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FOREIVORD This report is recommended to highway administrators, design engineers, and others 
who have responsibility for establishing policy with respect to safety in the geo- 

	

By StafJ 	metric design of highways. The research described was concerned specifically with 

	

Transportation 	the safety aspects of curb design. Full-scale tests in combination with computer 

	

Research Board 	simulations were applied to investigate vehicle behavior upon impact with a series 
of commonly used curbs. The results provide a basis for judgment on the selection 
of locations where curbs can be used for safety, and can be employed also in select-
ing designs where curb use seems appropriate. 

According to the AASHTO publication A Policy on Geometric Design of Rural 

Highways (1965), curbs are used to control drainage, prevent vehicles from leaving 
the pavement at hazardous points, delineate the edge of the pavement, present a 
more finished appearance, and assist in the orderly development of the roadside. 
The research to which this report pertains was concerned with the important safety 
aspect of curb use, about which little factual information has been available. 

Three commonly used curb types, two 6 in. and one 4 in. high, and a special 
configuration 13 in. high were investigated through the use of the Highway Vehicle 
Object Simulation Model (HVOSM) previously developed at the Cornell Aeronau-
tical Laboratory (now Calspan), Buffalo, N.Y. The applicability of the model was 
evaluated by 18 full-scale tests on the two 6-in.-high curbs. A series of nine tests at 
vehicle speeds of 30, 45, and 60 mph, and approach angles of 5, 12.5, and 20 

degrees, were conducted on each curb type. Such vehicle responses as redirection, 
trajectory, path, roll and pitch, and acceleration were observed and evaluated. The 
model results were found to correlate well with the full-scale results, and its appli-
cability as a tool for evaluating vehicle response to a wide range of curb configura-
tions appears to have been validated. The findings of the study suggest that curbs 
of the configurations tested have no redirection capabilities to enhance safety in a 
high-speed travel environment, and some may even reduce safety, especially when 
a curb-guardrail combination exists; by causing vehicle ramping. A review of the 
AASHTO policy on curbs presented in the published policy on geometric design for 
rural highways, to determine the desirability of revisions in the light of the findings 
of this project, seems appropriate. The evaluation process described may also be 
found to have application in optimizing the redirection capabilities of curbs that 
may be appropriate for use in low- to moderate-speed environments more typical 

of urban areas. 
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EFFECT OF CURB 
GEOMETRY AND LOCATION 

ON VEHICLE BEHAVIOR 

SUMMARY 	Curbs commonly are provided along streets, in channelized intersections, along 
medians, along ramps, and the like. When a vehicle scrubs or impacts a curb, 
curb shape and dimensions decidedly affect vehicle trajectory and the likely po-
tential for driver recovery of vehicle control. Knowledge of vehicle action on im-
pact can be a major tool in design decisions as to the use of (or omission of) curbs 
and their specific location in relation to the edge of a traveled lane. A related is-
sue is the lift effect of a curb located along a guardrail or a bridge rail, either close 
to or at the face of the rail. 

The approach taken to investigate the effects of curbs on vehicle behavior 
included a combination of full-scale testing and simulated impacts using the High-
way Vehicle-Object Simulation Model (HVOSM). Three curbs (AASHTO Types 
C, E, and H) were selected for detailed study because they represent the curb 
configurations most commonly used throughout the U.S. A fourth configuration, 
designated Type X, was selected as an experimental barrier curb. The dimensions 
of the 13-in.-high Type X curb are those of the lower portion of the New Jersey 
concrete median barrier. 

Eighteen full-scale tests were conducted on Types C and E curbs. A series 
of nine tests was conducted on each curb at 30, 45, and 60 mph and 5-, 12.5-, and 
20-deg encroachment angles. These tests were simulated using HVOSM and the 
results were compared with those of the full-scale tests. 

Twelve curb impacts were simulated on each of curb Types C, E, H, and X. 
The simulations included impacts of 30, 45, and 60 mph at 5, 12.5, and 20 deg 

and a 75-mph impact at 5, 10, and 15 deg. 
The full-scale tests and parameter study simulations were evaluated to de-

termine the effect of a curb on such vehicle responses as redirection, trajectory, 
path, roll and pitch, and accelerations. 

The major findings are: 

Curbs 6 in. high or less and of configurations similar to that of AASHTO 
curb Types C, E, or H will not redirect a vehicle at speeds above 45 mph and 
encroachment angles greater than approximately 5 deg. It is apparent that the 
speeds at which redirection is achieved are considerably less than those expected on 
modern rural highways. Therefore, curb Types C, E, and H are not satisfactory 
for installation where redirection is the primary design intent. 

Curbs similar to Types C, E, and H can produce, under certain speed and 
angle impact conditions, vehicle ramping to a height at which the vehicle will vault 
a 27-in, guardrail located behind the curb. The guardrail offset distance necessary 
to restrain the vehicle (redirect the vehicle before its maximum rise is achieved) is 
dependent primarily on the exit angle, speed, and curb geometry. Guardrail height 
and placement behind a curb should be determined by analysis of expected impact 
conditions. 

Curbs 6 in. high can cause a vehicle to impact a 27-in, guardrail (12-in. 



W-beam at 2-ft offset) at a point below the lower edge of the rail face, thus creat-
ing the possibility of snagging. Consideration should be given to the use of a rub 
rail on guardrail located behind a 6-in, curb. 

Impacting curbs 6 in. high or less can be reasonably expected to produce 
minor or no injury. An automobile will cross the curb at highway speed with ease 
and, unless a secondary impact occurs, the vehicle path can be expected to deviate 
only slightly from the initial encroachment path. 

Curbs 13 in. high and of Type X configuration appear to have satisfactory 
redirection capabilities for impact conditions of 45 mph or less at angles of less than 
12.5 deg. This type curb however, is not satisfactory for installation where 60-mph 
or greater operating speeds are expected. because severe accelerations are produced 
when the vehicle crosses thecurb. 

6. HVOSM correlated well with full-scale tests results. Based on this corre-
lation, HVOSM is considered to be validated for curb impacts and provides a use-
ful tool with which to investigate a variety of curbs under the expected range of im-
pact conditions. 

CHAPTER ONE 

INTRODUCTION AND RESEARCH APPROACH 

Historically, curbs have been grouped in two general classes 
—"barrier" and "mountable"—and throughout the years 
numerous designs have evolved for each. Curbs normally 
are not used on new rural highways, but can be found on 
many sections of older highways because that was accepted 
practice at the time of construction. However, curbs are 
often included in the design of highways through urban and 
semi-urban areas. 

PROBLEM STATEMENT 

In many cases it appears that use or omission of curbs is 
determined by a design engineer's personal opinion. Simi-
larly, the selection of a particular curb cross-section seems 
to be made with little consistency. In one locale a 6-in. 
curb may be considered to act as a mountable curb and, 
hence, is installed where vehicle encroachment is intended 
and encouraged. In another area, the same curb may be 
considered to fall within the general class of barrier curb 
and is installed to deter encroachment or even with the 
thought that it will in fact redirect an errant vehicle under 
most impact conditions. 

Curbs constitute a continuous roadside obstacle (as op-
posed to a point hazard such as a single-pole sign support) 
because they project above a traveled lane for appreciable 
lengths and are therefore highly subject to impact by a ve-
hicle leaving the lane at any location within the curb length. 
A curb located in front of a guardrail or other fixed object 
may cause an impacting vehicle to ramp sufficiently to  

collide with the second obstacle in an airborne mode, or 
even to vault over it. 

Decisions to use or omit curbs at certain locations must 
be tempered with objective facts concerning vehicle be-
havior and operating conditions upon impact. With the 
exception of only a few types of curbs, little or no criteria 
exist for determining proper curb type or location. 

OBJECTIVES 

The primary objectives of this:  study were to: 

I. Select for study several of the more widely used typi-
cal curbs from the many types in use. 

Study the effects of these curbs on a vehicle impact-
ing them at speeds and angles consistent with highway 
operating conditions where such curbs are used. 

Report the study findings in a manner amenable to 
preliminary development of criteria for the use (or omis-
sion) of curb types on rural highways under selected design 
intents. 

RESEARCH APPROACH 

Investigations of the effects of curb, impact on vehicle 
behavior included a combination of simulated impacts using 
the Highway Vehicle-Object Simulation Model (HVOSM) 
and full-scale testing. The research approach included: 

1. The selection of widely used, typical curb configura-
tions to be investigated. 



The conduct of full-scale vehicle impact tests on se-
lected curbs to observe vehicle behavior and obtain field 
data for comparison with HVOSM-predicted response. 

The simulation of full-scale tests using IIVOSM. 
Comparison of simulated vehicle behavior with test 

vehicle behavior for purposes of evaluating the HVOSM 
capabilities in predicting vehicle response to curb impact. 

With satisfactory agreement, the simulation of impact 
of four selected curb types under a variety of speeds and 

encroachment angles. 
6. Determination of the effect of the curbs on such as-

pects of vehicle response as roll and pitch angles, accelera-

tions, trajectory, and path. 

CHAPTER TWO 

FINDINGS 

The investigation of vehicle-curb impact included 48 simu-
lated traversals using HVOSM as well as 18 full-scale ve-
hicle tests on two selected curbs. This chapter presents the 
results of the study. The full-scale tests were conducted to 
obtain field data for correlation with HVOSM. Since close 
correlation was obtained, the more extensive parameter 
study was conducted with HVOSM and, hence, the find-
ings are based primarily on the simulation study. 

CURBS SIMULATED 

A review of standard drawings from approximately 30 
states led to the selection of three curb configurations—
Types C, E, and H, AASHTO "Blue Book" (1) designa-
tions—that are representative of current installations. Al-
though some states use modified versions, these three curb 
types are widely used and therefore were selected for de-
tailed study. They represent curbs used at locations where 
vehicle mounting is expected or intended and where en-
croachment is not desirable nor intended. Traversals of 
these three curb types, shown in Figure 1, were simulated 
at the speeds and angles given in Table 1. HVOSM simu-
lations are discussed in detail in Appendix A. 

Several considerations led to the exclusion of AASHTO 
Types A, B, or C curbs having vertical faces. In preparing 
the work plan, the researchers were informed that a con-
tract was pending with another research agency to investi-
gate vehicle response on impact with the AASHTO Type A 
curb of 6- and 9-in, heights and the Type G curb in a 
6-in, configuration. The Type B curb was omitted from 
the study because available literature (2) indicated a prior 
record of unsafe experiences. The two AASHTO "barrier" 
curbs (Types A and B) thus were ruled out for considera-
tion. Although the vertical-faced Type C curb is used by 
some states as a barrier curb, a review of several states' 
curb-design drawings indicated that the most widely used 
Type C curb was not vertical-faced, but had a slight batter. 
Therefore, the Type C curb having those batter and radii 

* American Association of State Highway and Transportation Officials; 
formerly AASHO. 

measurements as shown in Figure 1 was selected for the 
study. 

Because no AASHTO barrier curb was included in the 
study, a fourth curb, designated Type X, was selected as an 
experimental barrier-curb configuration. The dimensions of 
Type X curb are those of the lower portion of the New 
Jersey concrete median barrier (CMB), as shown in Fig-
ure 2. Analysis of full-scale tests of the CMB indicated 
that a modified version of the barrier had potential as a 
barrier curb. Tests showed that, for moderate to low en-
croachment angles, vehicle redirection was produced by 
tire-curb interaction forces alone (with slight or no sheet-
metal contact), and the tire climbed no higher than 13 in. 
on the face of the CMB (3). 

FULL-SCALE TESTS ON CURBS 

Eighteen full-scale tests were conducted to obtain field data 
for correlation with the HVOSM predictions. The tests 
consisted' of a series of nine impacts each on AASHTO 
Types C and E curb configurations. Each series included 
30-, 45-, and 60-mph impacts at 5-, 12.5, and 20-deg ap-
proach angles. The vehicle in each test was driven by a 
professional test driver. All tests were conducted in a 
"hands-off" steering mode. Geometry of the two full-scale-
test curbs Types C and E and test installations are shown in 
Figures 1 and 3, respectively. Table 2 gives the test se-
quence and a summary of the full-scale test results. Ap-
pendix B is a detailed discussion of the test procedures. 
Appendix C translates the film analyses of the full-scale 
impact tests into a form suitable for comparison with and 
validation of HVOSM-predicted vehicle behavior charac-
teristics. 

EVALUATION CRITERIA 

Evaluation of vehicle behavior during and immediately 
after impact with a curb centered on three factors—ve-
hicle path, vehicle attitude, and vehicle accelerations. The 
degree to which the curb redirects the vehicle can be de-
termined from the path. Vehicle attitude, defined in terms 
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Figure 1. Geometry of AASHTO Types C, E, and H test curbs. 

of the front bumper height and the roll and pitch angles, 
provides a description of vehicle behavior in general, and 
in particular when contact with a guardrail occurs after 
curb traversal. Vehicle accelerations provide indicators of 
the severity of the curb impact. 

Figures 4 and 5 show the typical data obtained in the 
simulated tests. (Similar figures are presented in Appen-
dix E for all 48 tests.) When redirection occurred, the 
figure showing bumper trajectory was omitted. 

Vehicle accelerations were used in conjunction with a 
severity-index relationship to determine the relative severity 
of impact with the curbs. The severity index (4) is an 
interaction formula based on actual and tolerable accelera-
tions in the longitudinal, lateral, and vertical directions. 

COMPARISON OF SIMULATION WITH 
FULL-SCALE TESTS 

The full-scale tests and their simulated counterparts were 
compared on the basis of vehicle path after impact, change 
in speed as a result of curb impact, and vehicle attitude 
(roll, pitch, and vertical rise with respect to the curb). 
Generally, as shown in Appendix D, the HVOSM predic- 

I 
TABLE 1 

CURB COLLISIONS SIMULATED BY HVOSM 
(48 SIMULATED TESTS) 

ENCROACHMENT ANGLES (DEG) 
AT SPEEDS (MPH) OF 

CURB 	 30 	45 	60 	75 

TypeC 5 5 5 5 - - - 10 
12.5 12.5 12.5 - - - - 15 
20 20 20 - 

TypeE 5 5 5 5 - - - 10 
12.5 12.5 12.5 - - - - 15 
20 20 20 - 

TypeH 5 5 5 5 - - - 10 
12.5 12.5 12.5 - - - - 15 
20 20 20 - 

TypeX 5 5 5 5 - - 10 
12.5 12.5 12.5 - - - - 15 
20 20 20 - 

All simulation conducted in a hands-off steering mode 

tionS agreed closely with the test results; hence, the model 
was considered sufficiently validated to use in the para-
metric investigation of four curbs, which data are given in 
Appendix E. Comparison between the HVOSM predictions 
and the test results is presented in the following discussion. 

Vehicle Path 

During curb traversal, and immediately thereafter, HVOSM 
and the test results compared favorably with regard to ve-
hicle path, with the exception of three tests (N-il, N-12, 
and N-17). In these tests HVOSM predicted redirection, 
whereas the full-scale-test vehicle crossed the curb. 

Examination of the results shows that, at a lateral dis-
tance of between 5 and 10 ft behind the curb, the test 
vehicle usually deviated slightly to the right of HVOSM 
predictions. The deviation of paths may be attributed to the 
value of steering torque used in the HVOSM. 

Vehicle Speed 

Although the differences were not considered to be signifi-
cant, the test vehicle speed decreased at a faster rate than 
that of HVOSM. Aerodynamic forces and inertial drag of 
the engine, drive shaft, and so forth influence the rate of 
deceleration in a free-rolling (no acceleration control) 
mode. HVOSM does not account for these factors. 

Vehicle Attitude 

For the purposes of this study, vehicle attitude is defined 
in terms of the bumper height (right front portion) and the 
pitch and roll angles of the vehicle. These three quantities 
are plotted as a function of the lateral position of the right 
front bumper. Also, for tests No. N-7 and N-18, selected 
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frames of high-speed film are compared with perspective 
drawings of HVOSM output (see Fig. D-19 and D-20). 
With three exceptions (tests No. N-Il, N-12, and N-17), 
the attitude comparisons agreed well between test data and 
HVOSM predictions. 

Disparities in the comparisons are partly attributable to 
errors inherent in reducing film data and partly to idealiza-
tions used in the simulation. Disparity between test results 
and HVOSM predictions was more apparent in the high-
speed tests, particularly between the predicted roll and 
bumper rise and that measured from the test data. Also, 
the driver expressed the opinion that the 60-mph tests re-
sulted in less front-end rise and roll than occurred in some 
of the lower-speed tests. A discussion of difficulties en-
countered in comparing test data and simulation predic-
tions is contained in Appendix B. Notwithstanding these 
difficulties, comparisons were generally satisfactory. Con-
fidence in the simulation technique led to the use of 
HVOSM to perform a parametric study of the four curbs 
listed in Table 1. A discussion of this study follows. 

HVOSM STUDY OF SELECTED CURBS 

The primary considerations established for evaluating 
safety benefits of curbs following impact by a vehicle 
were: 

I. Redirection capability of the curb. 
Vehicle trajectory and path imparted by curb impact. 
Degree of vehicle pitch and roll imparted by curb 

impact. 
Vehicle accelerations. 

The simulated curb collisions will now be examined col-
lectively in each of these categories. Table 3 presents a 
summary of the findings. Appendix E contains roll, pitch, 
and trajectory data for each simulated curb impact. 

Curb Redirection Capabilities 

With the exception of the I 3-in. Type X curb, the vehicle 
crossed the curbs at all speeds and angles in excess of 
30 mph and 5 deg with very little path redirection toward 

20 
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Figure 2. Geometry of the Type X curb and its relations/up to 
that of the Ne,t' Jersey concrete median barrier. 

the curb. Even at 30 mph and 5 deg, the vehicle's right 
wheels crossed the 4-in. Type H curb, with redirection be-
ing caused by the left wheels against the curb face. In 
contrast to the apparent ease of vehicle mounting and lack 
of redirection capabilities of these curbs, the Type X curb 
redirected the vehicle in all impacts except the high-angle 
and -speed combinations (45 mph. 20 deg: 60 mph, 20 deg; 
and 75 mph, 15 deg). At these conditions, the vehicle 
crossed the 13-in, curb with significant peak and average 
accelerations as to imply passenger injury. HVOSM pre-
dicted vehicle rollover under the 75-mph, 15-deg condition. 

Although curb Type H is designed primarily as a mount-
able (traversable) curb and, as such, its redirection capa-
bilities would be expected to be low, it was evaluated under 
this criterion along with the other curbs to confirm this 
effect. Table 3 indicates that this curb redirected the test 

- 

Type C Curb in Foreground 
	

Type E Curb in Background 

Figure 3. Test curbs showing vehicle encroachtnent patls. 



TABLE 2 

SUMMARY OF FULL-SCALE TEST RESULTS FOR CURB TYPES C AND E 

SCHED- SCHED- MAX. 
ULED ACTUAL ULED. ACTUAL MAX. PEAK 
AP- AP- AP- AP- RISE VERTICAL 
PROACH PROACH PROACH PROACH ABOVE ACCELERA- 

TEST 	 SPEED SPEED " ANGLE CURB TION 0 
NO. 	 (MPH) (MPH) (DEG) (DEG) (IN.) FORCES 	REMARKS 

Curb Type E: 
N-I 30 5 - - - Camera inoperative. 
N-2 (rerun) 30 30.4 5 5.1 24.1 - Car redirected by curb. 
N-3 45 45.6 5 5.0 24.3 - Slight redirection but 

all wheels crossed 
curb. 

N-4 60 59.3 5 4.6 23.9 2.0 No vehicle redirection. 
N-S 30 32.0 12.5 11.6 20.8 1.0 No vehicle redirection. 
N-6 45 45.3 12.5 11.1 23.7 2.0 Slight undercarriage 

contact. 
N-7 60 63.6 12.5 12.6 23.5 4.0 Appreciable undercar- 

riage contact. 
N-8 30 32.7 20 18.5 23.5 1.8 No vehicle redirection. 
N-9 45 41.8 20 18.7 21.9 3.0 No vehicle redirection. 
N-I0 60 63.0 20 17.6 23.3 3.6 No vehicle redirection. 

Curb Type C: 
N-Il 30 34.2 5 4.9 26.2 1.0 Redirected smoothly 

(right wheels crossed 
curb). 

N-12 45 44.7 5 5.1 24.8 1.0 Slight redirection to- 
ward curb but all 
wheels crossed curb. 

N- 13 30 34.2. 12.5 11.2 23.8 1.8 Rim contact with curb 
-no damage to rim 
or tire. 

N-14 45 43.5 12.5 12.8 23.1 2.6 No vehicle redirection. 
N-is 30 32.1 20 17.4 22.1 2.4 Suspension bottomed 

"hard" - front 
wheels knocked out 
of alignment. 

N-16 45 43.0 20 18.4 23.5 4.6 Right front wheel 
knocked out of align- 
ment. 

N-l7 60 66.5 5 5.1 24.3 1.2 Severe suspension bot- 
toming shock but no 
alignment damage. 

N-18 60 62.2 12.5 12.3 21.4 4.2 Same as N-17. 
.N-19 60 61.5 20 18.6 23.0 4.0 Same as N-17. Ball 

joint became loose. 

All tests were conducted in a hands-off steering mode. 
Angles obtained from film analysis over time period of approximately 150 milliseconds. 
Bumper rise obtained from film analysis. 
Peak vertical accelerations obtained from accelerometer visicorder traces. 

vehicle only at very low speeds and angles and produced 
very little front-end rise during traversal. 

The practically nonexistent capability of curbs 6 in. or 
less to redirect a vehicle operating at highway speed would 
indicate that curbs of this height placed with the intent of 
redirection are creating an additional hazard rather than 
alleviating potential vehicle impact with an obstacle behind 
the curb. Further, as discussed subsequently, the hazard is 
compounded because the curb causes a crossing vehicle to 
ramp. 

Based solely on the simulated impacts on the Type X 
curb, it appears that a 13-in, curb of this configuration  

represents a height which will, under impact conditions of 
low angle and/or low speed (30 mph impacts, and those of 
low angles at higher speeds), redirect a vehicle. However, 
the probability of a vehicle leaving the travel lane at a 
20-deg angle and speed above 45 mph is not so small that 
it can be considered insignificant. It would be expected that 
these higher encroachment angles and speeds would occur 
on a horizontal curve (i.e., on-ramp or off-ramp) rather 
than on a tangent section. On tangent sections where prob-
able exit angles would be lower at the 60- to 70-mph oper-
ating range, the Type X curb may have potential as a 
barrier curb in locations where guardrail normally is used 
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Figure 4. Vertical rise of vehicle in Type C curb simulated impact: 60 mph at 12.5-deg angle. 
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Figure 5. Path, roll, and pitch of vehicle in Type C curb simulated impact: 60 mph at 12.5-deg angle. 

to deflect a vehicle. The Type X curb does not appear to 	Vehicle Trajectory 

be suited for placement along curving roadways such as 	Knowledge of the lift effect of a curb on a vehicle after 
ramps or high-speed direct connections, because higher en- 	impact is of primary concern in developing criteria for 
croachment angles may be achieved at these locations and 	selection or omission of curbs in front of guardrails, bridge 
the vehicle ramping characteristics of this curb make it 	rails, or in medians. Investigation of vehicle trajectory 
definitely undesirable at locations where vehicle crossing 	received major emphasis. 

can occur. 	 Vehicle attitude after impact influences the severity of 
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a secondary impact, particularly with a guardrail or break-
away support. If the front end of the vehicle is rising (posi-
tive pitch angle), rolling to the left (negative roll), and is 
ramped as it crosses the curb, it is quite possible that the 
front bumper will act as a "skid plate" when impacting a 

guardrail behind the curb, resulting in a secondary launch-
ing effect. This occurrence is especially probable if the 
front bumper is sloped back at the bottom. When the 
vehicle ramping is sufficiently high enough to allow the 
bumper to equal or exceed the guardrail height, there is 

TABLE 3 

SUMMARY OF SIMULATED VEHICLE RESPONSE TO CURB IMPACT 

CURB 

VEHICLE IMPACT 
SPEED 	ANGLE 
(MPH) 	(DEG) 

MAXIMUM 
ROLL 
ANGLE 
(DEG) 

MAXIMUM 
PITCH 
ANGLE 
(DEG) 

MAX!- 	LATERAL BUMPER 
MUM 	DIS- 	HEIGHT 
BUMPER TANCE TO ABOVE 
HEIGHT 	MAX. 	CURB AT 
ABOVE 	RISE 	2-FT 
CURB 	POINT 	OFFSET 
(IN.) 	(FT) 	(IN.) 

TypeC 30 S -11.5 1.5 -' - - 
(6-in.) 30 12.5 -10.0 2.9 - - - 

30 20 +8.8 2.9 22 5 12 
45 5 12.6 1.0  
45 12.5 -9.5 -3.6 - -' - 
45 20.0 -8.9 3.0 26 8 11 
60 5 15 +1.5 -' - - 
60 12.5 -13 2.0 27 7 13 
60 20 -8 2.0 29 10 10 
75 5 +14.5 3.5  
75 10 -15.5 2.0 30 6 13 
75 15 -10.2 1.8 30 10 12 

TypeE 30 S -10.2 2 
(6-in.) 30 12.5 -9.5 2 21 4 13 

30 20 -8 2.5 21 6 11 
45 5 -11 2 
45 12.5 -11 2 23 S 12 
45 20 -8 2.2 25 8 11 
60 S -11.2 2 23 3 17 
60 12.5 -12 2 25 6 13 
60 20 -9.5 2.5 31 10 11 
75 5 -12 1.5 23 4 16 
75 10 -13 2 25 6 13 
75 15 -11 2 31 9 12 

TypeH 30 S -6 1 
(4-in.) 30 12.5 -S 1 18 5 13 

30 20 -30 1 18 9 12 
45 S -7 1 20 3 15 
45 12.5 -5 1 - - - 
45 20 -4 1 20 10 14 
60 S -7 1 20 4 15 
60 12.5 -5 1 20 8 13 
60 20 -3 1 20 10 13 
75 5 -7 1 20 5 .  13 
75 10 -6 1 20 10 13 
75 15 -4 1 20 8 13 

TypeX 30 S -4 1 - - -" 
(13-in.) 30 12.5 -8 7 - - -' 

30 20 -16 10 - -' 
45 5 +3  3 
45 12.5 -28 9 
45 20 -25 9 53 5 18 
60 5 -2 3 -' a 
60 5 -2 3 a a 
60 12.5 -48 9 a a a 
60 20 -30 8 63 8 11 
75 5 -8 3 a a a 
75 10 -51 9 _a a 
75 15 -180. 7 85 9 15 

a Curb was not crossed, vehicle was redirected 
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little doubt that the car would cross, or at least snag and 
be flipped or rolled, over the guardrail. It is difficult to 
estimate the vertical contact point on a guardrail below 
which a vehicle would be restrained and redirected. This 
point would differ for various guardrail configurations and 
lateral stiffness properties and would be influenced by many 
vehicle characteristics, such as impact conditions, bumper 
shape, and attitude after curb impact. 

It has been suggested that vehicle trajectory caused by 
curb impact differs widely for various automobiles—that 
a heavy automobile with "heavy-duty" suspension would 
react considerably different upon impact than would a simi-
lar one with a "soft" suspension system. The difference in 
trajectories was found to be small when the simulation 
study test data obtained from a car having heavy-duty sus-
pension were compared to those for the standard-suspension 
vehicle. 

Although guardrails and bridge rails first come to mind 
when considering secondary impacts behind a curb, break-
away signs or luminaire supports as objects of secondary 
impact deserve consideration. Breakaway supports perform 
best when impacted near their bases. Should a colliding 
vehicle be airborne and impact a support well above its 
base, the structure may not function as intended. Investi-
gation of breakaway support efficiency is beyond the scope 
of this study, but it is suggested that collision damage would 
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be aggravated should a vehicle collide with a breakaway 
structure that happened to be located laterally at the point 
where the vehicle's rise was maximum. 

Because bumper shapes differ widely, the mid-point of 
the right front corner (16.75 in. from ground level) was 
selected as the reference point to determine vertical rise 
with respect to lateral distance behind each curb. Vehicle 
trajectories resulting from impacts with each of the four 
curbs are shown in Appendix E. 

The maximum trajectory rise and its point of occurrence 
with respect to the curb face are influenced by vehicle 
speed and angle at which the curb is impacted. Figures 6 
and 7 show typical effects on the trajectory by varying 
either speed or impact angle. For 6-in, curbs, an increase 
in either speed or impact angle resulted in a shift of the 
maximum rise point behind the curb and upwards. An 
increase in angle produced a greater shift in both lateral 
and vertical position of the maximum rise point for a speed 
differential at the higher speeds (60 to 75 mph) than for 
a low-speed differential. For low-angle impacts, an in-
crease in speed resulted in a lateral shift, but not an appre-
ciable increase in rise height. This behavior was confirmed 
for the 4-in. Type H curb. For this curb, throughout the 
angle spectrum, increased speed produced a lateral shift of 
maximum rise point from a distance of about 4 ft at 5 deg 
(average of 45 to 75 mph) to about 10 ft behind the curb 
face with very little increase (less than 2 in.) in maximum 
rise height. In fact, the maximum rise height did not 
increase a measurable amount for speed increases above 
30 mph. 

The maximum bumper rise was found to be dependent 
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Figure 6. Effect of vehicle speed on vehicle trajectory in Type E curb simulated impact at 20-deg angle. 
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Figure 7. Effect of impact angle on vehicle trajectory in Type E curb simulated impact at 60 mph. 



Figure 8. Accident involving curb and guardrail.  

on the combination of vehicle roll and pitch caused by 

striking the curb. The roll is influenced by magnitude and 

rate of application of force through the right front wheel 

as it impacts the curb, and the degree to which roll is 

damped is influenced by the geometry of the curb and effect 

on the other wheels. For example, when a steep-faced 
6-in, curb is struck, the right front wheel lifts quickly, 

which in turn distributes the load to the other three wheels, 

particularly to the left front wheel. If the vertical tire force 

is sufficient to "bottom" the suspension system, additional 
shock loads are introduced. The contribution of curb 

geometry to damping of the roll angle during left-wheel 
impact obviously differs with the height and the steepness 
of the curb face. 

As one would expect, the pitch and roll angles produced 
by simulated collisions with Type C and Type E curbs were 
greater than those produced by the Type H curb, In many 

instances, the pitch and roll for the steeper-faced curbs 

were twice that for the Type H curb. It is noted, however, 
that the Type H curb geometry (of relatively low profile 

and small face slope) apparently combined the proper 

variables to produce a maximum rise height that is rela-

tively independent of speed and angle. The maximum rise 
point offset (lateral position of maximum rise) is affected 

primarily by speed. Although the location of the maximum 

bumper rise point is important if it occurs where a guard-

rail or other obstacle would normally he located, the tra-
jectory within the ñrst fww feet beliiiid the curb is usually 
of more significance. In other words, an unimpeded tra-

jectory resulting in a 36-in, maximum rise at a lateral dis-

tance of 10 ft behind the curb is of little significance when 
a 27-in. gutIdtdil liappeits to be located 2 ft behind the 

curb and the vehicle's vertical rise at this point is only 

15 in. Therefore, trajectory must he evaluated in terms 

of the potential for a secondary collision with an obstacle 

located behind the curb. For example, a curb separating 

a 10-ft shoulder from the outer travel lane, such as shown 

in Figure 8, would place a guardrail—normally located at 
a 2-ft offset from the shoulder-12 ft behind the curb. 

Because the maximum height of bumper rise occurred in 
the 8- to 10-ft range for high-speed, high-angle impacts on 

all curbs except Type X, a curb—particularly a 6-in, curb 
—located as described could easily contribute to a crossing 
vehicle's probability of having a severe secondary collision 
with the guardrail. Maximum rise for the Type C curb was 
greater than the standard 27-in, guardrail height for the 

high-angle 60- and 75-mph impacts and slightly less for the 
lower-speed, high-angle impacts. 

The complete trajectory for each curb impact, shown in 

Appendix E, provides a method to investigate expected 

points of secondary vehicle collision with objects of van-
tIIs heights located at selected distances behind a particu-
lar curb. The maximum rise and the rise at the normal 2-ft 
ottset are given in Table 3. 

The bumper heights at the 2-ft offset were all equal to 

or less than the normal 21-in. contact height for a 27-in. 

W-beam guardrail. in fact, in sonic cases, and particularly 

those of high-speed, high-angle impacts on curbs Types C 

and E. the bumper contacted the rail at a point lower than 

normal. In several instances the bumper dipped downward 
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slightly as the wheel impacted the 6-in. curb and then be-
gan to rise as the vehicle crossed the curb. The front over-
hang and angle at which the car approached the curb placed 
the right front bumper closc to the guardrail bcforc the 
right front wheel contacted the curb. Also, the lower edge 
of the guardrail (approximately 15 in. above level ground 
in normal configuration) is actually 21 in. above the pave- 

ment surface (15 in. plus the curb height). This, in con-
junction with the initial dipping motion, would result in the 
bumper contacting the guardrail below the rail face creat-
ing the possibility of snagging. 

An initial dipping motion of the bumper was not so evi-
dent for the 4-in. Type H curb. Contact with the guardrail, 
offset 2 ft behind the curb, occurred on the rail face for all 

TABLE 4 

ACCELERATION DATA FOR HVOSM VEHICLE ON IMPACT 
WITH CURB TYPE E 

SEVERITY INDEX BASED ON MAXIMUM TIRE 

PEAK ACCELERATIONS" SIMULTANEOUS ACCELERATIONS DEFORMATION 

AVERAGED OVER AVERAGED OVER 10 DURING CURB 

2 MILLESECONDS MILLESECONDS CONTACT (IN.) 
VEHI- 

CLE 	IMPACT SEV- 

SPEED 	ANGLE LONG. 	LAT. 	VERT. LONG. 	LAT. 	VERT. 	ERITY 

(MPH) 	(DEG) (G FORCES) (G FORCES) 	 INDEX" RF 	RR 	LF 	LR 

30 5 0.1 0.5 0.5 0.1 0.5 0.1 0.1 2.1 1.4 
30 12.5 0.2 1.0 1.5 0.1 0.9 0.1 0.2 2.5 3.1 3.0 1.8 
30 20 0.6 2.0 3.3 0.5 1.5 0.2 0.3 3.4 3.6 3.0 2.8 
45 5 0.1 0.6 0.9 0.1 0.6 0.1 0.1 2.7 2.7 d 

45 12.5 0.5 2.2 3.8 0.3 2.0 0.2 0.4 3.5 3.6 2.9 2.7 
45 20 1.0 2.9 5.9 0.1 0.6 3.6 0.6 3.8 4.0 3.2 3.6 
60 5 0.1 0.8 1.8 0.0 0.1 1.3 0.3 3.0 3.0 2.5 1.9 
60 12.5 0.7 3.3 6.3 0.1 0.3 3.5 0.6 3.9 4.1 3.7 2.8 
60 20 1.3 4.1 9.2 0.1 0.3 5.0 0.8 4.3 4.6 4.1 3.6 
75 S 0.1 1.2 2.3 0.0 0.2 1.63 0.3 3.2 3.1 3.2 2.2 
75 10 0.6 3.4 6.5 0.1 0.3 3.8 0.6 3.9 4.1 3.5 2.9 
75 15 1.2 4.4 10.2 0.1 0.4 5.4 0.4 4.4 4.5 4.1 3.5 

The peak acceleration components may not occur simultaneously 
See Appendix B for discussion of severity index. 
Individual tire contact occurs in order shown. 
Curb not mounted by tire. 

TABLE 5 

ACCELERATION DATA FOR HVOSM VEHICLE ON IMPACT 
WITH CURB TYPE X 	 ( 

VEHI- 

PEAK ACCELERATIONS" 

AVERAGED OVER 

2 MILLESECONDS 

SEVERITY INDEX BASED ON 
SIMULTANEOUS ACCELERATIONS 

AVERAGED OVER 

10 MILLISECONDS 

MAXIMUM TIRE 
DEFORMATION 

DURING CURB 

CONTACT (IN.) 

CLE IMPACT SEV- 

SPEED ANGLE LONG. LAT. VERT. LONG. LAT. VERT. ERITY 

(MPH) (DEG) (G FORCES) (G FORCES) INDEX" RF RR 	LF LR 

30" 5 0.3 1.6 1.3 0.3 	1.2 0.2 0.3  

30' 12.5 1.1 5.1 5.1 1.0 	4.5 1.4 0.9  

30" 20 2.6 7.9 8.0 2.3 	7.2 4.5 1.7 5.0 2.5 	_C 

45" S 0.5 2.9 2.8 0.4 	2.2 0.2 0.6  
45" 12.5 1.7 8.4 9.1 1.5 	7.3 3.0 1.6 	. 5.0 4.2 	-' 
45 20 2.7 9.5 17.6 1.3 	4.4 7.9 1.6 5.4 3.9 	0.7 3.9 

60' 5 0.3 5.2 1.5 0.2 	4.2 0.1 0.8  
60" 12.5 3.1 11.2 14.2 1.8 	10.0 4.3 2.1 5.7 4.7 	- -" 
60 20 3.2 9.1 26.2 1.2 	4.0 12.0 2.2 7.1 5.1 	3.5 4.9 
75" 5 0.4 5.1 5.4 0.1 	4.8 0.2 1.0  

75" 10 1.8 11.4 15.0 1.5 	9.9 3.4 2.1 5.7 4.8  
75 15 2.4 9.3 25.1 1.0 	4.6 11.6 2.2 6.8 5.8 	3.8 4.2 

o The peak acceleration components may not occur simullaneously 
"See Appendix B for discussion of severity index. 

Individual tire contact occurs in order shown. 
"Auto redirected by curb. 
'Curb not mounted by tire. 

Rollover. 
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angles and speeds. This is attributed to the gentle upward 
trajectory and little or no bumper dipping at wheel contact. 

Type X curb's effect on vehicle trajectory is discussed 
last because it does not cause a colliding vehicle to per-
form in a manner similar to that experienced with the lower 
curbs. This study indicates that curb Type X is not suitable 
for locations where exit angles of 20 deg and operating 
speeds of 45 mph or greater can be achieved, because the 
test vehicle experienced appreciable roll angles (25 to 
30 deg), high vertical accelerations, and climbed over the 
curb. The maximum bumper rise for 45- and 60-mph 
impacts at 20 deg was 53 and 63 in., respectively. The 
simulated car crossed the curb with a maximum rise of 
85 in. after the 75-mph, 15-deg impact and rolled com-
pletely over to land approximately 19 ft behind the curb. 

Vehicle Accelerations 

Although it was the opinion of the researchers from the 
inception that vehicle accelerations would be small in all 
curb impacts with the exception of curb Type X, accelera-
tion studies of simulated impacts on curbs Types E and X 

corroborated this belief. Tables 4 and 5 give acceleration 
data and severity indices (4) for these two simulated 
conditions. 

Vehicle acceleration appears to be negligible because the 
time duration is short and peak accelerations are small. 
Thus, the speed change during a collision is slight. This was 
substantiated by accelerometer measurements in the full-
scale tests (see Table 2). Severity indices were well below 
the level considered to cause serious occupant injury. For 
a given encroachment condition, the severity indices for 
curbs Types C and E were approximately equal and were 
small for all encroachment conditions examined, indicating 
that the types of injury that would occur would be minor 
or none at all. 

The accelerations experienced in the Type X curb study 
cannot be considered insignificant. Assuming that a se-
verity index of 1.0 represents a level at which unrestrained 
passengers experience serious injury, it can be seen from 
Table 5 that the Type X curb does not perform satisfac-
torily for speeds in the 60- to 75-mph range at angles 
greater than 5 deg nor for lower speeds at higher angles. 

CHAPTER THREE 

APPRAISAL AND APPLICATION OF RESULTS 

APPRAISAL 

Curbs are installed on highways in urban areas on and near 
bridges, at intersections for lane dividers, near underpasses, 
and in other selected locations. The diverse functions of 
curbs include (1) drainage, (2) delineation, (3) aesthetics, 
and (4) safety. Also, some curb configurations are in-
tended to serve as barriers and others facilitate maintenance 
operations. 

Examination of standard designs employed in more than 
30 states indicated that these states follow the guidelines 
set out in the current Blue Book. A study of earlier guide-
lines (5, 6) suggests that the use of curbs dates to the time 
when highways were routed through cities. On such street 
routes, protective islands for pedestrians were necessary. 
Curbs also were used by passengers when stepping down 
from running boards of automobiles, and they served to 
redirect automobiles away from sidewalks. Photographs of 
early divided highways, on which speeds were limited, 
clearly show that curbs provide an attractive method of 
delineating the edges of the roadway. The evolution of 
curbs has been an orderly process of applying existing 
practices to new locations. 

In urban areas, provision must be made for pedestrians 
on bridges and along the roadway. These pedestrian areas 
are usually separated from the roadway by a curb. Fre- 

quently highways are designed for a specific speed; and, 
although the speed limit may be increased at a later time, 
the geometrics of the highway and appurtenances such as 
curbs remain the same. Increased, speeds, greater traffic 
volumes, and constantly changing vehicle capabilities can 
result in collisions, the severity of which can be aggravated 
by curbs. Beaton and Peterson (7) conducted full-scale 
crash tests in 1953 to ascertain the ". . . ability of various 
types of curbing to serve as a physical barrier to cars 
striking the curb, and also to determine the potential dam-
age to both car and curb." Subsequently, Beaton and Field 
(8) reported findings of tests on bridge curbs and rails. 
These studies clearly demonstrated the behavior of an auto-
mobile following a collision with a curb. The "jump 
curves" presented in these earlier studies were examined 
and led to those presented in the present study. 

Many states continue to use mountable curbs in medians 
and along the edges of roadways as well as guardrails in 
conjunction with curbs. A series of live-driver tests in 
Washington (9) clearly indicated that a mountable curb 
in the median did not produce redirection of a speeding 
automobile. Earlier, California conducted full-scale tests 
on raised medians in conjunction with development of 
cable median barriers. Standard-size automobiles and 
smaller sports cars easily mounted raised medians having 
6-in, curbs (10). 
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In recent years, a slope-faced concrete median barrier 
has been adapted for use on bridges and as a barrier be-
tween the edge of the traveled way and fixed hazards such 
as bridge columns or steep-cut sections. Use of this con-
figuration seems to be replacing the two-step barrier curb, 
AASHTO Type B curb (1). Full-scale tests (11-13) on 
"safety shape" median barriers and on an adaptation of 
their shape to bridge barriers (14) have led to the current 
trend for employing such barriers. 

Often guardrails or bridge barriers are located behind 
curbs, and the behavior of colliding vehicles has been dis-
cussed by others (2, 8, 10). Such installations aggravate 
a secondary collision incident. However, the objective of 
the present study was to evaluate the effect of vehicle-curb 
impact on vehicle behavior. The results reported herein 
are aimed at operating conditions on high-speed facilities 
in rural and urban areas, but the lower-speed results may 
be applied to streets. 

Redirection 

None of the AASHTO curb designs investigated are satis-
factory for installation on high-speed facilities where re-
direction is the primary design intent. Examination of 
Figures 9 and 10 leads to the conclusion that redirection 
may be expected when encroachment angles are 5 deg or 
less at speeds in excess of 60 mph. As one might antici-
pate, the Type X configuration is likewise unsatisfactory for 
high-speed facilities. Vehicle redirection is obtained at 
impact angles up to 10 deg at a speed of 60 mph; how- 

40 1
3.1  

ever, concomitant severe accelerations and roll angles are 
experienced. 

Conventional curbs of the types studied in this project, 
as well as those investigations cited previously, do not func-
tion as barriers. The present study corroborates the find-
ings of the California curb tests. At present, the most 
promising highway barrier concepts are the New Jersey 
safety shape, the General Motors Proving Ground bridge 
parapet design, and the California Type 20 bridge barrier. 
Although none of these designs fits the curb classification, 
it is clear from the present study and previous work that 
a curb height of 32 in. is required to achieve vehicle 
redirection. 

Vehicle Attitude 

Curbs similar to AASHTO Types C, E, and H can produce 
vehicle ramping under various combinations of speed and 
angle impact conditions such that there is a strong possi-
bility that a vehicle will vault a 27-in, guardrail located 
behind a curb. The guardrail offset distance to restrain a 
ramped vehicle differs for various angles, speeds, and curb 
geometry. A secondary collision with guardrail located 
behind a curb can be compounded if the offset is such that 
the initial vehicle front-end dipping causes the bumper to 
snag beneath the rail face. Obviously it is uneconomical 
to remove all curb in front of guardrail; however, the use 
of rubbing rails is recommended to alleviate bumper 
snagging. 

SIMULATION —REDIRECTION 
O SIMULATION —NO REDIRECTION 
A TEST - REDIRECTION 

, TEST—NO REDIRECTION 

TYPE C CURB 

\ 
SUGGESTED CURVE 

oA 

NO REDIRECTION 

A 	I':;. 	- __ • - - - - 
REDIRECTION 

N 

0 	 10 	 20 	 30 	40 	50 
	

70 	80 

ENCROACHMENT SPEED (MPH) 

Figure 9. Vehicle redirection capabilities of Type C curb. 
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SIMULATION -REDIRECTION 
O SIMULATION—No REDIRECTION 
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Figure 10. Vehicle redirection capabilities of Type E and H curbs. 
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4 	 NO REDIRECTION 

I- 20 

	

0 	 0 2  
Id 
2 
x 
C., 
0 4 SUGGESTED CURVE 	 0 
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Figure 11. Vehicle redirection capabilities of Type X curb. 
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Maximum bumper rise occurs in the range of 8 to 10 ft 
behind 6-in, curbs. Therefore, existing curb-guardrail com-
binations in which the rail offset is in this range should be 
considered most critical. 

Curbs of Type X configuration are unsatisfactory for 
high operating speeds because they can produce vehicle 
rollover. 

Vehicle Accelerations 

Curbs of 6 in. or less produce slight vehicle accelerations. 
However, although decelerations are slight, a curb aggre-
yates any collision resulting off the traveled lane because 
it represents a discontinuity in the vehicle path with which 
the driver must contend. Additionally, curb impact at high 
speeds is capable of damaging the vehicle steering mecha-
nism (as was observed during the full-scale test phase of 
this study), which diminishes control of a car by its 
operator. 

APPLICATION 

The curbs investigated in this study offer no enhancement 
to safety on high-speed highways from the viewpoint of 
vehicle behavior following impact. For this reason, it is 
recommended that the use of curbs on high-speed highways 
be discontinued. 

Figures 9 through 11 indicate that curbs may have po-
tential redirection capabilities on low-speed facilities; how-
ever, the decision to construct them should be based on 
considerations other than redirection alone. Typical rea-
sons for curb installation include delineation and drainage. 
Delineation and drainage can be achieved by other means 
that do not produce discontinuities in the roadway. 

Curbs located in front of guardrails can aggravate a sec-
ondary collision with the guardrail by producing vehicle 
ramping. It is recommended that installation of curbs in 
front of guardrails be eliminated in future construction. 

Finally, consideration should be given to removing exist-
ing curbs in front of guardrails on high-speed highways. 

CHAPTER FOUR 

CONCLUSIONS AND SUGGESTED RESEARCH 

CONCLUSIONS 

It has been found that curbs offer no safety benefit on high-
speed highways from the standpoint of vehicle behavior 
following impact. This conclusion is based on evaluation 
of vehicle impact under conditions considered reasonable 
for expected operating conditions. On- the basis of this 
finding, it is concluded that omission of curbs along high-
speed highways will enhance safety. Although curbs may 
improve delineation, it is suggested that other methods, 
such as painted edge lines or raised markers, should be 
employed. Curbs may be desirable for drainage, but this 
can be achieved in other ways on high-speed facilities. 

When barriers are required to protect an errant vehicle, 
a full-height barrier should be considered, such as the con-
figuration employed in the New Jersey concrete median 
barrier, which is becoming widely used. 

The Blue Book, by its title and intent, presents policy 
guidelines applicable to rural highways. It is recommended 
that consideration be given in future editions to omitting 
all sections on curbs. Similarly, the "Red Book" establishes 
policy guidelines for an entirely different operating environ-
ment—urban areas; the findings of the study reported 
herein may be applicable in future editions. 

SUGGESTED RESEARCH 

In the researchers' opinion, further research regarding bar-
rier curbs as such is not recommended. If a barrier is de-
sired, a full-height barrier such as the concrete median 
barrier (rather than a conventional curb) should be used. 
In this respect, additional parametric studies are warranted 
to develop optimum geometric features for desired opera-
tional performance. Some present versions of HVOSM 
may be used to conduct necessary studies. 

Although the results of this study lead to the conclusion 
that curb-guardrail combinations should not be constructed, 
it is realized that many such combinations do indeed exist 
on highways. If a vehicle's secondary impact with a guard-
rail is to be evaluated, full-scale tests are needed to deter-
mine vehicle behavior and the collision performance of the 
barrier under impact conditions. These effects can be de-
termined by applying HVOSM once the present HVOSM 
capabilities have been expanded by developing barrier im-
pact subroutines that can simulate vehicle impact for any 
impact altitude, or by a combination of HVOSM and full-
scale tests. 
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APPENDIX A 

HVOSM MODIFICATIONS AND INPUT DATA 

The capability of the Highway Vehicle-Object Simulation 
Model (HVOSM) developed by CAL (15) was extended 
in this study by increasing the number of curb faces that 
can be modeled. The existing HVOSM model initially was 
restricted to a curb with two faces, whereas the modified 
model now can idealize a curb with six faces. 

A discussion of the modifications to the HVOSM follows 

the material presented on (a) the application of the modi-

fied curb subroutine, (b) the idealization of the four curbs 

investigated, and (c) the input data used for the test 

vehicle and the parameter study vehicle. 
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APPLICATION OF MODIFIED CURB SUBROUTINE 

The modified curb subroutine can be used to idealize a curb 
configuration by a series of six or fewer straight-line seg-
ments as diagramed in Figure A-I. Each line segment is 
defined as a curb face. 

The curb is located in a space-fixed coordinate axes 
system designated as X', Y', and Z'. The curb must be 
oriented in a direction parallel to the X' axis. Lateral dis-
tances of the curb faces are defined by the Y' coordinates 
(Y'); vertical distances by the Z' coordinates (Z',); and 
rotational angles by the phi coordinates (4). 

The sign convention of the right-hand coordinate axes 
system shown in Figure A-i defines lateral distances of the  

curb faces as positive in a direction to the right; vertical 
distances as positive in a downward direction; and, rota-
tional angles as positive in clockwise direction. Rotational 
angles are measured relative to the Y' axis. 

A restriction of the HVOSM program requires that the 
roadway or terrain adjacent to the curb be level (flat) and 
located at an elevation of zero; that is, Z' = 0. 

Input data for a curb having six and fewer faces are 
contained on four IBM cards. The required format of the 
four cards is shown in Figure A-i. The first IBM àard 
contains information on the number of curb faces, tire-
curb friction coefficient, increment of integration, and the 
ICARD integer number of 15. The ICARD number is 

( 

Col. 

FM01 CURB IfIDACT INPUT DATA 

Definition 	Units Program 	Report 
Nos. Variable 	Variable  

1-8 NCR3SL No. curb faces 
9-16 AMUC Tire-curb friction 
17-24 DELTC Increment of integration 
79-80 

c 
ICARD ICARD = 15 

1-10 YC1P Fixed Y-Coordinate 
Y'' 	(See diagram below) 11-20 YC2P 

1c 
21-30 YC3P 
31-40 YC4P 
41-50 YC5P 
51-60 YC6P c6 

1-10 ZC2P Fixed Z-Coordinate 
11-20 ZC3P z1c2 

21-30 ZC4P 
z,c4 31-40 ZC5P 

41-50 ZC6P c6 

4 	1-10 PHIC1 0Fixed Phi-Coordinate 
c1 

11-20 PHIC2 c2 I 
21-30 PHIC3 4c3 
31-40 PHIC4 Oc4 I 41-50 PHIC5 'c5 I 
51-60 PHIC6 Oc6 	 S  + 

Card 

1 

2 

3 

Inches 

I 

Inches 

I 

Degrees 

I 
CURB COORDINATE 

SYSTEM 

MAXIMUM NO. CURB FACES=6 
— 

Cl

OC 

F CURB START 0 C2 
Figure AJ. input data for HVOSM modified curb subroutine. 
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used for reading the input data in a proper sequence. The 
second, third, and fourth IBM cards contain information 
on the Y' 1, Z' 1, and S6, curb coordinates, respectively. 

At the present time, the program is written in a manner 
that requires the user to supply the curb input data cards 
even in the absence of a curb. In this case, all four cards 
are BLANK except for the ICARD integer number 15. 

IDEALIZATION OF CURBS 

In this study four curbs were investigated. The idealization 
of the curbs by a series of straight-line segments is shown 
in Figure A-2. Computer listings of the input data on the 
four curbs are shown in Figures A-3 through A-6. 

A smooth transition from the curb-radial tire subroutine 
to the terrain-tire subroutine was provided in the runs for 
curbs Types C, E, and H with a curb rise of 0.1 in. over a 
lateral runout distance of 5.0 in. as shown in Figures A-3, 
A-4, and A-S. The modified HVOSM program transfers 
from the curb-tire subroutine to the terrain-tire subroutine 
where the curb face has a value of zero. It was found that 
a lateral runout of 0.1-in, rise over a distance of 5 in. was 
about the flattest slope for which reasonable results were 
obtained. Flatter slopes violated the computer transfer 
controls due to round-off errors. The curb-radial tire sub-
routine is idealized by radial springs every 4 deg, whereas 

200 	204 	208 	212 	216 	220 	224 
LATERAL V-COORDINATES (IN) 

Figure A-2. Idealization of curbs by a series of straight-
line segments. 

the terrain-tire subroutine is idealized by one radial spring. 
Hence, the computer run time of the terrain-tire subroutine 
is considerably less than the curb-tire subroutine. 

VEHICLE INPUT PATA 

Two 1963 Ford Galaxies differing in weight, inertial prop-
erties, suspension properties, and tire properties were used 
in this study. 

The test vehicle, which was of special design for police 
use, was obtained from CAL. The vehicle weighed 4,200 lb 
and had a heavy-duty suspension system. 

The parameter study vehicle was typical of a standard-
design passenger vehicle. The vehicle weighed 3,820 lb 
and had a suspension system softer than that of the CAL 
test vehicle. This vehicle also had been used earlier in an 
NCHRP study by Weaver, et al. (16). 

Excerpts from the computer printout of the input prop-
erties in which the two vehicles differed are shown in 
Figures A-7 and A-8. 

Mass and Inertial Properties 

The mass and inertial properties of the two vehicles are 
shown in Figure A-7. The properties of the parameter 
study vehicle were obtained from the NCHRP report by 
Weaver, et al. (16). Due to lack of information on the 
4,200-lb test vehicle, its mass and inertial properties were 
determined from the literature presented by Rasmussen, 
et al. (17) of General Motors. His measurements on a 
number of vehicles using specifically designed test equip-
ment provided the following linear relationships: 

Wi,, = 0.040 w + 60 
W,ir =0.067 W+90 
w8  = w - wi,, - Wttr  
1 8ce8  = 0.16 W - 265 
Jcgt 1.13 W  —2020 
feet 1.26 W - 1750 

in which 

W,1  = vehicle front unsprung weight (lb); 
W j  = total vehicle weight (lb) 

W (test vehicle) = 4,200 lb 
- - 	W (parameter vehicle) = 3,820 lb; 

Wa,. = vehicle rear unsprung weight (lb); 
W8  = vehicle sprung weight (lb); 

= sprung mass roll moment of inertia (slug-ft2 ); 
lytcgt = total vehicle pitch moment of inertia (slug-ft2); 

and 
cot = total vehicle yaw moment of inertia (slug-ft2 ). 

An idealization of the HVOSM is shown in Figure A-9' 
to acquaint the reader with vehicle terminology. The model 
is idealized as four rigid masses: (a) the sprung (M5) of 
the body supported by the springs, (b) both the unsprung 
masses (M1  and M2) of the left and right independent 
suspension system of the front wheels, and (c) the un-
sprung mass' (M3) representing the rear axle assembly. 
The 11 degrees of freedom of the model include transla-
tion of the vehicle in three directions measured relative to 
the fixed coordinate axes system shown in Figure A-i; 
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***** CURB IMPACT DATA ***** 

VEHICLE-CURB FRICTION COEFFICIENT (AMUC) = 0.500 

FIXED SPACE V-COORDINATES (INCHES) .......................... 

YCIP 	 YC2P 	 YC3P 	 YC4P 	YC5P 	YC6P 

200.000 	215.000 	217.250 	217.700 	219.550 	224.550 

FIXED SPACE Z-COORDINATES 	(INCHES) 

ZC2P 	 zç3_ 	....lc4p...................... ..... 

 

C5P 	. 	... ZC6P 

0.880 	-0.800 	.-3.450 	...: .. 	.. -5.0.0.0 - -5.100 

.......FIE..PACE 	PHI....QQLTES..GREES) ..... 	....... .....-. 

PHIC1 PHIC2 	 PHIC3 	 PHIC4 PHIC5 	- PHIC6 

3.350 -36.750 	-80.367 - 	-39.950 -1.150 0.0 

Figure A-3. Computer listing of input data for Type C curb. 

***** CURB 	IMPACT DATA•  .***.** 

VEHICLE-CURB FRICTION COEFFICIENT (AMUC Q8O0 

..................Fi 	p.SYAcE 	c.QQJX$UJc$)................... ._ ........ ..... 

YC1P YC2P 	 YC3P 	YC4P YC5P VC6P 

200.000 200.050 	204.400 	206.100 211.100 

FIXED SPACE ZCQORDIT ES(IN.çIES) 
U 

ZC2P 	 C3P 	 ZC4P ZC5P ZC6P 

-1.000 	-5.300 	-6.000 -6.100 

FIXED SPACE PHI-COORDINATES_(DEGREES) 

PHICI PHIC2 	. 	PH!C3 	PHIC4 - PHIC5 PHIC6 

-87.133 -44.667 	-22.383 	-1.150 	. 0.0 

Figure A-4. Corn puter listing of input data for Type E curb. 
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**** CURB IMPACT DATA ***** 

VEHICLE—CURB FRICTION COEFFICIENT (AMUC) = 0.500 	 - 

FIXED SPACE v—COORDINATES (INCHES) 

YC1P 	. 	YC2P 	 YC3P 	 YC4P 	 YC5P 	 YC6P 

200.000 	212.000 	220.000 	225.000 

FIXED SPACE Z—COORDINATES 01  INCHES) 

ZC2P ZC3P 	 ZC4P 	 ZC5P ZC6P 

1.000 —3.000 	—3.100 

0 	
FIXED SPACE PHI—COORDINATES 	(DEGREES) 

PHICI PHIC2 PHIC3 	 PHIC4 	 PHIC5 PHIC6 

4.770 —26.570 —1.130 	 0.0 

Figure A-5. Computer listing of input data for Type H curb. 

CURB IMPACT DATA ***$* 

O 	.VEHTCLE—CURB FRICTION COEFFICIENT 	(AMUC) 	= 0.500 

.......... _ SPACE,. YCOOR0LNATES.JINHE.S.).. 	..,.- .......................... 

YCIP YC2P 	- YC3P 	 YC4P 	 YC5P YC6P 

200.000 200.100 - 206.700 	207.700 

FIXED SPACE i—COORDINATES 0(INCHES) 

ZC2P ZC3P 	 . 	ZC4P. 	 . ZC5P 	. ZC6P 

—3.000 —12.500  

- ................... ... 	....................................XED SPACE PH—CQORDiNATE$tDEGR$) 

PHICI 	: PHIC2 	- PHIC3 	. 	PHIC4 	 PHIC5 PHIC6 

—88.080 —55.220 —26.570 	 0.0 	
00 

Figure A-6. Computer listing of input data for Type X curb. 
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INERTIAL DATA 	 'TIRF DATA 

MS = 	9.3183 LB.-SEC.**211N KT 1300.000 LB/IN 
MUF = 	0.5901 ' SIGMAT = 	3.000 
MUR = 	0.9612 '' LAMBDAT = 	10.000 

A0 =4000.000 
IX = 	4884.0 LB.-SEC.**2-IN Al = 	8.400 
IV = 32712.0 '' A2 =3000.000 
Li = 42504.0 '' A3 1.710 
IXZ =-192.000 '' A4 =4200.000 

OO..0......... ,. AMU = 	0.800 
G = 386.400 INISEC.**2 OMEGT = 	. 1.000 

TEST VEHICLE 

INERTIAL DATA 	. 	 TIRE DATA 

MS = 	8.4402 LB.-5EC.*2/IN XI 1098.000 LB/IN 
MUF = 	0.5507 of SIGNAl = 	3.000 
SlUR = 	0.8952 to LAMBDAT = 	10.000" 

A0 =4400.000 
IX .= 	6200.0 LB.-SEC.-'2-IN Al = 	8.276 
IV = 34400.0 41 A2 =2900.000 
12 = 36000.0 of A3 = 	'1.780 
IXZ =-192.000 It A4 3900.000 
IR = 	600.00 of AM'U = 	0.800 
G = 386.400 IN/SEC.**Z OMEGT = 	1.000 

PARAMETER STUDY' 
VEHICLE 

Figure A-7. Computer listing of input data for vehicle inertial and tire properties. 

SUSPEN,SJON..DATA . 	-. 

KF 
KR 	= 	192.000 18./IN. 

.. 	.LAMBDAF 	= 	.0.5.00 
LAI4BDAR = 	0.500 
QMLGAE____i0D0_t.N.Ci1E3. 

CR' 	= 50.000 lBS. OMEGAR = 	4.000 INCHES 
EPSI.L,QNFs 0.0,0,1 ,IN../.SEC.... .TS.........=. 46.500. INCHES 
EPSILONR= 0.001'IN./SEC. RR 61900.0 LB-IN/FAD 

CF 	= 3.500 LB-SEC/IN RF =266000.0.18-I N/RAD..,, 
CR 	= 3.900 LB-SEC/IN KRS = 	0.070 ROLL STEER COEFF. 

AKFC 	= 300.000 LB/IN AKRC 300.000 LB/IN 
AKCP 	=, 2.0.00 LB/1N3 	. . AKRCP. =. 	2.000 IB/1N3., 

"OMEC's,.;3.00O N OMEGRC = 	-4.000 IN 
£.,.AKFF 	QQ0Qo. LBIJN. 	,,.,...AKRE. .... 3.00.000 LB/IN 

2.000 LBIN3 AKREP = 	2.000 LB/IN3 
rn-rn.. 

TEST VEHICLE 

SUSPENSION DATA 

KF 	= 100.000 18./IN. LAMBDAF - 0.500 
KR 	= 105.000 LB./IN. LAMBDAR = 0.500 
CF' 	= 30.000 , LBS. OMEGAF 	= 3.000 INCHES 
CR'' 	= 45.000 LBS. OMEGAR 	= 4.000 INCHES 

EPSILONF= 0.001 !N./SEC. TS 	= 46.500 INCHES 
EPSILONR= 0.001 IN.ISEC. RR 	= 32500.0 LB-IN/FAD 

CF 	= 3.500 LB-SEC/IN RF 	= 98500.0 LB-IN/FAD 
CR 	= 3.900 LB-SEC/IN KRS 	= 0.070 ROLL STEER C0EFF. 

AKFC 	= 300.000 LB/IN 	' AKRC 300.000 LB/IN 
AKFCP = 2.000 LBfIN3 AKRCP 	= 2.000 IB/IN3 
OMEGFC -3.000 IN OMEGRC 	= -4.000 IN 
AKFE 	= 300.000 LB/IN AKRE 	7 300.000 LB/IN 
AFEP i.  2.000 LB/1N3 AKREP 	= a.000 IB/1N3 
OMEGFE= -- 	5.000 IN OMEGRE 4.500 IN 

PARAMETER STUDY 
VEHICLE 

Figure A-8. Computer listing of input 'data for vehicle suspension. 
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OR 

'r' 	SPACE FIXED 
AXES 

Z I  

Figure A-9. Idealization of the HVOSM vehicle. Source: (2). 

rotation about the three coordinate axes of the vehicle; 
independent displacement of each front wheel suspension 
system; suspension displacement and rotation of the rear 
axle assembly; and steer of the front wheels. A more 
detailed discussion of the HVOSM model can be found 
elsewhere (15, 18, 19). 

Tire Properties 

The tire properties of the two vehicles are shown in Fig-
ure A-7. The type of tires used on the test vehicle were 
Uniroyal 078-14 bias-belted, polyester-fiberglass mounted 
on 6-in, rims. The type of tires used on the parameter 
study vehicle were Sears Super-Tread. 

The reader is referred to the HVOSM documentation 
report by Young, et al. (19) for the definition of the Sears 
Super-Tread tire parameters and to a CAL report (20) for 
the Uniroyal tire parameters. 

Suspension Properties 

The input suspension properties of the test vehicle and the 
parameter study vehicle are shown in Figure A-8. As men-
tioned.earlier, the suspension system of the test vehicle was 
stiffer than that of the parameter study vehicle. 

The two vehicles differed in: (a) the suspension load-
deflection characteristics of the front (KF) and rear (KR) 
wheels; and (b) the viscous damping suspension coeffi-
cients for the front (CF') and rear (CR') wheels. 

The reader is referred to the HVOSM documentation  

report by Young, et al. (19) for the definitions of the 
remaining suspension parameters in Figure A-8. 

MODIFIED HVOSM SUBROUTINES 

Increasing the number of curb faces from two in the pre-
vious HVOSM to six in this study required changes and 
additions to five subroutines. The five subroutines were: 

INPUT—This subroutine reads in the input formu-
lated in Figure A-i. 

IDOUT—This subroutine writes out the input data. 
CNSTNT—This subroutine contains constants and 

conversion factors. 
VGORNT—This subroutine, called the "Vehicle 

Ground Orientation Subroutine," calls the "Curb Impact 
Subroutine (CRBIMP)" whenever a wheel is within some 
defined curb boundaries. 

CRBIM1P—This subroutine is called the "Curb Im-
pact Subroutine." It was within this subroutine that the 
major modifications were made. A listing of the modified 
curb subroutine follows for those who are interested in the 
use of the HVOSM. 

MODIFIED CRBIMP SUBROUTINE 

The modified portions of the curb subroutine can be iden-
tified by the absence of the right-hand statement numbers 
designated "CRMP 0, CRMP 1, CRMP 2, and so on. 



C 
C 

23 

SINGLE VEHICLE ACCIDENT SIMULATION WITH CURB IMPACT - CRBIMP CRMP 0 
SUBROUTINE CRBIMP(I) CRMP I 
COMMON/I NPT/PHI 0 ,THETAO,PSIO,P0, QO,R0,XCOP, YCOP,ZCOP,00,VO,W0,A,B,CRMP 2 

1 	 OELI09 0EL209 0E130 9 PH!R0 9 DELIOD,DEI2OD,DEL30D,PH!R0O,TFCRMP 3 
2 	 ,TR,ZF,ZR,RHO,RW,AKT,SIGT,xLAMT 9 A1,A29 A3 9 AKRS,AP4Ij,XI4IJR,CR,4p 4 
3 	 XMS,XMUF,XfX,XIY,XIZ,XIXZ,CF,AKF,XLAMF,OMEGF,CFp,EPSF,CRMP 5 
4 	 RF,CR,AKR,XLAMR,OMEGR,CRP,EPSR,RR,TS,THMAx,DTCQMP,TO, CRMP 6 
5 	 T1,DTCMPI9DTPRNT,MOOE,EBAR,EM,AAA,HMAX,HMIN,BET,G, CRMP 7 
6 	 HED(36),DAOE(3),XIR,X1,Y1,Z1,X2 9 Y2,129PHEC(50),DELB 9  CRMP 8 
7 	 DEIE,00EL,NDEL,PSIF(50),TQF(50),TQR(50),TB,TE,TINCR9  CRMP 9 
S 	 XBDRY(10),Y8ORY(lO),ZGP(21,21),THG(21,21),PHIG(21,21),CR$P 10 
9 	 XB,XE,xINCR,NX,YB,YE,YINCR,Ny,NBX,NBy,UVWMIN,PQRMIN CRMP 11 
COMMON/INPTI/YCIP,VC2P,ZC2P,DEITC,PHIC1,PHIC2,AMUC,FJP(35),XfpS, CRMP 12 

1 	 CPSP,OMGPS,AKPS,EPSPS,XPS,RwHJB,RWHJE,DRWHJ,INDCR89  CRMP 13 
2 	 PSIFIO,PSIFDO CRMP 14 
COMMON/INPT5/ VC3P, YC4P, YC5P, YC6P9 	YCLP, 

1 	 ZC3P, 	ZC4P, 	ZC5P 9  ZC6P, ZCLP, 
2 	 PHIC3, 	PHIC4, 	PHIC5, 	PHICb, 	NCRBSL, 
3 	 TANPC3, TANPC4 9  TANPC5, TANPC6 9  TANPCL, 
4 	 PHIC3R, 	PHIC4R, 	PHLC5R, 	PHIC6R, 	PHICIR, 
5 	 YCMP(6) 9 	ZCMP(6), 	PHICM(6) 
COMMON /INTG/NEQ,T,DT,VAR(50),DER(50) CRMP 15 
COMMON /DTMV/XIP,X2P, X3P,X4P,YIP,Y2P,Y3P,Y4P,Z1P,Z2P,Z3'P,Z4P,PH!L,CRMP 16 
I 	 PHI2,PI413,PHI4,PS!1,PSI2,PS13,pSj4,CAyW(4),CByw(4), CRMP 17 
2 	 CGYW(4),ZPGI(419THG((4),PHGI(4),CPG(4),SPG(4),CTG(419 CRMp 18 
3 	 STG(4),CAGZ(4),CBGZ(4) 9 CGGZ(4),D1(4) 9 02(4),03(4), CRMP 19 
4 	 XLM1(4),XLM2(4),XIM3(4) ,AMTX(3,3),CMTX(3,4),XGPP(4), CRMP 20 
5 	 YGPP(41,ZGPP(4),DMATX(lO,11),DELTA(4,CAR(4),CBR(4), CRMP 21 
6 	 CGR(4),FR(4),HI(4)9FC(4),TI(4),Ax(4),Bx(4),Cx(4) 9  CRMP 22 
7 	 CTXG(4),IJG(4),STXG(4),AY(4),By(4),Cy(4),CPYG(4), CRMP 23 
8 	 SPYG(4) ,VG(4) ,PSI IP(4) ,PHICI(4) ,CAC(4),CBC(4),CGC(4),CRMP 24 
9 	 FCXU(4),FCYU(4),FCZU(4),FS(41,CAXW(4),CBXW(4),CGXW(4)CRMp 25 

COMMON 	/OIMV/AS( 4) ,BS(4) ,CS(4) ,CAS(4) ,CBS(4) ,CGS(4),BETP(4), CRMP 26 
1 	 BETBR(4),FSXU(4),FSYU(4),FSZU(4),FRXU(4),FRYU(4), CRMP 27 
2 	 FRZ(J(4),FX(J(4),FyU(4) 9 FZIJ(4),SI(4),Flfj(2),F1RI(2), CRMP 28 
3 	 F2FI(21,F2RI(2),CAH(41,CBH(419 CGH(4) CRMP 29 
COMMON /Cf)MP/SIJMM,THETN,PHIN,PSIN,PI,RAD,GAMI 9 GAM2,GAM3,GAM4,GAM5,CRMP 30 

1 	 GAM6 9 GAM7,GAM8 9 GAM9,THETT,PHIT,PSIT,Al2,A23,ZRO,TR02 9 CRNP 31 
2 	 TF02,TTl,RHO29RHOMUR,AMUF,BMIJR,ZPR,TM4 9 RHMR2,A02APB, CRMP 32 
3 	 B02APB,RFTF,TS02,RRTS,BROMUR,XMUFO2,AXtIFO2,XMTF04, CRMP 33 
4 	 XILR,RTR,RHMR2I,XIXP,X(ZP,XIXZP,XIYZP,01p02,01M02 9  CRMP 34 
5 	 7R03,ZR03R,ZF03R 9 ZFD12 9 TIZ2 91G619 001p2,001M2,RPR,PHRPCRMP 35 
6 	 ,TANTP,SPHTP,CPHTP,SECTP,SFXS,SFYS,SFZS,SNPS,SNTS, CRMP 36 
7 	 SNPSS,TPR,CAY,CBY,CGY,CAX,CBX,CGX, SFYU,SFXU,SFYUF, CRMP 37 
8 	 SFYUR,SFZU,COSTH,SINTH,COSPS,SINPS,COSPH,SINPH,ANGI, CRMP 38 
9 	 AMG2,CPHI 9 SPHI 9 CPSI,SPSL,P1,P7,P3,P4 9 P5,P6,TX,TY,TZ CRMP 39 

COMMON /COMP/TRH,DI STX,DISTY,DISTD,DISTS,D21,ZETA4,ZETA4D,ZETA3, CRMP 40 
1 	 ZETA3O,SFZ19 SNPU,SNTU,HCGH19 HCGH2 9 HCGH3,HCGH4,TERMI, CRMP 41 
2 	 TERM2,SNPSU,SNPR,HCBH1,HCBH2,HCBH3,HCBH4,HCAHI,HCAH2,CRMP 42 
3 	 HCAH3,HCAH4,UQ,WP,UR,QR,VP,PR,P2,Q2,R2 9 VR,WQ,PQ,PHIR2CRMP 43 
4 	 ,PHIRD2 9 RPHRD,GCTH,GSTH,GCTSP,GCTCP,XXX,YYY,IX,IY,XXL,CRMP 44 
5 	 XX2,VYI,YY2,THGI,THG2,PHGI,PHG2,ZZ1,ZZ29 LLI CRMP 45 
COMMON /COMPN/ OMT2MI,FRSP(4),FRCP(4),OMEGT,ICBHIT,JCBHIT, CRMP 46 

1 	 DPSINT,TANPCI,TANPC2,PHIC1R,PHIC2R,AMUCMP,PHIID9  CRMP 47 
2 	 PHI20,LCB1(4),ICB2(4),IHIT,AJMTX(3,3),BMTX(3,3), CRMP 48 
3 	 SFRX(4),SFRY(4),SFRZ(4),TIPSI 9 T2PSI,XMU CRMP 49 
COMMON/ADTNL/U1,U2 ,U3,U4,V1,V2,V3,V4.,W1,W2,W3,W4,XTRA(300) CRMP 50 
DIMFNSION 	XP(4) ,YP(4) ,ZP(4),PHII(4),PSII(4) ,UI(4),VI(4),WI(4) CRMP 51 
EQUIVALENCE 	(XP,X1P),(YP,VIP) ,(ZP,ZIP),(PHII,PHII),(PSII,PSII), CRMP 52 
I 	 (UI,U1),(VI,V1)W1,W1) CRMP 53 

EQUIVALENCE 	(U,VAR(1)19 (V,VR(21)9(W,VAR(3) ),(P,VAR(4)),(Q,VAR(5))CRMP 54 
1 	 ,(R,VAR(6)),(DELI 9 VAR(7)),(DELI09VAR(8))9(0E12,VAR(9)),CRMP 55 
2 	 (0E120 9 VAR(10)I,(0E13,VAR(11)),(DEL301VAR(12)), CRMP 56 
3 	 (PHIR,VAR(13)),(PH(RD,VAR(141),(THETTP,VAR(15)), CRMP 57 
4 	 (PHITP,VAR(16)),(PS!TP,VAR(17)),(XCP,VAR(18)19 CRMP 58 
5 	 (YCP,VAR(19)),(ZCP,VAR(20)),(PSIFI,VAR(21)), CRMP 59 
6 	 (PSIFID,VAR(22)) CRMP 60 



EQUIVALENCE (D(j,DER(1H,(DV90ER(2)),(OW,DER(31),(DP90ER(4))9 	CRMP 61 

1 	 (DQ9DER(5)),(DR,DER(6))9(DDELI9DER(7)),(00E110,DER.(8))CRMP 62 

2 	 ,(DOEL29DER(9)),(DDEI2D9OER(10))9(DDEI39DER(II)), CRMP 63 

3 	 (DDL3D90ER12),(DPHIR,DER(13)),(DPHIRD,DER(14)), CRMP 64 

4 	 (DTHTTP,DER(151),(OPHITP,DER(16)),LOPSITP,DER(17)), CRMP 65 

5 	 (DXCP,DER(18)),(DYCP 9 0ER(19)),(DZCP,DER(20))9 CRMP 66 

6 	 (DPSIFI9DER(21)),(DOPSFI,DER(22)) CRMP 67 
DIMENSION YCIP(2) CRMP 68 

EQUIVALENCE 	(YCIP,YC1P) CRMP 69 

EQUIVALENCE 	(XIYP,XT.RA(1)),(SPHIC,XTRA(211,(CPHIC,XTRA(3)) CRMP 10 

LOGICAL 	LCB1,LCB2 CRMP 71 

1 	SNPSI 	= 	SIN(PSII(I)) CRMP 72 

CSPSI 	= 	COS(PSII(I)) CRMP 73 

SNPHI 	= 	SIN(PNII(L)) CRMP 74 

CSPHI 	= 	COS(PHII(I)) CRMP 75 

SFRX(I) 	= 0.0 CRMP 76 

SFRY(I) 	= 0.0 CRMP 17 

SFRZ(I) 	= 0.0 CRMP 78 
TTAJ21 = CSPHI * SNPSI 
TTAJ3I = 	SNPHI 	* SNPSI 
AJMTX(1,2) 	= -SNPSI 
AJMTX(2,2) 	= CSPHI 	* CSPSI 
AJMTX(3,2) 	= 	SNPHI 	* CSPSI 
XJ = -26.0*RAO 

2 	DO 	11 J=1953 
THTJ = 4.0*XJ 
STJ 	= 	SIN(THTJ) 
CTJ 	= CO5(THTJ) 
AJMTX(1,l) 	= CTJ * CSPSI 
AJMTX(2,1) 	= TTAJ2I*CTJ + SNPHI*STJ 
AJMTX(3,1) = TTAJ31*CTJ - CSPHI*STJ 
AJMTX(1,3) 	= CSPHI*STJ 
AJMTX(2,3) 	= TTAJ2I*STJ 	SNPHI*CTJ 
AJMTX(393) 	= TTAJ3I*STJ + CSPHI*CTJ 

3 	DO 	8 	(=1 9 3 CRMP 93 

4 00 7 	1=10 CRMP 94 

8MTX(I,L) 	= 	0.0 CRMP 95 

5 DO 6 	M=1,3 CRMP 96 

BMTX(K,1I 	= 	BMTX(K,L)+AMTX(K,M)*AJMTX(M,L) CRMP 97 

6 CONTINUE CRMP 98 

7 CONTINUE CRMP 99 

8 CONTINUE CRMP 100 

NJ = -ZP( I.)/SP1TX(3,3) 
IF ( NJ .17. 0.0 .OR. NJ .GE. RW ) GO TO 81P0 
YJP = YP(I) + BMTX(293)*HJ 
IF ( YJP .17. YC1P ) GO TO 203 

800 NJ = (-ZP(I) + (YP(I) - YCLP)*TANPCI ) I 
1 ( 8MTX(3,3) - BMTX(293)*TANPC1 ) 
IF ( NJ .LT. 0.0 .OR.' NJ .GE. RW ) GO TO 805 
YJP = YP(L) + BMTX(2,3)*HJ 
ZJP = ZP(I) + BP4TX(393)*HJ 
IF C YJP .GE. YC1P .AND. YJP .IE. YCZP .AND. 

1 (ABS(ZJPI .LE. ABS(ZC2P)) .AND. 
2 (SIGN(1.0,ZJP) .EQ. SIGN(1.0,ZC2P))) GO TO 204 

805 NJ = C ZC2P - 1P(I) + (YP(I.) - YC2P)*TANPC2 ) / 
1 ( BMTX(3,3) - BMTX(2,31*TANPC2 
IF ( HJ .IT. 0.0 .OR. NJ .GE. RW ) GO TO 810 
YJP = YP(II + BMTX(2,3)*HJ. 
ZJP = ZP(I) 	BMTX(3,3)*HJ 
IF ( YJP .GT. YC2P .AND. YJP .IE. YC3P .ANO. 

1 (ABS(ZJP) .LE. ABS(ZC3P)) .AND. 
2 (SIGN(I.0 9 ZJP .EQ. SIGN(l.0,ZC3P))) GO TO 204 

810 IF ( NCRBSL .EQ. 2 ) GO TO 10 
NJ = ( ZC3P - LP(I) + ( YP(I) - YC3P)*TANPC3 ) / 
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BMTX(393) 	- BMTX(2,3)*TANPC3 	) 
IF 	C 	HJ 	.11. 	0.0 .OR. 	HJ 	.GE. RW 	) 	GO TO 815 
YJP 	= YPII) 	+ BMTX(2,3)*HJ 
ZJP 	= 	ZP(I). + 	BMTX(39 3)*HJ 
IF 	C 	YJP 	.61. 	YC3P 	.AND. 	YJP 	.LE. 	YC4P .AND.. 

ABS(ZJP) 	.LE. 	A,BS(ZC4P))AND. 
SIGN(1.0,ZJP) 	.EQ. 	S[GN(1.O,ZC4P))) 	GO TO 204 

IF 	C 	NCRBSL 	.E0. 	3 	1 	GO 10 10 
HJ = 	C 	ZC4P - ZP(I) 	+ 	( 	YPCI) 	- YC4P 	)*TANPC4 	) 	/ 

C 	BMTX(3,3) 	- BMTX(2,3)*TANPC4 
IF 	( 	HJ 	.11. 	0.0 .OR. HJ 	.GE. RW 	) 	GO TO 820 
YJP 	= YP(I) 	+ 	8MTX(293)*HJ 
ZJP = 	ZP(l) 	+ 	BMTX(393)*HJ 
IF 	( 	YJP 	.61. 	YC4P .AND. 	YJP .LE. 	VC5P .AND. 
(ABSZJP) 	.IE. 	ABS(ZC5P)) 	.ANO. 
(SIGN(1.09ZJP) 	.EQ. 	SIGN(1.09ZC5P))) 	GO 10204 
IF 	( 	NCRBSL 	.EQ., 4 	) 	GO 10 10 
HJ 	= 	( 	ZC5P - ZP(I) 	+ 	C 	YP(I) - YC5PI*TANPC5 	) 	/ 

C 	BMTX(3,3) 	- BMTX(29 3)*TANPC5 	) 
IF 	I 	HJ 	.11. 	0.0 	.OR. 	HJ .GE. RW 	) 	GO TO 825 
YJP = 	VP(j) 	+ 	BMTX(293)*HJ 
ZJP 	= 	ZP(I) 	+ 	BMTX(393)*HJ 
IF 	C 	YJP 	.61. 	YC5P .AND. 	YJP .IE. 	YC6P .ANO. 
(ABS(ZJP) 	.LE. 	ABS(ZC6P)) 	.AND. 

SIGN(1.09ZJP) 	.EQ. 	SIGN(1.09ZC6P)I) 	GO 10 204 
IF 	C 	NCRBSL 	.EQ. 	5 	) 	GO 10 10 

= 	I 	ZC6P - 	ZP(I) 	+ 	(YP(I) 	- VC6P)*TANPC6 	) 	I 
BMTX(393) 	- BMTX(2,3)*TANPC6 	) 

IF 	( 	HJ 	.11. 	0.0 	.OR. 	HJ .GE. RW 	) GO 10 10 - 
YJP 	= 	YP(I) 	I- 	BMTX(2 9 3)*I-IJ 
IF 	( 	YJP 	.LT. 	VC6P 	) 	GO TO 10 
ZJP = ZPU) 	+ BMTX(39 3)*HJ 
XJP 	= 	XP(T) 	+ 	BMTX(1 9 3)*HJ 
CAJ 	= 	(XP(I)-XJP)/HJ CRMP 117 
CBJ 	= 	(YP(I)-VJP)/HJ CRMP 118 
CGJ 	= 	(ZP(I)-ZJP)/HJ 	 - CRMP 119 
CALL 	INTRPL(FJP,RWHJ89RWI-4JE,DRWHJ,RW-HJ,FJ) CRMP 120 
SFRX-(I) 	= 	SFRX(I)+FJ*CAJ CRMP 121 
SFRY(I) 	= 	SFRV(I)+FJ*CBJ CRMP 122 
SFRZ(I) 	= 	SFRZ(I)+FJ*CGJ CRMP 123 
XJ = XJ+RAD CRMP 124 
CONTINUE- CRMP 125 
FR(I) 	= 	SQRT(SFRXU)*S2+SFRY(I)**2+SFRZ(I)**21 CRMP 126 
IF(FR(I).NE.0.0)GOTO 	110 CRMP 127 
CARl!) 	= 	0.0 CRMP 128 
CBR(I) 	= 	0.0 CRMP 129 
CGR(T) 	= 	0.0 - 	 CRMP 130 
Hill) 	= 	RW CRMP 131 
RETURN 	• CRMP 132 
CAR(I) 	= 	-SFRX(I)/FR(I) CRMP 133 
CBRU) 	= 	-SFRY(l)/FR(l) CRMP 134 
CGRU) 	= -SFRZ(I)/FR(i) CRMP 135 
Hi(l.) 	= 	RW-FU)/AKT CRMP 136 
[F(HI(I).GT.Rw-SIGT) 	GO TO 	Ill CRMP 137 
HIlT) 	= 	RW-(FR(I)/AKT+SIGT*(XIAMT-1.0))/XLAMT CRMP 138 

TYGP = YPCI) + HI(I)*CBR(I) 
PHGI(I) = 0.0 
IF ( TYGP .LE. YCIP ) GO IC 12 
IF I TYGP .61. YC1P .AND. TYGP .IE. VC2P ) GO 10 900 
GO TO 905 

900 PHGI(I) = PHICIR 
GO TO 12 

815 
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905 IF ( NCRBSL .EQ. 2 ) GO TO 970 
IF ( TYGP .T. YC2P .AND. TYGP .LE. YC3P ) GO TO 910 
GO 10 915 

910 PHGI(l) = PH!C2R 
GO TO 12 

915 IF ( NCRBSL .EQ. 3 ) GO TO 970 
IF ( TYGP .GT. YC3P .AND. TYGP .IE. YC4P ) 'GO TO 920 
GO TO 925 

920 PHGII(I) = PHIC3R 
GO TO 12 

925 IF ( NCRBSL .EQ. 4) GO 10910 
IF (' TYGP .GT. YC4P .AND. TYGP .LE. YC5P ')' GOb '930 
GO 10935 

930 PHGI(i) = PMIC4R 
GO TO 12 

935 IF ( NCRBSL .EQ. 5 ) GO TO 970 
IF ( TYGP .GT. YC5P .ANO. TYGP .LE. YC6P )'GO TO 940 
G0T0970 

940 PI-4GI(I) = PHIC5R 
GO TO 12 

970 PHGI(I) = PHICIR 
C 

1-2 TCI = CAR(I)*CBYW(I) - CBP(1)*CAYW(1) 
TA! = CBR(I)*CGYW(I) - CGRII)*CBYW(I) 
TB! = CGR(I)*CAYW(f) - CAR(I)*CGYW(I) 
CPG(I)=COS(PHGI(L)) 
SPG( I) ' = SIN( PHG 1(1)) 
TERM3 	TBI*SPG(I) 
TERM4 = TCI*CPG(I) 
bNi = TAt * (TERM3 - TERM4) 
DN2 = —T8I*TERM4 - (TAI**2 + TC!**2)*SPG(t) 
0N3 = (TAI**2 + TBI**21*CPG(I) + TCI*TERM3 
TERM5 = SQRT(DNI**2 + 0N2**2 + 0N3**2) 
SPG(I) = (—DN2/TER5)- 
PHGI(I) = ARSTN(SPG(I)) 
CPG(t)=COS(PHGI(I)) 
IHGI(I) = ATAP'4(DNI/0N3) 
TERM6 = SORT(ONI**2 4  DN3**2) 
CTG(I) = DN3/TERM6 
STG(I) = DNI/TERM6 

ZGPP(I) = ZP( I) + HI(I)*CGR( I) 
RETURN 
END 

APPENDIX B 

FULL-SCALE TESTS 

INTRODUCTION 

Eighteen full-scale tests were conducted to obtain field data 
for correlation with the HVOSM predictions. The tests 
consisted of a series of nine impacts each on two curb con- 

figurations, each series including 30-, 45-, and 60-mph im-
pacts at 5-, 12.5-, and 20-deg approach angles. The ve-
hicle in each test was driven by a professional 'test driver. 
Descriptions of the curb configurations, the test vehicle and 
its equipment, and the test procedure follow. 



CURB CONFIGURATIONS 

Although many curb types are used, an investigation of 
highway design manuals from a majority of the states re-
vealed that two or three typical cross-sections are more 
widely used than most. in accordance with the AASHTO 
Blue Book, A Policy on Geometric Design of Rural High-
ways (1), Type E curbs and those similar but with slight 
modifications are widely used in locations where vehicle 
mounting is expected or desired. AASHTO Type C curbs 
(1), depending on heights and radii selected, are used at 
locations where mounting may or may not be expected or 
desired. The Blue Book designates Type C curb as "mount-
able" but states that a similar type having a vertical face, 
½-in, radii, and a 6-in, height would be considered a 
"barrier" curb. Many states use a Type C curb with 6-in. 
height and 2-in., or even 3-in., radii as a barrier curb where 
vehicle mounting is not desired. 

Curbs of Types C. and E were selected for full-scale 
testing because they represent the most widely used cross-
sections, and the locations at which they are generally used 
represent different desired operational aspects. The tests 
were conducted to provide data to validate HVOSM pre-
dictions and to observe actual vehicle behavior under vari-
ous impact conditions. 

The geometry of the test curbs is shown in Figure B-i. 
Both Types C and E curb and gutter sections 100 ft long 
were placed adjacent to an existing concrete pavement, and 
the area behind the test curb sections was backfilled and 
compacted to the elevation of the top of the curb for a 
distance of approximately 100 ft to provide a vehicle 
recovery area. 

Both concrete test curbs were poured in place on a 3-in. 
sand base. Three No. 4 reinforcing bars were placed longi-
tudinally in each 100-ft curb section, as shown in Figure 
B-i. The curb and gutter sections were not doweled to the 
existing pavement. 

The three encroachment paths (5, 12.5, and 20 deg) for 
each curb section were marked on the pavement with 4-in. 
white pavement marking tape to guide the driver during 
his approach (see Fig. 3). The impact point was constant 
for all tests at each curb. 

TEST VEHICLE 

A 1963 Ford four-door sedan with heavy-duty suspension 
was used for all curb tests. This automobile, owned by 
the Federal Highway Administration, was used by Cornell 
Aeronautical Laboratories (CAL) for validation testing 
during the development of the HVOSM (15). It has been 
used in several validation studies of HVOSM at both the 
Texas Transportation Institute (T'fl) and CAL because it 
has the required vehicle characteristics. It is representa-
tive of the 3,500- to 4,500-lb automobile (having similar 
distribution of mass and dimensions, such as wheelbase, 
length, and width) and can be assumed to respond dy-
namically in a manner similar to other automobiles of this 
weight and size class. 

The test vehicle was modified from stock configuration 
only to the degree necessary to install instrumentation 
equipment and to protect the driver and equipment. The  
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TYPE E CURB 

TYPE C CURB 

Figure B-I. Geometry of test curbs Types C and E. 

rear seat was removed to install recording instrumentation, 
and the front bench seat was replaced by a bucket seat to 
provide maximum support for the test driver. A light-
frame roll bar was installed to protect the driver. For 
additional driver protection, the windshield and side glass 
were removed and replaced by heavy wire mesh. 

After modification and installation of the instrumenta-
tion equipment, the vehicle was weighed to determine the 
center of gravity in the longitudinal and lateral axes. The 
vertical location of the center of gravity was assumed to be 
the same position as previously reported (15). The weight 
of the test vehicle was 4,200 lb. Vehicle dimensions and 
camera reference target locations are shown in Figure B-2. 

INSTRUMENTATION 

Although it was expected that accelerations would be small 
during impact, three accelerometers were mounted in a 
cluster near the vehicle's center of gravity to measure longi-
tudinal, lateral, and vertical accelerations (Fig. 13-3). The 
accelerations cluster was located at the intersection of the 
longitudinal and lateral center of gravity axes and approxi-
mately 7 in. below the center of gravity height reported by 
CAL (15). A tn-axes recording Impactograph was also 
installed on the floor to provide back-up accelerations data 
in case of primary equipment failure. 

Of primary concern were the vehicle's speed, orientation, 
attitude, and position with respect to the curb face during 
and after impact. These can best be determined from 
analysis of high-speed movie film. Two high-speed movie 
cameras were used for data acquisition purposes: one was 
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WEIGHT 4200 LB 
WHEELBASE 119.0" 

TREAD' 65.5" 

Figure B-3. Test vehicle equipped for curb impact tests.  

placed on a line extending from the curb face, and the 
other perpendicular to the curb face behind the point of 
impact. In addition, the two documentary movie cameras 
used for general film coverage were located such that ve-
hicle position could he determined from the documentary 
film if one of the high-speed cameras became inoperable. 
Camera positions are shown in Figure B-4. Four targets 
were moiintcI on each side of the test vehicle, two were 
rear-mounted, and one on the roof of the test vehicle 
(Fig. A-2). These targets served as reference points by 
which means vehicle motion was determined from the high-
speed film analysis (data are presented in Appendix C). 

TEST PROCEDURE 

In all 18 tests, the test vehicle approached the test curb at 
a scheduled angle and speed in a straight path delineated 
with white pavement tape and outlined with traffic cones. 
(Fig. B-5). 

All tests were conducted in a "hands-off" steering mode 
to minimize the influence of the driver on the vehicle. Once 
the driver had accelerated to the desired speed, he removed 
his hands from the steering wheel immediately prior to im-
pacting the curb. Manual steering control was not regained 
until the vehicle had stabilized after impact. Vehicle path, 
therefore, was dependent only on the wheel forces induced 
by the curb and terrain behind the curb. 

The test sequence (see Table 2) began with the less 
severe Type E curb tests in order to permit the maximum 
data acquisition before working up to the steep Type C 
curb tests, which would make vehicle repairs necessary. 

Certain features of the test procedure and vehicle en-
croachment conditions are discussed in the following. 

Vehicle Approach Speed 

Although the test vehicle was equipped with a calibrated 
speedometer, small deviations from scheduled approach 
speed were expected. In all but six of the tests, the dif-
ference between actual and scheduled speed was less than 
3 mph, with niany being less than I niph. To account for 
some loss of speed while he was making necessary final 
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Figure B-4. Diagram of test course and locations of cameras 

angle corrections just prior to impact, the driver usually 
maintained a slightly higher than scheduled test speed dur-
ing his approach. The actual speeds (see Table 2) were 
determined from the high-speed film analysis and were 
used as input for the HVOSM validation. These speeds 
represent an average speed computed over the 14-ft dis-
tance between the two 12-in, reference targets from the 
instant the right front wheel contacted the curb. 

Vehicle Approach Angle 

The driver started his approach approximately 1,000 ft 
from the desired impact point. Because the straight ap-
proach path was well defined with white tape and traffic 
cones, the driver experienced no difficulty in achieving the 
scheduled approach angle or in impacting the curb at the 
desired point. The approach angles (see Table 2) deter-
mined from the film analysis (Appendix C) agreed quite 
closely with the intended angles. 

Vehicle Accelerations 

Peak vertical accelerations measured from the accelerome-
ter traces are given in Table 2. Accelerations less than 
0.5 g were not included in the  summary because the line-
width of the visicorder trace is of this magnitude. The 
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Figure 8-5. Diagram of vehicle encroachment angles. 

vertical accelerations were much greater than the lateral 
and longitudinal accelerations and, therefore, the latter two 
accelerations were disregarded in the summary. 

The short period and cyclic nature of the vertical ac-
celeration trace were attributed to vibration of the vehicle 
frame and accelerometer mounting bracket. 

Driver Appraisal 

The driver subjectively evaluated each test run. Although 
accustomed to severe vehicle maneuvers, he attempted to 
evaluate the curb tests from an unbiased viewpoint. In his 
opinion, neither of the curbs produced vehicle response that 
would cause a "normal" (average) driver to lose steering 
control. Further, he believed that a driver in seat-belt 
restraint would suffer no injury. 

The curb traversals were described as very minor "jolts" 
with slight side roll and minimum perceptible pitching mo-
tion. Undercarriage contact (usually on the oil pan), was 
described as "a sudden shock similar to hitting a deep pot-
hole." The short-duration accelerations introduced by the 
suspension-bottoming were described as "barely noticeable 
and virtually insignificant." 

Vehicle Attitude and Path 

The test vehicle was partially or totally airborne in many 
of the tests, with at least one or more wheels losing ground 
contact. The driver mentioned several times in the last 
series of tests that the vehicle roll and pitch motion ap-
peared to be less as the speeds and/or angles were in- 
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creased. This may be attributed to degradation in the 
vehicle suspension (including shock absorbers) and steer-
ing system from repeated impacts. Although the front-end 
alignment was checked after each test, and corrected if 

necessary, there was noticeable degradation of the steering 
linkage. The trequency of realignment increased during 
the second series of tests, indicating a general looseness in 
the front end. 

APPENDIX C 

DISCUSSION OF FILM ANALYSIS AND THE COMPUTER PROGRAM 

This appendix discusses the procedures for achieving film 
analyses of the full-scale vehicle-curb impact tests and 
translating them into a form suitable for comparison with 
and validation of HVOSM-predicted vehicle behavior char-
acteristics. The data are those for vehicle impact with a 
Type F curb at 45 mph and 12.5-deg angle, designated 
Test N-6. 

Included are a discussion of. the coordinate axes system 
of film analysis, film data of an impact in a timed sequence, 
a discussion of correction factors, a sample analysis of film 
data, and the FORTRAN computer program listing for the 
ultimate translation of data from the film coordinate system 
to the HVOSM coordinate system. 

Results of the tests on curbs Types C and E have been 
plotted by means of the Gerber Plotter for comparison with 
the HVOSM predictions (see Appendix D). 

COORDINATE AXES SYSTEM FOR FILM ANALYSIS 

Each test impact is recorded in a time sequence by two 
fixed cameras. During the impact sequence, the test ve-
hicle's coordinate system of target points are related to the 
fixed axes of the two cameras, thus enabling a Vanguard 
Motion Analyzer to analyze the vehicle's behavior charac-
teristics. Figure C-i illustrates the vehicle's coordinate 
system of targets and the locations of the fixed cameras. 
The end-view camera parallel to the top edge of the curb 
measures horizontal distances (X coordinates) indicative of 
the vehicle's roll (R) and has as its fixed axis X3. The 
side-view camera perpendicular to the curb measures ver-
tical distances (Y coordinates) indicative of. the vehicle's 
pitch (P) and has as its fixed axis X9. (The numbers 
following the X and Y designations indicate the sequence 
in which the data were read from the analyzer and written 
into the computer program.) Figures C-2 and C-3, respec-
tively, tabulate the roll and pitch data for Test N-6 as mea-
sured by the analyzer to the nearest 0.1 degree. 

VEHICLE REFERENCE TARGETS 

The 12-in-diameter targets located on the rear and side of 
the vehicle and the rectangular target on the roof of the 

vehicle were used as references to determine the distances 
of the coordinates. The measured distances between the 
three reference targets and their assigned computer names 
(TARG1, TARG2, TARG3) are shown in Figures C-I and 
C-4. 

As an example of the use of the reference targets, the 
distance CGE(J), from the top of the curb to the roof 
target, can be determined at some instant by the propor-
tionality relationship: 

CGE(J) -  REF2 
(X5 - X3) (X-2 - Xl) 

/X5 - X3\ 
CGE(J) = çX2 - )(TARGI) (correction factors) 

XI 

A minus value for CGE(J) would indicate that the roof 
target was to the left of X3 whereas a positive value would 
indicate that the roof target was to the right of X3. 

FILM ANALYSIS CORRECTION FACTORS 

The Vanguard Motion Analyzer can be used only to make 
measurements relative to a horizontal or a vertical line. 
Therefore, correction factors must be used to obtain the 
horizontal and vertical projections of skewed reference tar-
get line distances. To compensate for this situation, cer-
tain correction factors were made for each time increment 
reading. Correction factors included those for: 

Vehicle roll. 
Vehicle pitch. 
Vehicle yaw. 
The difference in the film speed of the parallel and 

perpendicular cameras. 
Difference in camera distance between the location of 

the reference target and several vehicle coordinate points. 
The vertical bumper height to satisfy the initial 

boundary conditions. 

Fig. C-5 shows the correction factors necessary to com-
pensate for the situations described in items (5) and (6). 
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Figure c-I. Diagram of the test vehicle's coordinate axes 
system of target points with respect to the fixed cameras. 

ROLL CORRECTION 	 several vehicle coordinate points are shown in Figure C-6. 
The identifications in Figure C-4 were those used in the 

The correction made for the vehicle roll angle and co- 	computer program. Figure C-5 shows the magnitudes of 
ordinate computer program identifications are shown in 	the correction factors for the sample analysis of Test N-6, 
Figure C-4. Figure C-4 shows that the rear target vertical 	which is shown in Figure c-i. 
reference Vanguard reading (REF1) is dependent on the 
direction of roll. For example: 

BUMPER HEIGHT CORRECTION 
Positive Roll: 

REF1 = E4 —3 

Negative Roll: 

REF1 = E4 + E3 

DISTANCE CORRECTION 

The corrections made for the differences in camera dis-
tance between the locations of the reference targets and of 

The film from the side-view perpendicular camera was used 
to determine the bumper height relative to both the top 
edge of the curb and the level ground behind the curb. As 
shown in Figure -8, the right front tire of the test vehicle 
was used as the ground reference line. 

The ground reference line consists of a straight line 
established by two end points: (a) the instant in which the 
tire is on top of the curb, and (b) a time at which the 



FILM DATA 
FROM 

CAMERA PARALLEL TO CURB 

TEST NUMBER = N 6 
FILM SPEED = 204.0 FPS 

FRAME INTERVAL = 10.0 

.32 

COORDINATES 

R Xl X2 X3 X4 X5 Y6 

-0.4 - 939.0 2485.0 - 	3940.0 3669.0 2411.0 4633.0 
-0.6 1176.0 2703.0 3940.0 3851.0 	...2618.0 4652.0 
-0.9 1430.0 2924.0 3940.0 4050.0 2835.0 4655.0 
-0.9 1659.0 3133.0 3940.0 4206.0 3021.6 .. 4672.0 
-3.2 1885.0 3332.0 3940.0 4398.0 3187.0 4636.0 

2095.0 ....... 351.9..0 39't0.0 45,55.0 ...3351..0. 4610.0., 
-6.2 2288.0 3681.0 3940.0 4696.0 3505.0 4595.0 
-7.0 2484.0 . 3861.0 3940.0 .863.0 	.. 36.71.0:. .4621.0 
-7.6 2631.0 3982.0 3940.0 4998.0 3804.0 4670.0 
-7.2 2817.0 4151,0 3940.0 5.142.,0...... 3979.0 . 4703.0 
-6.2 2993.0 4306.0 3940.0 5272.0 4149.0 4747.0 

3181.0 	..... 4478..0...... 3.9.40..0.......... 542.6...0 ..43.3.1..O.. .... . 	47Y2.0... - 
-2.1 3344.0 4631.0 3940.0 5562.0 4500.0 4808.0 
-0.2 	. 3522.0 4786.0 . 3940.0. 5695.0 6673.0 4814.0. 
0.7 3688.0 4930.0 3940.0 5818.0 4822.0 6843.0 
0.6 3855.0 5089.0 .. ._3940.0 5956.0 4977.0 487900 
0.2 4035.0 5246.0 3940.0 6093.0 5139.0 4881.0 

Figure C-2. Tabulation of the test vehicle's roll (R) data for Test N-6. 

4650.0 5432.0 
4664.0. 5443.0 
4674.0 5432.0 
4698.0 	. 5444.0 
4721.0 5445.0 

5466.0 
4749.0 5449.0 
4818.0 5464.0 
4852.0 5486.0 
.4876.0 5486.0 
4890.0 5510.0 
.4873.0 	.... ..550.9..0. 
4859.0 5527.0 
4828.0 . 5521.0. 
4824.0 5517.0 
4864.0 	. 5548.0 
4877.0 5527.0' 

FILM DATA 
FROM 

_._....AMER4. PERP.ENDICU.LAR.TO. CUP 

TEST NUMBER = N 6 
FILM SPEED = 199.3 FPS 

FRAME INTERVAL = 10.0 

................... 	 . 	COORDINATES 	 .,.. 	. 

X.9......... 	. . X.1.0.............11 ........X12 	.. V1.3 	V14 	. 	V15... 	V1,6 	. 	.. . 	P... 

3950.0' 1505.0 923.0 -237.0 	' 394.0 3504.' 3501. 3961.' -0.' 
30,P...._.1931.0 1315.0 149.0 33)3.,0 35'5.0 , 362.0 37.0 -.2 
3950.0 2384.0 1153.0 565.0 33)0.0 .. .3504,0 3592.0 it 96".0 
3950.0 2833.0 2168.0 972.0 .. ' 330?.0 3507.0 3Q71. 
3950.0 3286.0 .2589.0 t388..0 3541. ":3616.,  973.0  

...... 16l..O_.,. .QIL 
3950.0 4236.0 3496.0 2266.0 3313.0 3598.' 3658.0 4'03.' 1.1 

710.0 42.0 2709.0 3317.0 	' 3622. 1667.0 . 401'.'  
3950.0 5186.0 4399.0 3149.0 '  3319.0 1634.' 

. 
36'6. 4fl1.?.fl 

3950.0 .5686.0 4886.0 3661.0 ... 3MP...,.0,. - 3679.0 4018.' 
3950.0 6161.0 5328.0 4085.0 333.0 3637.' 3679.1 4'7.0 1.2 

LA  ..,L.. .....664. 401.' 
3950.0 7161.0 6284.0 50.56.0 3336.0 3530.) 3641. 4041.0 1.0 
3950.0..... 668.0 	, 6769,0 '. :5540.0 3339.0 3633.1 3635. D . 4036. 1.4 3950.0 8165.0 7244.0 - 	6026.0 33c10 3639.0 363.' 4048.0 1.5 
3950.O: . . 8659.0 7724.0 &518.0 3348.0 , 	643.' . 3653.0 4(161.' 1.2 3950.0 9194.0 8221.0 7014.0 335).0 556.)' .6c6,' 4063.0 

. 

Figure C-3. Tabulation of the test vehicle's pitch (P) data for Test N-6. 
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Figure C-4. Illustration of correction factors for vehicle roll. 

vehicle came to a stable attitude. One of the lines on the 
moveable circular screen of the Vanguard Analyzer was 
used to "fix" the ground reference line between the two 
selected end points. It can be seen from the comparative 
HVOSM plots in Appendix D that the assumption of a 
straight ground reference line was reasonably valid. 

The initial end point of the ground reference line could 
not be well defined and, hence, some error was introduced 
in the film data. A boundary condition was used to deter-
mine a correction factor. Assuming that the roll and pitch 
of the vehicle were negligible at the instant in which the 
tire was on top of the curb, the boundary condition re-
quires that the calculated bumper height be corrected to 
conform with the measured bumper height less the height 
of the curb. The correction factor was then assumed to 
vary in a linear manner from its initial value to zero at the 
end point of the straight ground reference line. 

The computer names used in determining the bumper 
height correction factors are shown in Figure C-8. Fig-
ure C-5 shows the magnitudes of the correction factors for 
the sample analysis of Test N-6 (Fig. C-7). 

TRANSFORMATION FROM FILM TO HVOSM SYSTEM 

The coordinate transformation from the film system to the 
HVOSM system is shown in Figure C-9. The identifica-
tions in Figure C-9 are those used in the computer pro-
gram, which is shown as Figure C-10. 

The lateral distance measurements of the vehicle bumper 
and center of gravity (C.G.) in the sample film analysis 
results (Fig. C-7) were in reference, to the top edge of the 
curb designated YB3 in Figure C-9; the longitudinal mea-
surements were in reference to a point on the curb desig-
nated XB3. 
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CORRECTIONS 
FOR 

LATERAL AND VERTICAL DISTANCE MEASUREMENTS 
AND 

BOUNDARY CONDITIONS 

TYPE E-CURB 
TEST NUMBER = N 6 

DISTANCE CORRECTIONS CORRECTION 
TIME 01ST. FROM CAMERA 01ST FROM CAMERA *CORR1* 	SCOPR2S *CORR3* FOR 

°APALLEL TO CURB. NORMAL TO CURB LAT 01ST 	LAT 01ST VERT DIST BUMPER 
TO BUMPER 	TO C.G. TOP BUMPER BOUNDARY 

PEAR TARC,FT BUMPER C.G. BUMPER 	. C.G. CONDITION 
(SECI (FTI (FT) (FT) (FT) (FT) (UNITS) 

-0.064 166.57 181.65 176.32 102.59 107.82 1.091 1.059 0.951 0.0 
-0.014 170.07 185,35 179.84 10113.8 	, 106.45 ...1.090 1.057 0.952 0.0 
0.037 173.62 189.02 183.45 100.21 105.15 1.089 1.057 0.953 0.0 
0.087 177.03 192.59 186.87 . 	99.31 104.05 1.088 1.056 0.954 -44.2 
0.137 180.29 196.03 190.16 98.39 103.03 1.087 1.055 0.955 -40.5 
0.187 183.87 199.51 193.70 .97.70 	. . 102.09 1.085 1.053 0.957 -36.8 
0.237 187.03 202.85 196.89 97.15 101.33 1.085 1.053 0.959 -33.2 
0.287 190.13 206.08 200.00 . 	96.63 	... 1.00.62, . 	108A. 1.052 0.960 -29.7 
0.338 193.23 209.16 203.05 96.30 100.13 1.082 1.051 0.962 -26.4 
0.388 196.40 212.57 206.31 96.02 99.62 1.082 1.050 0.964 -22.8 
0.438 199.24 215.48 209.10 95.86 99.20 1.082 1.049 0.966 -19.7 
0.488 202.36 218.60 212.17 95.74 98.88 1.080 1.048 0.968 -16.3 
0.538 205.36 221.78 215.21 95.77 98.69 1.080 1.048 0.970 -12.9 
0.588 208.34 224.87 , .21.8.23. .95,84 98.52... 1.079 1.047 0.973 -9.6 
0.639 211.24 227.80 221.07 96.04 98.47 1.078 1.047 0.975 -6.6 
0.689 214.29 230.99 .224.14 96.38 .98.49 1.078 1.046 0.979 -3.0 
0.739 216.92 233.77 226.77 96.59 98.38 1.078 1.045 0.982 0.0 

**** THE VALUES SHOWN IN THE &BOVE TABLE 'DO NOT INCLUDE PARALLAX CORRECTIONS MADE FOR 
VFHIr.IF ROLL 	ANGLE, PITCH ANGIE, AND YAW ANGIE **** 

Figure C-S. Illustration of correction factors for certain distance measurements and boundary conditions for Test N-6 vehicle. 
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Figure C-6. Illustration of the translational measurements of correction factors for differences in distances between cameras 
and target references. 
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ANALYSIS 
Pc 

FILM DATA. 
FROM 

TEST ON TYPF F CURB 

TFST N)IMBFP = N 6 
VFHTCIE SPED = 45.3 MPH 
VEHIClE ANGLE = 12.5 DFG 

TTMF ROIL ANGLE 	. PITCH YAW BUMPFR M(O-HIGHT CENTER-OF-MASS AVERAGE 
AIIMI.JTH CnMUTFO ANGLE ANGLE VFRT IAT LONG VERT LAT ICiNG SPEED 

P1ST P1ST 01ST 01ST 01ST 01ST 
(SEC.) (OEG) (PEG) (OEG) (DEC,) (IN) (FTP (FT) (IN) (FT) (FT)' (MPH) 

fl•f54 ...0 •4 .0.6 _• 11.4 10.R -0.8 -3.4 27.1 -5.6 -9.7 49.0 
-'.014 -.6 - •c _0•7 11.4 10.8 -01 0.3 26.1 -4• 0 -6.2 49.0 
0037 -8.9 -11• 7 -'.3 11.1 10.8 0.6 3.9 75.7 -4.2 -2.6 50.2 
0.187 -0.9 1.0 0.0 10.8 10.8 1.2 7.5 21.5 -3.5 0.9 47.8 
0.137 -1.2 -3.3 0.1 12.1 12.6 2.0 10.9 24.1 -2.8 4.2 45.9 
0.187 -4.8 -4.9 '.R 11.2 17.0 2.7 14.4 27.2 -2.1 . 	7.7 49.2 
0.237 -6.7 -5.9 1.1 11.3 19.1 3.3 17.7 29.4 -1.5 10.9 . 	44.5 
0.281 -7.0 -7.7 1.1 17.7 21.5 4.1 21.0 38• 4 -0.8 14. 43.3 

-7.6 -7.4 0.8 10.6 23.2 4.7 24.0 31.6 _V.2 17.1 42.2 
0.385 -7.? -7.1 0.2 12.1 ..3.5 5.4 _.. 27.4  ... 31.8 0•5 20.3 45.3 
'•438  -6.2 -6.1 ñ., 13.5 22.1 6.8 30.3 30.5 1.2 23.1 38.9 

4RR -4.2 -4.4 n.2 12.5 20.5 6.7 33.4 2.1 1.8 26.2 42.8 
0.539 -2.1 -7.? 1.0 12.0 18.6 7.4 36.6 24.0 2.5 29.2 .42.5 
0.588 -0.2 -0.6 1.4 13.4 19.0 8.2 39.7 21.6 3.2 12.2 42.8 
0.639 0• 7 0.8 1.5 13.0 18.1 8.8 42.6 22.3 3.9 35.1 39.6 
8.689 0.6 0.7 1.2 13.5 19.3 9.6 45.7 24.6 4.6 38.1 42.8 
8.739 07 0.? 0.8 17.8 70.6 jP •4 48.5 25.1 5.4 41.7 37.3 

**** THE VALUES SHOWN IN THE ABOVE TABLE HAVE BEEN TRANSFORMED TO CORRESPOND WITH THE 
HV1SM FIXEC) SPATIAL COORDINATE AXES SYSTEM **** 

Figure C-7. Sample analysis of film data on vehicle behavior characteristics for Test N-6. 
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OF TIRE 
('(13 COORDINATE) 

DCORR (J) 

D4 

LAST DATA _\ POINT NPTS 
(VEHIãLE STABLE 
AND GROUND 
TIRE REFERENCE 
WELL DEFINED 

FIXED 
PERPENDICULAR 
CAMERA 

Figure C-8. Illustration of bumper height correction factors to satisfy boundary conditions at instanl tire is on top of curb. 
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Y l  
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Z I  

Figure C-9. Coordinate transformation  from film system to HVOSM system. 

f,'4TFIV 	JOB (655R59 7—G--,30,O02,EP) 9 ' 	POST. 	ER 	RF 	845 	' 	' 	.305 	1t4 
C 
C AMALYS.!S.OF. .FILMDAT.. FOR. CURB. .STUOI 	(RF 	8451 	 . 
C 
C 

1 DIMENSION BIJME(50), 	BUMS(50), 	BUMV(5019 	CGE(5O), 	CGS(50), 
* ROLL(50)9 YAW(501, 	05(50), 	VELI(50), 	CGV(50) 

2 DIMENSION R(50), 	X11501, 	xa(50), 	X3(50), 	X4(50), 	X5(501, 	Y6(50), 
....... 	i50.1,Y8(5O.)..,x9(.50).,.j(j.O(50), X11(50), 	X12(50), 	Y13(50), 

* 	Y1.4(50), Y15(50), 	Y161501, 	P(50) 
3 .. 	D.TMENSION DBUMSt50), 	OCGS(50), 	CORR3(50). 	VCORR.(50), 	DCOkR(50) 
4 DIMENSION REARE(50 9 	R.EARS(50), 	DRE(50), 	OCSE(50)9 	DBUME150) 
5 . . 	.DTMENS ION .CORRI(50).9 	CQRRa(50I. 

C 
C ........ ..-....__.-.-..- 	.............................. .- 	 . 	- 
C ***** INPUT DATA ***** 
C 

Figure C-JO. FORTRAN computer program for analyzing film data of full-scale curb tests. 



37 

C NTEST = TEST RUN NUMBER 
C NPTS = NUMBER OF DATA CARDS FOR PARALLEL CAMERA CUORD!N.ATE .READTNGS 
C SPEED = MEASURED SPEED OF VEMICLE (MPM) 
C 	.ANGL.L.....Y.EHICLE Ec 	CHMENT. (YAWL. ANGIE. (D.E.) -... 	,-....... - 	..... 	 - 
C FliNt = FILM SPEED OF °ARALLEL CAMERA (FRAMES/SEC) 
C 	FILMZ =. FILM SPEED O PERPE!!)TCU1AR CAMERA (ERAMISFSEC1......... 
C FRAME1 	FRAME INTERVAL READTNG FOR PARALLEL CAMERA 
C FRAMEZ.= FRAME !NTEVA1 READING FOR PERPENDI.C.ULAR CAMERA.. 
C CAMHT = Hr!GHT OF PERPENDICULAR CAMERA (IN) 
C. DI.ST.1...illS!ANCE. FROM PARALLEL .C&MERA. SO tM.LP.ERPEND.I..C.ULAR..LAM.ERA ..._ 
C 	 LINE IF SI'HT NORMA) TO CURB (Fl) 
C 	D!S12 =...OISTANCE FROM PERPENDICULAR, CAMERA JO CLRB (FT) 
C IPT = DATA READING NUMBER AT WM!CH TIRE-CURB CONTACT OCCURS 
C XPI 	FTXEO.X-CODRO!NATE OF ftVO.SM C.G.... (IN) 	 - - 
C YPI = FIXED V-COORDINATE OF HVOSM C.G. (IN) 

V..8.LJ.A.T.E.RAL..Oi,S!IN.......FRO HMOSM.FIIED.Y-&XLS TO FIRST CURB EflGE (TN) 
C V03 = LATERAL DTSTANCE FROM HVOSM FIXED V-AXIS TO LAST CURB EDGE (IN) 
C X83 Fi.ERO REFERENCE POINT RELATIVE TO FIXED...,X-AXTS O,F.:HVOSM (IN) 
C CURBHT 	HECHT OF CURB (P4) 
C. 
C 

6 ...........R.EADi5,iOO) NIESL.J(.PTS.,..SPEEO,...ANGLE., FILM1,FILM2, 	,... ................ 
* FRAME1, FRAME2 

	

7 	100 FORMAT( 215, 6F10.01 ........ 
C 

8 . 	. READ(5.9400) XPT, YP.i 	. 

	

9 	400 FORMAT) 2FI0.0 
.....................--.--- ................ 	 . 

	

to 	READ(59401) '(819 Y839 X93 9  CURBHT, LPT 

	

11, 	401.. FOR)4ATJ.4F10.O, 110..1. 	-- 
C 

	

.12 	.........RE.API5.,4021 DIST1, ..OTST2.,. CAMHT 

	

13 	412 FORMAT) 3F10.0 I 
- ._.__C...-- 	 ---.-- ......-. --. ..--. 	.- ........................ 

	

14 	 WRTTE(6,200I NTEST, FILM), FRAME1 

	

15 	200 FORtAT( HF, TNt, 53X, 'FILM DATA', I, 56X,'FRON', I, 
* 47X9  'CAMERA PARALlEL TO CURB', II, 50X, 'TEST NUNRER = N', 

51X, 'FILM SPEED. = ', F5.1,. IX, FPS', 	, 47X, 'FRAME INTE 
$RVAL = ', F4.19 F/Il 

.16 ...............j4B.LLE1.6.,2.0.l,l 

	

Ii 	201 FORMAT) 53X9 'COORDINATES', / 1 

	

18 	. .. WRLTE(,2O2) .......... 

	

19 	202 FORMAT) ITX, 'R', 8X, 'xi', RX, 'X2'9 8X9 'X3 4 9 8X, 'X41, 8X, 

'X5'9 BX, 'V6.'9 8X9.'y7', 8X, 'YB', I/i 
C 	 - 
C. 	READ AND.W.RJ.....TIM...DAT.A.E.3..OM. .PARALLEL CAMERA 	. 
C 

	

20 	 00.10.. J=1,NPTS. 
21 	 READ(59 102) RtJI, Xi(Jl, X2(J), X3(J), X4(J), X5(J), '(6(J), 

* Y7(J), Y8(JI 

	

22 	102 FORMAT) 9F8.0) 
.23 	 WLLT.E,(.6.9.204)RtJ..), .Xl(J).,..X2.(J),. X31J), X4(J), X5(J)9 Y6(J), 

Y7(J), Y8(J). 

	

24 	204 .FORMAT( lOX, 9F10.11 
25 	10 CONTINUE 

C... ................................ 
26 	 WRITE(6,205) NTEST, FILM2, FRAME2 

	

27. 	1HL,..5.3X.9..'.F.LLW..D.ATA 1.9./1. 56X.9. 'FROM', I, 45X, - 
* 'CAMERA PERPENDICULAR TO CURB', /1, 50X, 'TEST NUMBER = N', 
*12, I, 51X, 'FILM S.PEED..= ', F5.19 lx, 'FPS',/, 47X, 
* 'FRAME INTERVAL = ', F4.1, ///) 

28 	 WRITE(6,207) .  . . 	 . -. 
29 	207 FORMAT( 53x, 'COORDINATES', ,' 1 	. 
30 	............1,1..16,2061 -. .................... .. 	. 
31 	206 FORMAT) lix, 'X99 9  7X9  'XtO', TX, 'Xli', TX, 'XlZ', TX, ''(13', 

* TX, 'Y1.49 , 7X, ''(15', TX, 'Y16', 9X9 'P'•, 	/!. 	._ .......... 
C 
C READ AND WRITE FILM DATA FROM PERPENDICULAR CAMERA 
C 

32 	. 	P.O. .1.2..,J.l.,MP.TS ...................................._.. 
33 	 READ(5,lO2) X9(J), X10(J), Xl1(J1, X12(J), Y13(J), V14(J), 

* '(151J), (16(J), 	(J) 	- 	..: .... 

Figure C-JO. (Continued). 
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34 .WRITE(6,204)X9(J), 	X1D(J),X11(J1,.x1Z(J), 	'(134J), 	Y14(J), 
*Y15(J), 	Y16(Ji1'P(J)  

35 12 CONTINUE  
....-. 	.......-............... 	.... ..'....----. ..................................... 

36 WR!TE(6,208) 	NTEST, 	SPEED, 	ANGIE 
37 	. 208 	FORMAT( 	fP1, 	tNt, 	.BX, 	'AMAIVSTS',f, 	02X,'OF', 	I., 	58X9 

* 	'FILM 	DATA', 	I, 	Aix, 	'FROM', 	I, 	53X, 	'TEST ON TYPE 	E CURB', 	',', 
*,52X.'TEST NUMBER = N', 	129 1, 	5O,VEKIL.E.  SPEEO= 	', 	F4.1, 
* 1X, 	'MPN', 	F, 	50X, 	'VEHICLE 	ANGIE 	= 	', 	F4.t, 	IX, 	'DF r.',. F,,) 

38 WRT.TE(6,21O) 
39 210 FORMAT( 	lAX, 	'TIME', 6X, 	'ROLL ANGIE', 4X 9 	'PITCH', 	4X, 	'YAW', 

* AX, 	'BUMPER MTD—HETGHT', 	9X, 	'CENTER—OF—MASS', 	5X9 	'AVERAGE', 	", 

ML!Tlt'. ..... 	'c 	!!ED.',..j.X., 	'1IE', 	3X, 	'ANGIE', 	4X, 
* 	'VERT', 	4X, 	'tAT', 	5X, 	'LONG', 	4X, 	'VERT', 4X, 	'LAT', 	5X, 
* 	'lONG', 	3X, 	'SPEED', 	I, 	57X, 	'01ST', 	4X, 	'DTST1, 	4X, 	'01ST', 	4X9 
* 	'01ST', 	4X, 	'01ST', 	4X 9 	'DIST', 	I, 	tAX, 	'(SEC)', 	3X9 	' (DEGI', 
*3X, 	'(DEG)', 	3X,'(DEG)', 	3X,'(DEG)',4X,'UNI', 	4X 9 	'(FT)', 

fET)', 	4X, 	'(TN)', 	4X, 	' (FT) ' , 	4X, 	'lET)', 	3X 9 	' (MPH)', 	' 	1 
C 
C 	1963 CORNELL FORD DIMENSIONS 
C 
C 	BUNHT 	VERTICAL DISTANCE FROM GR1UND TO TOP OF BUMPER (IN) 
C 	BUMWT = DEPTH OF BUMPER (IN) 
C 	BUPIPT = VERTICAL DISTANCE FROM TOP OF BUMPER TO POINT ON BUMPER 
C 	 WHERE BUMPER MOTTON IS BEING INVESTIGATED (IN) 
C 	VI = LONGITUDINAL DISTANCE FROM VEHICLE C.G. TO FRONT AXLE (.INI 
C 	V2 = LATERAL DISTANCE FROM LONGITUDINAL CENTERLINE OF VEHICLE 
C 	 TO OUTSIDE OF TIRE (IN) 
C 	V4 - LONGITUDINAL DISTANCE FROM VEHICLE C.G. TO FRONT BUMPER FACE (IN) 
C 	V5 - LATERAL DISTANCE FROM LONGITUDINAL CENTERLINE OF VEHICLE 

C 	 TO 	OUTSIDE 	OF. .T.IRE 	(IN) 	 . 	. 	- 
C 	VA - DISTANCE FROM VEHICLE C.G.-TO REAR BUMPER 
C 	.V.8...O.LStAUCE....FR.OM.EROMiSi.D.E...1.2.T. 	.01.4. 	TARGET.... TO_F.ROHT..BUMPELI.N.L._..._ 
C 

40 ... BUMHT. ...21.25......... 	 . 	 . 
41 BUMWT = 9.0 
42 BUMP....= 	4.50 	. 	 . 	. 	 . 
£3 Vi = 54.517 
44 	............. _V2....33.DO0.....................- ..... 	....... .. -........ 	............................ 	.. ........ ........ .... ....... 
45 V4 = 86.00 
46 . 	.. 	V5 	= 	3.9.5 	 . 	. 	. 	. 	..... 	. 	. ................ 
47 VA = 121.00 
48 ..V8 	=10.0 	 ......... 	. .. 

C 
C. 	.01 ST.ANCE..BETWEEN 	TARGET.S.DN...V.EHT.CLE. (.IN)......................................- 
C 

49 .TARG1. 	= 	65.5 	.............. 	 . 	.......,... 	..... 
50 TARG2 = 34.0 	 . . 
51 TARG3 = 168.0 	 . 

C 	 .. 	.-. 
CCONSTANTS.. 	. 	...................................... ....... 	.... 	.............-, 	................ ........:.. 
C 

52 ANGI. 	ANGLE 	 . 	. 	... 	.......... 	.. 	... 	c..—.. 	.-. 	... 	.. 	....... 
53 SP = SPEED 	 . 
54 TDI 	= 	FRAM.E1 	/ 	FTLM1 	 - .............. 
55 TD2 = FRAME? / FTLM2 
56 .. 	YD,ELT.A.:.ABS(....TD1...TDZ.........., 	...................- ............. 	......L, 	.........;....... 
57 RAD = 3.1416 I 	180.0 

- Gi 	= 88.0 I 60.0 	 .. 
59 G2=G1 * 	12.0 
60 OT.ST1 	= DYSTI 	* 	12.0 	.. . 
61 DTST2 = DTST2 * 12.0 

C 
C . 	 . 	.-. 	.. 

62 00 60 J=1.9 NPTS 
C . 
C 	FILM ANALYSTS OF DATA FROM PARALLEL CAMERA 

.......................................... 	................. 
63 ROL = ABS( R(J) 	* RAD 	) 
64 El 	= TARG1 	* COS(RO1) 
65 E2 = El * COS( 	ANGLE*RAD 
66 E3 	(.TARG1 	1 1.01 	* 	STN(ROL) 
67 E4 = TARG2 * COS(ROL) 

Figure C-JO. 	(Continued). 
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.6 	 iF....(....RJ.J.I .LE. 0.0 7 GOlD 50 

	

69 	 REFI=E4-E3 

	

70 	 GOTO 52 

	

71 	50 CONTINUE 

	

.72 	 REFT = E' + E3 

	

73 	52 CONTINUE 
- 	REf1......R.EF.1. *COS( P.(J).*RAD. 1 

	

75 	 EUI =X4(J) - X3(I) 

	

76 	 EU.2 = ABS( X2(JI - Xt(J)) 

	

77 	 EU3 = X5(J) - X3(J) 

	

78 	 EU4. =. Y6(J) -. y7(J) 

	

79 	 EUS = Y8(J) - Y6(J) 
0...............REF.2.... 	. EZ 	..................... 

	

St 	 Cl = REFZ F EU2 

	

8? 	 !..REFI t E05 

	

83 	 E5C2* EU4 

	

84 	 ROIL(J) =.ATP,N( ES I El 1 

	

85 	 BUME(J) = Cl * EU1 
86 .....CGE,tJL...C1.#..EU3................. 

	

87 	 81 = TARG2 * STN(ROL) 

	

Be 	 IF (...R(J) .GT..0.0 1 CD TO 30 

	

89 	 CGE(J) = CGE!JI + B) 

	

90 	. 	GO 1.0.32 

	

91 	30 CGE(J) = CGE(J1 - 81 
..1Z..C.ONI.INUE......... 	. 

C 
V.  

C LATERAL DISTANCE CORRECTION (CGE) BASED ON DIFFERENT FILM SPEEDS OF 
C.. PARALLEL. AND PERPENDICULAR.. CAMERAS 
C 

9.3................ 	 1IDI..J....GO.,.T0..24........................ 

	

94 	 CGE(J) a CGE(J) - SP*G2*TDELTA 

	

95 	 G0.. TO 26 

	

96 	24 CONTINUE 

	

97 	. .CG.E.(J!. =...C.GEtJ)..+ SP*G2*TDELTA 

	

98 	26 CONTINUE 
9 ................ :,..( .S.P........1O.O.O..)............... 

C 
r 
C FILM ANALYSIS OF DATA FROM PERPENDICULAR CAMERA 

C 

	

100 	 KEF3 = TARG3 * COS( ANGLE. * AO 1 

10 	....... 	 EC3.*..OS.(....P(j)*RAO 1 	.............................. 

	

102 	 TAPGZ * COS(ROL) 

	

7.03 	 REF4 = REF4 * COS.( P(J1*RAD I 

	

104 	 SU1 = ABS( X1O(J) - X12(J)I 

	

705 	 5IJ2 . .ABS( YI6(J) .- Y15(J)) ....... 

	

106 	 SU3 = X1O(J) - X9(JI 

	

107 	 S.U4..L...X1.1(J) -. X9(JI 	.......................... 

	

108 	 5U5 = Y14J) - Y13(3) 

	

109 	 SUb = Y16(J) - 13(J) 	.. 

	

110 	 C3 = REF4 / SU2 

	

ill 	 C4 = REF3 / SUI 

	

112 	 BUMS(J) = C4 * SU3 

	

113 	..99M.5(7.1.. 	BUMS.(.J..)......VS ..... 

	

114 	 CGS(J) = C4 * SU4 

	

115 	 PITCH = ABS( P(J) *AD) 

	

17.6 	 82 = TARGZ * STN(PITCM1 

	

117 	 IF 	.11. 0.0 I GO TO 34 

118 	 CGS(JI = CGS(J) + 62 
119 	 GO TO 36 
120 	34 CGS(J) 	CGS(J) - 82 

	

721 	36 CONTINUE 
122 	 CGV(JI = C3 * SU6 
123 	. 	83= TAR2 * COS(ROL) * COS(PITCK) 
124 	 CGV(JI = CGV(J) - 83 

C 
C 
C PARALLAX CORRECTIONS TO COMPENSATE FOR LOCATION OF TARGET REFERENCE 
C RELATIVE TO VARIOUS DISTANCE MEASUREMENTS I DOES NOT INCLUDE 

C CORRECTIONS MADE FOR ROIL, PITCH, AND YAW ANGLES I 

C 
C ....CORR 	LATERAL PT .& 1c..E.J...B.PMPER 

C 	CORR2 	LATERAL DISTANCE TO C.G. 

Figure C-10. (Continued). 
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C 	r.ORR3 = BUMPER HEIGHT 
C 

US 	 Ri = DIST2 - BUME(J) 
126 	 R2 = DTST2 - CGE(J) 
127 	 R3 = BUI4S(J) 
128 	 R4 = CGSIJ) 
129 	 DBUMS(J) = SORT( Ri**2 + R3**2 1 
130 	 OCGS(J) = SORT( R2**2 + R4**2 1 
131 	 CORR3(J) = OBUMSIJI / OCGS(JI 

c 
132 	 REARS(J) = CGS(J) - V6*COS( ANGIE*RAD I 
133 	 REARE(J) = CGE(J) - V6*SIN( ANGLE*RAD 
134 	 Pd = DIST1 + BUMS(J) 
135 	 R2 = DIST1 • CGS(J) 
136 	 R3 = DISh + REARS(JI 
137 	 R4 = BUMEIJI 
138 	 R5..= CGE(J) 
139 	 R6 = REARE(J1 
140 	 DRE(J) = SQRT( 3*2 + R6**2 I 
141 	 0CGEJ1 = SORT( R2*Z + R5*2 ) 
162 	 DBUME(J) = SORT( R1*Z + R4*2 1 
143 	 CORR1(J) = DBUME(J) / DRE(J) 
144 

	

	 CORR2(J) = DCGE(J . I DRE(J) 	•.. 
C 

145 	 BUME(J) = BUME(J) * CORR1(J) 	.. 	. 
146 	 CGE(J) 	CGE(J) * CORR2(J) 
147 	 C3 = Ca * CORR3(J) 	- 	 ---.. 
148 	 IF I J .GT. 1 I GO TO 54 
149 	 GO TO 60 S  
150 	54 CONTINUE 

C 	 . . 	.5 

C 
C YAW ANGIE 	 . . 
C 

151 	 E10 = CGE(J) - CGE(J-1) .. 	. . 
152 	 510 = CGS(J) - CGS(J-l) 
153 	 ANG = ATAN( ElO / S10 ) 	... 
154 	 YAW(J) = ANG / RAD 
155 	 ANGLE = ANG / RAD 	 . 	. 	. . 

C 
156 	60 CONTINUE 

C 
C 
C 
C BUMPER WEIGHT COPRFTIOH TO SATISFY BOUNDARY CONDITIONS AT 
C INSTANT TIRE IS ON TOP OF CURB 
C 

157 	 bo 90J=1,NPT5 
158 	 ROl = ABS( R(J) * RAD I 
159 	 REF4 = TARG2 * COS(ROtI 
160 	 REF4 = REF4 * COS( P(J)*RAD I 
161 	 SUZ = ABS( Y16(J) - Y15(J)) 
162 . 	SU5 = Y14(J) - Y13(J) 
163 - 	C3=REF4 / 5U2 
164 	 C3 = £3 * CORR3(J) 
165 	 IF I J .GE. LPT I GO TO 81 
166 	 VCORR(J) = 0.0 
167 	 81 = BUMHT - CURBHT 
168 	 BUMV(J) = B! - BUMPT 
169 	 GOTOB4 
170 	81 I 	I J •f'T. IPT I GO TO 83 
171 	 VCORR(IPT) = 1 B! I C3 I -' SU5 
172 	 DCORR(LPT) = VCORR(LP') * I !IBUMS(LPT) / CAMHT I 
173 	 Dl = BUME(NPTS) - RUME(IPT) 
174 	 D2 =.BUMS(NPTS) - BUMS(LPT) 
175 	 03 = SORT( D1*2 + D2**2 
176 	 BUMV(IPT) = C3 * ( SU5 + VCORR(IPT)) 
177 	 BtJMV(IPT) = BUKV(LPT) - BUMPT 
178 	83 CONTINUE 
179 	 04 = BUME(NPTS) - BUME(J) 
160 	 05. ,=.BUMS(NPTS) -.BUMS(J) 
181 	 06 = SORT( D4**2 + D5**2 I 
182 	 DCORR(J) = OCORR(IPT) * I D61D3 
Figure C-10. (Continued). 
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183 	 VCORR(J) = DCORR(J) 	I CAMHT I OBUMS(LPT)I 

184 	 BUMV(J) = C3 	I SU5 + VCORR(J)) 

185 	 BUMV(J) = 8UMV(J1 - BUMPT 

186 	84 CONTINUE 
C 
C AVERAGE HEADING SPEED 
C 

187 	 IF( J •GT. 1.1 GO TO 91 
188 	 GOTO9O 
189 	91 CONTINUE 	 ...... .. .... .. 	. 
190 	 CGVERT = C3 * VCORR(J) 
191 	 CGV(J) = I CGV(J1 + CGVERT I * CORP3(J) .. 
192 	 ElO = CGE(JI - CGE(J-1) 
193 	 SID = CGS(J) - C&S(J-1) 	. 

194 	 ViO = CGV(J) - CGV(J-l) 
195 	 D$(J.)...=..SQRT( E1O**2 + S102 +1110**2 ......  ...... ................. 

196 	 VEIIIJI = I DS(J)) / I TD2G2 

197 	90 CONTINUE 	 ... - 
C 
C . 	....-- 
C TRANSFORMATION FROM FIlM COORDINATE SYSTEM TO HVOSM COORDINATE SYSTEM 

C .... 	 ....- ............. .- 

198 	. 	V3 = SQRT( V12 + V2**Z I 
199 	 Al = ATAP4( V2 / Vi 1 

200 	 41 = Al / RAD 
201 	 42 = 90.0 - ANGI. - Al 

202 	 A2 = 42 * RAD 
203 	 02 = V3 	COS( AZ .1... 	 .. 
204 	 01 = V3 * SINI AZ 

205 	 YP2 = YBI - 02 
206 	 YP3 = YP1 - YP2 
207 	 XP3 = 'fl3 / TAN( ANGI * RAD ) 

208 	 XP2 = XPI - XP3 
209 . 	DI 	SQRT( YP3**2 + XP3f2,) 

210 	 VEL = SPEED* G2 
211 	 TI = Dl /V.EL 
212 	 Vé = SORTI V4**2 + V5*2 

213 	. 	43 = ATAN( V5 f V4 I 

214 	 A3 = 43 / RAD 
215 	.. 	44....90.0 - .AN1 -. A3 	 . . . 

216 	 A4 = A4 * RAD 
217 	. Q3 = V6 * STN( A4 I 
218 	 . 04 = V6 * COSt A4 

219 	 IF I YPI .GT. YP2 I GO TO 15 

220 	 TIME = Ti 
221 	......G0 TO 16 	 . . . 	. 	. . 
222 	15 TIME = -Ti 
223 	16 CONTINUE 
224 	 TIM = TIME 

225 	 BUMEY =.BUME(i) / 12.0 
226 	 BUMEX = BUMSIII / 12.0 
227 	 CGEE = CGE(1) F 12.0  

228 	 CGSS =CGSUI / 12.0 
229 	 VEL1(1) = VEII.(2) 

230 	 YAW(1) = YAW(2) 
C 
C 
C WRITE TEST RESULTS IN HVOSM FIXED SPATIAL COORDINATE AXES SYSTEM 

C 
231 	 DO 70 J=I,NPTS 

C 
232 	 BUMEIJI = BUME(J) / 12.0 
233 	 BUME(J) = BUMEIJI - BIJMEV 

234 	 BUMEIJI = BIJME(J) +. I YP2 .+ 04 I f. 12.0 

235 	 R(JME(J) = BUMFIJI - Y83 / 12.0 
236 	 IUMS(J) = BUMS(J) F 12.0 

237 	 BIJ'.S (JI = R(JMS(J) - B'JMEX 

238 	 R(JMS(J) = BUMS(J) + 1 XP2 + 03 I /12.0 

239 	 RIJMS(Jl = RUMS(J) - X83 / 12.0 

240 	 CGFIJI = CGF(J) F 12.0 	 ...............................- 

241 	 CGF(.I) = CGE(J) - CGEE 
242 	 CGF(J) = CGE(JI + 1 YPZ / 12.0 I . 	... 	.. 	..: 

243 	 CGF(J) = CC,F(J) - YB3 / 12.0 

244 	. 	f,S(J1 = CGS(J) / 12.0 

Figure C-Jo. (Continued). 
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245 	 CGS(J) = CGS(J) - CGSS 
246 	 CGS(J) = CGS(J) + I X P Z / .12.0 ) 	 ._ ............. 
247 	 CGS(J) = CGS(J) - X83 / 12.0 
248 	 ROLL(J) = RflhI(J) / RAD 	 . 	. 
249 	 WPYTE(6,300) TIM, R(J), RO11(J), P(J), YAW(J), BUMV(J), BUME(J), 

* BUMS(J), CGV(Jt, CGE(J), CG(J),VE1l(JI 
250 	300 FORMAT( 15X, F6.39  11F8.I 
251 	 WPITE(79 301) RO1i(J), P(J), RiM..J),..R(JM.E(J), BUMS(VJ) .V,EL1.(.J). 
252 	301 FORMAT ( 6F10.4 I 
253 	 TIM = TIM + TD2 	 ... V. 	V  
254 	79 CONTINUE 

C 	 - 
255 	 .WR1TE(69 302) 	- 
256 	302 FORMAT( H, 21 .....**** THE VALUES SHOWN IN THE ABOVE TABLE HAVE BE 

*EN TRANSFORMED TO CORRESPOND WITH THE', F, 
* 26K, 'HVOSM FIXED SPATIAL COORDINATE AXES SYSTEM 

C 
C 
C 
C WRITE CORRECTIONS FOR DISTANCE MEASUREMENTS AND BOUNDARY CONDTTIONS 
C 

257 	 WRITE(6,321) PITEST 
258 	321 FORMAT( 1HI, //, 60K, 'CORRECTIONS', 1, 64X, 'FOR', ', 45X, 

* 'LATERAL AND VERTICAL DISTANCE MFAS'JREMFNTS', f, 64K, 'AND', 
* p, 54K, '8OUNDARY CONDITIOP4S',//,60X, 'TYPE E-CURB', /, 

57X, 'TEST NUMBER = N', 12 9  F/ I 
C 

259 	 WRITE(6,322) 
760 	322 FORMAT( 77X, 'DISTANCE CORRECTIONS', TX, 'CORRECTION',!, * lox, 'TIME', lOX, '01ST FROM CAMERA', 9X, 9 01ST FROM CAMERA', 

* 2X, '*CPRPI*', 3K, '*CORR2*0 , 4X, '*CDQR3*1, OX, 'FOR', I, 
* 30K, 'PARALLEL TO CURB', lOX, 'NORMAL TO CURB', 3X9 'LAT 01ST', 
* 2X, 'LATD1CT, 2X, 'VERT 01ST', 4X, 'BUMPER', ,, 73X, 
* 'TO RUMPCR•, 2X, 'TO C.G.', 2X, 'TOP BUMPER', 2K9 'BOUNDARY', 
* F, 22K, 'REAR TARGET', 2K, 'BUMPER', BK, 'C.G.', 5K, 'BUMPER', 
* 5K9 'C.G.', 34X, 'CONDITION', /, 16K9 '(SEC)', 5X, '(Fl)', OX,. 
* '(Fl)', OX, '(Fl)', 6K, '(FTp', 6K, '(FT)1,35x, '(UNITS)', / I 

C . ............. ........................... V 	 V 

261 	 TIM = TTME 
262 . 	DO 325 J=1,NPTS 
263 	 Ri = DRE(J) / 12.0 
264 	 R2 = DBUME(J) F 12.0 
265 	 R3 = DCGE(J) / 12.0 
266 	. R4..=. DBUMS(J) # 12.0 	 V  
267 	 R5 = DCGS(J) / 12.0 
268 	. 	WR1TE(69323) TIM, RI, R29 R39 R4, R59 CORRI(J). CORR2(J), 

* CORR3(J), VCORR(J) 
269 	323 FORMAT( 15K, F6.39  5F10.2, 3F10.3, F10.1 ) 
270 	 TIM = TIM + TD2 
271 	325 CONTINUE 	...........  
272 	 WRITE(6,321) 
273 	327 FORMAT( /1,21K, '**$* THE VALUES SHOWN IN THE ABOVE TABLE DO NOT I 

*NCLUDE PARALLAX CORRECTIONS MADE FOR ', I, 

C 
	*. 26X, 'VEHICLE ROIL ANGLE, PITCH ANGIE, AND YAW ANGLE  

C VVV•V 	 .V..V. 	 V 	..... 
C 

274 	 WRITE(69303) 	 . 	.:.. 	... 	 V 

275 	303 FORMAT( IHI 
C 	 . 
C 

276 	 STOP 	 - 
277 	 END 	 V 

FFU)ATA 

Figure C-10. (Continued). 



APPENDIX D 

VALIDATION AND CORRELATION DATA-COMPARISON OF 
HVOSM PREDICTIONS AND FILM ANALYSES 

Figures D-1 through D-18 show the behavior characteris-
tics for the full-scale-test vehicle and the HVOSM vehicle 
by a Gerber plot of the full-scale test results for curbs 
Types C and E for comparison with the HVOSM predic-
tions for these curbs. 

Each figure is comprised of two parts. Part (a) plots 
vehicle pitch angle, roll angle, and bumper rise with respect 
to lateral distance behind the curb. Part (b) shows vehicle 
path and speed with respect to distance along the curb from 
the point of impact. 

Figures D-1 9 and D-20 are photographic comparisons at 
corresponding time intervals of full-scale-test vehicle be-
havior characteristics and HVOSM predictions of vehicle 
behavior for Tests N-7 and N-18, respectively. 
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Figure D-3. Curb Type E, Test N-4 at 60-mph and 5-deg impact: (a) vehicle roll, pitch, and bumper ri.e; 
(b) vehicle speed and path. 
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Figure D-6. Curb Type E, Test N-7 at 60-mph and 125-deg impact: (a) vehicle roll, pitch, and bumper 
rise; (b) vehicle speed and path. 
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Figure D-11. Curb Type C, Test N-12 at 45-mph and 5-deg i?npact: (a) vehicle roll, pitch, and bumper 
rise; (b) vehicle speed and path. 
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Figure D-19. Photographic comparison of Test N-7 HJ'OSM vehicle behavior with that of the full-scale-test vehicle on impact with 
curb Type E at 60 mph and a 12.5-deg angle in identical time sequences. 
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Figure D-19. (Conlinued). 
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APPENDIX E 

PARAMETRIC STUDY DATA 

Included in this appendix are Figures E-1 through E-20 
that show vehicle response characteristics for all curb im-
pacts simulated in the parameter study. The data are 
categorized according to the four curbs (i.e., Types C, E, 
H, and X) studied. 

Each category contains plots of vehicle path, roll, and 
pitch with respect to distance along the curb face. Also for 
each curb category, plots of vehicle trajectory (front 
bumper) with respect to lateral distance behind the curb 
are included where curb cross-over occurred. Shown on 
each trajectory plot is a reference line (designated as 27" 
traffic barrier) at a height of 27 in. above the top of the 
curb. This height, representative of the guardrail height 
most widely used throughout the country, is shown in each 
figure so that one may easily determine whether the pre-
dicted vertical rise of the vehicle is greater than the guard-
rail height at a selected offset distance. 
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Figure E.4. Vehicle path, roll, and pitch for Type C curb with simulated impact of 75 mph. 
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46 Effects of Different Methods of Stockpiling and 
Handling Aggregates (Proj. 10-3), 	102 p., 
$4.60 

47 Accident Rates as Related to Design Elements of 
Rural Highways (Proj. 2-3), 	173 p., 	$6.40 

48 Factors and Trends in Trip Lengths (Proj. 7-4), 
70 p., 	$3.20 

49 National Survey of Transportation Attitudes and 
Behavior—Phase I Summary Report (Proj. 20-4), 
71 p., 	$3.20 



Rep. 
No. Title 
50 Factors Influencing Safety at Highway-Rail Grade 

Crossings (Proj. 3-8), 	113 p., 	$5.20 
51 	Sensing and Communication Between Vehicles (Proj. 

3-3), 	105 p., 	$5.00 
52 Measurement of Pavement Thickness by Rapid and 

Nondestructive Methods (Proj. 10-6), 	82 p., 
$3.80 

53 Multiple Use of Lands Within Highway Rights-of- 
Way (Proj. 7-6), 	68 p., 	$3.20 

54 Location, Selection, and Maintenance of Highway 
Guardrails and Median Barriers (Proj. 15-1(2)), 
63 p., 	$2.60 

55 Research Needs in Highway Transportation (Proj. 
20-2), 	66 p., 	$2.80 

56 	Scenic Easements—Legal, Administrative, and Valua- 
tion Problems and Procedures (Proj. 11-3), 174 p., 
$6.40 

57 Factors Influencing Modal Trip Assignment (Proj. 
8-2), 	78 p., 	$3.20 

58 Comparative Analysis of Traffic Assignment Tech-
niques with Actual Highway Use (Proj. 7-5), 85 p., 
$3.60 

59 	Standard Measurements for Satellite Road Test Pro- 
gram (Proj. 1-6), 	78 p., 	$3.20 

60 Effects of Illumination on Operating Characteristics 
of Freeways (Proj. 5-2) 	148 p., 	$6.00 

61 	Evaluation of Studded Tires—Performance Data and 
Pavement Wear Measurement (Proj. 1-9), 	66 p., 
$3.00 

62 Urban Travel Patterns for Hospitals, Universities, 
Office Buildings, and Capitols (Proj. 7-1), 	144 p., 
$5.60 

63 Economics of Design Standards for Low-Volume 
Rural Roads (Proj. 2-6), 	93 p., 	$4.00 

64 	Motorists' Needs and Services on Interstate Highways 
(Proj. 7-7), 	88 p., 	$3.60 

65 One-Cycle Slow-Freeze Test for Evaluating Aggre-
gate Performance in Frozen Concrete (Proj. 4-3(1)), 
21 p., 	$1.40 

66 Identification of Frost-Susceptible Particles in Con- 
crete Aggregates (Proj. 4-3(2)), 	62 p., 	$2.80 

67 	Relation of Asphalt Rheological Properties to Pave- 
ment Durability (Proj. 9-1), 	45 p., 	$2.20 

68 Application of Vehicle Operating Characteristics to 
Geometric Design and Traffic Operations (Proj. 3- 
10), 	38 p., 	$2.00 

69 Evaluation of Construction Control Procedures—
Aggregate Gradation Variations and Effects (Proj. 
10-2A), 	58 p., 	$2.80 

70 Social and Economic Factors Affecting Intercity 
Travel (Proj. 8-1), 	68 p., 	$3.00 

71 	Analytical Study of Weighing Methods for Highway 
Vehicles in Motion (Proj. 7-3), 	63 p., 	$2.80 

72 Theory and Practice in Inverse Condemnation for 
Five Representative States (Proj. 11-2), 	44 p., 
$2.20 

73 Improved Criteria for Traffic Signal Systems on 
Urban Arterials (Proj. 3-5/1), 	55 p., 	$2.80 

74 Protective Coatings for Highway Structural Steel 
(Proj. 4-6), 	64 p., 	$2.80 

74A Protective Coatings for Highway Structural Steel— 
Literature Survey (Proj. 4-6), 	275 p., 	$8.00 

74B Protective Coatings for Highway Structural Steel— 
Current Highway Practices (Proj. 4-6), 	102 p., 
$4.00 

75 Effect of Highway Landscape Development on 
Nearby Property (Proj. 2-9), 	82 p., 	$3.60  

Rep. 
No. Title 
76 Detecting Seasonal Changes in Load-Carrying Ca-

pabilities of Flexible Pavements (Proj. 1-5(2)), 
37 p., 	$2.00 

77 	Development of Design Criteria for Safer Luminaire 
Supports (Proj. 15-6), 	82 p., 	$3.80 

78 Highway Noise—Measurement, Simulation, and 
Mixed Reactions (Proj. 3-7), 	78 p., 	$3.20 

79 	Development of Improved Methods for Reduction of 
Traffic Accidents (Proj. 17-1), 	163 p., 	$6.40 

80 	Oversize-Overweight Permit Operation on State High- 
ways (Proj. 2-10), 	120 p., 	$5.20 

81 Moving Behavior and Residential Choice—A Na- 
tional Survey (Proj. 8-6), 	129 p., 	$5.60 

82 National Survey of Transportation Attitudes and 
Behavior—Phase II Analysis Report (Proj. 20-4), 
89 p., 	$4.00 

83 Distribution of Wheel Loads on Highway Bridges 
(Proj. 12-2), 	56 p., 	$2.80 

84 Analysis and Projection of Research on Traffic 
Surveillance, Communication, and Control (Proj. 
3-9), 	48 p., 	$2.40 

85 Development of Formed-in-Place Wet Reflective 
Markers (Proj. 5-5), 	28 p., 	$1.80 

86 Tentative Service Requirements for Bridge Rail Sys- 
tems (Proj. 12-8), 	62 p., 	$3.20 

87 	Rules of Discovery and Disclosure in Highway Con- 
demnation Proceedings (Proj. 11-1(5)), 	28 p., 
$2.00 

88 Recognition of Benefits to Remainder Property in 
Highway Valuation Cases (Proj. 11-1(2)), 	24 p., 
$2.00 

89 Factors, Trends, and Guidelines Related to Trip 
Length (Proj. 7-4), 	59 p., 	$3.20 

90 Protection of Steel in Prestressed Concrete Bridges 
(Proj. 12-5), 	86 p., 	$4.00 

91 	Effects of Deicing Salts on Water Quality and Biota 
—Literature Review and Recommended Research 
(Proj. 16-1), 	70 p., 	$3.20 

92 Valuation and Condemnation of Special Purpose 
Properties (Proj. 11-1(6)), 	47 p., 	$2.60 

93 	Guidelines for Medial and Marginal Access Control 
on Major Roadways (Proj. 3-13), 	147 p., 
$6.20 

94 Valuation and Condemnation Problems Involving 
Trade Fixtures (Proj. 11-1(9)), 	22 p., 	$1.80 

95 Highway Fog (Proj. 5-6), 	48 p., 	$2.40 
96 Strategies for the Evaluation of Alternative Trans- 

portation Plans (Proj. 8-4), 	111 p., 	$5.40 
97 Analysis of Structural Behavior of AASHO Road 

Test Rigid Pavements (Proj. 1-4(1)A), 	35 p., 
$2.60 

98 Tests for Evaluating Degradation of Base Course 
Aggregates (Proj. 4-2), 	98 p. 	$5.00 

99 Visual Requirements in Night Driving (Proj. 5-3). 
38 p., 	$2.60 

100 Research Needs Relating to Performance of Aggre- 
gates in Highway. Construction (Proj. 4-8), 	68 p., 
$3.40 

101 Effect of Stress on Freeze-Thaw Durability of Con- 
crete Bridge Decks (Proj. 6-9), 	70 p., 	$3.60 

102 Effect of Weldments on the Fatigue Strength of Steel 
Beams (Proj. 12-7), 	114 p., 	$5.40 

103 Rapid Test Methods for Field Control of Highway 
Construction (Proj. 10-4), 	89 p., 	$5.00 

104 Rules of Compensability and Valuation Evidence 
for Highway Land Acquisition (Proj. il-i). 
77 p., 	$4.40 



Rep. 
No. i'itle 

105 Dynamic Pavement Loads of Heavy Highway Vehi- 
cles (Proj. 15-5), 	94 p., 	$5.00 

106 Revibration of Retarded Concrete for Continuous 
Bridge Decks (Proj. 18-1), 	67 p., 	$3.40 

107 New Approaches to Compensation for Residcntial 
Takings (Proj. 11-1(10)), 	27 p., 	$2.40 

108 Tentative Design Procedure for Riprap-Lined Chan- 
nels (Proj. 15-2), 	75 p., 	$4.00 

109 Etastomeric Bearing Research (Proj. 12-9), 	53 p., 
$3.00 

110 Optimizing Street Operations Through Traffic Regu- 
lations and Control (Proj. 3-11), 	100 p., 	$4.40 

111 Running Costs of Motor Vehicles as Affected by 
Road Design and Traffic (Proj. 2-5A and 2-7), 
97 p., 	$5.20 

112 Junkyard Valuation—Salvage Industry Appraisal 
Principles Applicable to Highway Beautification 
(Proj. 11-3(2)), 	41 p., 	$2.60 

113 Optimizing Flow on Existing Street Networks (Proj. 
3-14), 	414.p., 	$15.60 

114 Effects of Proposed Highway Improvements on Prop- 
erty Values (Proj. 11-1(1)), 	42 p., 	$2.60 

115 Guardrail Performance and Design (Proj. 15-1(2)), 
70 p., 	$3.60 

116 Structural Analysis and Design of Pipe Culverts 
(Proj. 15-3), 	155 p., $6.40 

117 Highway Noise—A Design Guide for Highway En- 
gineers (Proj. 3-7), 	79 p., 	$4.60 

118 Location, Selection, and Maintenance of Highway 
Traffic Barriers (Proj. 15-1(2)), 	96 p., 	$5.20 

119 Control of Highway Advertising Signs—Some Legal 
Problems (Proj. 11-3(1)), 	72 p., 	$3.60 

120 Data Requirements for Metropolitan Transportation 
Planning (Proj. 8-7), 	90 p., 	$4.80 

121 	Protection of Highway Utility (Proj. 8-5), 	115 p., 
$5.60 

122 Summary and Evaluation of Economic Consequences 
of Highway Improvements (Proj. 2-11), 	324 p., 
$13.60 

123 Development of Information Requirements and 
Transmission Techniques for Highway Users (Proj. 
3-12), 	239 p., 	$9.60 

124 Improved Criteria for Traffic Signal Systems in 
Urban Networks (Proj. 3-5), 	86 p., 	$4.80 

125 Optimization of Density and Moisture Content Mea-
surements by Nuclear Methods (Proj. 10-5A), 
86 p., 	$4.40 

126 Divergencies in Right-of-Way Valuation (Proj. 11- 
4), 	57 p., 	$3.00 

127 Snow Removal and Ice Control Techniques at Inter- 
changes (Proj. 6-10), 	90 p., 	$5.20 

128 Evaluation of AASHO Interim Guides for Design 
of Pavement Structures (Proj. 1-1 1), 	111 p., 
$5.60 

129 Guardrail Crash Test Evaluation—New Concepts 
and End Designs' (Proj. 15-1(2)), 	89 p., 
$4.80 

130 Roadway Delineation Systems (Proj. 5-7), 349 p., 
$14.00 

131 Performance Budgeting System for Highway Main- 
tenance Management (Proj. 19-2(4)), 	213 p., 
$8.40 

132 Relationships Between Physiographic Units and 
Highway Design Factors (Proj. 1-3(1)), 	161 p., 
$7.20 

Rep. 
No. Title 

133 Procedures for Estimating Highway User Costs, Air 
Pollution, and Noise Effects (Proj. 7-8), 	127 p., 
$5.60 

134 Damages Due to Drainage, Runoff, Blasting, and 
Slides (Proj. 11-1(8)), 	23 p., 	$2.80 

135 Promising Replacements for Conventional Aggregates 
for Highway Use (Proj. 4-10), 	53 p., 	$3.60 

136 Estimating Peak Runoff Rates from Ungaged Small 
Rural Watersheds (Proj. 15-4), 	85 p., 	$4.60 

137 Roadside 'Development—Evaluation of Research 
(Proj. 16-2), 	'78 p., 	$4.20 

138 Instrumentation for Measurement of Moisture—
Literature Review and Recommended Research 
(Proj.21-1), 	60p., 	$4.00 

139 Flexible Pavement Design and Management—Sys- 
tems Formulation (Proj. 1-10), 	64 p., 	$4.40 

140 Flexible Pavement Design and Management—Ma- 
terials Characterization (Proj. 1-10), 	118 p., 
$5.60 

141 Changes in Legal Vehicle Weights and Dimensions—
Some Economic Effects on Highways (Proj. 19-3), 
184 p., 	$8.40 

142 Valuation of Air Space (Proj. 11-5), 	48 p., 
$4.00 

143 Bus Use of Highways—State of the Art (Proj. 8-10), 
406 p., 	$16.00 

144 Highway Noise—A Field Evaluation of Traffic Noise 
Reduction Measures (Proj. 3-7), 	80 p., 	$4.40 

145 	Improving Traffic Operations and Safety at Exit Gore 
Areas (Proj. 3-17) 	120 p., 	$6.00 

146 Alternative Multimodal Passenger Transportation 
Systems—Comparative Economic Analysis (Proj. 
8-9), 	68 p., 	$4.00 

147 Fatigue Strength of Steel Beams with Welded Stiff- 
eners and Attachments (Proj. 12-7), 	85 p., 
$4.80 

148 Roadside Safety Improvement Programs on Freeways 
—A Cost-Effectiveness Priority Approach (Proj. 20- 
7), 	64 p., 	$4.00 

149 Bridge Rail Design—Factors, Trends, and Guidelines 
(Proj. 12-8), 	49 p., 	$4.00 

150 Effect of Curb Geometry and Location on Vehicle 
Behavior (Proj. 20-7), 	88 p., 	$4.80 



Synthesis of Highway Practice 

No. Title 
1 	Traffic Control for Freeway Maintenance (Proj. 20-5, 

Topic 1), 	47 p., 	$2.20 
2 Bridge Approach Design and Construction Practices 

(Proj. 20-5, Topic 2), 	30 P., 	$2.00 
3 Traffic-Safe and Hydraulically Efficient Drainage 

Practice (Proj. 20-5, Topic 4), 	38 p., 	$2.20 
4 	Concrete Bridge Deck Durability (Proj. 20-5, Topic 

3), 	28 p., 	$2.20 
5 Scour at Bridge Waterways (Proj. 20-5, Topic 5), 

37 p., 	$2.40 
6 Principles of Project Scheduling and Monitoring 

(Proj. 20-5, Topic 6), 	43 p., 	$2.40 
7 Motorist Aid Systems (Proj. 20-5, Topic 3-01), 

28 p., 	$2.40 	 - 
S 	Construction of Embankments (Proj. 20-5, Topic 9), 

38 p., 	$2.40 
9 Pavement Rehabilitation—Materials and Techniques 

(Proj. 20-5, Topic 8), 	41 P., 	$2.80 
10 Recruiting, Training, and Retaining Maintenance and 

Equipment Personnel (Proj. 20-5, Topic 10), 35 p., 
$2.80 

11 Development of Management Capability (Proj. 20-5, 
Topic 12), 	sop., 	$3.20 

12 Telecommunications Systems for Highway Admin-
istration and Operations (Proj. 20-5, Topic 3-03), 
29 p., 	$2.80 

13 Radio Spectrum Frequency Management (Proj. 20-5, 
Topic 3-03), 	32 p., 	$2.80 

	

14 Skid Resistance (Proj. 20-5, Topic 7), 	66 p., 
$4.00 - 	 ' 

15 Statewide Transportation Planning—Needs and Re- 
quirements (Proj. 20-5, Topic 3-02), 	41 P., 
$3.60 	 - 

16 Continuously Reinforced Concrete Pavement (Proj. 
20-5, Topic 3-08), 	23 P., 	$2.80 

17 Pavement Traffic Marking—Materials and Applica-
tion Affecting Serviceability (Proj. 20-5, Topic 3- 
05), 	44p., 	$3.60 

18 Erosion 'Control on Highway Construction (Proj. 
20-5, Topic 4-01), 	52 P., 	$4.00 

19 Design, Construction, and Maintenance of PCC 
Pavement Joints (Proj. 20-5, Topic 3-04), 	40 p., 
$3.60 

	

20 Rest Areas (Proj. 20-5, Topic 4-04), 	38 p., 
$3.60 

21 Highway Location Reference Methods (Proj. 20-5, 
Topic 4-06), 	30 p., 	$3.20 

22 Maintenance Management of Traffic Signal Equip- 
ment and Systems (Proj. 20-5, Topic 4-03) 	41 p., 
$4.00 

23 Getting Research Findings into Practice (Proj. 20-5, 
Topic il) 	24p., 	$3.20 

24 Minimizing Deicing Chemical Use (Proj. 20-5, 
Topic 4-02), 	58 p., 	$4.00 



THE TRANSPORTATION RESEARCH BOARD is an agency of the National 
Research Council, which serves the National Academy of Sciences and the National 
Academy of Engineering. The Board's purpose is to stimulate research concerning the 
tiatuje and performance of transportation systems, to disseminate information that the 
research produces, and to encourage the application of appropriate research findings. 
The Board's program is carried out by more than 150 committees and task forces 
composed of more than 1,800 administrators, engineers, social scientists, and educators 
who serve without compensation. The program is supported by state transportation and 
highway departments, the U.S. Department of Transportation, and other organizations 
interested in the development of transportation. 

The Transportation Research Board operates within the Division of Engineering of 
the National Research Council. The Council was organized in 1916 at the request of 
President Woodrow Wilson as an agency of the National Academy of Sciences to enable 
the broad community of scientists and engineers to associate their efforts with those of 
the Academy membership. Members of the Council are appointed by the president of 
the Academy and are drawn from academic, industrial, and governmental organizations 
throughout the United States. 

The National Academy of Sciences was established by a congressional act of incorpo-
ration signed by President Abraham Lincoln on March 3, 1863, to further science and 
its use for the general welfare by bringing together the most qualified individuals to deal 
with scientific and technological problems of broad significance. It is a private, honorary 
organization of more than 1,000 scientists elected on the basis of outstanding contribu-
tions to knowledge and is supported by private and public funds. Under the terms of its 
congressional charter, the Academy is called upon to act as an official—yet indepen-
dent—advisor to the federal government in any matter of science and technology, 
although it is not a government agency and its activities are not limited to those on 
behalf of the government. 

To share in the tasks of furthering science and engineering and of advising the federal 
government, the National Academy of Engineering was established on December 5, 
1964, under the authority of the act of incorporation of the National Academy of 
Sciences. Its advisory activities are closely coordinated with those of the National 
Academy of Sciences, but it is independent and autonomous in its organization and 
election of members. 
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