impact performance standards for sign
and luminaire supports are stated as follows (5):
Satisfactory dynamic performance is indicated when the maximum change in velocity for a standard 1,800-pound (816.5 kg)
vehicle, or its equivalent, striking a breakaway support at speeds

Table 3. Estimate of performance of selected small sign supports for minicars.

SIGN SUPPORT SYSTEM
3 lb/ft High Strength (80 KSI)
Steel U-Post with Ground Splice
(Three-Post Installation)

IMPACT SPEED (MPH)
21.7

ESTIMATED VEHICULAR
VELOCITY CHANGE IFT/SEC)
1,500 LB
1,250 LB
VEHICLE
VEHICLE
18.5

28.6

51.6

12.0

14.7

5

in. I.D. Standard Steel Pipe with
Multidirectional Sl ipbase
(Single-Post Installation)

45.5

7.2

8.8

4 in. x 6 in. (Nominal Dimensions)
Southern Pine Wood Post, Unweakened
(Single-Post Installation)

20.7

12.4

16.2

in. x 21/2 in., 10 Gauge, Square
Perforated Steel Tube and Stub
(Single-Post Installation)

20.4

13.3

17.6

61.4

12.3

15.0

20.6

21.1

30.2

21/2

2 3/8 in. 0.0., 13 Gauge Steel Tube
with 'Poz-Loc Anchor"
(Two-Post System)
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from 20 mph to 60 mph (29.33 fps to 88 fps) (32 kmph to 97
kmph) does not exceed 15 fps (4.57 mps) [the authors note that
under Federal Highway Administration Regulation (Part 625,
23 CFR) 16 fps is acceptable], but preferably does not exceed
10 fps (3.05 mps) or less.
All breakaway supports in multiple support sign structures
shall be considered as acting together to cause a change in impact
vehicle velocity unless each support is designed to independently
release from the sign panel, the sign panel has sufficient torsional
strength to ensure this release, and the clear distance between
supports is eight feet (2.44 m) [the authors note that the 1988
AASHTO Interim Specifications for Bridges changed the "eight
feet" to "seven feet"] or greater.
To avoid vehicle undercarriage snagging, any substantial remains of a breakaway support, when it is broken away, should
not project more than four inches (0.102 m) above a 60-inch
(1.524 m) chord aligned radially to the centerline of the highway
and connecting any point, within the length of the chord, on the
ground surface on one side of the support to a point on the
ground surface on the other side.

Systems A, D, and E have been crash tested according to
current AASHTO specifications (5) and are in compliance with
those specifications. Although systems B and C have only been
crash tested with larger cars (weighing 2,250 lb or more), there
is little doubt that they will meet the current AASHTO specifications, and that is the reason they are included in Table 3.
System A is a new design developed for the Arizona Department of Transportation by 11.1 (29). It is similar to a steel
U-post ground splice system developed several years ago (30)
and now in wide use across the United States. Based on the
given estimates, a three-post system, in which the outer posts
are within an 8-ft spacing, would not satisfy AASHTO criteria
for the two minicar weights shown. Based on the analysis procedure of Chapter Three, "Specialized Analytical Procedures,"
a system with one or two posts within an 8-ft spacing would
be acceptable for the 1,500-lb car and the 1,250-lb car.
Tests of single signposts with slip-base designs with larger
cars clearly demonstrate the low impact resistance of these designs. As shown in Table 3, the estimated velocity change of a
relatively large support in System B is well below the 15-ft/sec
limit, even for a 1,250-lb car. Some increase in the vehicular
velocity change values can be expected for a 20-mph impact,
but they are expected to be below the 15-ft/sec limit for both
minicars.
It appears that a single 4 in. by 6 in. unweakened wood
post (System C) and a single 2/2 in. by 2'/2 in., 10-gauge perforated steel tube (System D) would be acceptable for a 1,500lb car. The estimated vehicular velocity change for a 1,250-lb
car would exceed the 15-ft/sec limit by 1.2 ft/sec and 2.6 ft/
sec for Systems C and D, respectively.
System E would be unacceptable for the two-post installation in which the supports were within 8 ft of each other. For
a single-post installation or for an installation in which the posts
are spaced 8 ft or more, acceptable performance is indicated for
both the 1,500-lb car and the 1,250-lb car.
HVOSM computer runs were also made to study the postimpact behavior of small cars following impact with a small
sign support. Depending on the magnitude of the impulse imparted to the vehicle and its location relative to the vehicle's
centerline, sideslipping and possibly overturn can occur after an
off-center impact. Details of these runs are given in Chapter
Three, under "Computer Simulation Studies."
It should be noted that virtually all crash testing of small
sign supports has involved installations placed in very stiff soils.

Recent tests have shown that the performance of small sign
support systems can be significantly degraded when installed in
softer soils. Additional research is needed to better identify soft
soil effects.

Crash Cushions
The two crash cushions selected for analysis in the present
study included the sand-filled plastic barrels and the GREAT
system. As mentioned earlier in this chapter, under "Performance of Selected Roadside Safety Elements for Minicars," neither
of these cushions, as presently designed for high-speed roadways,
would comply with NCHRP Report 230 evaluation criteria for
minicars.
Figure 35 shows a configuration of sand-filled plastic barrels
designed to meet NCHRP Report 230 criteria for vehicles in the
1,800-lb to 4,500-lb weight range. Also shown in Figure 35 is
a configuration designed to meet NCHRP Report 230 criteria
for vehicles in the 1,350-lb to 4,500-lb weight range. It can be
seen that the modification consists of simply adding a 200-lb
module to the front of the cushion—a very inexpensive modification. The modified design does, however, require an additional 3 ft of space to accommodate the added module. Analysis
of the system is given in Chapter Three. It is estimated that in
a 60-mph head-on impact, the occupants of a vehicle whose
gross weight is 1,350 lb would impact the interior of the vehicle
at a velocity slightly less than 30 ft/sec, just below the preferred
30-ft/sec limit of NCHRP Report 230. The stopping distance
would be approximately 21 ft, and the average vehicular deceleration would be approximately 5.7 G's. It is noted that the
sand-filled plastic barrels can also be easily configured for lower
design speeds.
Table 4 gives an estimate of the impact performance of the
GREAT system and other commonly used crash cushions for
a 1,500 lb vehicle. Also given in Table 4 is an estimate of the
performance that could be achieved if "reasonable" modifications were made to accommodate a 1,500-lb car. As indicated,
all current systems would probably produce an occupant impact
velocity in excess of 40 ft/sec. Further, as indicated, some of
the systems could be modified at a reasonable cost to achieve
a "less than 40 ft/sec" occupant impact velocity, while others
could not be modified without significant cost increases. According to NCHRP Report 230, it is essential that the occupant
impact velocity be less than 40 ft/sec and it is recommended
that it not exceed 30 ft/sec. It is noted that the systems listed
in Table 4 were developed and are marketed by Energy Absorption Systems, Inc. (16).

Guardrail Terminals
Analysis of the 60-mph eccentric loader test with a 1,500-lb
Fiat Uno (see Appendix C, test 7043-8) revealed some interesting results. First, the occupant impact velocity criteria of
NCHRP Report 230 was satisfied, i.e., the measured value of
27.4 ft/sec (calculated from accelerometer data) was less than
the recommended limit of 30 ft/sec. Comparison of test 70438 with the same test of the eccentric loader involving a 1,82 1lb Honda Civic (see test RBCT- 13 of Ref. 20) shows the occupant impact velocity of the Fiat Uno was actually less than
that of the Honda Civic (29.1 ft/sec calculated from acceler-
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ometer data). This seems to violate basic principles of mechanics
since the weight of the Fiat (1,530 lb) was 16 percent less than
the Honda. However, further analysis led to the second interesting observation. As can be seen in Figure 36 (a), the Fiat
sustained considerable damage during test 7043-8. In fact, the
engine was torn from its mounts and there was deformation of,
and intrusions into, the passenger compartment. Details of the
passenger compartment damage are given in Appendix C. The
relatively low occupant impact velocity was attributed to the
large vehicular deformations, i.e., the vehicle absorbed a large
amount of energy.
A review of the longitudinal vehicular acceleration during
test 7043-8 shows the vehicle was subjected to a high impulse
upon initial contact. This is a result of three events that take
place over a very short time duration. They are, not necessarily
in order of occurrence, an acceleration of the mass in the nose
of the eccentric loader (about 110 lb), fracture of the first
wooden post, and buckling of the W-beam.
The Honda Civic shown in Figure 3.6 (b) impacted an experimental end treatment similar to the original BCT design
(38). It was tested in accordance with test 45 of NCHRP Report
230. Although the Honda sustained considerably less damage
than the Fiat, the occupant impact velocity computed during
the Honda test was in excess of 34 ft/sec. In other words, while
the Honda was subjected to a considerably larger impulse, it
actually sustained less damage than the Fiat. It is apparent that
the frontal stiffness of the Fiat is significantly less than that of
the Honda. Therefore, while the "softer" front end of the Fiat
produced a theoretically acceptable occupant impact velocity,
it unfortunately also permitted the integrity of the passenger
compartment to be violated.
A visual review of the frontal structure of selected 1988 model
under 1,800-lb cars suggests that the frontal stiffness of these
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Figure 35. Sand-filled plastic barrel crash cushion.

Table 4. Estimated performance' of crash cushions when impacted2 by a 1,500-lb car.
Current P"cign
Ridedown
Acceleration
p's

Occupant Inact
Velocity (ft/sec'

Modified flsign
Ridedown
Acceleration
p's

Occupant Impact
Velocity (ft/secl

CRPSH CUSHION TYPE
G-R-E-A-T/G-R-E-A-T cz Systems
(Hex-Foam Cartridge)

40-45

<20

<403

<20

G-R-E-A-T/G-R-E-A-T cz Systems
(Hi-Dri Cartridges)

45-50

>25

NA4

NA

Hex-Foam Sandwich System

40-45

<20

<403

<20

Hi-Dri Sandwich System

45-50

>25

NA4

NA

Hi-Ore Sandwich System

50-55

>25

NA4

NA

1 Estimated based on actual crash cushion performance with larger vehicles and theoretical perforneste of
the 1,500 vehicle indicated.
2 NCIIRP 230 Test Nunber 52(60 mph, 0 deg, centered) but with a 1,500 lb vehicle.
3 The nodifications would include unit extension (3-5 ft), weight reduction of sow hardwere eleiamts and
adjustment of the energy absorbing elements (replacmnent cartridges). These nmdifications would result
in a unit price increase of less than 30% and could be made available in retrofit packages fr existieg
installations.
These systems cannot be reasonably nodified due to excessive hardware and energy absorbing element
weight and reduced ability to mdify crush characteristics. Modifications would require excessive wilt
extension (>6 It), retrof it packages would not be practical and price increases would be greater than
50%.
ITE: Data in this table were provided by Energy Absorption Systems, Inc. (j).
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Figure 36. Photographs ojcars a/Icr end treatment rests: (a) Fiat
Uno after test 7043-8. (b) Honda Civic after special BCJ' test.

cars is similar to that of the Fiat. Most of the cars have an
integral or reinforced shell body in lieu of the heretofore conventional frame and sheet metal construction. The new body
styles are efficient in terms of minimizing weight and reducing
operating costs. However, softer vehicular structure will generally degrade the performance of "lumped impulse" safety
features such as the eccentric loader and breakaway structures.
Photographs of the front and rear undercarriage structure of
the four cars tested in the present study are shown in Figure
37. A 1979 Honda Civic undercarriage is also shown for corn-

Figure 37. Undercarriage of vehicles: (a) 1983 Daihatsu Domino,
front, (b) 1983 Daihatsu Domino, rear; (C) 1985 Fiat Uno, front,'
(d) 1985 Fiat Uno, rear; (e) 1982 Ford Fiesta, front; (fi 1982
Ford Fiesta, rear, (g) 1985 Chevrolet Sprint, front, (Ii) 1985
Chevrolet Sprint, rear,' (i) 1979 Honda Civic, front,' (j) 1979
Honda Civic, rear.
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Figure 37. Continued

Figure 37. Continued

parative purposes. The photographs were made after the test
program was completed and, hence, there are varying degrees
of damage to the vehicles. Note that the two transverse members
appearing in each photograph are fork-lift supports used to
elevate the cars for the photographs.
Improvement in the eccentric loader impact performance can
be made by reducing the mass of the structural elements in the
nose or by further reductions in the buckling strength of the

W-beam. Use of aluminum structural members in lieu of steel
members in the nose could possibly reduce the mass by 50
percent to 60 percent. Further weakening of the W-beam for
axial compressive loads may also be feasible. A "split rail"
concept recently investigated at TTI (38) could probably be
used to further weaken the rail. As shown in Figure 38, the Wbeam is cut along its length. The length and number of the cuts
can be varied to achieve a specified dynamic buckling load. With
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Figure 38. Split rail concept for end treatment.

three cuts as shown in Figure 38, the W-beam is essentially
reduced to four flat plates over the length of the cut. The
combined buckling load of the four "slender" columns is much
less than the unweakened W-beam. The concept was, in fact,
used to modify the original BCT design, the details of which
are given in Ref. 38. The modified design was subject to the
four performance tests of NC'HRP Report 230 that include two
tests with an 1,800-lb car and found to be in compliance with
the evaluation criteria.
Unfortunately, it is very difficult to analytically quantify the
improved impact performance that may be achieved by using
the split rail concept with the eccentric loader design. The researchers were unable to analytically model the complex dynamic response of the eccentric loader design, and it was not
within the scope of the project to conduct additional crash tests.
Another very promising design developed at TTI and presented in Ref. 38 is the "Guardrail Extruder Terminal" (GET).
The concept is illustrated in Figures 39 and 40 and photographs
of the GET are shown in Figure 41. For impacts on the nose
of the terminal, the guardrail is flattened and extruded out and
in front of the advancing vehicle. Energy is dissipated in a
controlled and predictable manner. Side hits downstream from
the terminal are redirected because the terminal also acts as an
anchor to develop the necessary tension in the W-beam. The
system was shown to be in full compliance with NCHRP Report
230 criteria as judged by the results of four crash tests, including
two tests with an 1,800-lb car.

Extruder

Figure 40. Guardrail extruder terminal details.

7-

-

ai1

Vehicle
Figure 39. Guardrail extruder terminal.

Figure 41. Photographs of guardrail extruder terminal.
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It was shown in Ref. 38 that the impact performance of the
GET can be described analytically with reasonably good accuracy. Therefore, using the analytic model, an investigation of
the impact performance of the GET for under 1,800-lb cars was
made. An estimate of the occupant impact velocity for a range
of under 1,800-lb cars, for a 60 mph head-on impact with the
GET, is shown in Figure 42. It is noted that, according to
NCHRF Report 230, 40 ft/sec is the limit for the longitudinal
occupant impact velocity, but 30 ft/sec or less is recommended.
As noted in Figure 42, the results are based on the current
extruder design which weighs 340 lb and dissipates approximately 13,000 ft-lb of energy per foot of rail extruded. Some
weight could be trimmed from the current design, but as shown
in Figure 43, it would not appreciably reduce the occupant
impact velocity. An estimate of the occupant impact velocity as
related to vehicular impact speed is shown in Figure 44. It can
be seen that the higher vehicular impact speeds are more severe,
and it can also be seen that the seventy of the lighter vehicle
is more sensitive to impact speed.
It should be noted that in the model used in evaluating the
GET, it is assumed that the vehicle dissipates no energy in
crushing. This obviously is not true, but the assumption is made
in the interest of not understating the occupant impact velocity.
The actual occupant impact velocity will decrease with increasing vehicular crush. However, as was demonstrated in the test
of the eccentric loader with a 1,500-lb car (see test 7043-8,
Appendix C), there is a limit to the extent of crush that can be
tolerated, beyond which the structural integrity of the passenger
compartment is violated, regardless of the theoretically computed occupant impact velocity. It is difficult to estimate how
much the GET would crush the front of a 1,500-lb car. Based
on a comparison of the longitudinal deceleration versus time
data for test 7043-8 and a similar test with the GET using an

1,800-lb car (test MB-6 of Ref. 38), it can be seen that the
initial impulse produced by both devices is roughly equal. However, the eccentric loader is a "gating" system that allows a
vehicle to penetrate behind the barrier. These systems tend to
be more lumpy and have periods of high decelerations separated
by periods of very low deceleration. Further, the eccentric loader
requires a flared end and performs better with increasing flare
distances. Conversely, the GET is designed to be installed on a
tangent section of barrier and is an attenuating system that
brings impacting vehicles to a controlled stop. Therefore, the
GET exhibits a more uniform deceleration after the initial impulse. Thus, the two terminals have been developed for different
applications and cannot be directly compared.
Although both systems have been successfully crash tested
according to NCHRF Report 230, their field performance has
not been adequately investigated. As discussed above, if these
systems prove to perform well during in-service evaluations,
additional development will be required to improve their performance for minicars.
The SENTRE and TREND are two commercially available
end treatments (16). As presently sold, neither system would
satisfy NCHRF Report 230 criteria for a 1,500-lb car. However,
industry representatives have estimated that both could be modified to accommodate a 1,500-lb car with moderate changes in
detail and cost.

Roadside Features

Slopes
Computer simulation studies conducted in the present study,
details of which are given in Chapter Three, "Computer Sim-
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ulation Studies," and other studies involving full-scale tests and
computer simulations of small vehicles (Z 11, 23) found that
minicars can negotiate slopes as steep as 3:1 at approximately
60 mph without overturning for certain conditions. If the slope
is dry and well compacted (this implies a friction coefficient of
approximately 0.5) and free of irregularities, such as small boulders or large rocks, washouts, or other features that could trip
the vehicle, overturn is not predicted for either tracking or
nontracking encroachments on foreslopes for fill sections as
steep as 3:1 and fill heights up to 20 ft.
The above findings notwithstanding, evidence is mounting
from accident studies that the rate of overturn for all vehicle
sizes on slopes increases significantly for slopes steeper than 4:1
(11, 31). Further, the same studies found that overturn rates
on 3:1 and 2:1 slopes were approximately equal. There is also
evidence (11) that smaller vehicles tend to overturn at a greater
rate than do larger vehicles on a given slope.
It is apparent that many roadside slopes are not well compacted and free of irregularities. Under wet conditions, tires can
rut and form a tripping mechanism. Further, as shown in Chapter Three, "Specialized Analytical Procedures," and in the literature (11), a slope irregularity that would not trip a larger
car can trip a minicar.
This leads to a very difficult question that to date has largely
not been addressed: What is a reasonable set of conditions for
which roadside slopes should be designed for safety? Should
they be designed for certain types and sizes of irregularities,
friction values, or soil conditions? It should be noted that under
certain conditions a vehicle will overturn on a flat surface.
On the basis of the foregoing discussion, it is clear that as
the design vehicle gets smaller, roadside slope design and maintenance will become more critical. At a minimum, if the present
AASHTO standards (24) are maintained, more effort will be
needed in the construction and maintenance of roadside slopes
to avoid the problem that irregularities and soil conditions pose
to minicars. More in-depth accident studies and benefit/cost
analyses will be needed to further assess the problem and possible
solutions. Studies will also be needed to define the typical slope
conditions for design and analysis purposes.
For cut slopes, the geometry of which is shown in Figure 8,
it was found that minicars will overturn on 2:1 or steeper slopes
for 60-mph encroachments. Simulation of larger cars for the
same conditions did not result in overturn. This implies that
the current AASHTO policy (24) that permits cut slopes as
steep as 2:1 may need to be changed if the minicar becomes a
design vehicle.

Ditches

Reference is made to Figure 9 for the specific ditch geometry
examined in the present study. Simulations indicate that a minicar as small as 1,250 lb can negotiate this ditch geometry for
a foreslope as steep as 3:1 in combination with a backslope as
steep as 3:1 for certain conditions. If the slopes and ditch bottom
are well compacted and free of irregularities or features that
could trip the vehicle, overturn is not predicted for either tracking or nontracking encroachments at 60 mph.
However, reference is made to the discussion in the preceding
section on "Slopes" regarding overturn propensity of cars on
slopes and the effect slope irregularities have on minicar stability.

Observations given in the "Slope" section with regard to potential changes in slope design to accommodate minicars are
applicable to ditch sections also.

Driveways

Reference is made to Figure 10 for the driveway geometry
examined in the present study. No attempt was made to simulate
the effects of drainage structures or culvert ends on the driveways. Simulation runs, supported to a limited extent by two
full-scale vehicular tests, indicate that a minicar has approximately an equal propensity for overturn on a given driveway
configuration as does a large car. In previous studies (26, 27)
of larger cars it was concluded that a foreslope of 8:1 or flatter,
in combination with a driveway slope of 10:1 or flatter, was
needed to prevent overturn for 60-mph tracking encroachments.
Based on the present study a foreslope of 6:1 or flatter, in
combination with a driveway slope of 10:1 or flatter, would be
needed to prevent overturn of a minicar encroaching at 60 mph.
The values were determined for the minicar approaching the
driveway in a tracking mode. Overturn propensity is increased
significantly if the car is sliding sideways into the driveway,
especially if a drainage structure is in the vehicle's path.
It is recognized that flattening driveway slopes is costly due
to added fill and longer culverts. Safety treatments of culvert
ends are also needed to maintain the safety benefits of the flatter
slopes. Benefit/cost studies will be needed to assess these and
other factors. A recent study of Ti'! indicates it is cost beneficial
to provide safety treatments to driveway culvert ends within the
"clear zone" for all but very low-volume roadways (25).

Curbs

Reference is made to Figure 11 for the curb geometry selected
for study. It is an AASHTO type " B " mountable curb (24). A
series of full-scale vehicular tests with a minicar and a series of
computer simulations with minicars show that for tracking impacts, this curb can be easily and safely mounted at encroachment angles up to 15 deg and speeds up to 60 mph.
Unfortunately, in many run-off-the-road accidents the vehicle
is yawing or sliding sideways. As discussed in Chapter Three,
"Specialized Analytical Procedures," and as shown in a recent
study (11), a surface discontinuity or irregularity such as a steepfaced curb can trip and cause a sliding vehicle to overturn at
relatively low speeds. For a given curb configuration the propensity for overturn increases as the vehicle size decreases.
To minimize the probability of a minicar overturning when
sliding into a curb, the slope of the curb face should be as flat
as possible, preferably 30 deg or less (11). AASHTO curb types
C, E, and 0 (24), shown in Figure 45, satisfy the criterion.
Studies have indicated that an initial face of up to approximately
2 in. can be used on these designs without degrading the impact
performance (11).
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CHAPTER THREE

ANALYSIS PROCEDURES AND RESULTS

Several analysis techniques were used in pursuit of the project
tasks. Heavy emphasis was placed on the calibration and use
of computer programs designed to simulate complex vehicleroadway interaction problems. A full-scale crash test program
was conducted to (1) gain valuable insight on the performance
of selected, widely used roadside safety elements when impacted
by minicars and (2) to provide a data base from which the
aforementioned computer programs could be calibrated for mmicars. For certain types of roadside safety features, specialized
analysis techniques were developed and used. This chapter describes the evaluation procedures and results obtained therefrom.

study the impact of a vehicle with longitudinal barriers. Its
original use was to study the effects of a vehicle's bumper design
on the impact performance of guardrails. HVOSM is a threedimensional program developed to study a range of vehicleroadway problems including the handling response of a vehicle
on and off the travelway and impacts with longitudinal barriers.
BARRIER VII is a two-dimensional program developed to
study in-plane vehicular response to impacts with flexible, longitudinal barriers. CRUNCH is an extension of GUARD to
include simulation of articulated vehicles. Following is a discussion of the programs selected for simulation of roadside safety
elements and the procedures used in their calibration.

SELECTION AND CALIBRATION OF COMPUTER
PROGRAMS

Roadside Hardware

Rigid Longitudinal Barriers
Candidate computer programs considered for use in the project included GUARD (2), HVOSM (3), BARRIER VII (8),
and CRUNCH (9). A critique of these programs and their use
in the design and analysis of roadside safety elements can be
found in the literature (32) and will not be repeated here. Basically, GUARD is a three-dimensional program developed to

Computer programs HVOSM and GUARD were considered
for simulation of impacts with the rigid concrete safety-shaped
barrier (CSSB). Both have three-dimensional response capabilities, a necessity to study the potential for vehicular overturn
following impact with the CSSB. Both also have limitations with
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regard to simulation of the CSSB. Neither program can accurately simulate the tire scrubbing forces that occur during CSSB
impacts. The suspension model used in GUARD is quite limited
in relation to that used in HVOSM. In HVOSM the vehicle's
tires can interact with the sloped face of the CSSB, but the
vehicle's sheet metal can only interact with a vertical wall.
Previous studies of CSSB impacts with HVOSM have met
with reasonably good success (33, 34). The version of HVOSM
used in these studies was one modified by TTI to include "hardpoints" within the vehicle's structure (33). This version was
also used in the first phase of the present study in initial calibration efforts for minicars (4). Tests of an 1,800-lb car from
a previous study (35) were simulated and the results compared
well with test results. In all of these studies, however, special
calibration techniques have had to be used because of inherent
limitations of HVOSM. As perceived by the TTI researchers, a
major limitation involved the vertical wall assumption. A key
variable in previous calibration efforts was the lateral location
of the vertical wall.
It was decided that, as part of the present project, an effort
would be made to modify the RD2 version of HVOSM (3) to
permit the vehicle's structure to interact with the sloped faces
of the CSSB or with barriers of other shapes. In making these
modifications, errors were also found and corrected in various
subroutines. A discussion of the modifications and corrections
is given in Appendix D.
An attempt was also made to incorporate recent changes to
the HVOSM tire model to improve simulation of scrubbing
forces during shallow angle contacts with curbs and edge drops
on shoulders (23, 36). Upon receipt of a revised version of
HVOSM, the researchers attempted to simulate a small car
impact with the CSSB. It was, then, learned that the barrier
impact routines had been removed in the revised version. An
attempt was made to install these routines, but after considerable
effort, it was concluded that this could not be done within the
scope of the project. It is noted that, with the proper placement
of hardpoints and proper selection of hardpoint stiffness values,
the lateral forces on a tire or rim can be approximated in a
manner similar to that in Refs. 23 and 36. As described subsequently, this was done in calibration of HVOSM for CSSB
impacts. A description of the calibration of HVOSM for CSSB
impacts is given in Appendix E.
It must be understood that even with the foregoing modifications and approximations, limitations still remain with regard
to the simulation of impacts with a rigid barrier and, in particular, impacts with the tire and suspension models and with data
to describe their characteristics. During impact, the leading tire
and associated suspension system typically is subjected to extremely high loads and loading rates, resulting in large displacements and usually structural failure in the form of bent rims
and a wheel jammed up and back from its normal position.
Very little data are available on tire and suspension system
damping properties for high loading rates. The models simply
are not designed to simulate structural failures. These limitations
notwithstanding, the HVOSM program is a useful tool, when
properly calibrated, in the analysis of barrier and vehicle parameters as they affect impact performance.

Flexible Longitudinal Barriers
Vehicle underride, wheel snag, and overturn are potential
problems associated with small car impacts with flexible barrier

systems. Of all candidate simulation programs, the GUARD
program is best suited for predicting these types of responses.
Note that GUARD does not simulate wheel snag, but its occurrence can be inferred from the wheel's position in relation
to the barrier's posts. The HVOSM is very limited in terms of
flexible barrier simulation due to the gross nature in which the
barrier is modeled. GUARD was therefore chosen to simulate
minicar response to impact with a flexible barrier.
GUARD was calibrated and used by TTI researchers in a
study (7) that preceded the present project. In the referenced
study GUARD was used to simulate tests of small cars (1,800
lb) impacting the G4( 1S) barrier at encroachment speed of 60
mph and at encroachment angles of 15 deg and 20 deg. GUARD
was found to be capable of accurately predicting the degree of
wheel snag for mini-size vehicles. It also gave reasonably good
correlation with tests for most other measures of simulation
accuracy, such as overall vehicle motion, maximum barrier deflection, and maximum vehicle crush. However, it was found
to overestimate vehicular acceleration for most impacts.
In the initial phase of the present project, GUARD was
subjected to further calibration efforts for the tests of Ref. 7.
Vehicle structural stiffness was the primary parameter that was
adjusted to improve the simulation. The program was recalibrated using the two full-scale G4( lS) crash tests conducted in
the present study. A description of the calibration of GUARD
for simulating G4( iS) barrier impacts is given in Appendix E.
Breakaway Supports
A key factor in evaluating the impact performance of a breakaway sign or luminaire support is the change in the velocity of
the impacting vehicle during contact with the support. Upon
reviewing existing computer programs capable of estimating
vehicular velocity change, it was concluded that a new program
should be written. The program should properly account for
the key vehicular and support parameters. It should be user
friendly and operational on a personal computer. It should have
applications as a research tool or as an aid in the design and
analysis of breakaway structures by practicing engineers. A program to satisfy these criteria was written and calibrated. It is
described later in this chapter under "Specialized Analytical
Procedures."
Another factor of concern is the stability and behavior of a
vehicle following impact with a breakaway structure. It has been
shown that violent overturns can occur if the impact causes the
vehicle to yaw or spin out, common after off-center impacts
with sign or luminaire supports. The problem is thought to
become more acute as the size of the impacting vehicle decreases.
Some success has been realized in simulating this occurrence
by use of a modified version of the HVOSM program (37). The
referenced program was calibrated and used in the present study
to examine the post-impact behavior of minicars. Details are
given under "Computer Simulation Studies" and in Appendix
E.
Another factor of concern, primarily in breakaway luminaire
supports, is the trajectory of the support in relation to the
impacting vehicle. It has been demonstrated in many crash tests
that the support often falls on some part of the vehicle following
low speed impacts. Fortunately, the roof structure on most cars
is of sufficient strength to prevent major intrusion into the
passenger compartment. Analysis of this factor was not undertaken in the present study.
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Base-Binding Sign Supports
There is no computer program capable of simulating the
impact behavior of a vehicle in collision with a base-bending
sign support. The dynamic response of the post-soil system is
highly nonlinear with failure modes that are extremely difficult
to define and model.
In the absence of this capability the HVOSM program was
used to study vehicular behavior for an impulse as determined
from the crash test of a base bending sign support (see Appendix
C, "Full-Scale Crash Tests"). A version of HVOSM, as revised
at TI'! (37) to allow input of an arbitrary impulse, was used in
this phase of the project. Factors such as occupant impact velocity and the post-impact trajectory of the vehicle were determined. Calibration of HVOSM for sign im,acts is given in
Appendix E. Details of parametric studies are discussed in this
chapter under "Computer Simulation Studies."

Crash Cushions
Most crash cushions now in use across the United States were
developed and are marketed by private industry. Special materials, design procedures, and analysis tools have evolved during
the development process. The characteristics of these materials
and the analysis tools are not generally made available to the
public. Reliance must, therefore, be made on the manufacturers
to estimate changes that would be necessary to accommodate
minicars. As indicated earlier in this report, such information
was provided.
The principles by which the impact performance of a sandfilled plastic barrel crash cushion can be estimated are well
known. Analysis of this system is given in this chapter under
"Specialized Analytical Procedures."

Guardrail Terminals
There is no comprehensive computer program capable of
simulating the impact performance of the eccentric loader guardrail terminal selected for study in the present project. Attempts
to mathematically model the dynamic buckling behavior of an
eccentrically loaded W-beam in an earlier TI'! study were not
successful (41). An attempt was made, however, to study the
behavior of the vehicle following an off-center, head-on impact
with the eccentric loader. The HVOSM program was used for
this purpose. Calibration of the program and results of these
simulations are given in Appendix E and in this chapter under
"Computer Simulation Studies."

Roadside Features

Roadside geometric features selected for evaluation were as
follows: slopes—fill and cut; ditches, driveways, and curbs.
Each of these features was evaluated via the HVOSM program. Use of HVOSM for simulating these features has been
made by TI'! (7, 21, 26, 27, 42) and others (11, 23, 43). In
these studies, HVOSM has been shown to compare reasonably
well with full-scale vehicular tests of the respective features. The
primary purpose of the simulations in the present study was to
examine the stability of under 1,800-lb cars as they traversed
the above features.

The TI'! version of HVOSM (44) and the RD2 version (3)
were considered for simulating encroachments on roadside geometric features. A desirable feature of the TI'! version not
present in the RD2 version is the ability of specified vehicular
contact points (other than the tires) to interact with the terrain.
This feature is important for bumper or sheet metal contact
with the terrain. A feature in the RD2 version not present in
the TI'! version is the ability to simulate four-wheel independent
suspension, a characteristic of certain minicars. Runs were made
with both versions on selected fill slopes to evaluate the effects
of a solid rear axle versus independent rear suspension. Only
minor differences were observed in the results where no vehicle
contact points interacted with the terrain. It was therefore decided that the TFI version would be used because vehicle/
terrain interaction is often an important factor in vehicular
response.
While the HVOSM program has compared reasonably well
with full-scale tests of the above roadside geometric features,
further comparisons were made in the present study. As described in Appendix E, HVOSM was calibrated with minicar
tests of a driveway configuration and tests of an AASHTO type
13 curb. Use of HVOSM in parametric studies of roadside safety
features is discussed under "Computer Simulation Studies."

FULL-SCALE CRASH TEST PROGRAM

A series of full-scale crash tests were conducted to evaluate
the performance of widely used roadside safety elements when
impacted by under 1,800-lb cars. The tests also provided a
valuable data base from which computer programs could be
calibrated for under 1,800-lb cars. Seven different roadside features were examined in the test program. They were: (1) concrete safety-shaped barrier (CSSB); (2) strong-post, W-beam
guardrail on steel posts; (3) luminaire support mounted on a
frangible transformer base; (4) base-bending small sign support;
"eccentric-loader" end treatment for W-beam guardrail;
AASHTO type "B" curb, 6 in. high; and (7) side slope,
driveway slope combination.
As applicable, NCHRP Report 230 (1) guidelines were followed in the conduct and evaluation of the tests. Each test was
intended to represent an "occupant risk" test specified in
NCHRP Report 230. It is noted that NCHRP Report 230 does
not address the evaluation of roadside safety features such as
ditches, driveways, curbs, and the like. In the absence of guidelines the procedure followed in the present study was to conduct
a series of tests in order of increasing severity until the test
vehicle was not restorable for further tests. Test series 7043-9
(curb) and 7043-10 (driveway geometry) were conducted in
this manner. This procedure was followed primarily with a view
toward the development of a data base for calibration of the
HVOSM program.
Each safety element listed above was tested with a vehicle
weighing approximately 1,500 lb. Fiat Unos were used in these
tests. In addition the CSSB was tested with three other cars,
namely, a 1,250-lb Daihatsu Domino, a 1,550-lb Chevrolet
Sprint, and a 1,610-lb Ford Fiesta. The CSSB received more
attention in the crash test program because of its wide use and
because of major concern for the stability of small cars following
impact with the CSSB. Further details of the cars and their
properties are given in Chapter Two under "Selection of Mmicars and Measurements of Their Properties," Appendix B, Appendix C, and in the Phase I report (4).
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A summary of the tests and results therefrom is given in
Table 5. Comprehensive details of each test are given in Appendix C. In relation to NCHRP Report 230 evaluation criteria,
the following test results are noted.
CSSB. Tests 7043-1 and 7043-4 were in full compliance. Tests
7043-2 and 7043-12 were marginally acceptable because the
lateral occupancy impact velocities exceeded the recommended
20-ft/sec value but were below the 30-ft/sec limit. It is noted
that tests of a G4(2W) barrier (a flexible barrier) with an- 1,800lb car for the same impact conditions also produced marginal
occupant impact velocities (28). Test 7043-3 was marginally
acceptable because the lateral ridedown acceleration exceeded
the 15 g recommended design value but was less than the 20g limit.
G4(IS). Both tests (7043-5 and 7043-11) were marginally
acceptable because the lateral occupant impact velocity slightly
exceeded the recommended 20-ft/sec design value. Also, in test
7043-11 the lateral ridedown acceleration exceeded the recommended 1 5-g design value. As just noted, tests of a G4(2W)
barrier with an 1,800-lb car for the same impact conditions also
produced marginal occupant impact velocities (28). Some wheel
snag occurred in the 20-deg test, but it did not adversely affect
the performance.
Luminaire Support. Test 7043-6 was not in compliance because the base did not break away and longitudinal occupant
impact velocity exceeded 15-ft/sec limit.
Base-Bending Sign Support. Test 7043-7 was in compliance,
but the vehicle sustained considerable damage.
Eccentric Loader Guardrail Terminal. Although the occupant
impact velocity criteria were satisfied, the ridedown accelerations were excessive. Further, in the judgment of the research
team the "intrusion" criteria of NCHRP Report 230 were not
satisfied. The intrusions and penetrations of the passenger compartment observed in test 7043-8 (see Appendix C, "Full-Scale
Crash Tests," for description of damage) would have exposed
the occupants to a high risk of serious injuries. It should be
noted that an assessment of the intrusion criteria necessarily
requires a subjective evaluation. It is anticipated that NCHRP
Project 22-7, to update NCHRP Report 230, will address the
need for more objective intrusion criteria.
AASHTO Type "B" Curb. NCHRP Report 230 does not address the impact performance of curbs. However, based on all
available measures, all five tests were satisfactory.
Driveway Slope. NCHRP Report 230 does not address the
impact performance of roadside geometric features. However,
test 7043-1A can be judged to be marginally acceptable because
the longitudinal ridedown acceleration exceeded the recommended 15-g design value, and test 7043-lOB can be judged to
be not acceptable because the longitudinal ridedown acceleration
exceeded the 20-g limit.
COMPUTER SIMULATION STUDIES

A major portion of this project was devoted to the calibration
and application of computer programs for simulating under
1,800-lb car interactions with roadside safety elements. In excess
of 1,000 HVOSM computer runs and over 150 GUARD runs
were made in the process. Numerous runs were also made with
a specialized computer program written to evaluate the impact
performance of breakaway sign and luminaire supports. The
selection of computer programs and their calibration were dis-

cussed earlier in this chapter under "Selection and Calibration
of Computer Programs." Described in this section is the application of the programs to evaluate limits of performance of
current designs and to evaluate potential modifications to current designs to accommodate under 1,800-lb cars.
Because of the large number of simulation runs made and
the extremely voluminous output therefrom, it was not feasible
to include details of each run in this report. Rather, an attempt
is made to summarize the significant findings. Detailed output
from each run described in this section, as well as each final
calibration run (see Appendix E), was stored on floppy disks.
An individual interested in the stored data should contact one
of the authors at iT! to arrange for copying the data. The data
are stored on approximately 250 floppy disks.

Roadside Hardware

Rigid Longitudinal Barriers
A modified version of HVOSM developed in the present study
(see Appendix D) was used to simulate rigid barrier impacts.
A major effort was devoted to the modification and application
of HVOSM to study the impact performance of the CSSB for
a variety of conditions. Simulations were also made of impacts
with potentially new rigid barrier designs.
In the initial phases of the study the simulations focused on
the impact performance of the CSSB based on NCHRP Report
230 performance criteria, as called for in the problem statement
and tasks. Those criteria involve tracking impacts at 60 mph
and impact angles of 15, 20, and 25 deg. Runs were therefore
made for these conditions for the four under 1,800-lb cars selected for the project, i.e., a Daihatsu Domino, a Fiat Uno, a
Chevrolet Sprint, and a Ford Fiesta.
In accordance with NCHRP Report 230 guidelines the results
of the runs were evaluated in terms of occupant risk factors,
namely, vehicular stability and occupant impact velocity. To
meet the referenced criteria the vehicle must remain upright
and the occupant impact velocities must satisfy the following:
Occupant
Impact Direction

Recommended
(ft/sec)

Limit (ft/sec)

Longitudinal
Lateral

30
20

40
30

According to NCHRP Report 230, an occupant whose impact
velocity is at the "limit" can be expected to experience "severe
but not life threatening" injuries. The limit values can be divided
by "appropriate acceptance factors, F, to establish less severe
design values" according to NCHRP Report 230. Suggested
values are 1.33 for the longitudinal direction and 1.5 for the
lateral direction, as reflected in the foregoing recommended
values.
Reference should be made to NCHRP Report 230 for the
procedure used in computing the occupant impact velocity. In
summary, the procedure, referred to as "Method I" herein, is
as follows:
1. Using longitudinal and lateral vehicular accelerations (as
determined with respect to a moving vehicular coordinate system
at the center of mass of the vehicle) versus time data, determine
(by double integration) the times at which the movement of an

Table S. Crash test summary.

TEST RESULTS
I1PACT CONDITIONS

OCCUPANT RI( VPLUES

VEIIIQ..E DATA

VAX.

SPEED
(nh)

EXIT
SPEED
(eph)

EXIT
PN3I..E
(deg)

TIME
OF
EXIT
(sec)

MAX.
P1101
PGLE
(deg)

RCIJ.
PG1
(deg)

LoG.

LAT.

LCU3.

1,560
1,560
1,280
1,610
1,530

58.4
59.9
60.0
61.6
61.6

15.0
21.9
16.0
16.0
20.1

49.8
46.8
53.2
52.0
54.7

1.8
1.5
1.8
2.9
7.4

0.265
0.260
0.211
0.274
0.20

10.6
15.8
16.6
-9.2
7.5

-7.2
9.2
11.2
-12.9
-30.3

11.2
18.4
12.1
12.1
12.4

18.4
25.0
14.9
19.3
21.1

0.9
-1.6
-1.8
1.8
0.8

8.2
7.5
17.7
6.0
9.0

Sith redirectii.
S'ioth redirectim.
S'toth redirectii.
Snmth redirectim.
Seonth redirectim.

7043-5

1,550

61.2

15.6

47.3

7.6

0.282

6.8

-7.0

9.9

21.6

0.7

12.2

7043-11

1,553

61.8

20.6

47.1

6.8

0.335

11.4

2.9

15.2

20.6

-4.6

17.1

Secoth redirectiai. Vehicle overturned
after sideslipping in soil cnstream
from barrier.
9mx,th Redirection. Minor wheel contact
with a giardrail post.

Luxinaire Support with
Trarmforner Base
(See Figjre 8)

7043-6

1,520

20.0

0

0

N/A

N/A

1.2

-3.8

26.9

2.5

-2.4

1.7

0. Base-Bending Sii
Support (See Figire 9)

7043-7

1,530

59.8

0

50.4

N/A

0.111

0.8

-6.8

12.9

4.6

-1.4

-0.3

"Eccentric Loader"
&jardrail End Tenninal
(See Figire C-75,
Appendix C)

7043-8

1,533

60.4

0

24.7

N/A

0.310

3.2

-4.9

27.4

None

-23.2

-18.7

USI1D Type '8 Curb
(See Figjre 15)

7043-9A

1,550

33.0

5.0

N/A

N/A

N/A

-3.5

6.9

None

None

-0.8

-3.1

7043-98

1,550

45.6

5.0

N/A

N/A

N/A

-2.4

7.2

None

5.1

-1.9

1.

7043-9C

1,550

30.0

15.0

N/A

N/A

N/A

-3.0

6.2

None

None

-2.0

5.(1
-0.f

TEST
NO.

Cmcrete Safety Shaped
Barrier (See FiQjre 6)

7043-1
7043-2
7043-3
7043-4
7043-12

G4(1S) Roadside
Barrier (See Figjre 7)

TEST PRTIQ.E

Driveway Slppe Tests
(See Fiajre C-121,
Appendix C)

IMACT VEL.
(ft/eec)

RIDED04
PCCEL.(gs)

114'PCT
PGLE
(deg)

VEHIQ..E
wr
(1b)8

LAT.

7043-9D

1,550

46.8

15.0

N/A

N/A

N/A

-1.8

6.6

None

2.8

-2.7

7043-9E

1,550

63.0

15.0

N/A

N/A

N/A

-2.0

7.2

None

5.4

-3.0

3.2

7043.-1A

1,550

40.6

15.0

N/A

N/A

N/A

-15.1

-9.8

8.4

7.4

-18.1

4.3

7043-109

1,550

51.6

15.0

N/A

N/A

N/A

15.2

-9.8

5.1

3.3

-23.0

7.7

a Doss not include weight of di.rn'.

00f4ENTS

Support did not break away.

Considerable vehicle danege. I1aever,
vehicle reieired stable and did not spin
out.
Did not pass 4DW 230 Criteria due to
defonietion of and intrusions into
passenr cznpartzient and rideba
accelerations were excessive.
Left-side tires nninted curb. No denny
to vehicle.
Left-side tires nuinted curb. Slight dent
in left-front rim.
Vehicle traversed curb. Dent in left-front
rim.
Vehicle traversed curb. Left front tire
aired a't. Left-side ries and right-front
rim dented.
Vehicle traversed curb. Front tires aired
out. Left-side nsa and right front rim
dented. Saie damage to left front
suspension system.
Vehicle airtxx'ne for 30 ft. Vehicle
renaired upright and stable. Daege to
left front suspension system due to
traversal of culvert end section.
Vehicle airthrne for 53 ft. Vehicle
reiaired upright and stable. Danacie to
front undercarriage and front suspension
system.
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"occupant" (as represented by an unconstrained lump mass)
equals 1.0 ft in the lateral direction and 2.0 ft in the longitudinal
direction. These distances are the assumed flail spaces for an
unconstrained occupant.
2. Using vehicular accelerations versus time data, determine
the change in the vehicle's longitudinal and lateral velocities at
the respective times determined in step 1. These changes equal
the occupant impact velocities in the respective directions.
The above procedure is routinely used to evaluate crash tests
at TFI through computer analysis of digitized crash test data.
A special computer program was written to apply the procedure
to evaluate HVOSM output. The program is described in Appendix G.
It is recognized that the NCHRP Report 230 procedure for
computing occupant risk is a first-order approximation to the
complex problem of the kinematics of an unconstrained "occupant." Nonetheless, it incorporates inconsistencies and inappropriate assumptions. An improved method for estimating
occupant impact velocities was developed and it is referred to
as "Method II" herein. Its inclusion in the present study is for
comparative purposes and not as a replacement for the NCHRP
Report 230 procedure. Future studies should, however, give
strong consideration to the improved procedure. Improvements
are as follows:
More exact flail space geometry. The improved procedure
more accurately defines the actual flail space geometry of the
passenger compartment, whereas the current procedure assumes
a 1.0-ft lateral flail space and a 2.0-ft longitudinal flail space,
regardless of the direction of the occupant's movement. For
example, if a car leaves the road to the right and strikes a
guardrail, an unconstrained driver can flail laterally across the
entire front seat, a distance in excess of 3 ft.
More exact tracking of occupant movement. In the improved procedure occupant movement is tracked to determine
the sequence in which surfaces are impacted and velocity components are adjusted accordingly. For example, if the occupancy
strikes the side of the car first, the lateral component of velocity
goes to zero. The occupant then moves parallel to the side of
the car until striking the instrument panel, or possibly striking
the side of the car again (for certain types of vehicular movement). In the NCHRP Report 230 procedure, lateral and longitudinal movements are assumed to be independent of each
other.
Properly accounts for angular movement of vehicle. The
impact velocity of an occupant with a surface in the passenger
compartment depends on the relative velocity between the vehicle and occupant. In addition to translational motion (as
assumed in the NCHRP Report 230 procedure), there is often
very rapid angular motion, especially in longitudinal barrier
impacts. The velocity of a given point on a passenger compartment surface depends on this angular motion, and this is
included in the improved model, whereas it is neglected in the
NCHRP Report 230 procedure. Yaw rates of 150 deg/sec are
common for 60-mph / 1 5-deg impacts with the CSSB. Yaw rates
of this magnitude can increase the relative velocity by 6 ft/sec
or more.
A description of the improved procedure is given in Appendix
G.
Simulation results to evaluate the response of under 1,800-lb

cars for tracking impacts with the CSSB, per NCHRP Report
230 recommended test conditions, are given in Table 6. Note
that five of the runs were calibrated with actual crash tests (see
Appendix E, "Rigid Longitudinal Barriers," under "Calibration
of Computer Programs").
For purposes of analysis and characterization of vehicular
stability, five terms are used. They are defined, somewhat arbitrarily, as follows: (1) stable—vehicle is smoothly redirected;
(2) sideslip—with reference to Figure 46, the vehicle is sideslipping when TAN'(IVI/u) > 20 deg; (3) spinout—with
reference to Figure 46, the vehicle spins out when u < 0; (4)
mirginal—response is marginal when roll and/or pitch angle
exceeds 40 deg but vehicle does not overturn (see Figure 47 for
definition of angular rotation); and (5) overturn—when angular
rotation in the roll and/or pitch direction is 90 deg or more,
the vehicle has overturned. From Table 6 it can be seen that
with one exception, stable performance is predicted for all vehicles for the given impact conditions.

an

u = COMPONENT OF VEHICLE VELOCITY IN X DIRECTION.

v = COMPONENT OF VEHICLE VELOCITY IN Y DIRECTION.

SIDESLIP ANGLE = TAN

Figure 46 Vehicle velocity components.

U
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Table 6. Simulation of CSSB tracking impacts.

ThI4CT
X1MTIOlS

EXIT
aiuiiictis

I VEHICLE PM1O..
TO PfiRRIERS

MAX.

SPEED
(nph)

4E
(deg)

SPEED
(nph)

ANGLE
(deg)

TIME
(sec)

DISTNlC
TRAVEIII)
(ft)

MAX.

VEHICLE

IOT4L
DRTIL
WElOfif
(ib)

R(LL
(deg)a

PITOI
(deg)b

Fiat Un0C

1,560

58.4

15.0

53.8

-3.70

0.263

21.12

-9.80
5.42

Fiat unod

1,560

59.9

21.9

51.7

-3.47

0.272

21.05

Fiat Uno

1,560

60.0

25.0

49.5

-5.17

0.275

Daihatsu
Dani noe

1,280

60.0

16.0

54.7

-2.21

0.417

Dalhatsu
Danlno

1,280

60.0

20.0

52.5

-1.05

0.309

Dalhatsu
Danino

1,280

60.0

25.0

49.5

-3.70

Ford Fiestaf

1,610

61.6

16.0

56.2

Ford FIesta

1,610

60.0

20.0

Ford Fiesta

1,610

60.0

Che' Sprint

1,53)

Chei Sprint9
Che' Sprint

MAX. HEIGHT
OF (11M3
(ft)

STA8ILITY
RATI3

5.07
-4.57

1.23

Stable

-11.86
18.29

5.09
-4.36

1.44

Stable

20.60

-12.9
26.09

5.02
-2.11

1.48

Stable

33.91

-14.96
8.04

5.91

0.63

Stable

-3.04

24.22

-7.73
28.47

6.53
-2.14

1.57

Stable

0.207

15.53

-9.47
41.72

7.34
-1.16

130

Marginal

-0.17

0.663

55.21

-14.79
6.18

11.31
-5.13

1.63

Stable

51.6

0.0

0.803

62.45

-15.68
11.96

11.85
-5.16

1.8

Stable

25.0.

49.4

-0.01

0.776

57.29

-17.66
9.60

11.27
-4.65

1.89

Stable

60.0

15.0

55.2

-0.76

0.243

20.11

-16.15
9.08

6.38
-5.89

1.15

Stable

1,530

61.6

20.1

53.5

-2.09

0.227

1849

-17.26
6.77

7.89
-6.64

1.48

Stable

1,53)

60.0

25.0

49.1

-0.82

0.413

30.81

-21.24
8.24

9.63
-7.34

1.60

Stable

a For Roll angles: (+) - Rolling into the barrier; (-) - Rolling away fran the barrier
b For Pitch angles: (4-) - Pitching up: (-) - Pitching do.i
C Sinulaticn of test 7043-1
d Sinulaticn of test 7043-2
e Smlati of test 7043-3
' Sinulatiai of test 7043-4
9 Sinulaticn of test 7043-12

Table 7 gives the estimated occupant impact velocities for the
runs of Table 6. Note that values given under the column "From
Test Method I" were determined from crash test data in accordance with NCHRP Report 230 procedures. They are given in
Table 7 for comparative purposes. Values given under the column "From Simulation Method I" were determined, from
HVOSM output in accordance with NCHRP Report 230 procedures. Values given under the column "From Simulation
Method II" were determined from HVOSM output in accordance with the improved procedure previously discussed, and
detailed in Appendix G.

I

I
I

Von

*0

yA

Figure 4Z Positive sign convention for vehicle.
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Two items are noted with regard to the data in Table 7. First,
although measurable differences exist between the Method I test
and simulation longitudinal occupant impact velocities in certain
tests, the overall correlation between test and simulation occupant impact velocities is considered good. The lateral occupant impact velocities from the simulations with Method I are
within ± 12 percent of the test values. This is significant for
two reasons: (1) vehicle/barrier impacts involve very complex
mechanisms that are difficult to simulate within the limitations
of existing computer programs, and (2) the lateral occupant
impact velocity is generally more critical than the longitudinal
velocity for impact with longitudinal barriers.
The second item is that the occupant impact velocities as
determined by Method II are significantly different from the
comparable Method I values, especially for the lateral values.
In every case the Method II values are greater than the Method
I values. Reference should be made to preceding paragraphs for
a discussion of the differences in the two methods of analysis.
The primary reason for the large differences in the values of
Table 7 for the two methods is the differences in the flail space
distance. In Method I, the distance is arbitrarily set at 1.0 ft;
while in Method II, it depends on the direction the occupant
is moving. For a longitudinal barrier impact in which the right
side of the vehicle strikes the barrier, the unconstrained driver
can flail across the front seat and impact the right door, a
distance in excess of 3 ft. Because all simulated impacts were
right-side impacts, the large flail space distance governs in
Method II.
Recent studies have found that the small car is overrepresented in overturn accidents, including those involving the CSSB
(11). Because the five crash tests of minicars conducted in the.
present study and the simulation runs of Tables 6 and 7 gave
no indication of unstable performance, efforts were directed
toward the study of impact conditions different from those just
described. It is known that vehicles impact barriers at various
angle/speed combinations in a tracking condition. Further,
analysis of accident data (23) indicates that a large percentage
of vehicles strike barriers in a nontracking condition. A series
of HVOSM runs were therefore made to estimate vehicle performance for these "atypical" conditions. The purpose of these
runs was to examine the stability question. An analysis of occupant impact velocities was not made.
Figure 48 shows the impact parameters included in the study
of rigid barriers. Note that 0 is the angle formed by the resultant
translational velocity vector of the vehicle and the longitudinal
axis of the barrier. tJ, is the angle formed by the longitudinal
axis of the vehicle and the longitudinal axis of the barrier, and
is the angular velocity or yaw rate of the vehicle as it strikes
the barrier. A clockwise direction for iji was arbitrarily selected
because this is believed to be more critical in terms of overturn
potential than a counterclockwise direction. Obviously, some
nontracking accidents occur with the vehicle spinning clockwise,
and some occur with the vehicle spinning counterclockwise. It
is not known which, if either, direction is predominant for
barrier impacts. A value of 15 deg/sec was used for tji. It is
known that yaw rates of 20 to 30 deg/sec can be achieved in
an emergency steer maneuver. The rate can be much higher if
the vehicle strikes another vehicle or object prior to impacting
the barrier. For tracking impacts, note that t/, = 0 and tji
0.
Table 8 gives the results of a series of HYOSM runs for high

Table 7. Occupant impact velocities for the simulations of impacts with
CSSB.
tkcupant Inpact Velocity (ft/sec)

P

pact
itio,s

Vnticle

Langitudinal

Lateral

Fran Test From Sinulatia, From Test Fran Sinulatin,
Speed Angle Method I tti&tT MetI1T Method I I112T
lTi

Fiat Unoa

58.4 15.0

11.2

1.7

3.9

18.4

16.9

22.8

Fiat U nob

59.9 21.9

18.4

14.8

8.9

25.0

23.6

33.2

Fiat-tim

60.0 25.0

N/A

17.7

11.8

N/A

24.7

37.4

flaihatsu DadnoF 60.0 16.0

12.1

6.8

5.4

14.9

16.6

24.0

[taihatsu flaiiino

60.0 20.0

N/A

12.2

8.5

N/A

19.9

29.6

Daihatsu Da'nino

80.0 25.0

N/A

17.6

14.0

N/A

25.0

34.5

Ford Fiestad

61.6 16.0

12.1

9.4

6.1

19.3

17.3

26.1

Ford Fiesta

60.0 20.0

N/A

12.3

92

N/A

19.9

29.9

Ford Fiesta

60.0 25.0

N/A

17.9

13.1

N/A

25.4

36.3

Chav. Sprint

60.0 15.0

N/A

7.5

3.3

N/A

17.2

24.5

Chav. Sprinte

61.6 20.1

12.4

12.2

7.7

21.1

20.7

32.5

Chav. Sprint

60.0 25.0

N/A

16.9

11.2

N/A

23.5

37.

a Sinulatim of test 1
b Sinulatian of test 2
C Sinulatia, of test 3
d Stoulatim of test 4
e Similaties of test 11

Figure 48. Impact parameters.
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speed/angle, tracking impacts with the CSSB for a variety of
cars. The Ford Fiesta was not included in these and subsequent
computer studies of the CSSB because its performance was found
to be similar to the Chevrolet Sprint. The Honda Civic weighed
approximately 1,800 lb and the Plymouth Fury weighed approximately 4,500 lb. It can be seen that the small cars exhibited
a significantly greater overturn propensity for these conditions
than did the large car. It is also apparent that the probability
of injury would be high for the larger speed/angle combinations,
regardless of the vehicle's stability or size.

Table 8. Stability study for high speed/angle tracking impacts with
CSSB. See Figure 48 for definition of angle 9.

Table 8. Continued

Honda Civic
N

Speed

N (mph)

AngleN

30

45

60

35

Spinout

Stable

Stable

45

Marginal

Overturn

Overturn

60

Overturn

Overturn

Overturn

30

45

60

Fiat IJno-45

N Speed
N (mph)
AnZleNN

Plymouth Fury
30

45

60

N Speed
N (mph)
An3ie'N

Deco
35

Stable

Stable

Stable

45

Stable

Marginal

Overturn

35

Stable

Stable

Stable

60

Overturn

Overturn

Overturn

45

Sideslip

Sideslip

Sideslip

60

Sideslip

Sideslip

Sideslip

75

Spinout

Spinout

Spinout

Daihatsu-Domino

N Speed
N (mph)
Angle

30

45

60

35

Stable

Stable

Stable

45

Spinout

Spinout

Marginal

60

Overturn

Overturn

Overturn

30

45

60

35

Stable

Stable

Stable

45

Sideslip

Marginal

Overturn

60

Overturn

Overturn

Overturn

Chevrolet Sprint
Speed

'N.

N (mph)

AnleN
(Deg)

Figure 49 is a plot of the yaw, pitch, and roll angles of the
45-mph/45-deg Chevrolet Sprint run from Table 8. In analyzing
the nature of the angular response, it must be remembered that
the angles are measured with respect to axes fixed at impact.
Further, the angles are assumed to be zero at the time of impact.
In this case the longitudinal axis of the vehicle was oriented 45
deg to the longitudinal axis of the barrier at impact. An increasing negative yaw angle means that the car rotated toward
the barrier after impact.
Table 9 gives the results of HVOSM runs of nontracking
impacts with the CSSB for a variety of cars. Note that the
results given in Table 9 refer to the post-impact behavior. By
definition, the vehicle is sideslipping at impact for each run.
Again, these results clearly indicate a much greater overturn
problem for the small cars at these conditions than for the large
car. Yaw, pitch, and roll angles with respect to time of a selected
Chevrolet Sprint run are shown in Figure 50.
Figure 12 of Chapter Two shows three potential, new rigid
barrier designs that were examined. As discussed below, these
shapes greatly reduce the small car overturn problem. Other
possible benefits of the shapes were discussed in Chapter Two,
section heading "Modifications to Selected Roadside Safety Elements to Accommodate Minicars," under "Roadside Hardware."
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10 .0

Roll

Table 9. Stability study for nontracking impacts with CSSB. See Figure
48 for definition of angles 0 and *Ji. Also note: 41 = + 15 deg/sec in
each run.
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Figure 49. Roll, pitch, and yaw angles for high angle tracking
impact with CSSB by Chevrolet Sprint.
Table 10 gives the results of HVOSM runs of nontracking
impacts with the Chevrolet Sprint with the constant-slope barrier. No tracking runs were made because the nontracking impacts were assumed to be more critical in terms of overturn.
With reference to Figure 12, H was set at 32 in. Note that the
/3 equal to zero case represents a vertical wall. A scaled drawing
of the sloped wall in comparison with the CSSB is shown in
Figure 51. A comparison of the results of Table 10 with comparable results of Table 9 shows that a distinct reduction of the
overturn problem is achieved with the new designs. Yaw, pitch,
and roll angles with time of a selected run of the /3 = 8.9-deg
case are shown in Figure 52. Figure 53 shows the same data
for the /3 = 0-deg case. Data in Figures 52 and 53 can be
compared with data for the CSSB in Figure 50.
Tables 11 and 12 give results of HYOSM runs of high speed /
angle impacts and nontracking impacts with the modified CSSB
design (see Figure 12). A Chevrolet Sprint was simulated in
these runs. Comparison of Table 11 with part (c) of Table 8
shows that the modified CSSB design does reduce the overturn
problem for most of the impact conditions expected to occur in
the field. Even though overturn is still indicated for 45-mph!
60-deg impact condition for the modified CSSB, the probability
of serious injuries or fatalities for these conditions would be
high regardless of the vehicle's post-impact stability. A comparison of Table 12 with part (c) of Table 9 also shows that
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Table 10. Stability study for nontracking impacts with constant' slope
barrier. See Figure 48 for definition of angles 0 and Ji. Also note: '4'
= + 15 deg/sec in each run.
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Figure 51. Constant sloped barrier and CSSB profiles.
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Figure 50. Roll, pitch, and yaw angles for nontracking impact
with CSSB by Chevrolet Sprint,

Figure 52. Roll, pitch, and yaw angles for nontracking impact
with constant slope barrier by Chevrolet Sprint.
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Table 11. Stability study for high speed/angle tracking impacts of
Chevrolet Sprint with Modified CSSB. See Figure 48 for definition of
angle 0.
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Table 12. Stability study for nontracking impacts of Chevrolet Sprint
with modified CSSB. See Figure 48 for definition of angles 0 and 41.
Also note: iJ, = + 15 deg/sec in each run.
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the modified CSSB significantly reduced the overturn problem
for nontracking impacts.
Figures 54 and 55 show the angular response of the Chevrolet
Sprint on impacting the modified CSSB in a high angle tracking
condition and a nontracking condition, respectively. Impact conditions are as indicated on the figures. A comparison of Figure
54 with Figure 48 and a comparison of Figure 55 with Figure
50 shows the degree to which the modified CSSB reduces the
roll response.

Flexible Longitudinal Barriers
Reference should be made to Appendix E, under "Flexible
Longitudinal Barriers," for a discussion of the calibration of the
GUARD program for simulation of G4( iS) barrier impacts.
On completion of the calibration, the program was used to
examine the impact performance of a range of minicars for
tracking impacts of 15 deg and 20 deg at an impact speed of
60 mph. The purpose of these simulations was to determine
occupant risk values and to estimate the degree of wheel snag
that may occur.
Table 13 summarizes results of the GUARD study of minicar
impacts with the G4( 1S) barrier. The Ford Fiesta performance
was very similar to the Chevrolet Sprint and it was therefore
not included in the analysis.
As shown, the GUARD program predicts that the G4(IS)
barrier will perform satisfactorily for minicar impact speeds up
to 60 mph and angles up to 15 degrees. As the impact angle

Figure 53. Roll, pitch, and yaw angles for nontracking impact
with vertical barrier by Chevrolet Sprint.

increases to 20 degrees, some wheel snagging can be expected.
It should be noted that wheel snagging is not necessarily a
catastrophic or unacceptable event. Many small car tests involving relatively severe wheel snags indicate that occupant
severity levels are generally within acceptable limits. Further,
wheel snag does not usually destabilize impacting vehicles and,
as a result, seldom leads to rollover. In fact, in many cases the
damaged front wheel causes the vehicle to be steered back toward the barrier after impact, preventing a return of the vehicle
to the travelway.
The predicted occupant impact velocities in the longitudinal
direction are all below the preferred 30-ft/sec value. With one
exception, the predicted occupant impact velocities in the lateral
direction are all between the preferred 20-ft/sec value and the
30-ft/sec limit. Similar results were found in tests of an 1,800lb car impacting the G4(2W) guardrail system (28).
On the basis of the tests and simulations reported herein, it
was concluded that the G4( iS) barrier will satisfy the evaluation
criteria of NCHRP Report 230 for minicars. However, if wheel
snag proves to be a problem, it can be eliminated by increasing
the depth of the blockout from 60 to 10 in. For a G4(1S) system,
replacing the W 6 X 9 blockout with a W 10 X 12 blockout
would increase material requirements by approximately 0.5 lb
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Figure 54. Roll, pitch, and yaw angles for high angle tracking
impact with modfled CSSB by Chevrolet Sprint.

Figure 55. Roll, pitch, and yaw angles for nontracking impact
with modWed CSSB by Chevrolet Sprint.

Table 13. Simulation study of minicar impacts with G4(1S) barrier.
Note: Occupant impact velocity values computed per Method I discussion in Chapter Three, under "Computer Simulation Studies,"
"Rigid Longitudinal Barriers."

of steel per foot of guardrail. Construction costs would likewise
increase by about 25 cents per foot or approximately 2 percent
over that of the present G4( 1S) system assuming a present cost
of $12.50 per foot.
Nontracking impacts with the G4( lS) system were not simulated. As discussed earlier, under "Rigid Longitudinal Barriers," overturn of the nontracking minicar was virtually
eliminated in the CSSB by the use of a vertically faced barrier.
The G4( 1S) is essentially a vertically faced barrier and very
little vehicular roll or pitch motions occur during minicar impacts.
A special high angle impact condition was simulated and
results are summarized in Table 14 for three minicars. As ekpected, high occupant impact velocities are predicted. However,
it is predicted that the barrier will contain and redirect the cars
without overturn or spinout.

Parameter
Impact Angle (deg)

Fiatb_

Daihatsa
15.0

20.0

15.6

20.6

Sprint
15.0

20.0

60.0

60.0

60.0

60.0

61.2

61.8

Exit Angle (deg)

6.8

8.0

6.8

4.9

5.5

7.1

Exit Speed (mph)

51.9

48.8

50.9

47.7

52.0

48.1

Longitudinal

20.1

16.1

12.1 ,

19.2

22.3

16.8

Lateral

22.2

25.1

23.9

24.5

19.9

23.3

Impact Speed (mph)

Occupant Impact Vel.0
(ft/sec)

Max. 50 Ps. Acceleration
(g's)
Longitudinal

3.2

5.3

3.7

5.0

2.7

4.8

Lateral .

9.2

11.5

9.5

10.1

8.2

11.6

a

V

N

V

N

V

Max. Roll Angle (deg)

1.0

0.2

0.6

1.1

1.7

1.9

Max. Pitch Angle (deg)

0.1

0.2

1.2

2.5

0.1

1.0

Wheel Snag (V/N)

a Marginal wheel snagging.
b These are simulations of the two tests of the 54(15) system with the
See Section E-2, Appendix E, for a discussion of the GUARD
Fiat.
calibration for these tests.
c Values computed per Method I.

Breakaway Supports
A computer program was written and calibrated for simulating the impact performance of vehicular impacts with breakaway sign and luminaire supports. The program and its
application is presented in Chapter Three, "Specialized Analytical Procedures." The program was used to study the im-
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portance of key vehicle/breakaway support parameters and to
better define limits of performance.

Table 14. Guard simulation of high angle impacts with G4(IS) barrier
Note: Occupant impact velocity values computed per Method I discussion in Chapter Three, under "Computer Simulation Studies,"
"Rigid Longitudinal Barriers."

Base-Bending Sign Supports
Parameter

CompUter analysis of base-bending sign supports involved the
use of HVOSM to study vehicular response due to an experi-.
mentally determined impulse. The impulse, or force-time data,
was estimated from acceleration-time data measured during the
test of a 4-lb/ft steel U-post (see Appendix C, test 8). Calibration of HVOSM for this purpose is described in Appendix
E. Note that the vehicle used in the test and subsequent calibration of HVOSM was a Fiat Uno. The force-time data and
the location of the impulse selected during the calibration are
also given in Appendix E. This analysis obvioisly assumed that
the impulse is independent of the mass and stiffness characteristics of the vehicle. For the vehicles simulated, this assumption
is believed to be reasonably valid since the range of mass and
stiffness properties of these vehicles is not believed to be significantly large.
Shown in Figures 56, 57, and 58 are the angular displacements
with time of the Daihatsu Domino, Chevrolet Sprint, and Ford
Fiesta for the aforementioned impulses. Note that these impulses

Daihatsu

Fiat

Sprint

Impact Angle (deg)

45.0

45.0

45.0

Impact Speed (mph)

45.0

45.0

45.0

Exit Angle (deg)

15.4

9.8

13.9

Exit Speed (mph)

20.7

23.0

20.2

Longitudinal

39.0

42.4

41.2

Lateral

26.1

29.1

26.1

Longitudinal

13.0

15.3

14.3

lateral

12.4

15.6

13.7

Occupant Impact Vel.à
(ft/sec)

Max. 50 mx. Acceleration
(g's)

Wheel Snag (Y/N)

V

Y

y

Max. Roll Angle (deg)

4.8

7.3

3.2

Max. Pitch Angle (deg)

1.3

7.2

2.1

a Values computed per Method 1.
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Figure 56. Roll, pitch, and yaw angles versus time, Daihatsu
Domino, small sign impact.
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Figure 57. Roll, pitch, and yaw angles versus time, Chevrolet
Sprint, small sign support.
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peak in the positive direction, then begin a return to zero. This
is due to the self-correcting steer input (caused by pneumatic
trail of tire) present in a free-wheeling (steer degree of freedom)
front wheel. These corrections will occur so long as the sideslip
angle does not exceed approximately 20 deg. In each run the
recovery area was assumed to be flat and without surface irregularities or soft soil that could trip the vehicle.
Table 15 gives predicted occupant impact velocities for impact
with the sign support for the four cars indicated. Reference
should be made to "Computer Simulation Studies" in this chapter under "Roadside Hardware" and to Appendix G for a
discussion of the two methods used to compute the occupant
impact velocities. On the basis of the results given in Table 15,
the 4 lb/ft U-post sign will perform satisfactorily at high impact
speeds for all the cars analyzed.
A more simplified analysis was made of a variety of other
small sign supports. Details of the analysis procedure are given
under "Specialized Analytical Procedures," "Small Sign Supports."
Analysis was also made, using the HVOSM, of a range of
generalized impulse values to better understand the manner in
which small cars respond to "impulse-type" impacts including
sign supports, luminaire supports, and breakaway end treatFigure 59 shows the parameters used in the analysis.
Note that in each of the four cases, the force, F1, was assumed
to act over 0. 1 sec. The impulses were applied to the Chevrolet
Sprint. It was assumed to have a velocity of 60 mph at the time
of the impulse, and it was assumed to be free-wheeling (no steer
impact) after the impulse. Results of these runs are summarized
in Table 16. For the given conditions and an impulse of 500 lb-

-10.0

Figure 58. Roll, pitch, and yaw angles versus time, Ford Fiesta,
small sign support.

co

Table 15. Occupant impact velocities for the small sign support impacts.
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Sipipest
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were applied approximately 15 in. to the right of the vehicle's
centerline on the front bumper. Reference should be made to
Appendix E for the response of the Fiat Uno. It can be seen
that for the assumed impulses, the Daihatsu would spin out but
all vehicles are predicted to remain upright subsequent to impact. The yaw angles of the Sprint and the Fiesta are seen to

1
2
3
4
c)

Figure 59. Generalized impulse parameters.
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Table 16. Simulation results of a Chevrolet Sprint subjected to a generalized impulse.
Maxinoim
Roll

Imulse

iooL

iJk.sc)

Maxinpjni
Pitch

(pg)

Yaw After
2 sec
(dea)

250

t
2,5OO6O 3.18
-4.13

-0.39
0.31

13.11

500

2.29
-5.86

-1.04
0.76

71.92

Occupant InDuct Velocities (ft/sec)
Lori'idinal
Latral
Method I Method II Method I Method 11
5.82

6.1

5.28

9.1

10.0

10.4

5.7

6.9

750

7,500

60

3.88
-7.11

-1.70
1.24

127.51

16.1

16.1

6.0

7.7

1,000

10,000

60

5,48
-7.73 1

-2.57
2.04

173.48

20.0

21.7

- 6.0

8.4

sec, spinout of the vehicle is predicted even though the occupant
impact velocities are below recommended limits. Although no
overturns are predicted, if the spinning vehicle encounters terrain irregularities, the probability of overturn will increase.

60.0

88.0
Yaw
50.0

Crash Cushions
45.0

Analysis of widely used and commercially available energy
absorbing crash cushions and end treatments was made by outside sources and supplied to the researchers. Results of these
analyses are given under "Specialized Analytical Procedures,"
"Crash Cushions." Analysis of a sand-filled plastic drum system
is also given in that section.

Guardrail Terminals
Computer analysis of a guardrail terminal involved the use
of HVOSM to study vehicular response due to an experimentally
determined impulse. The impulse, or force-time data, was estimated from acceleration-time data measured during the test
of an eccentric loader (Appendix C, "Full-Scale Crash Tests,"
test 9). Calibration of HVOSM for this purpose is described in
Appendix E, "Eccentric Loader BCT." The vehicle used in the
test and subsequent calibration of HVOSM was a Fiat Uno. The
force-time data and the location of the impulse selected during
the calibration are also given in Appendix E. This analysis
assumed that the impulse is independent of the mass and stiffness
characteristics of the vehicle. For the vehicles simulated, this
assumption is believed to be reasonably valid since the range of
mass and stiffness properties of these vehicles is not believed to
be significantly large.
Shown in Figures 60, 61, and 62 are the angular displacements
with time of the Daihatsu Domino, Chevrolet Sprint, and Ford
Fiesta for the aforementioned impulses. Note that these impulses
were applied approximately 15 in. to the right of the vehicle's
centerline on the front bumper. Reference should be made to
Appendix E for the response of the Fiat Uno. It can be seen
that for the assumed impulses, all of the vehicles would spin
out, but all vehicles are predicted to remain upright subsequent
to impact. In each run, the recovery area was assumed to be
flat and without surface irregularities or soft soil that could trip
the vehicle, conditions that are probably the exception rather
than the rule in practice.
Table 17 gives predicted occupant impact velocities for impact
with the eccentric loader for the four cars indicated. Reference
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Figure 60. Roll, pitch, and yaw angles versus time, Daihatsu
Domino, eccentric loader.

should be made to "Computer Simulation Studies" in this chapter under "Roadside Hardware," and to Appendix G for a
discussion of the two methods used to compute the occupant
impact velocities. Based on the results given in Table 17, the
eccentric loader would be satisfactory for all the cars analyzed.
However, the above simulation results must be viewed in light
of the results of the full-scale test of the eccentric loader by a
Fiat Uno, as reported in Appendix E. In that test, although the
occupant impact velocity was below the recommended limit,
the ridedown accelerations were excessive, the Uno sustained
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Figure 61. Roll, pitch, and yaw angles versus time, Chevrolet
Sprint, eccentric loader.

Figure 62. Roll, pitch, and yaw angles versus time, Ford Fiesta,
eccentric loader.

Table 17. Occupant impact velocities for the eccentric loader simulation.

overall structural design of the under 1,800-lb cars one could
conclude that similar behavior would occur due to similar structural designs. However, the dynamic crush properties of a vehicle are extremely difficult to quantify other than by
experimental methods.
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severe frontal damage, and there were deformations of, and
intrusions into, the passenger compartment. As a consequence,
the results were judged to be not in compliance with the NCHRP
Report 230 criteria. It is not known if the other small cars
examined in the above HVOSM study would undergo similar
deformations. In viewing the undercarriage (see Figure 37) and

Roadside Features

Slopes
Shown in Figure 8, of Chapter Two, are the variables investigated for roadside fill and cut slopes. For reasons previously
discussed, all slope analyses reported herein were made with
the TI'! version of HYOSM computer program (44).
In most of the computer runs the car was directed off the
travelway in a tracking condition at a 1 5-deg encroachment
angle. At a specified time the vehicle was given a steer input'
to simulate the response of a driver in a panic situation, trying
to return to the road. This is illustrated in Figure 63. Note that
the steer input began 1 sec after the vehicle left the travelway,
an approximate perception-reaction time for many drivers. The
initial speed of the vehicle was 60 mph in each case, and the
vehicle was assumed to be in a coast mode (no traction or
braking) upon leaving the travelway. The embankment was
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assumed to be composed of a dry, well-stabilized soil with a
tire-soil sliding friction coefficient of 0.5.
Fill slopes of 6:1, 4:1, and 3:1 in combination with fill heights
of 5 ft, 10 ft, and 20 ft were investigated. Results of the HVOSM
runs are summarized in Tables 18 through 21 for the respective
small cars. Terms used under the "Remarks" column are defined as follows: (1) stable-vehicle continues to track throughout the traversal without sideslip or spinout; (2) sideslip-with
reference to Figure 46, the vehicle sideslips when TAN- '(lull
V) > 20 deg; (3) spinout-with reference to Figure 46, the
vehicle spins Out when u < 0; (4) marginal-response is marginal when roll and/or pitch angle exceeds 40 deg, but vehicle
does not overturn; angular rotations are defined in Figure 47;
(5) overturn-when angular rotation in the roll and/or pitch
direction is 90 deg or more, the vehicle has overturned.
It can be seen that overturn is not predicted in any of the

TRAVELWAY

SHOULDER

FILL SLOPE GEOMETRY

STEER INPUT
OEGINS HERE

Figure 63. Encroachment parameters.
Table 18. HVOSM simulation of fill sections, Daihatsu Domino

Table 20. HVOSM simulation of fill sections, Fiat Uno

VEHICLE RESP44SE
FILL SLOPE pAjlETERSa
FORESLOPE
S1:1

DEPTH
H(ft)

MV5IUM
LATERAL
MDVEMENTb
d2 (ft)

MPSDHJI
89LL
ANGLE
(deg)

MAXIMIJI
PITCH
ANGLE
(deg)

VEHICLE RESPEVISE
IIAXIMIRI
RESULTANT
ACCELERATION
(G's)

FILL SLOPE PARNIETERSa
REMAI1XS

FORESLOPE
S1:1

DEPTH
H (ft)

MVXII4JM
LATERAL
MOVENENTb
d2 (ft)

MAXIMUI
89L1
ANGLE
(deg)

MAXIM1II
PITCH
ANGLE
(deg)

PtaSIMLtl
RESULTANT
ACCELERATION
(G's)

REMARJ(S

6:1

5

51.51

14.09

5.48

1.1

Stable

6:1

5

49.0

16.0

4.9

1.2

4:1

5

50.10

10.23

10.23

1.3

Stable

4:1

5

48.3

19.6

9.2

1.4

Stable

3:1

5

52.58

26.97

24.64

2.5

Sideslip

3:1

5

51.8

23.9

6.8

1.6

Spi flout

6:1

10

58.02

13.96

5.95

0.4

Side slip

6:1

10

55.6

13.4

7.1

0.4

Sideslip

4:1

10

60.14

20.97

10.62

1.3

Side:slip

4:1

10

59.9

21.4

7.7

1.3

Stable

3:1

10

60.76

23.82

16.23

1.9

Side:slip

3:1

10

62.7

24.2

6.8

1.8

Sideslip

Stable

6:1

20

58.02

13.90

7.03

0.4

Sid eslip

6:1

20

55.6

13.4

7.1

0.4

Sidesl ip

4:1

20

70.40

18.42

6.44

0.4

Sid eslip

4:1

20

71.5

18.5

10.7

0.9

Sideslip

5:1

20

80.57

23.08

11.62

1.8

Sid eslip

3:1

20

80.2

23.9

6.9

1.7

Sidesl ip

a See Figure 8
b See Figare 63

See Figure 8
b See Figure 63

Table 19. HVOSM simulation of fill sections, Chevrolet Sprint.

Table 21. HVOSM simulation of fill sections, Ford Fiesta.

VEHICLE RESP(SE
FILL SLOPE pAPANETERSa WIXIIIJM
LATERAL
VEMENTb
FORESLOPE
DEPTH
S1:1
H(ft)
d2 (ft)

MAXIMUI
89LL
ANGLE
(deg)

MAJ(IMI.64
PITCH
ANGLE
(deg)

VEHICLE RESPONSE
MAXIML1I
RESULTANT
ACCELERATION
(G's)

FILL SLOPE PARNIETERSa
REKWS

FORESLOPE
S1:1

DEPTH
H (ft)

MAXIIIJM
LATERAL
MDVEMENTb
d2 (ft)

MAXIM1JI
89LL
ANGLE
(deg)

MAXIMUI
PITCH
ANGLE
(deg)

MAXIMLRI
RESULTANT
ACCELERATION
(G's)

REMARKS

6:1

5

51.88

13.09

5.27

0.9

Sta bl e

6:1

5

52.16

14.04

5.52

0.6

4:1

5

49.84

18.31

8.28

1.2

Sta bl e

4:1

5

52.92

17.10

10.64

1.8

Stable

3:1

5

51.55

25.46

22.15

5.1

Spi flout

3:1

5

52.92

17.70

10.64

1.8

Sideslip

6:1

10

52.17

12.93

7.67

0.5

Sid eslip

6:1

10

52.20

14.04

8.56

0.5

Sidesl ip

4:1

10

61.01

19.72

6.42

1.5

Sta bl e

4:1

10

55.31

18.91

7.41

0.8

Stable

3:1

10

60.27

23.72

12.27

3.9

Sta bl e

3:1

10

62.65

25.50

15.30

2.9

Stable

6:1

20

58.79

12.93

9.04

0.5

Sid 0bhp

6:1

20

58.89

14.02

7.20

0.4

Sidesl ip

4:1

20

73.88

17.48

11.67

0.4

Sid oslip

4:1

20

73.63

18.39

10.42

0.6

Sideslip

3:1

20

81.00

26.82

11.81

1.2

Sid ioship

3:1

20

81.95

23.25

9.02

1.7

Sidesl ip

a le Figure 8
b See Figure 63

a See Figure 8
b See Figure 63

Stable
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Table 22. HVOSM simulation of cut sections, Daihatsu Domino. Footnotes a and b in the table refer to Figures 8 and 63, respectively.
VEHICLE RESPONSE
MAXIMUM
CUT SLOPE
PARAMETERSa MAXIMUM
MAXIMUM RESULTANT
MAXIMUM
ACCELERPITCH
ROLL
LATERAL
BACKSLOPE MOVEMENTb ANGLE ANGLE ATION
(G's)
(deg)
(deg)
S2:1
d2 (ft)
3:1

31.33

-28.29

-15.81

3.1

2:1

** VEHICLE OVERTURNED **

1:1

** VEHICLE OVERTURNED **

REMARKS
Spinout

Table 23. HVOSM simulation of cut sections, Chevrolet Sprint. Footnotes a and b in the table refer to Figures 8 and 63, respectively.
VEHICLE RESPONSE
MAXIMUM
CUT SLOPE
PARAMETERSa MAXIMUM
MAXIMUM RESULTANT
MAXIMUM
ACCELERPITCH
ROLL
LATERAL
BACKSLOPE MOVEMENTb ANGLE ANGLE ATION
(G's)
(deg)
(deg)
d2 (ft)
S2:1

REMARKS

3:1

32.94

-26.07

-16.76

8.1

Spinout

2:1

52.13

-37.04

22.48

5.6

Sidesl ip

** VEHICLE OVERTURNED **

1:1

Table 24. HVOSM simulation of cut sections, Fiat Uno. Footnotes a
and b in the table refer to Figures 8 and 63, respectively.
VEHICLE RESPONSE
MAXIMUM
CUT SLOPE
pARAMETERSa MAXIMUM
MAXIMUM RESULTANT
MAXIMUM
ACCELERPITCH
ROLL
LATERAL
BACKSLOPE MOVEMENTb ANGLE ANGLE ATION
(G's)
(deg)
(deg)
d2 (ft)
S2:1
3:1

29.2

29.0

15.9

7.7

2:1

** VEHICLE OVERTURNED **

1:1

** VEHICLE OVERTURNED **

REMARKS
Spinout

Table 25. HVOSM simulation of cut sections, Ford Fiesta. Footnotes
a and b in the table refer to Figures 8 and 63, respectively.
VEHICLE RESPONSE
MAXIMUM
CUT SLOPE
pARAMETERSa MAXIMUM
MAXIMUM RESULTANT
MAXIMUM
ACCELERPITCH
ROLL
LATERAL
BACKSLOPE MOVEMENTb ANGLE ANGLE ATION
(G's)
(deg)
(deg)
d2 (ft)
S2:1

REMARKS

3:1

31.59

-29.39

15.97

2.3

Spinout

2:1

27.17

-41.47

-18.53

3.2

Spinout,
Marginal

1:1

19.40

-70.50

-16.05

16.0

Spinout,
Marginal

cases investigated. However, in most cases the vehicle either
sideslipped or spun out. If the slopes are not smooth and well
compacted as assumed, the probability of overturn increases for
these nontracking conditions. Note that in a "spinout" condition the vehicle is out of control, increasing the probability of
the vehicle striking a fixed object within or outside the rightof-way.

Results of the above-described slope studies were not significantly different from similar studies of larger vehicles on slopes
(21, 43, 44). The ability of HVOSM to simulate encroachments
on embankments and ditches to a reasonable degree of accuracy
has been demonstrated in earlier studies (21, 22) and in the
present study as discussed in Appendix E, "Roadside Features."
Results of the recent studies (11, 23) of small car encroachments on slopes tend to agree with the foregoing findings. Further, the referenced studies point out the sensitivity of vehicle
stability to the conditions of the embankment. As the soil becomes weaker and less stabilized, tires begin to rut and the
probability of overturn increases, especially if the vehicle is
skidding sideways. These studies have also determined that small
cars tend to overturn more readily under these soft-soil conditions than do the larger cars. This is corroborated to some
extent by a rather limited accident data base (11).
Cut slopes of 3:1, 2:1, and 1:1 were investigated and the results
are summarized in Tables 22 through 25. This analysis indicates
that certain minicars will overturn on 2:1 or steeper cut slopes.
For these steeper slopes the bumper of the car penetrates the
backslope creating a tripping action that overturns the vehicle.
A limited number of computer runs was also made to evaluate
vehicle response for a "nontracking" encroachment. In these
runs the vehicle was given a 15-deg/sec yaw rate as it was
directed off the traveiway at a 15-deg encroachment angle at
60 mph. The Fiat Uno was simulated in each run. Analysis was
made of a 3:1 fill slope with heights of 10 ft and 20 ft. Runs
were made with the vehicle yawing both positively and negatively, and in no case did rollover occur. A nontracking encroachment was also made for a 3:1 cut slope, and rollover did
not occur.
It is not clear what, if anything, should be done to current
design standards for fill and cut slopes if the minicar becomes
a design vehicle. According to AASHTO (24), "Foreslopes
steeper than 4:1 are not desirable because their use severely
limits the choice of backslopes. Slopes 3:1 or steeper are recommended only where site conditions do not permit flatter
slopes. When slopes steeper than 3:1 must be used, consideration
should be given to the use of a roadside barrier."
From all indications a minicar's behavior on a smooth, wellcompacted slope is not significantly different from a larger car.
On the other hand it can be shown that the stability of a minicar
is much more sensitive to terrain surface conditions, such as
soft soil or a mound of dirt. For these reasons, if the current
design standards and construction and maintenance practices
for slopes are not changed, more overturns can be expected as
the minicar population increases. Further study of the problem
would be warranted if the minicar becomes a design vehicle.

Ditches
Shown in Figure 9 are the variables investigated for roadside
ditches. All ditch analyses reported herein were made by use
of the HVOSM computer program. The simulated vehicles were
directed off the road and steered in the same way as that previously described in the section on "Fill and Cut Slopes." Both
tracking and nontracking departures from the travelway were
studied. The matrix of parameters examined included foreslopes
of 6:1, 4:1, and 3:1; backslopes of 6:1, 4:1, and 3:1; and ditch
depths of 5 ft and 10 ft. The ditches were assumed to be com-
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posed of dry, well-stabilized soil. A tire-soil friction coefficient
of 0.5 was assumed.
Results of the ditch runs are summarized in Tables 26 through
29. It can be seen that the behavior of the respective minicars
on ditch sections is quite similar to their behavior on fill slopes.
Again, no overturns are predicted, but in most cases the car
either sideslips or spins out. As previously dicussed, a vehicle
(a small vehicle in particular) is more prone to overturn under
these conditions if the soil is soft or if there are irregularities
in the ditch surfaces.
The foregoing results are not significantly different from similar studies with larger cars (21, 43), and a more recent study
with small cars (23). These studies have also shown that the
overturn problem can be controlled to a large extent by rounding
of slope junctures and by avoiding sharp "V-bottom" ditches.
Based on results of the present study and the above-referenced
studies, there is no compelling reason for major changes in
current AASHTO ditch standards (24) to accommodate minicars. Cautions previously cited with regard to fill and cut sections would also apply to ditch sections.
One nontracking encroachment was simulated for a ditch
having a 3:1 foreslope, 6:1 backslope, and a 10 ft depth. The
vehicle remained upright in this run. Reference should be made
to the previous section on "Fill and Cut Slopes" for a description
of the nontracking simulation procedures.

Driveways and similar geometric features, such as median
crossovers, are very common along nonfreeway roads. Previous
studies have clearly shown the hazard these features pose to
errant motorists (26, 27). Untreated culvert ends add to the
hazard of many driveways that abut thruways.
Analysis of the driveway feature for minicars was made by
use of the HVOSM computer program and two full-scale vehicular tests with a minicar. Reference should be made to Appendix E, under "Roadside Features," for a discussion of
calibration of HVOSM for these two tests.
Driveway parameters investigated are shown in Figure 10.
Two encroachment paths were used in the analysis, as illustrated
in Figure 64. The encroachment speed was 60 mph in each case,
and the vehicle was assumed to be in a coast mode (no traction
or braking) on leaving the travelway. The vehicle was assumed
to be free-wheeling, i.e., no steer input.
Results of the driveway simulations are summarized in Tables
30 through 32. The Ford Fiesta was not simulated because its
response in the slope and ditch runs was similar to the Chevrolet
Sprint. Very similar results are predicted for the path 1 traversals
by all three cars. The Fiat Uno experiences higher resultant
accelerations than the other two cars. Analysis of the simulations
shows that the Fiat impacts the terrain, after crossing the drive-

Table 26. HVOSM simulation of ditch sections, Daihatsu Domino.
Footnotes a and b refer to Figures 9 and 63, respectively.

Table 27. HVOSM simulation of ditch sections, Chevrolet Sprint. Footnotes a and b refer to Figures 9 and 63, respectively.

orici

PNWEIE95

FcF1ES!f'E BPOC.SL'E DBITH
Si:!
S2:1
H (ft)
6:1

6:1

VEHICII FESPOWE
MMIRM
I4XIt'Ul
M(I141l
M4XI1'Ul RES&LTNIT
LA1BtIL F11L P1101 PCCELERM:NtJ,v0
P1I3LE
NG.E
ATIW
(G's)
d2 (ft)
(g)
()

5

50.09

15.18

Driveways

VEHICLE RESPME
DITCH PARNcrEFa
REMN(S

FcP.ESLcQE BPQ(SL'E EEIIH
SI:!
S2:1
H (ft)

4.41

1.0

Stable

6:1

6:1

5

XIMil
I44XIMiI REJ1.TN4T
P1101
ACCELERATI09NLLE
(deg)
(G's)

M4X11'U4
LATERAL
ENDLNTb
d2 (ft)

14VE11411
FDLL
NLE
(deg)

50.35

16.61

7.12

REM(S

0.6

Sideslip

6:1

4:1

5

49.23

14.95

5.38

1.3

Sideslip

6:1

4:1

5

49.73

14.30

7.58

1.3

Sideslip

6:1

3:1

5

48.91

15.11

6.28

1.5

Sideslip

6:1

3:1

5

49.31

13.89

7.85

1.5

Sideslip

6:1

6:1

10

58.01

13.99

7.03

0.4

Sideslip

6:1

6:1

10

58.79

12.93

9.04

0.5

Sideslip

6:1

4:1

10

58.01

13.99

7.03

0.4

Sideslip

6:1

4:1

10

58.79

12.93

9.04

0.5

Sideslip

6:1

3:1

10

58.01

13.99

7.03

0.4

Sideslip

6:1

3:1

10

58.79

12.93

9.04

0.5

Sideslip

4:1

6:1

5

45.62

20.84

9.10

1.6

Stable

4:1

6:1

5

45.84

17.77

8.51

1.7

Stable

4:1

4:1

5

44.52

17.36

9.03

2.0

Stable

4:1

4:1

5

45.21

18.72

9.19

2.0

Stable

4:1

3:1

5

44.03

20.71

10.48

2.1

Stable

4:1

3:1

5

44.38

21.63

8.14

2.2

Sideslip

4:1

6:1

10

19.99

8.54

1.3

Sideslip

4:1

6:1

10

59.75

20.95

13.33

1.2

Sideslip

4:1

10

59.26

59.12

4:1

4:1

10

58.70

19.99

9.18

1.3

Sideslip

4:1

20.94

10.28

1.2

Sideslip

4:1

3:1

10

58.32

19.99

9.87

1.3

Sideslip

4:1

3:1

10

58.77

20.65

13.33

1.2

Sideslip

3:1

6:1

5

45.75

26.97

19.92

2.5

Sideslip

3:1

6:1

5

45.07

25.46

24.09

7.1

Spimut

3:1

4:1

5

43.56

26.97

18.62

2.6

Sideslip

3:1

4:1

5

43.78

25.46

24.69

7.1

SpinOut

3:1

3:1

5

41.95

26.97

17.25

2.9

Stable

3:1

3:1

5

42.67

25.46

25.22

7.1

Spinout

3:1

6:1

10

56.14

26.97

13.99

2.2

Stable

3:1

6:1

10

55.62

25.46

11.85

4.0

Spinout

3:1

4:1

10

54.77

23.09

11.93

1.9

Sideslip

3:1

4:1

10

54.56

25.46

13.33

4.0

Sideslip

3:1

3:1

10

52.62

24.33

13.94

1.9

Sideslip

3:1

3:1

10

53.20

25.46

16.63

4.0

Sideslip

50
Table 28. HVOSM simulation of ditch sections, Fiat Uno. Footnotes
a and b refer to Figures 9 and 63, respectively.

Table 29. HVOSM simulation of ditch sections, Ford Fiesta. Footnotes
a and b refer to Figures 9 and 63, respectively.
VEHICLE RESPONSE

VCHIQI ISE
DITCH PPRWTEJ
FORESLOPE BeQ(S1'E IXPIH
:l
H (ft)
SI:!
6:1

6:1

5

WXII&1I
I4XIM11 RESULTANT
ACCELERPriul
ATION
PiGI
(9's)
()

WThUI
W(IMil
LATERVL 81L
M3000
PiGI
d2 (ft)
()

7.3

15.2

47.6

DITCH ppJ€TEIa
REM5WS

L4TERAI.
M)VEJeiIb
d2 (ft)

MA.XIth
IR1L
ANGLE
(deg)

hVEIfttl
PITCH
P21.E
()

MVEIMiI

FORESLOPE 84CXSLCPE CEP1}I
S2:1
H (ft)
S1:1

WAIPth
RESULTANT
ACCELERATION
(G's)

REMIIR(S

1.2

Sideslip

6:1

6:1

5

50.56

14.04

6.77

0.6

Sideslip

6:1

4:1

5

49.91

14.67

7.01

1.1

Sideslip

6:1

4:1

5

46.9

14.6

8.1

1.1

Sideslip

6:1

3:1

5

46.4

14.4

8.1

1.3

Sideslip

6:1

3:1

5

49.51

14.04

7.33

1.4

Sideslip

6:1

6:1

10

55.6

13.4

7.1

0.4

Sideslip

6:1

6:1

10

58.89

13.96

8.56

0.5

Sideslip

6:1

4:1

10

58.89

13.96

8.56

0.5

Sideslip

6:1

4:1

10

55.6

13.4

7.1

0.4

Sideslip

6:1

3:1

10

55.6

13.4

7.1

0.4

Sideslip

6:1

3:1

10

58.89

13.96

8.56

0.5

Sideslip

4:1

6:1

5

44.6

21.1

10.1

1.8

Stable

4:1

6:1

5

46.29

18.04

6.93

1.6

Stable

4:1

6:1

5

45.35

18.69

8.33

1.8

Stable

4:1

4:1

5

43.8

20.6

10.2

1.9

Stable

4:1

3:1

5

42.9

23.9

9.4

2.3

Stable

4:1

3:1

5

44.84

17.24

8.61

2.0

Stable

4:1

6:1

10

51.9

20.6

8.2

1.3

Sideslip

4:1

6:1

10

60.21

19.74

10.27

1.3

Sideslip

10.3

1.2

Sideslip

4:1

4:1

10

59.63

19.61

11.02

1.3

Sideslip

Sideslip

4:1

3:1

10

59.10

19.69

9.20

1.3

Sideslip

Spinout

3:1

6:1

5

46.53

25.50

18.69

2.3

3:1

4:1

5

44.46

25.50

16.27

.

4:1

4:1

10

57.3

21.3

4:1

3:1

10

56.7

21.2

10.6

1.2

3:1

6:1

5

43.9

23.9

26.1

2.4
2.3

Spinout

2.8

Sideslip
Stable

3:1

4:1

5

41.5

25.9

25.5

3:1

3:1

5

38.9

26.6

24.7

2.3

Spinout

3:1

3:1

5

43.14

25.50

14.53

2.8

Stable

3:1

6:1

10

55.5

28.4

15.6

1.9

Stable

3:1

6:1

10

57.46

25.50

13.71

3.0

Sideslip

3:1

6:1

10

55.96

25.50

11.73

3.0

Sideslip

3:1

4:1

10

54.26

25.50

11.35

3.0

Sideslip

3:1

4:1

10

53.8

28.3

14.0

2.0

Stable

3:1

3:1

10

51.9

25.0

12.3

1.8

Sideslip

Table 30. HVOSM simulation of driveways, Daihatsu Domino. Footnotes a and b refer to Figures 10 and 64, respectively.

Table 31. HVOSM simulation of driveways, Chevrolet Sprint. Footnotes a and b refer to Figures 10 and 64, respectively.

VEHICLE RESPONSE PARAMETERS
MAXIMUM RESULTANT
MAXIMUM
DRIVEWAY PARAMETERS a
PITCH
ACCELERROLL
DRIVEWAY
FORESLOPE SLOPE ENCROACHMENTb ANGLE ANGLE ATION
(G's)
(deg)
(deg)
S1D:1
PATH
S2:1

DRIVEWAY PARAMETERSa
DRIVEWAY
SLOPE
FORESLOPE
S1D:1
52:1

ENCROACHMENTb
PATH

VEHICLE RESPONSE PARAMETERS
MAXIMUM RESULTANT
MAXIMUM
ACCELERPITCH
ROLL
ATION
ANGLE
ANGLE
(G's)
(deg)
(deg)

10:1

10:1

1

7.3

17.8

5.7

10:1

10:1

1

11.0

15.1

9.9

10:1

8:1

1

11.4

36.8

7.2

10:1

8:1

1

14.7

23.8

11.1

10:1

6:1

1

** VEHICLE OVERTURNED **

10:1

6:1

1

** VEHICLE OVERTURNED **

8:1

10:1

1

10.2

20.5

5.8

8:1

10:1

1

13.1

17.3

16.4

8:1

8:1

1

18.1

38.3

17.5

8:1

8:1

1

19.5

27.4

18.1

8:1

6:1

1

** VEHICLE OVERTURNED **

8:1

6:1

1

** VEHICLE OVERTURNED **

6:1

10:1

1

20.8

22.7

7.1

6:1

10:1

1

16.2

25.4

8.4

6:1

8:1

1

32.8

38.7

9.2

6:1

8:1

1

25.7

38.4

11.4

6:1

6:1

1

** VEHICLE OVERTURNED **

6:1

6:1

1

** VEHICLE OVERTURNED **

10:1

2

0

10.4

4.8

10:1

2

8:1

2

0

20.2

27.6

8:1

2

** VEHICLE OVERTURNED **

6:1

2

** VEHICLE OVERTURNED **

6:1

2

** VEHICLE OVERTURNED **

0

11.0

19.6
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Table 32. HVOSM simulation of driveways, Fiat Uno. Footnotes a
and b refer to Figures 10 and 64 respectively.
VEHICLE RESPONSE PARAMETERS
MAXIMUM RESULTANT
MAXIMUM
DRIVEWAY PARAMETERS5
ACCELERROLL
PITCH
DRIVEWAY
FORESLOPE SLOPE ENCROACHMENTb ANGLE ANGLE ATION
(deci)
(deci)
(G's)
PATH
S2:1
S1D:l
10:1

10:1

1

8.9

18.6

24.9

10:1

8:1

1

10.0

29.4

27.0

10:1

6:1

1

** VEHICLE OVERTURNED **

8:1

10:1

1

12.4

20.1

23.4

8:1

8:1

1

13.8

30.4

17.4

8:1

6:1

1

** VEHICLE OVERTURNED **

6:1

10:1

1

13.6

17.8

14.4

6:1

8:1

1

24.7

30.6

15.8

6:1

6:1

1

** VEHICLE OVERTURNED **

--

10:1

2

--

8:1

2

** VEHICLE OVERTURNED **

--

6:1

2

** VEHICLE OVERTURNED **

0

10.5

0
U-

uVEWAY

4.8

way and becoming airborne, in a nose down configuration. This
causes the front bumper to contact the terrain with subsequent
high impact forces. The Daihatsu and the Chevrolet return to
the terrain in a nose up configuration and reduced impact forces.
Analysis of the results in Tables 30 through 32 indicates that
a foreslope of 6:1 or flatter in combination with a 10:1 or flatter
driveway slope is needed to avoid overturn by these vehicles for
the given encroachment conditions. These findings are similar
to results of driveway studies with larger cars (26, 27, 43).

Figure 64. Driveway encroachment paths.

Curbs
Analysis of selected curbs was made by use of the HVOSM
program and by a series of full-scale vehicular tests. Reference
should be made to Appendix E, under "Roadside Features,"
for a discussion of the calibration of HVOSM for curbs when1
traversed by a minicar.
A series of HVOSM runs was made to examine minicar behavior when traversing two curb types. All of the runs were
made with the vehicle approaching the curb in a tracking condition. Also, as discussed in Appendix E, the version of HVOSM
used in the present study cannot accurately simulate shallow
angle or brush hits with curbs due to limitations of the tire
model. Thus, approach angles of 15 deg and greater were used
in the analysis. Important measures of vehicle behavior include
the roll and pitch angles, decelerations, and vehicle trajectory.
The trajectory of a vehicle after crossing a curb can degrade
the impact performance of safety devices located behind the
curb, such as a breakaway sign or luminaire support of a roadside
barrier.
A summary of the minicar response for traversals of the
AASHTO type "B" curb is given in Tables 33 and 34. Dimensions of the curb and its idealized shape as used in HVOSM

Table 33. HVOSM study of minicar impacts with AASI-ITO type B
curb.

i1c1e
Daihatsu Ibnino

Fiat (ha

Oawolet Sprint

Eix'onmt Cciilltlms
Atcie ()
Sysed (nth)

Max. Ibil Max. Pitch
Anle () kale LdEq

Max. 50 as
Resultant
At. (a's)

40

25

5.3

2.2

1.3

60

15

7.9

1.7

1.4

60

25

6.2

2.2

1.8

60

35

5.4

5.1

1.7

40

25

4.4

1.8

1.2

60

15

5.8

1.3

1.1

60

25

4.7

1.4

1.5

60

35

3.1

1.8

1.5

40

25

5.3

2.2

1.5

60

15

8.3

1.7

1.8

60

25

6.6

2.6

1.8

60

35

5.1

2.9

1.7
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Table 34. Bumper trajectory data for impacts with AASHTO type B
curbs.
Vehicle
Daihatsu Domino

Fiat Uno

Chevrolet Sprint

Impact Conditions
Annie (den)
Speed (mph)

1 maxa

AH maxa
(in.)

1iiiL

40

25

3:0

68

60

15

2.7

46

60

25

4.9

92

60

35

3.7

114

40

25

3.8

98

60

15

3.3

75

60

25

3.9

107

60

35

3.7

144

40

25

4.1

90

60

15

4.0

50

60

25

5.6

103

60

35

5.0

130

a See Figure 65 for definition

are given in Figure E-35, Appendix E. Reference should be
made to Figure 65 for a definition of terms used in Table 34.
The point that is tracked on the bumper is located at the midheight of the front bumper (approximately 17 in. above ground)
on the side of the car that crosses the curb first. Very stable
behavior of each of the minicars is indicated for all conditions
investigated.
An AASHTO type A curb was also investigated. Dimensions
of the curb and its idealized shape as used in HVOSM are given
in Figure 66. It will be noted that this curb is 6 in. from the

travel surface, while the type B as used in the present study is
effectively about 5 in above the travel surface. The type A was
selected because the results could be compared with results of
previous studies of larger cars.
Bumper trajectory data for three minicars and for two larger
cars are given in Table 35. Data for the two larger cars were
taken from Ref. 10. These results suggest that a minicar does
not climb as high as a larger car after crossing a curb. It is
noted that the above-mentioned data from Ref. 10 was derived
from a TI'! study of curbs (42). It was one of the first studies
that used HVOSM to study vehicular behavior on impact with
curbs. A closer review of the results in Ref. 42 shows that, in
general, the HVOSM overpredicted vehicular climb following
a curb impact. This is believed to be the main reason for the
differences indicated in Table 35.
It can be seen that minicars can traverse 6-in, curbs with little
or no adverse response for tracking conditions. Unfortunately,
many run-off-the-road accidents occur with the vehicle in a
nontracking or spinning condition. The researchers were unable
to address this problem with current versions of HVOSM. However, recent changes to the tire model by others (23, 36) offer
promise in improving simulations of shallow-angle impacts and
nontracking impacts with curbs. Reference should be made to
the discussion (in Chapter Two, under "Modifications to Selected Roadside Safety Elements to Accommodate Minicars,"
"Roadside Features") on "Curbs" concerning a recent study
of nontracking impacts with curbs.

SPECIALIZED ANALYTICAL PROCEDURES
Crash Cushions

Formulas used to estimate the impact performance of the
sand-filled plastic barrel crash cushion are presented in this
section. The basic relationships used for this purpose, taken
from Appendix D of Ref. 10, are as follows:

Luux.
ACTUAL BUMPER
HEIGHT

A H u.

NORMAL BUMPER HEIGHT
(ABOVE CURB TOP)

Figure 65. Bumper trajectory parameters.
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Table 35. Bumper trajectory data for impacts with AASHTO type A
curbs.

ImDact Conditions
Speed (moh)
Annie (den)

Vehicle
Daihatsu Domino

Fiat Uno

(a) Actual Curb Geometry

Chevrolet Sprint

8
C

z..-o

Compact Carb

6
Full-Size Carb

4

0
0

TYPE A-::

2

AH maxa
(in.)

L maxa
(in.)

40

25

4.7

74

60

25

8.3

103

40

25

4.8

86

60

25

7.0

101

40

25

5.1

73

60

25

8.3

97

40

25

8.2

80

60

25

9.5

115

40

25

7.0

108

60

25

7.5

132

0
0

t 0

a See Figure 65 for definition
b Results taken from Table F-il of Reference 10

-2
-4

4

0

8

Lateral Coord. (in.)
AV = 88.0 - 76.6 = 11.4 ft/sec

(b) Idealized Curb Geometry for HVOSM

2 (3)
= 0.036 sec
= 88.0 + 76.6

Figure 66. Curb type A geometry.

-

vi wv
wv +ws

2D

v;+ v1±1
1, 2 - 172
1+1
a. - 1

2D

(1)

A=

(88.0)2 - (76.6)2 =
312.7 ft/sec2
2(3)

(2)

A,, =

312.7
= 9.7 g
32.2

(3)

Second 200-1b module:

4

where: V = velocity of vehicle on impacting a module(s); V 1
= velocity of vehicle after impacting a module(s); W1 = weight
of vehicle; W = weight of sand in module(s); a = average
deceleration of vehicle; t = time of deceleration; and D =
diameter of module.
Use of the foregoing equations is illustrated in the analysis
of the crash cushion shown in Figure 35, for impact by a 1,350lb vehicle at 60 mph (88 ft/sec). The plastic barrels have a
nominal diameter, D, of 3 ft.

Vil - 76.6 (1,350) =
66.7 ft/sec
1,350 + 200
= 76.6 - 66.7 = 9.9 ft/sec
2 (3)
= 0.042 sec
= 76.6 + 66.7
A,,=

(76.6)2 - (66.7)2 = 236.4 ft/sec
2
2(3)

236.4
A,, = --- = 7.3 g
32.2

First 200-1b module:
88(1,350)
= 1,350 + 200 = 76.6 ft/sec

The procedure is repeated for each succeeding module(s) until
the velocity is near zero. Values thusly computed are as follows:
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Module

(ft/sec)

A V (ft/sec)

t (sec)

A, (ft/sec')

76.6
66.7
58.2
44.9
29.5
14.5
4.7

11.4
9.9
8.6
13.3
15.3
15.0
9.8

0.036
0.042
0.048
0.058
0.081
0.136
0.312

312.7
236.4
179.3
228.2
189.9
110.4
188.0

200
200
200
400
700
1,400
2,800

The average deceleration during the impact is
Aave

- (88)2 - (4.7)2 =
183.8 ft/sec
2[(3)(7)]

183.8
Aave == 5.7 g
To estimate the occupant impact velocity in the longitudinal
direction according to NCHRP Report 230 procedures, one must
first determine the point at which the "occupant" has moved
2 ft longitudinally with respect to the vehicle. This is accomplished as follows:
Occupant movement, d0, after impact with first module
d0 = Vave (t)

(5)

where Vave = average velocity of the occupant relative to the
11.4
vehicle during impact with module. d0 =
(0.036) = 0.20
Occupant movement after impact with second module
d0

= 0.20 + 11.4 + 11.4 + 9.9 (0.042)

d0 = 0.20 + 0.6 = 0.88 ft
Occupant movement after impact with third module
= 0.88 + 21.3 + 21.3 + 8.6 (0.048) = 2.11 ft
It can be seen that the occupant would have moved 2 ft with
respect to the vehicle slightly before the vehicle had moved
through the third modUle. From previous calculations, the vehicle's velocity after moving through the third module was 58.2
ft/sec. Hence, the occupant impact velocity would be slightly
less than 88.0 - 58.2 = 29.8 ft/sec.
Since this is less than the NCHRP Report 230 recommended
30 ft/sec value, the cushion is satisfactory for vehicles in the
1,350-lb to 4,500-lb weight range, assuming the intrusion criteria
would not be violated. It can be shown by the above procedure
that the design in Figure 35 satisfies NCHRP Report 230 for
all vehicles in this weight range.
The design in Figure 35 and other inertial crash cushions do
not offer complete protection to motorists if the cushion is struck
on its side. If the 1,350-lb car struck the cushion on the side
and engaged one of the larger modules first, the occupant impact
velocity could easily exceed the 40-ft/sec limit. For example,
if the 1,350-lb vehicle struck the 700-lb module first, it can be

shown by the above procedure that the occupant impact velocity
would exceed 46 ft/sec. Care should be exercised in the use of
an inertial crash cushion in locations where side hits may be
prevalent.
Breakaway Supports

Luminaire Supports
A procedure for analyzing impacts with breakaway base luminaire supports was developed to determine appropriate design
parameters for these systems for impacts with small automobiles.
The procedure is broken into three phases of impact. During
the first phase, the impacting vehicle crushes into the luminaire
support until the force on the pole reaches a level sufficient to
activate the breakaway mechanism. Energy is dissipated only
through crushing of the vehicle. It was assumed that the crush
force was proportional to the crush distance. Using conservation
of energy, the velocity at the end of this phase was calculated
from the vehicle's stiffness and slip-base activation force as
shown in Eq. 6.

V. = Jv2 ms F 2 /(k,m,,)

(6)

where V1 = initial impact velocity; Va = velocity at activation
of slip-base mechanism; .F = slip-base or fracture mechanism
activation force; k, = ratio of crush force to crush distance;
and m, = mass of impacting vehicle.
Note from Eq. 6 that as a vehicle's stiffness is reduced, its
velocity at the activation of the slip-base mechanism is reduced.
This effect arises from an increase in vehicle crush and the
accompanying energy dissipation associated with the reduction
in vehicle stiffness. Vehicle stiffness effects on slip-base performance are discussed in greater detail later in this section.
After the lateral force on the luminaire support reaches the
activation force of the slip-base or fracture mechanism, energy
is assumed to be dissipated because of two events: ( 1 ) the mechanism slips and/or fractures, and (2) momentum is transferred
to the support. There may be some additional vehicular crush
during these two events, but it was assumed to be negligible.
The question is which of the two events occurs first.or do they
occur simultaneously? The velocity change arising from momentum transfer is proportional to the vehicle's velocity at the
start of momentum transfer. Conversely, the velocity change
arising from energy dissipation by the breakaway mechanism
increases as the vehicle's velocity at the start of energy dissipation decreases. Because the sequence of these two events is
not well known, it was conservatively assumed that momentum
is transferred prior to energy dissipation associated with the
breakaway mechanism. As such, the predicted velocity change
after both events will be higher than if the two events occurred
simultaneously or in reverse order. Consequently, the second
phase of impact was assumed to involve only momentum transfer from the vehicle to the support as the base of the support
was accelerated. The laws of conservation of linear and angular
momentum were used to determine the velocity change of an
impacting vehicle due to momentum transfer to the support.
The results of this formulation are shown in Eq. 7. This equation
gives the predicted vehicular velocity at the end of phase two.
d2 + r2 - er 2m5/m,
Vb = V.
d 2 + r2 + r2m/m,

(7)
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where: Va = vehicle velocity at beginning of phase two; Vb
vehicle velocity after momentum transfer to support; d = distance from vehicle bumper (or contact point) to center of gravity
of luminaire support; r = radius of gyration of support; m5 =
mass of support; m = mass of vehicle; and e = coefficient of
restitution for vehicle.

F5

The third phase of impact was then assumed to involve only
energy dissipation as the slip-base or fracture mechanism released. The law of conservation of energy was used to determine
the velocity of the vehicle after losing contact with the pole. To
simplify the analysis, the force-deflection relationship associated
with the breakaway mechanism was assumed to vary linearly
as shown in Figure 67. The energy associated with failure of
the breakaway mechanism can then be calculated if the travel
distance during fracture can be estimated. Equation 8 gives
vehicle velocity at the end of the impact event.

= VVb2

-

i65/m

(8)

where: V = vehicle's velocity at end of impact, B = distance
traveled by base of support during slippage or fracture of breakaway mechanism.
Equations 6 to 8 were incorporated into a computer program
for the purpose of developing design charts and conducting
parametric studies of important variables for the improvement
of slip-base luminaire supports. The objective was to develop
design criteria for slip-base installations that can safely accommodate minicars. The luminaire analysis program gives the user
two options for inputting the support properties. Option 1 uses
input properties for the individual components of the luminaire
support, namely, the pole; mast arm, luminaire, and base plate,
to calculate the total mass, c.g. height, and mass moment of
inertia for the entire structure. While most components of the
luminaire support have standard shapes with properties that can
be readily defined, the properties of the luminaire arm are more
difficult to quantify. Therefore, for ease of implementation, some
simplifying assumptions for the mast arm were incorporated
into option 1 of the program. The arm was assumed to consist
of a single tapered tubular section with twice the cross-sectional
area at its connection to the pole than at its free end. The vertical
projection of the arm was calculated using the pole height and
mounting height of the luminaire. Based on these assumptions,
the inertia and c.g. location of the arm were determined and
referenced to the support system. Figure 68 shows the geometry
of a typical luminaire support. The input format used for option
1 is given in Figure 69.
Option 2 of the luminaire analysis allows the direct input of
properties for the entire support. The required input properties
are total weight, c.g. location, and mass moment of inertia of
the support system. When these properties are known, use of
this option eliminates the need for the approximations that were
used in option 1. The input format for option 2 is given in Figure
70. Table 36 summarizes the input variables required for each
option.
In addition to the geometric and material properties of the
support system, it was necessary to define vehicle properties
and slip-base characteristics. These include vehicle stiffness, effective bumper height, slip-base activation force, and slip-base
travel distance.

as
Slip Distance

Figure 67. Force versus deflection relationship for breakaway
mechanism.

Figure 68. Typical luminaire .upport.
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Do you wish to analyze a luminaire support or Sign support?
(1 = Luminaire; 2 = Sign Support): 1

Do you wish to analyze a luminaire support or sign support?
(I = Luminaire; 2 = Sign Support): I

The Luminaire support analysis has two options:

The Luminaire support analysis has two options:

Option 1 - Program calculates system properties (i.e. cg. location,
inertia, radius of gyration) from user supplied dimensions
and weights.

Option I - Program calculates system properties (i.e. cg. location,
inertia, radius of gyration) from user supplied dimensions
and weights.

Option 2 - User inputs properties for entire support system (i.e.
total weight, cg. location, total inertia).
System includes pole, arm, luminaire, and base plate.

Option 2 - User inputs properties for entire support system (i.e.
total weight, cg. location, total inertia).
System includes pole, arm, luminaire, and base plate.

Please enter number of option desired (I or 2): 1

Please enter number of option desired (1 or 2): 2

Please input the following values

Please input the following values

Initial Velocity (mph)
Vehicle Weight (lbs)
Effective Vehicle Bumper Height (in)
Vehicle Stiffness (lb/in) (-1 = default)
Slip Force (lbs)
Slip Base Slip Distance (in)
Pole Weight (lbs)
Pole Height (in)
Radius at Top of Pole (in)
Radius at Bottom of Pole (in)
Arm Weight (lbs)
Luminaire Weight (lbs)
Luminaire Height (in)
Base Plate Weight (lbs)

: 60
: 1500
: 14.5
: -1
: 12000
: 1
: 285
: 420
: 1.938
: 4.375
: 120
: 50
: 474
: 34

EDIT SCREEN - The current values are
Initial Velocity (mph)
Vehicle Weight (lbs)
Effective Vehicle Bumper Height (in)
Vehicle Stiffness (lb/in)
Slip Force (lbs)
Slip Base Slip Distance (in)
Pole Weight (lbs)
Pole Height (in)
Radius at Top of Pole (in)
Radius at Bottom of Pole (in)
Arm Weight (lbs)
Luminaire Weight (lbs)
Luminaire Height (in)
Base Plate Weight (lbs)
Choice to edit 1-14 (0

:
:
:
:

:
:
:
:
:
:
:
:
:
:

60.000
1500.000
14.500
1500.000
12000.000
1.000
285.000
420.000
1.938
4.375
120.000
50.000
474.000
34.000

Initial Velocity (mph)
: 60
Vehicle Weight (lbs)
: 1500
Effective Vehicle Bumper Height (in)
: 14.5
Vehicle Stiffness (lb/in) (-1 default)
: -1
Slip Force (lbs)
: 12000
Slip Base Slip Distance (in)
: 1.0
Total Weight of Luminaire Support System (lbs)
: 489
Vert. Dist. from Slip Plane to CG. of System (in): 262.4
Total Inertia of Luminaire System (in_lbsecA2) : 36424.9
EDIT SCREEN - The current values are
Initial Velocity (mph)
:
Vehicle Weight (lbs)
:
Effective Vehicle Bumper Height (in)
:
Vehicle Stiffness (lb/in)
:
Slip Force (lbs)
:
Slip Base Slip Distance (in)
:
Total Weight of Luminaire Support System (lbs)
:
Vert. Dist. from Slip Plane to CG. of System (in):
Total Inertia of Luminaire System (in-lb-sec2) :
Choice to edit 1-9 (0

60.000
1500.000
14.500
1500.000
12000.000
1.000
489.000
262.400
36424.900

quit editing)

Figure 70. Input format for luminaire analysis option 2.

quit editing)

Figure 69. Input format for luminaire analysis option 1

from force-deflection curves. The crush distances used in the
estimation of these values were representative of impacts with

breakaway structures. It is evident from Table 37 that vehicle
stiffness to weight ratios,

K! W,

vary significantly among dif-

ferent vehicle makes and models. This is important, and un-

Table 36. Variables for luminaire analysis.

fortunate, because a vehicle's stiffness has a direct influence on
Ontion 1

Option 2

Ootions 1 & 2

its change in velocity when impacting a breakaway structure.
Figure 71 was developed by use of the program just described
to illustrate the effect of frontal crush stiffness on change in

pole weight

total weight

initial velocity

pole height

c.g. height

vehicle weight

velocity for a vehicle impacting a 1,000-lb luminaire support

top radius

total inertia

vehicle stiffness

mounted on a triangular slip base. As indicated by this figure,

bottom radius

vehicle bumper height

arm weight
luminaire weight

slip force.
.

slip distance

luminaire height
base plate weight

Vehicle Stiffness

a vehicle's change in velocity may differ by more than 6 ft/sec
over a reasonable range of frontal stiffnesses. As a vehicular
stiffness decreases, the change in velocity of the vehicle increases.
This reduction in velocity results from an increase in energy
dissipation due to additional vehicular crush.
On the basis of Figure 71 and Table 37, it was concluded
that a vehicle's crush stiffness is an important parameter in the
impact performance of breakaway structures. The K! W ratio
not only varies for different vehicle makes and models, but also

depends on the location of impact along the front of the vehicle.
As discussed earlier, the ratio of crush force to crush distance
or the stiffness of impacting vehicle was assumed to be a constant. Table 37 gives a summary of vehicular crush stiffness for
various small cars obtained from the results of rigid pole impact
tests (6). Stiffness values shown in this table were approximated

For the parametric studies described in this section and in Chapter Two, a K/ W ratio of 1.0 was selected for use in simulating

the frontal crush stiffness of minicars. This value is likewise
used as the default value in the program unless otherwise specified by the user.
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Table 37. Summary of rigid pole impact tests (6).

34 ft. Steel Luminaire Support
Impact Speed = 20 mph

Test
Test Vehicle

24

Vehicle
Weight, W,
(lb)

Crush
Stiffness, K,
(lb/in.)

K/W
(1/in.)

Vehicle Weight = 1500 lb
Support Weight 1000 lb
20

1

1974 Chevrolet Vega

2,474

2,000

0.83

2

1981 Honda Civic

1,764

1,600

0.91

3

1981 Dodge Colt

1,934

810

0.92

4

1981 Volkswagen Rabbit

2,178

1,980

0.91

5

1981 Volkswagen Rabbit

1,832

1,200

0.66

6

1981 Volkswagen Rabbit

1,847

1,410

0.76

16

12

8

7

1981 Dodge Colt

1,828

512

0.28

8

1981 Honda Civic
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Figure 71. Effects of vehicle srffness on change in velocity.

K/W Range 0.21 - 1.32

Coefficient of Restitution
Although it is known that restitution occurs for vehicles striking breakaway installations, little data are available for quantifying this value for such impacts. A coefficient of restitution
of 0.5 was found to give good correlation for four full-scale
crash tests simulated by the program. Therefore, this value was
used for the parametric studies described in this report and was
internally built into the program.

Effective Vehicle Bumper Height
The base plates of most slip-base installations are typically
mounted 3 to 4 in. above grade. This distance must be considered
when locating the vehicle's point of impact along the pole. The
program indirectly accounts for the height of the slip base by
means of an effective bumper height. A vehicle's effective
bumper height is defined as the distance from the slip plane to
the point of action of the imparted vehicle force (Figure 72).
Simply stated, it is the height of the base plate subtracted from
the vehicle's bumper height measured from the midpoint of the
bumper. For example, a typical minicar has an average bumper
height of approximately 17.5 in. When impacting a slip-base
installation with a base plate mounted 3 in. above grade, such
a vehicle would have an effective bumper height of 14.5 in,

Base Activation Force
The base activation force is defined as the force required to
activate the slip-base mechanism or to fracture a frangible base.
This activation force, or slip force, is dependent on a wide variety
of factors. These factors include bolt diameter, bolt torque,
surface treatment and finish, friction coefficient between the
sliding surfaces (including bolts against notches), and notch
geometry. Further, it is noted that triangular slip-base configurations are somewhat directional in nature (40). That is, the

Figure 72. Effective vehicle bumper height.
angle of incidence (the orientation of the resultant impact force
with respect to the breakaway base) has a direct influence on
the base activation force. The slip force is alo dependent on
the height at which the vehicle contacts the pole above the slip
plane.
In addition to the frictional forces that develop during impact,
many of the foregoing factors contribute to a mechanical interlocking of slip-base components. The forces generated because
of this mechanical interlocking must also be overcome before
the breakaway mechanism will activate. Because of the complexities of these interactions, it is difficult to define the activation force through analytical means.
In a previous study (40), an empirical relationship was developed'between bolt torque T (in.-lb) and bolt tension N (lb)
in which the tension in a single bolt was given by
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N = (K,) (7)

(9)

where K, depends on the bolt diameter. The total tensile force
is thus the tensile force in a single bolt N multiplied by the
number of bolts in the slip-base mechanism. The slip force, 1,
is then calculated by the following equation: F, = ( p.)NT, where
P'e = "effective" friction coefficient for slip base and NT
total tension in bolts.
In addition to the normal friction between the sliding surfaces,
the effective friction coefficient accounts for the forces generated
by the various interactions described above. An analytical procedure developed in a previous study (112) was used to bracket
this effective coefficient of friction for a typical three-bolt, multidirectional slip base under typical impact conditions. Using a
typical metal-on-metal friction coefficient of 0.17-0.20, Pe was
found to vary from approximately 0.49 to 0.83.
Using the previously described model, a parametric study was
conducted to determine the optimal value of l.Le for use in the
validation and simulation efforts. In this parametric study all
important vehicle and pole properties were known, and thus the
effects of g, could be accurately assessed. It was found that an
effective friction coefficient of 0.5 gave the best correlation with
measured values. This value was therefore used for the validation
rims and parametric studies described in this report.

Slzz, Distance
As previously described, the change in vehicular velocity for
the third phase of impact is dependent on the travel distance
of the slip base or fracture mechanism. Based on static tests of
slip-base mechanisms, slip distances in the range of 1 in. to 3
in. are common. Furthermore, the associated force-deflection
curves were approximately linear in form (60), supporting the
assumption made in development of Eq. 8.
Figure 73, developed by use of the aforementioned program,
indicates that the breakaway model is not extremely sensitive
to small changes in slip distance. Over a reasonable range of

34 ft. Steel Luminaire Support
Impact Speed = 20 mph
Support Weight = 1000 lb
28
1250 lb Veh.
24

2000 lb Veh.

20
C)
4,
4,

16
12
Slip Distance
1 in. Slip
3 in. Slip
0
0 4

12 16 20 24 28 32 36 40
Slip Base Force (kips)

Figure 73. Effects of slip distance on change in velocity.

slip-base force, the total change in vehicular velocity for a 1-in.
and 3-in, slip distance differed by approximately 2 ft/sec. A
slip distance of 1 in. was used in this study for both the validation
and design simulations.
The reader should note that implied in Eq. 8 is a specified
amount of energy dissipation due to the activation of the breakaway mechanism. The energy loss is given by Eq. 10:
E='/2 1,S

(10)

If E is known for a given breakaway feature, such as a slip base
or a frangible transformer base, one can input an activation
force given by Eq. 11.
F=

(11)

In the present computer program F should equal 2E because
S5 = 1.

Validation
The foregoing analysis and computer program were validated
by comparing predicted velocity changes with results of a number of pendulum tests and full-scale bogie tests from Refs. 61,
62, and 63. The initial phase of the validation effort involved
the pendulum tests. Table 38 gives predicted and measured
velocity changes for each of the three phases of impact. The
analysis procedure proved to give reasonably accurate velocity
change predictions for each of the five pendulum tests evaluated.
The only exception was for phase one of tests 201-204. The
pendulum used in these tests incorporated a highly nonlinear
crushable nose and, therefore, the assumption used in the deTable 39 gives predicted and measured velocity changes for
six full-scale bogie tests (62, 63). These tests were selected because of the accurate control that existed over vehicle and slipbase parameters. The bogie test vehicle had a crushable nose of
known stiffness, and use of load sensing bolts in the slip base
permitted the accurate determination of preload across the slip
plane.
The installation for tests Bl0l—B103 consisted of a 34-ft steel
pole mounted on a multidirectional slip base. Mast arms and /
or surrogate luminaires were not included in the test installation.
The total weight of the pole and slip base was 1,003 lb. The
slip base used three 1-in, diameter bolts which were tightened
to produce a clamping force of approximately 14,000 lb per
bolt. Thus, the slip force was estimated to be: (3)(14,000)(0.5)
= 21,000 lb.
The installation for tests 504, 509, and 515 consisted of a 28ft steel pole mounted on a triangular slip base. Again, mast
arms or luminaires were not included in the test installation.
The combined weight of the system was 292 lb and the slip
force was estimated to be 21,000 lb. These installations were
assumed to bracket the size and weight of many common luminaire supports. The weight of the test bogie was 1,905 lb, and
its measured frontal crush stiffness was approximately 1,450 lb/
in.
As shown in Table 39, the model simulated the bogie crash
tests with reasonably good accuracy. The predicted velocity
changes were within ± 2 ft/sec of the average measured values.
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Table 38. Measured and predicted velocity changes during slip-base pole impacts (fps).

PHASE 2

PHASE I

Test A

Measured Predicted

PHASE 3

Measured Predicted

Measured Predicted

TOTAL AV
Measured Predicted

201.204*

2.54

1.24

1.70

1.30

0.60

0.70

4.84

3.54

4

N/A

0

2.54

2.78

--

0.47

2.99

3.25

10

--

5.38

2.49

2.78

-.

1.61

9.39

9.30

9

--

2.02

2.49

2.61

--

0.88

5.55

5.51

* - Average of 4 tests
** - Nonlinear crushable nose used in this test

Sign Supports
A procedure similar to that developed for the luminaire supports was developed for analyzing impacts with breakaway sign
supports. Effort was directed toward determining appropriate
design parameters for impacts with minicars. The breakaway
sign installation is characterized by the presence of a hinge at
the level of the sign blank created by cutting the flange and web
of the sign post. A fuse plate is spliced over the weakened post
to transfer wind loads to the base. On impact, the sign post
rotates about the hinge, allowing the vehicle to pass beneath
the sign.
During the first phase of impact, the vehicle crushes into the
sign support until the force on the sign post reaches a level
sufficient to activate the breakaway features. Energy is dissipated
only through crushing of the vehicle. In contrast to the luminaire
support, both slip-base and fuse plate forces must be overcome
during this phase.
Figure 74 shows a free body diagram for the sign post during
phase one. Using equilibrium considerations, the vehicle force
was equated to an equivalent slip force as shown in Eq. 12:

F, - FFDb+FhF

where: F, = vehicle force; FF = force required to activate fuse
plate; F = slip-base activation force; Db = depth of sign post;
h = distance from slip base to hinge; d = distance from vehicle
bumper to hinge; and Fse = effective slip-base activation force.
Using conservation of energy, the velocity at the end of this
phase was then formulated in terms of the effective slip force
as shown in Eq. 13.

V. = Vv2 - F5e2/(k vmv )

Hinge

(12)

d

Table 39. Slip-base pole impacts with bogie test vehicles.

Test A

Impact Speed
(mph)

(13)

127

Change in Velocity (ft/sec)
Measureda
Predicted

8101

20

11.0 - 12.9

13.7

6102

40

14.2 - 16.4

15.6

8103

60

17.2 - 19.2

20.2

504

20

10.9 - 11.6

11.1

509b

60

6.4 - 9.7

9.8

515

60

7.2 - 8.7

9.6

Sign Post

Slip Base
F5

a Range of values measured from film, speed trap,
and accelerometers
b 0ff-center impact

Figure 74. Free body of breakaway sign post.

where: v = initial impact velocity; V, = velocity at activation
of breakaway mechanism; Fse = effective slip-base activation
force; k = frontal stiffness of impacting vehicle; and m =
mass of impacting vehicle.
The second phase of impact was assumed to involve only
momentum transfer from the vehicle to the sign post as the base
was accelerated and the post rotated about the hinge. Conservation of angular momentum was used to determine the velocity
change of the impacting vehicle due to momentum transfer to
the support. Equation 14 gives the predicted vehicular velocity
at the end of the second phase.

the slip-base activation force, and the post height becomes the
distance from the slip base to the point of rotation of the sign
post. When the hinge does not activate, additional energy may
be dissipated in the form of tearing the support away from the
sign. This phenomenon may be accounted for in the program
by converting the energy dissipated to an equivalent force at
the base acting over 1 in. of deformation. In this way an effective
slip force may be determined and input into the program.

md2 - eI
Vb = V. md 2 + I

The majority of breakaway sign supports are mounted on
rectangular or unidirectional slip bases. Because of the basic
differences in base geometry, bolt orientation, and notch geometry, the rectangular slip base has an effective friction coefficient different from the triangular or multidirectional base.
In a previous study (113), the effect of bolt torque on the
transverse load required to activate a unidirectional slip base
was investigated. Using a KT value of 3.2 for a 1% in. bolt, the
effective friction coefficient for a rectangular base was found to
be approximately 0.26. This value was subsequently used in the
validation runs and parametric studies performed with the sign
support model.

(14)

where: Va = vehicle velocity at beginning of phase two; Vb =
vehicle velocity after momejitum transfer to support; d = distance from vehicle bumper to hinge; I = mass moment of
inertia of sign support; in, = mass of vehicle; and e = coefficient
of restitution for vehicle.
The third phase of impact was assumed to involve only energy
dissipation as the fuse plate and slip-base mechanisms released.
To simplify the analysis, the force-deflection relationships associated with the slip base and fuse plate were assumed to vary
linearly. Conservation of energy was used to determine the velocity of the vehicle at the end of the impact event. The energy
associated with failure of the breakaway articles was formulated
in terms of the slip distance of the base. The vehicle's terminal
velocity is given by Eq. 15 below.

Vc=VVv2_(i+Fs)8s/mv

(15)

where: Vb = vehicle velocity at beginning of phase three; V, =
vehicle velocity at end of impact; and & = failure distance of
slip-base mechanism.
In terms of the effective slip force defined b Eq. 12, Eq. 15
becomes
V =

C
V
b

-

"se 8 ()/m

(16)

where: Fse = effective slip-base activation force.
Equations 13, 14, and 16 were incorporated into a computer
program to conduct parametric studies of important sign support parameters. The objective of this task was to improve the
safety performance of breakaway sign supports for impacts with
minicars. Figure 75 gives input parameters required for the sign
support analysis as prompted for by the program. A typical
breakaway sign-support installation is shown in Figure 28.
For impacts in which the hinge is activated, the effective slipbase activation force is calculated using Eq. 12. Bolt tension for
the slip base and fuse plate is calculated using the empirical
relationship given by Eq. 9. The slip force i (Ib) and fuse plate
force FF (Ib) are then determined using an appropriate effective
coefficient of friction. The post height is taken to be the distance
from the slip base to the hinge, and the post weight is calculated
based on this length.
In instances when the hinge does not activate during impact,
the input parameters are slightly modified. Under these circumstances, the effective slip force is assumed to be equivalent to

Effective Friction Coefficient

Validation
The preceding analysis technique was validated by comparing
predicted velocity changes with results of four full-scale crash
tests from Refs. 13 and 15. Table 40 gives predicted and measured velocity changes for the selected tests. The installation in
tests 1009 and 1010 consisted of a 12 ft by 24 ft sign blank
supported on 12WF45 steel beams mounted on unidirectional
slip bases. The slip base used four 1-in, diameter strain-sert bolts
that were tightened to 5,000 lb per bolt. A hinge was located

Do you wish to analyze a luminaire support or sign support?
(1 Luininalre; 2 = Sign Support): 2
Please input the following values
Initial Velocity (mph)
Vehicle Weight (lbs)
Effective Vehicle Bumper Height (in)
Vehicle Stiffness (lb/in) (-1 = default)
Effective Slip Force (lbs)
Slip Base Slip Distance (in)
Distance from Slip Plane to Hinge (in)
Sign Post Weight (lbs)
Base Plate Weight (lbs)

: 20
: 1800
: 15.0
: -1
: 12000
:
: 99
: 371
: 30

EDIT SCREEN - The current values are
Initial Velocity (mph)
Vehicle Weight (lbs)
Effective Vehicle Bumper Height (in)
Vehicle Stiffness (lb/in)
Effective Slip Force (lbs)
Slip Base Slip Distance (in)
Distance from Slip Plane to Hinge (in)
Sign Post Weight (lbs)
Base Plate Weight (lbs)
Choice to edit

1-9 (0

- quit editing)

Figure 75. Input format for sign support analysi&

:
:
:
:
:
:
:
:
:

20.000
1800.000
15.000
1800.000
12000.000
1.000
99.000
371.000
30.000
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in the legs at a height of 8'/2 ft above the ground line. Two 3/4
in. diameter hinge bolts were tightened to 28,000 lb each. Using
an effective friction coefficient of 0.26, the hinge and base activation forces were estimated to be 14,560 lb and 5,200 lb,
respectively. Using Eq. 12, the effective slip force was estimated
(14,560)(12) ± (5,200)(99)
to be Fse
8,160 lb.
The test vehicle for each test was a Honda Civic weighing
1,516 lb and 1,617 lb, respectively. Based on the information
presented in Table 37, an average K! W ratio of 1.1 was used
for the Honda. The vehicle crush stiffness for the two tests was
thus estimated to be 1,668 and 1,779 lb/in., respectively. It
should be noted that the upper hinge did not activate in test 10
although the slip base broke away as designed. An effective post
length of 17.5 ft was used in the "no hinge" analysis although
the total post length was 20 ft. This was done since the depth
of the upper 5 ft of the support leg was tapered down to near
zero. Because the hinge did not activate, the hinge activation
force was neglected and the effective slip force was estimated
to be 5,600 lb.
The installation for tests 7024-1 and 7024-2 used S4 x 7.7
posts to support an 8 ft by 5 ft sign panel. The hinge was placed
at the midheight of the panel or 9.5 ft above ground level. The
slip base used four '/2-in. diameter bolts torqued to 17 ft-lb each.
The hinge used two '/2-in. diameter bolts torqued to 90 ft-lb
each. Using a K T value of 10.0 for a 1/2-in. diameter bolt, Eqs.
9 and 12 estimate the slip force to be 2,700 lb.
These installations were assumed to bracket the size and
weight of most common breakaway sign supports. As shown in
Table 40, the model predicted velocity changes with reasonable
accuracy. One exception was for test 7024-1. During this test,
the hinge did not fully activate and a considerable amount of
energy was dissipated in twisting and buckling of the sign. In
addition, the restoration forces in the sign carried the sign post
back into the vehicle's path causing a secondary impact to occur.
Determination of vehicle stiffness, slip force, and fuse plate force
may also be a cause of deviation between predicted and measured
values. It was difficult to extract required information from test
reports, and in the absence of this information, approximations
were made.
The luminaire and sign support models discussed in this section were combined into a single comprehensive program for
analysis of breakaway structures.
An evaluation of key luminaire and sign support parameters
was made by application of the program described in this section.
Results of the parametric studies are given in Chapter Two,
"Modifications to Selected Roadside Safety Elements to Accommodate Minicars." A copy of this program may be obtained
upon request, by sending a floppy diskette to one of the TTI
authors.
Others have also developed a model that is available for use
as an analytical tool in the evaluation of various breakaway
supports (114). However, because of the complexity of the program, it has not seen widespread use.

Small Sign Supports
Because only one test of a small sign installation was conducted in the study, it was desirable that an estimate be made
of the impact performance of other under 1,800-lb vehicles with
other sign supports. A primary measure of impact performance

Table 40. Full-scale tests of breakaway sign supports.

Chanoe in Vel :itv (ft/sec)

Vehicle Weight
(lb)

Ipact Speed
(mh)

1009

1,516

60

10.8

13.9

1010

1.617

20

9.9

9.6

7024_1*

1,820

20

4.9

1.2

7024-2

1,820

60

3.1

2.7

Test 4

P'aasured

Predicted

* Secondary iact with sign support occurred

is vehicular velocity change. Following is a methodology for
estimating velocity change in small sign support impacts for
small vehicles based on test results of other vehicles. It is consistent with a procedure contained in FHWA Technical Advisory T 5040.22 dated September 27, 1983. It is noted that the
procedure in the referenced advisory was proposed to allow one
to estimate vehicular velocity change for impacts with multiple
sign supports given test results from a single post impact.
The reader is cautioned that the procedure presented herein
is only an approximation to a very complex problem. Impacts
with base-bending sign supports involve highly nonlinear behavior of the support, the soil, and the vehicle. Attempts to
analytically model the system have met with little success (59).
Studies are now under way by Federal Highway Administration
officials at the Turner-Fairbank Highway Research Center,
McLean, Virginia, to develop analytical and experimental
methods of analysis for small, base-bending-type sign supports.
For many widely used small sign supports the critical velocity
change of an impacting vehicle occurs at low rather than high
impact speeds. High carbon, high strength steels exhibit this
behavior. Supports with breakaway features such as the slip base
or the lap-splice at ground level also exhibit this behavior. Brittle
materials tend to fracture, and breakaway features tend to actuate more readily at the higher loading rates. Further, the mass
of most small sign installations is relatively small in comparison
to the impacting vehicle. The vehicular velocity change is due
in large part to an energy loss (distortions in sign posts, soil
displacements and damping, and vehicular crush) as opposed
to a momentum transfer, especially for low-speed impacts. For
purposes of estimating velocity change, it was assumed that
energy loss is independent of vehicle mass. Based on this assumption, the velocity change of a given vehicle is estimated
from that measured in a test of another vehicle as follows:
= V2 M- (V - V-)

(17)

where: (&KE) T = change in kinetic energy of test vehicle during
contact with support; MT = mass of test vehicle; V1 . = impact
velocity of test vehicle; and V. = final velocity of test vehicle
after loss of contact with support.
Then, for a different size vehicle with mass Mv impacting at

(t.KE)T = 1/2 M (VJT - V)
and

(18)
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VFV

CVJ
2T - 2(&KEr)
Mv

on roadside slopes and ditches were made in the present study
using the HVOSM program. However, because of the limitations
of the tire-terrain models in the versions of HVOSM used in
the present study, the results of the simulations were not very
discerning. Those limitations include a smooth, impenetrable
terrain surface and a tire incapable of generating sidewall forces.
Recent changes to HVOSM to remedy some of these limitations
show promise for improved simulations of soft-soil conditions
and irregular terrain (23, 36).
It is apparent that a discontinuity on the roadway surface
(such as a curb) or terrain irregularity (such as a mound of
dirt, a large rock, a washout) poses a greater risk for a minicar
than for a larger car, especially if the car slides broadside onto
the object.
To better quantify the "stability threshold" factor and to
develop reasons for this occurrence, a first-order approximation
of the overturn problem was developed. Consider a car sliding
sideways encountering a terrain irregularity such as a rut or a
mound of soil. Depending on the mass and inertia properties,
a vehicle sliding sideways into a mound of soil can either plough
through it or be tripped by it. Even if the vehicle pushes through
the mound, the impulse can cause it to overturn. To demonstrate
this, conservation of momentum and conservation of energy
were used to estimate the impulse required to overturn a vehicle.
The vehicle was assumed to be a rigid body having a track equal
to T and height of the center of gravity above ground equal to
h, as shown in Figure 76. If the horizontal impulse due to the
mound of earth is F),, by conservation of momentum, it can be
shown that the angular velocity 4) just after impact is given by:

(19)

where VFV = final velocity of vehicle.
The change in velocity, A V, is then computed as follows:
= VIT - VFV

(20)

It is noted that for sign impacts, the occupant impact velocity
will, in most cases, approximately equal the velocity change of
the vehicle during impact. This is borne out by results of various
tests.
The above procedure was used to estimate the impact performance of a 1,500-lb vehicle and a 1,250-lb vehicle for selected
sign support systems now in use across the country. Equations
19 and 20 were used to compute the predicted vehicular velocity
changes. Results are given in Chapter Two, "Modifications to
Selected Roadside Safety Elements to Accommodate Minicars,"
under the subsection on "Base Bending Sign Supports."

Vehicular Stability Considerations

As alluded to in various sections of this report, accident data
have shown that the propensity for vehicular overturn in single
vehicle, run-off-the-road accidents increases as the size of the
vehicle decreases. This observation is true for all run-off-theroad accidents involving barrier, sign and luminaire supports,
ditches, embankments, driveways, and so forth. Attempts to
isolate specific vehicular properties that are critical to the overturn problem have not been successful (11). According to
McHenry (11), "The lack of a detailed definition of the properties of each vehicle undermines any definitive conclusion with
respect to identification of specific vehicle characteristics which
affect the overall vehicle resistance to rollover."
Studies of accident data show that many, if not most, overturn
accidents occur while the vehicle is in a nontracking or skiddingsideways condition. Simulations of nontracking encroachments

£7
(a)

Zuat Before Impact

hP

(21)

+ .f (T/2)2
where: 1, = roll moment of inertia; W = weight of the vehicle;
and g = acceleration due to gravity.
If this angular velocity is large enough to rotate the vehicle
such that its center of gravity is directly above the pivoting point

T

"P

(b) Zimt After impact

Figure 76. Schematic of a vehicle overturning due to a side impact with a mound of earth.

(c) About to Overturn

63
(see Figure 76), the vehicle will overturn. Considering the conservation of energy during the post impact motion, the angular
velocity 4) required to rotate the vehicle into the position shown
in Figure 76 can be shown to be given by:

=

2W[h2 + (T/2)2 - h]

2.5
U
0

2.0
1.87

(22)

[I + .(T/2)21

4.

Now, by eliminating from Eq. 21 and Eq. 22, the impulse
required to overturn a vehicle P is given by:

Py

=

2 + (T/2)2 - h]}
w [I, + . (T/2)2] [,fh-

(23)

To plot P,, as a function of W, the value of h was assumed
to be equal to 20.4 in. for W less than 1,800 lb (Honda Civic),
and it was assumed to change linearly between 1,800 lb and
5,000 lb with a value 23.6 in. at 4,500 lb (Plymouth Fury). The
track T was found by assuming that the ratio T/2h is constant
and equal to 1.38 for all vehicles between 1,000 lb and 5,000
lb. The roll moment of inertia was found as a function of W
by the use of empirical relationship given below (3):

1.0

0.61

.0
3.0

4.0

5.

Weight, W (Kips)

I = 4.752

(0.889W — 126.6)
W° 546 lb-sec2-in.
g

(24)

where g = 386.4 in. /sec.
The impulse P was then plotted as a function of weight W
as shown in Figure 77. The plot shows that F, varies almost
linearly with the weight of the vehicle. Based on this simplified
theory, a 610 lb-sec impulse will overturn a 1,500-lb vehicle
compared to a 1,870 lb-sec impulse to overturn a 4,000-lb vehicle. Transient behavior of the vehicle just prior to the impulse,

Figure 77 Plot of overturning impulse vs. weight of the vehicle
in a side impact with a mound of earth.

suspension compliance, and many other factors can alter the
overturning impulse. Although the actual impulse values required to overturn a vehicle may differ considerably from those
of Figure 77, it is believed that the relative differences indicated
by these results are reasonably indicative of real world values.

CHAPTER FOUR

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

This project had two basic objectives; (1) to evaluate the
impact performance of widely used roadside safety elements for
a 1,500-lb vehicle using NCHRP Report 230 performance guidelines, and (2) to identify potential modifications that would be
necessary for existing roadside safety elements to accommodate
a design vehicle weighing as little as 1,250 lb. A full-scale crash
test program coupled with an extensive computer analysis study

was used to accomplish the objectives. Computer programs
HYOSM and GUARD were calibrated with the tests of the
minicars prior to their use in a comprehensive parametric study.
Specific roadside safety elements analyzed and conclusions
reached about each follow.

ROADSIDE HARDWARE
Rigid Longitudinal Barriers

On the basis of five full-scale crash tests and a series of
computer simulations, the performance of the concrete safety
shaped barrier (CSSB) is acceptable for cars weighing as little
as 1,250 lb for NCHRF Report 230 criteria. However, it was
determined that overturns can be expected for nontracking and/
or high angle impacts with the CSSB by small cars. It is estimated that approximately 50 percent of inadvertent run-off-theroad vehicle encroachments occur in a nontracking mode. It
was shown that a barrier with a constant-slope face or a vertical
wall will greatly reduce the overturn problem. A retrofit design
for the CSSB consisting of a longitudinal member placed on the
side of the barrier near the top also shows promise in reducing
the overturn problem. Full-scale crash tests of the constantslope design are planned for the summer of 1988 at TTI on
another project.
A modified version of the HVOSM computer program was
used in studying the performance of the CSSB and the designs
mentioned above. Extensive changes and improvements were
made to the vehicular crush routines. The modified HVOSM
program was subjected to an extensive calibration effort and
found to produce reasonably accurate results in most cases.

Flexible Longitudinal Barriers

On the basis of two full-scale crash tests and a series of
computer simulations by the GUARD program, the performance of the G4( 1S) roadside barrier is acceptable for cars weighing as little as 1,250 lb. Since the G4( iS) is essentially a vertically
faced barrier, overturn problems associated with nontracking
impacts are not anticipated, at least to the degree seen in CSSB
impacts: Minor modifications may be needed to minimize wheel
snag for the higher angle impacts. This could be accomplished
by increasing the depth of the blockout.

Breakaway Luminaire Supports

Studies have shown that most supports with transformer bases
are not in compliance with current AASHTO performance
guidelines for an 1,800-lb car. A 35-ft pole supported by a castaluminum transformer base was tested in the present project
with a 1,500-lb car at 20 mph. The base fractured but did not
breakaway and the car came to an abrupt stop. It is doubtful
that the transformer base can be modified to accommodate a
vehicle weighing 1,500 lb. It is estimated that moderate size
steel or aluminum supports (in the 35-ft range weighing 500 lb
or less) with the slip-base design comparable thereto will be
acceptable for a 1,500-lb car. For taller supports acceptable
performance can be achieved if the support is aluminum or of
a light weight material, provided a slip base is used.

Breakaway Sign Supports

With few exceptions all sign supports with the slip-base design
or a design comparable thereto will accommodate a 1,500-lb
car

A computer program was developed to assist in the analysis
and design of breakaway sign and luminaire supports. It was
written for use on a microcomputer, and it has a user-friendly
input format. The program was used to study the sensitivity of
impact performance to key vehicular and support parameters.
It was shown that although most slip-base supports can be
designed for minicars, care will be needed in construction and
maintenance practices. If either the base bolts or the hinge bolts
(in a sign post) are overtorqued, the system may not perform
in an acceptable manner and this becomes more critical as the
design vehicle size decreases. The point at which vehicular contact is made with the support is also an important factor, particularly with smaller cars. It was also shown that the crush
stiffness of the impacting vehicle is an important factor in the
performance of a breakaway support.

Base-Bending Sign Supports

On the basis of a full-scale crash test and computer simulations, a 4-lb/ft rail steel, single U-post is marginally acceptable
for a 1,500-lb car. Improvement in the performance of the Upost can be achieved by the use of a two-piece support with a
short bolted splice at ground level. Estimates were made of the
performance of other widely used small sign supports for impacts
with under 1,800-lb cars. Most widely used small single-post
systems are predicted to be acceptable for a 1,500-lb car. However, very few could accommodate a 1,250-lb car, the notable
exception being supports with a slip-base design or a design
comparable thereto.

Crash Cushions

On the basis of an evaluation by analytical procedures, none
of the current crash cushions would be acceptable for a 1,500lb car. The sand-filled plastic barrel system can easily be designed to accommodate a 1,300-lb car. The GREAT and HiDri systems could be modified to accommodate a 1,500-lb car.
Modifications would involve the addition of more bays extending
the length of the cushion. Moderate cost increases would ensue.
Estimates of crash cushion performance were based on analytical procedures that have been developed over a period of
time and proven reliable for current vehicular designs. In light
of the response of the 1,500-lb car during the eccentric loader
test, these procedures may require further evaluation and calibration.

Guardraii Terminals

Based primarily on a full-scale crash test, it was the opinion
of the researchers that the performance of the eccentric loader
BCT was not acceptable for a 1,500-lb car because of excessive
ridedown accelerations and intrusions and deformations of the
passenger compartment. Performance can be improved by reducing the mass of the nose and by further reducing forces
needed to buckle or collapse the W-beam. A new guardrail
extruder terminal (GET) shows promise as a cost-effective end
treatment, and it could possibly be designed for under 1,800-lb
cars. The SENTRE system could be modified to accommodate
a 1,500-lb car.
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In the test of the eccentric loader the occupant impact velocity
was actually below the 30-ft/sec recommended limit of NCHRP
Report 230. However, damage to the 1,500-lb car was extensive
due to a relatively low crush stiffness. This result is believed to
be indicative of potential problems that may arise in other safety
features if the under 1,800-lb car becomes a design vehicle. (See
recommendation 3.)

ROADSIDE FEATURES

Analysis of roadside safety features was made by a limited
test program in combination with a comprehensive computer
simulation study. Two full-scale vehicular tests of a driveway
configuration and a series of five tests of an AASHTO type B
curb were conducted. The HVOSM computer program was
calibrated with these tests of a 1,500-lb car.

Slopes, Ditches, and Driveways

It was found that the behavior of under 1,800-lb cars on these
features is similar to larger cars for encroachments on smooth,
well-compacted terrain. However, soft terrain or terrain irregularities, such as large rocks or eroded areas, pose an increased
risk to occupants of a small car. Seemingly innocuous vegetation
would also pose an increased risk. It was shown that terrain
objects that would not trip a large vehicle would trip and overturn a smaller one. It is not clear if current design guidelines
for the above feature should be changed to accommodate under
1,800-lb vehicles. At a minimum more care would have to be
exercised in their construction and maintenance to avoid an
increase in overturn accidents. Further studies of slopes, ditches,
and driveways would be warranted should the minicar become
a design vehicle.
Curbs

Six-inch high curbs can easily be traversed by a 1,250-lb car
if it impacts the curb in a tracking (nonskidding) condition.
For nontracking impacts a small car will overturn more easily
than a larger car. To minimize overturn accidents of nontracking
minicars, the face of the curb should be sloped as flat as possible.
AASHTO curb types C, E, and G or similarly sloped designs
are preferred.
Finally, as has been alluded to, much of the information in
this project was developed through the application of computer
programs HVOSM, GUARD, and other specialized programs.
To the extent possible the programs were calibrated against fullscale tests to evaluate their accuracy and applicability. Impacts
with most of the elements evaluated in the project involve complex and highly nonlinear vehicular and appurtenance response
that often exceed the limitations of the respective programs. In
some cases the programs were used to study "atypical" impact
conditions such as nontracking and/or high angle impacts with
a barrier. Since these impacts are outside the range of the tests
used in the calibration, results should be viewed as preliminary
in nature subject to experimental verification. The above limitations notwithstanding, the programs have provided valuable
insight on the performance of minicar impacts with a wide array
of roadside safety elements.

RECOMMENDATIONS

At the time this project was conceived (1984) there were
no 1,500-lb cars on the U.S. market. The project was intended
as a "what if" study. At the time of this writing there are at
least two models being sold with curb weights near 1,500 lb and
it is likely that others will soon be on the market. This should
be carefully considered in future changes to NCHRP Report 230
and other nationally recognized performance standards.
Evidence from accident data strongly indicates that small
cars are overrepresented in run-off-the-road overturn accidents.
Further, a large portion of these are believed to occur with the
vehicle in a nontracking condition. Based on the computer simulations conducted in the present project, overturns are much
more likely to occur if a small car impacts the CSSB in a
nontracking mode as opposed to a tracking mode. Simulation
studies by others of nontracking traversals of curbs and slopes
with soft terrain have produced similar results. In accordance
with NCHRP Report 230 roadside safety features are evaluated
for tracking conditions. Further changes to NCHRP Report 230
and other nationally recognized performance standards should
consider the need and feasibility of including nontracking impact
tests. Further studies of the stability of minicars traversing curbs,
slopes, and ditches are probably warranted to include simulation
studies, crash test studies, and accident analysis studies.
As demonstrated in this and other studies, the crush properties of a vehicle is an important element in the impact performance of many roadside safety devices. The small cars studied
in this project all had a relatively light-weight, integral, shell
body as opposed to the more rigid frame construction of the
past. In effect, they are much softer than older models. More
research is needed to better define the range of crush properties
of these vehicles and the effect these properties have on the
design of roadside safety features. Updates to NCHRP Report
230 and other nationally recognized performance standards need
to strongly consider this factor in selecting test vehicles.
A major effort was made to improve the barrier impact
routines in HVOSM for simulation of impacts with a multifaced
rigid barrier. The CSSB is one such barrier. While these changes
were a major step forward in barrier simulation, an effort is
needed to improve the "thin-disk" tire model in HVOSM. Tire/
barrier interaction is a major factor in vehicular response, and
the present model can produce inaccurate and extraneous tire
forces depending on the impact conditions. An effort has been
made by others to improve the tire model, but it was limited
in scope. Researchers at Texas A&M University are currently
developing a sophisticated finite element model of a tire. It may
be feasible to incorporate the model or certain features of the
model into the HVOSM program.
On the basis of a computer program developed in the
project, it was shown that the point of impact on a breakaway
support is an important factor in its impact performance. Supports placed behind a curb or on a slope can be impacted above
the desired point of impact. As the design vehicle gets smaller,
this factor becomes more acute. Consideration should be given
to further evaluations of this potential problem.
NCHRP Report 230 presents a recommended procedure
for computing the velocity at which a pseudo-occupant would
impact the vehicle's interior for crash tests evaluation. An alternate and more exact procedure was developed and presented.
It was shown that impact velocities can be significantly different
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and higher when computed by the improved procedure. It may
be desirable to incorporate the improved procedure in future
changes to NCHRP Report 230 and other nationally recognized
performance standards.
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APPENDIXES-A THROUGH H

Appendixes A through H are not published herewith, but are
contained in a separate volume, as submitted by the research
agency to the sponsors. Volume II, Final Report Appendices,
"Roadside Safety Design for Small Vehicles," November 1988,
is available for purchase at a nominal cost, upon written request
to the NCHRP. The contents, are listed here for the reader's
convenience.
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