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Systematic, well-designed research provides the most ef-
fective approach to the solution of many problems facing 
highway administrators and engineers. Often, highway 
problems are of local interest and can best be studied by 
highway departments individually or in cooperation with 
their state universities and others. However, the accelerat-
ing growth of highway transportation develops increasingly 
complex problems of wide interest to highway authorities. 
These problems are best studied through a coordinated 
program of cooperative research. 

In recognition of these needs, the highway administrators 
of the American Association of State Highway and Trans-
portation Officials initiated in 1962 an objective national 
highway research program employing modern scientific 
techniques. This program is supported on a continuing 
basis by funds from participating member states of the 
Association and it receives the full cooperation and support 
of the Federal Highway Administration, United States 
Department of Transportation. 

The Transportation Research Board of the National Re-
search Council was requested by the Association to admin-
ister the research program because of the Board's recog-
nized objectivity and understanding of modern research 
practices. The Board is uniquely suited for this purpose 
as: it maintains an extensive committee structure from 
which authorities on any highway transportation subject 
may be drawn; it possesses avenues of communications and 
cooperation with federal, state, and local governmental 
agencies, universities, and industry; its relationship to its 
parent organization, the National Academy of Sciences, a 
private, nonprofit institution, is an insurance of objectivity; 
it maintains a full-time research correlation staff of special-
ists in highway transportation matters to bring the findings 
of research directly to those who are in a position to use 
them. 

The program is developed on the basis of research needs 
identified by chief administrators of the highway and trans-
portation departments and by committees of AASHTO. 
Each 'year, specific areas of research needs to be included 
in the program are proposed to the Academy and the Board 
by the American Association of State Highway and Trans-
portation Officials. Research projects to fulfill these needs 
are defined by the Board, and qualified research agencies 
are selected from those that have submitted proposals. Ad-
ministration and surveillance of research contracts are 
responsibilities of the Academy and its Transportation 
Research Board. 

The needs for highway research are many, and the National 
Cooperative Highway Research Program can make signifi-
cant contributions to the solution of highway transportation 
problems of mutual concern to many responsible groups. 
The program, however, is intended to complement rather 
than to substitute for or duplicate other highway research 
programs. 
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FOREWORD This report is recommended to highway administrators, design engineers, safety 
engineers, and others who have responsibility for establishing policy with respect 

	

By Stafi 	to safety in the geometric design of highways. The research that is described was 

	

Transportation 	concerned with the safety aspects of roadside traversal. Computer simulations 

	

Research Board 	validated by full-scale tests were used to investigate vehicle behavior at the three 
critical regions of the roadside: the hinge-point between shoulder and front slope; 
the front slope, and the toe-of-slope, including several ditch configurations. The 
results provide a basis for judgment in the selection of safe front slopes, and of 
combinations of front slope, ditch, and back slope. 

Wide, flat slopes adjacent to the traveled way are recognized universally to 
have an important protective influence in those occasional situations where vehicles 
leave the roadway. Because of economic necessity, something less than the ideal 
must often be provided. The study reported herein was undertaken to obtain 
urgently needed factual information that can be used in selecting slopes and slope 
and ditch combinations that provide a reasonable degree of safety to errant vehicles 
consistent with economic reality. 

Vehicle behavior was investigated at the critical regions of the roadside 
through extension and application of the Highway Vehicle Object Simulation 
Model (HVOSM) developed at Calspan Corporation. Assumed vehicle operat-
ing conditions included speeds up to 80 mph and encroachment angles up to 
25 degrees, with and without driver steering. Driver steering was used when 
attempts to return from the front slope to the roadway were simulated. Slopes 
were varied from 3:1 to 10:1, and four ditch designs were included. The co-
efficients of friction were used for tire-surface contact. Twenty-four full-scale tests 
validated the model as usable in the application. 

It appears from the study that successful return maneuvers are not likely to be 
achieved at high speeds on slopes steeper than about 3:1. Slopes steeper than 3: 1 
also can be expected to cause safety problems in the ditch region under the no-
steer condition. Consideration of guardrail protection where slopes steeper than 
3: 1 must be used seems appropriate. A series of charts included in the report 
present the design engineer with an objective basis for selecting traversable slope 
and ditch combinations. The charts were developed on an assumed relationship 
for the effect of vehicle resultant g-forces on seat-belt restrained and unrestrained 
vehicle occupants. The findings will be enhanced by a validated relationship and 
the information should be updated when such a relationship becomes available. 
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SELECTION OF SAFE 
ROADSIDE CROSS SECTIONS 

SUMMARY 	The goal of this research was to provide information to assist the design engineer in 
objectively evaluating the safety aspects of roadside traversal. The specific objec-
tives were to investigate vehicle behavior resulting from traversal of the roadside and 
present the findings pertinent to the selection of safe roadside cross sections. 

The Highway Vehicle Objective Simulation Model (HVOSM) was used to 
investigate vehicle behavior at three critical regions of the roadside—the hinge-
point, the front slope, and the toe-of-slope, including four ditch configurations. 
Vehicle operating conditions included speeds from 40 to 80 mph, encroachment 
angles of 7, 15, and 25 degrees, and steer-control conditions simulating a free-
wheeling vehicle (no driver input) and attempted return-to-the-road maneuvers on 
the front slope. Terrain features included slopes from' 3:1 to 10:1 with two co-
efficients of friction. Twenty-four full-scale vehicle tests were conducted to validate 
the model for roadside slope traversal. 

Two 'criteria were used to evaluate roadside traversal—vehicle rollover, and 
vehicle acceleration in the three principal axes. The resultant vehicle accelerations 
were evaluated using suggested tolerable acceleration levels similar to the elipsoidal 
envelope of acceleration proposed by Hyde (1). Based on this principle, severity 
indices were proposed to evaluate the various roadside combinations. The severity 
index concept provides a means of comparing the relative severity of the effects of 
various roadside cross sections on occupants of vehicles traversing them. 

Ditch evaluation curves were developed for various severity indices, from which 
combinations of front and back slope forming each of the ditch shapes may be 
selected. The curves are applicable for 60-mph encroachments at 25 degrees for a 
range of passenger restraint conditions. 

The findings that are pertinent to the design of roadside cross section are 
summarized as follows: 

Hinge-Point Region 

The hinge point created by the planar intersection of slopes 3: 1 to 10: 1 
produced no critically adverse effects. 

Although maximum vehicle roll angles were produced by crossing the hinge 
point, no traversals approached vehicle rollover. 

Front Slope Region 

Return maneuvers can be accomplished without vehicle rollover on smooth, 
firm embankments 3: 1 or flatter at speeds to 80 mph and encroachment angles of 
15 degrees. , 

To permit recovery, a coefficient of friction of at least 0.6 must be available 
and embankment surfaces must be relatively uniform. ' 

Almost no returns can be executed when the coefficient of friction is as low 
as 0.2 (a more probable value than 0.6). 	 ' 

Vehicle rollover can be expected for return maneuvers attempted above 
60 mph if the embankment is soft or rutted. 
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Toe-of-Slope Region 

The severity of traversal of ditches less than about 8 ft wide is essentially the 

same for comparable slope combinations regardless of ditch shape. 
The trapezoidal ditch configuration represents the most desirable cross sec-

tion from a safety standpoint, particularly for ditches wider than 8 ft. 
Front slopes steeper than 4: 1 are not desirable because their use severely 

limits the choice of backsiopes producing a safe ditch configuration. 
Slopes 3:1 or steeper should be used only where site conditions do not 

permit the use of flatter slopes. 

CHAPTER ONE 

INTRODUCTION AND RESEARCH APPROACH 

PROBLEM DESCRIPTION 

The sequence of events that can occur when a vehicle leaves 
the roadway is greatly influenced by roadside geometry. 
Recently, efforts have been directed toward quantifying the 
relationships between this sequence of events and front 
slopes, back slopes and the ditch region between the slopes, 
particularly with respect to accident severity. It is generally 
accepted that wide flat side slopes, free of fixed objects, 
contribute greatly to safety, but for many highways the cost 
of providing these conditions may be prohibitive. Objective 
criteria would be an aid to a design engineer in selecting 
safe combinations of slopes for roadway design, and in 
evaluating alternatives to achieve optimum roadside safety 
in his design. 

Three regions of the roadside are important when eval-
uating safety aspects: the top of the slope (hinge point); 
the front slope; and the toe of the slope (intersection of the 
front slope with level ground; or with a back slope, forming 
a ditch). These critical regions are shown in Figure 1 and 
are discussed in the following paragraphs. 

Hinge-Point Region 

The hinge point contributes to loss of steering control be-
cause the vehicle tends to become airborne in crossing this 
point. To partially offset this, various degrees of hinge-
point rounding have been tried and, at times, compound 
vertical curves have been used on front slopes. The degree 
to which hinge-point geometry affects vehicle behavior must 
be known to determine if complex rounding is necessary. 

Front Slope Region 

The front slope region is important in the design of high 
slopes where a driver could attempt a recovery maneuver 
or reduce speed before impacting the ditch area. Expe- 

rience suggests that drivers will attempt to return to the 
roadway, and that there is a front slope steepness at which 
a vehicle will roll during a recovery maneuver. Perhaps, 
also, there is a steepness at which the vehicle will roll even 
if a recovery maneuver were not attempted, particularly 
at very small encroachment angles. Maximum negotiable 
steepness must be considered in design for both conditions. 

Ditch Region 

In many situations, the toe of slope is close enough to the 
roadway that the probability of reaching the ditch is high, 
in which cases safe transition between front and back slopes 
must be provided. To determine what constitutes a safe 
traversal, vehicle behavior in crossing must be evaluated 
with respect to selected criteria. 

OBJECTIVE 

Each region discussed in the foregoing affects vehicle re-
sponse in a different way and for a different set of operat-
ing conditions. When individual criteria are determined for 
each, the pieces must be put together to produce safety 
guidelines for total roadside slope design. The study re-
ported herein addresses each of the three critical regions. 
The objective of the work was to gain insight into the effect 
of various embankment slope configurations on vehicle 
behavior and response in runout to the bottom of the em-
bankment and the ability of a driver to make a safe return 
to the roadway. 

RESEARCH APPROACH 

The dynamic response of a vehicle when traversing a road-
side terrain feature is dependent on many vehicle and 
roadway parameters. Of primary importance are the speed 
and angle at which the vehicle leaves the roadway; the 



single and/or combined effects of the front and back slope 
steepness; and the shape of the ditch contour forming the 
transition from front to back slope. Dynamic response is 
further affected by vehicle properties, such as body dimen-
sions, weight distribution through the suspension system, 
and attitude of the vehicle prior to leaving the roadway. 
Passenger response is greatly affected by the degree of body 
restraint existing throughout the maneuver. It is readily 
apparent that a large number of parameters exert indi-
vidual influences on vehicle response, and that the com-
plexity of the problem is grossly compounded by their 
interaction. 

Two research approaches come to mind when a prob-
lem involving so many variables is analyzed. One includes 
full-scale testing of the numerous combinations, but this 
represents a very expensive method. The other, involving 
mathematical simulation with selected full-scale testing to 
validate the model, represents a less expensive approach. 
Use of the Highway Vehicle Object Simulation Model 
(FIVOSM) in conjunction with 24 full-scale vehicle tests 
for validation was adopted to investigate the many parame-
ters involved in this research effort. 

Hinge Point and Front Slope 

The research approach to investigate vehicle behavior dur-
ing hinge-point crossover and front slope traversal included 
120 simulated traversals of five embankment slopes. The 
study conditions included two coefficients of friction at the 
tire-ground interface, three operating speeds, two encroach-
ment angles, and two conditions of steer input (driver con-
trol and free-wheeling). Also, 40 driver return maneuvers 
were simulated on front slopes containing rutting or depres-
sions to determine if vehicle rollover was imminent under 
these surface conditions. 

The study conditions are given in Table 1. Additional 
details of geometric and operating conditions are presented 
in Appendix C. The research approach called for the 
following: 

Conduct simulated traversals of the five embankments 
under operating conditions specified in Table 1. 

Determine vehicle trajectory, including the wheel 
paths, the profile of the lower part of the front bumper, 
the angular orientations of the vehicle center of gravity 
(roll, pitch, and yaw), and the limits of travel wherein one 
or more of the wheels loses contact with the terrain. 

Determine average and peak accelerations (gravita-
tional forces) experienced by the vehicle. 

Describe significant events that occur during vehicle 
runs (such as rollover). 

Summarize findings that are pertinent to the design of 
the highway cross section. 

Ditch Region 

A combination of HVOSM-simulated traversals and full-
scale vehicle testing was used to investigate the ditch region. 
The simulation only included investigation of traversals at 
60 mph and 25-degree encroachment angle for all com-
binations of the following: 

HINGE POINT Z fic 

	

r ® FRONT SLOPE 	
\® BACK SLOPE 

DITCH BOTTj 
Traffic 
Shoulder 	51 	

IABLE 	
S2 

/ 	WIDTH 	V 

TOE OF SLOPE 

Figure 1. Designation of roadside regions. 

Front slope: 3:1, 4:1, 6:1 
Backslope: 3:1,4:1,5:1,6:1 

Four ditch configurations were evaluated: (1) V-ditch, 
(2) rounded ditch, (3) trapezoidal ditch, and (4) rounded 
trapezoidal ditch. Ditch widths were varied from 0 (V-
ditch) to 16 ft. In addition, the full-scale tests were simu-
lated for validity comparison between predicted and actual 
vehicle accelerations. All simulations and full-scale tests 
were conducted with 1963 Ford Galaxies. All traversals, 
simulated and full-scale test, were run in the "free-wheel-
ing" mode; hence, no driver control was exercised. 

To verify the model-predicted vehicle response, 24 full-
scale vehicle tests were conducted on slope cOmbinations 
from 3:1 to 5: 1 forming round and V-ditches. The tests 
were run at a constant 25-degree exit angle (nominal) and 
four speeds: 30, 40, 50, and 60 mph. The test situations 
were then simulated with HVOSM for comparison. De- 

TABLE 1 

SIMULATION STUDY CONDITIONS, HINGE-POINT 
AND FRONT SLOPE REGIONS 

A. Terrain characteristics: 

 Shoulder width 14 ft 
 Shoulder cross slope 0.5 in. per ft of 

width 
 Embankment slopes 3:1,4:1,5:1,6:1, 

and 10:1 
 Toe-of-slope configuration Level terrain 
 Coefficient of friction =0.2 and 0.6 

B. Vehicle and operating conditions: 

Vehicle speeds 	 40, 60, and 80 mph 
Encroachment angles 	 7 and. 15 degrees 
Driver steer input: 

Free-wheeling (no driver 
input) 

Forward time-step steer input 
to approximately 30-degree 
steer angle maximum 

C. Notes: 

Vehicle behaves like one in which 
a driver removes his foot from 
the accelerator when the vehi-
cle leaves the pavement. 

Steer input is introduced after an 
assumed perception-reaction 
time of 1.5 sec after vehicle 
leaves pavement. 



tails of the full-scale tests are presented in Appendix C. 
The research approach taken to investigate the ditch 

region included: 

Selecting front and back slopes representative of those 
used on a majority of highways. 

Selecting ditch cross sections in common use. 
Conducting simulated vehicle traversals of selected 

combinations of slopes and ditch cross section at a com-
bination of speed and angle which the majority of vehicles 
would not be expected to exceed in leaving the roadway. 

Relating the predicted response to severity (hazard). 
Verifying, with full-scale tests of selected slope and 

ditch cross section combinations, the simulated vehicle 
response. 

Develop criteria for safe combinations of roadside 
slopes that will assist in establishing design standards and 
guidelines. 

Selection of Criteria 

Two criteria were used to evaluate roadside traversals—
vehicle rollover and vehicle accelerations in the three prin-
cipal axes. Vehicle rollover occurs only under the most 
severe conditions; thus, to fully evaluate the response ex-
pected during traversal of a particular roadside configura-
tion, the resultant acceleration of the three axes must be 
considered. Also, to equate vehicle response to expected 
passenger safety, tolerable acceleration limits must be 
established. 

Inasmuch as tolerable (limit) accelerations are not equal 

TABLE 2 

TOLERABLE ACCELERATION LIMITS 

MAXIMUM ACCELERATION (G's) 

LAT., 	LONG.. 	VERT., 

RESTRAINT 	 G1 	Gx 	G 

None 	 5 	7 	6 
Lap belt 	 9 	12 	10 
Lap belt and shoulder 	15 	20 	17  

in the three axes (1), a method of evaluating the resultant 
effect was selected as follows: 

SI = V(G10 /G)2  + (G1 /G31) 2  + (Gver/Gzi ) 	(1) 

in which 

SI = Severity index; 
G101, = Acceleration experienced in longitudinal axis, 

0's; 
G11  = Acceleration experienced in lateral axis, G's; 
Gve,. = Acceleration experienced in vertical axis, 0's; 

= Tolerable acceleration in longitudinal (X-axis) 
direction, G's; 

G31  = Tolerable acceleration in lateral (Y-axis) direc-
tion, G's; and 

G 1  = Tolerable acceleration in vertical (Z-axis) direc-
tion, G's. 

This form follows the ellipsoidal theory of failure proposed 
by Hyde (1) and discussed in Appendix B. The tolerable 
acceleration limits established for this study are given in 
Table 2. 

The normalizing values used in Eq. 1 are based on the 
unrestrained occupant values in Table 2. Therefore, Eq. 1 
becomes 

SI = V(G10 /7)2  + (G1q /5) 2  + (Gver/6) 	(2) 

A severity index of 1.0 represents a resultant acceleration 
that may be safely tolerated by an unrestrained occupant. 
A severity index of 1.6 represents the upper limit of ac-
celeration considered safe for seat belt restraint. This se-
verity index serves as an excellent analysis tool when eval-
uating various roadside combinations. The establishment of 
tolerable acceleration limits and the development of the 
severity index concept are discussed in detail in Appen-
dix B. 

Design curves were developed for various severity in-
dices from which combinations of front and back slope 
forming each of the ditch configurations may be selected. 
The severity indices of 1.0 and 1.6 represent degrees of 
expected occupant restraint, of "no restraint" and "seat 
belt restraint," respectively. The curves were developed on 
the basis of vehicle resultant accelerations, primarily in-
fluenced by vertical accelerations, experienced in traveling 
through the ditch region between front and back slopes. 



CHAPTER TWO 

FINDINGS 

5 

The study of the hinge-point and embankment problem 
included 60 HVOSM-simulated traversals under no steer 
control (free wheeling) and 60 runs in which return-to-the-
roadway maneuvers were attempted. Appendix A contains 
details of terrain and operating characteristics for the 120 
traversals. Smooth embankment surfaces were simulated in 
the 120 runs with two coefficients of friction. In addition, 
several traversals were simulated in which irregularities 
(humps) and/or points having high coefficients of friction 
were incorporated into the embankment terrain at strategic 
locations to investigate vehicle behavior on uneven embank-
ment surfaces. 

A 0.01-sec integration time was used on the 120 runs. 
The majority of HVOSM runs in previous TTI studies have 
used a 0.005-sec integration interval; however, to save com-
puter expense (the runs in this study were necessarily longer 
than usual) the 0.010-sec interval was used. Results of 
several trial simulations using both integration intervals 
compared favorably. The traversals on irregular embank-
ment surfaces were run on a 0.001-sec interval because it 
was necessary to evaluate significant events on a consider-
ably shorter time reference (hence, over a reduced dis-
tance). 

The basic investigation of the slope combination problem 
included 48 HVOSM-simulated traversals of twelve com-
binations of front and back slopes forming four ditch 
shapes, and 24 full-scale vehicle tests on three combina-
tions of slopes forming two ditch cross sections. The tests 
were conducted to obtain field data for correlation with 
HVOSM. Close agreement was obtained, so the findings are 
based primarily on the simulation study. In addition to the 
48 basic roadside configurations investigated, an additional 
72 traversals were simulated to determine the effect on 
vehicle response of varying the ditch width for the three 
ditch shapes other than the V-ditch, resulting in a total of 
120 simulated runs. 

The effects on vehicle behavior due to the hinge point, 
the front slope, and the ditch region are discussed indi-
vidually in the following. 

The coefficient of friction at the tire-ground interface is 
particularly important when evaluating vehicle handling on 
the slopes. These surfaces include the front slopes, back 
slopes, and ditch bottoms, and will generally be soil, in-
cluding rock and sand, often with grass and loose debris. 
These surfaces have the superimposed variable of being 
either wet or dry; the grassed areas have a further com-
pounding factor of being green (growing) or dead (dry). 
Generally, the coefficient of friction will be lower to much 
lower for the wet condition in all cases. Green grass gen-
erally will have a much lower value than dry grass. 

According to Gallaway (26): 

Paved shoulders clean and dry with no loose debris will 
have relatively high coefficients of friction (0.5-0.8). 

Dry loose soil or loose rock will have low coefficients 
of friction (0.2-0.3). 

Wet green grass will be quite low, as will wet heavy 
(clay) soils (0.1-0.2). 

Wet sands and sand-gravel mixtures will be inter-
mediate in coefficient of friction value (0.2-0.4). 

On all but surfaced shoulders, the probability of hav-
ing a coefficient of friction of about 0.2 or less is greater 
than the probability of having coefficients of friction greater 
than about 0.2. 

Clean and wet surfaced shoulders normally range from 
0.3 to 0.6 (SN40  ASTM std). Surfaced shoulders (dry) 
with appreciable loose debris will range roughly from 0.14 
to 0.3; wet, these same surfaces may range a little higher. 

Two coefficients of friction-0.2 and 0.6—were used 
during this portion of the study. These represent a practi-
cal range for design purposes. The two values were used 
to determine the effect of this parameter on the vehicle 
behavior, particularly during an attempted return-to-the-
road maneuver. 

VALIDATION STUDIES 

Twenty-four full-scale vehicle tests were conducted to ob-
tain data to validate the HVOSM-predicted vehicle response 
to slope and ditch traversal. The tests were conducted at a 
25-degree encroachment angle and at speeds from 30 to 
60 mph. The study sites, vehicles, and test methodology are 
described in Appendix C, which also discusses the analysis 
of the test data and correlation procedures. 

Test vehicle accelerations were quantitatively compared 
to the vehicle accelerations predicted by the model. Com-
parisons included maximum and average accelerations at 
the vehicle center of gravity in the lateral, longitudinal, and 
vertical axes. Identical event times (see Appendix C) were 
used to determine average accelerations for both test and 
simulated results. Table 3 summarizes the HVOSMpre-
dicted accelerations and those measured during the full-
scale tests. Figure 2 shows the correlation between pre-
dicted and actual resultant average accelerations for all 
full-scale tests. Comparisons for all tests are discussed in 
Appendix C. From the correlation obtained in this study, 
the HVOSM appears to be a powerful analysis tool with 
which to investigate analytically vehicle behavior on various 
terrain features. It offers a cost-effective method to investi-
gate all combinations of roadside slopes at various vehicle 
speeds and angles of attack or selected configurations of 
interest to the designer. 

The HVOSM performed well in predicting the points at 
which wheels would be airborne. Even on the rather flat 
side slopes (7: 1 average), loss of contact between wheels 
and the ground was observed at speeds of 40 mph and 



SITE I 651 SlOE SLOPE • 4.9.1 BAQ( SLOPE 

I R01,16) 30 289 25 26.8 

2 ROUND 40 382 25 24.9 

3 ROUND 90 462 25 24.2 

S ROUND 60 534 25 265 

6 VEE 30 29.0 25 245 

7 VEt 40 383 25 26.0 

6 VU 50 47.5 25 24.3 

9 VEE 60 55.9 25 265 

SITE 2 7.21 	SlOE SLOPE, 	4.21 BAOI SLOPE 

2 R01J(D 30 34.3 25 261 

3 ROUND 40 41.7 25 23.9 

4 ROUND 50 488 25 28.6 

5 ROUND 60 62.0 25 25.1 

6 VEE 30 298 25 24.1 

7 VEE 40 41.7 25 26.3 

8 VEt 50 50.6 25 24.0 

9 VEt 60 622 25 275 

SITE 3 7.01 SIDE SLOPE • 351 9*04 SLOPE 

I ROUND 30 33.7 25 27.5 

2 Roiim 40 45.9 25 398 

4 R0(J40 50 42.6 25 30.2 

5 ROUND 60 47.6 25 27.9 

7 VEE 40 47.2 25 32.4 

8 VEE 50 536 25 22.9 

10 VEE 30 358 25 32.0 

II VEE 60 569 25 328 

TABLE 3 

SUMMARY OF VEHICLE ACCELERATIONS 

NTL SPEED_ 	NT1M. 	TIME OF 	LATW.L ACCamumom 	 LONGITI81IIAL 114CELERATIoN 	 VERTiCAL ICCELERAflON 	 TOTAL KERAflON 

8848 	Oc1NT 	ET 	 (G') 	 (G 

PE* 	 AOERAGE 	 PEM 	 AVIAGE 	 ., 	 -..- 

TEST 	0(104 

___ NO. 	SIIOPE DESIRED TEST 	DESmW TEST 	 HVOSM 	TEST 	HVOSM 	TEST 	(6004 	TEST 	(6004 TEST 	HVO04 	TEST •... (6004 	TEST 	16004 	TEST 	HVIM 	TEST 

ON 

0.40 1.18 - 0.37 - 0.87 - 0.20 - 3.14 1.21 0.37 0.30 3.47 121 0.96 0.37 

032 0.500 0.40 0.17 - 0.09 0.35 0.06 - 130 1.63 0.48 0.43 135 Ill 0.51 0.48 

0.31 .29 0.50 0.14 - 0.08 0.65 0.04 - 1.70 1.60 056 0.50 1.72 1.90 0.58 0.50 

025 093 0.74 0.20 0.62 0.75 1.07 0.18 0.05 3.57 2.60 0.94 1.07 352 2.91 0.97 124 

040 1.02 - 0.20 -c-- 0.87 - 0.32 - 2.13 1.50 0.33 040 2.44 1.50 050 0.40 

0.37 1.19 1.40 025 0.174 0.94 0.63 0.39 0.08 3.73 4.06 0.58 0.66 4.02 4.34 0.74 	. 0.69 

0.30 1.05 1.36 0.16 0.196 2.00 1.17 0.72 0.09 3.79 555 1.02 1.06 4.03 583 1.25 1.00 

0.27 . 	1.99 (83 0.44 0.60 1.58 1.50 0.65 0.10 540 6.60 1.47 1.24 653 7.01 187 1.38 

0.40 1.69 1.50 039 - 0.76 - 0.11 - 2.94 1.50 0.63 0.70 330 230 075 0.70 

0.37 1.97 185 0.16 0.10 1.36 1.01 0.29 0.10 5.28 4.54 1.00 1.00 5.35 5.00 1.06 1.01 

0.25 3.02 2.00 0.55 0.55 2.29 135 0.42 0.36. 10.38 5.75 2.10 1.99 tO.42 6.24 2.22 2.09 

021 7.69 4.63 1.33 1.00 5.64 2.05 1.68 0.77 12.17 9.52 256 3.03 12.41 10.94 334 3.20 

0.40 2.55 - 0.40 - 1.50 - 0.64 - 2.76 2.41 0.46 088 4.04 2.41 0.89 0.88 

035 1.76 1.70 0.62 0.86 1.37 1,34 0.72 0.31 3.24 4.48 1.29 127 3.38 4.98 1.60 1.56 

0.30 2.54 3.21 0.75 III 1.90 1.47 0.86 0.40 9.02 522 1.99 1.89 5.07 6.30 2.26 2.23 

0.21 10.0 4.50 1.43 1.52 7.13 1.65 1.98 0.50 (3(2 6.61 3.24 2.70 18.13 8.16 4.06 3.14 

0.40 0.221 1.00 0.12 - 0J3 - 0.06 - 1.05 2.54 0.52 ..0.60 1.06 2.73 0.54 060 

0.30 106 1.15 0.51 - 1.45 1.29 0.40 - 4.02 334 1.62 1.32 4.14 335 1.74 1.32 

0.30 0.75 1.35 0.13 0.56 0.55 135 0.13 0.34 2.12 3.34 1.25 1.32 2.32 385 1.27 1.47 

025 0.71 2.00 0.15 - 0.66 1.27 0.14 - 287 5.55 1.21 1.82 282 6.03 1.23 182 

030 2.57 2.50 0.41 0.09 2.39 3.45 0.77 0.79 7.23 6.02 1.77 1.41 7.96 735 197 182 

0.26 2.39 2.00 0.47 0.35 2.08 2.15 0.69 0.41 7.25 4.20 1.45 1.59 787 512 1.67 1.60 

0.35 2.17 280 0.34 0.41 1.56 2.35 0.73 0.31 3.40 4.45 0.76 0.62 4.32 5.76 III 081 

0.25 4.43 1.41 1.03 0J9 3.59 1080 1.06 2.06 1088 15.40 2.88 2.18 11.67 16.04 3.23 3.00 

NOTES 

I. ACCELERATIONS MEAS1J(ED AT VEHICLE CENTER OF GR1TY. 
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greater. This was predicted in the simulation data. At 
60 mph, the test vehicle was completely airborne until just 
before entering the ditch. 

The HVOSM-predicted accelerations generally were 
slightly higher than the measured values. This can be at-
tributed to vehicle suspension and inertia characteristics 
used in the model which influence the predicted response. 
It is important that compatible vehicle characteristics are 
used for comparison purposes. This was emphasized by the 
results obtained from several preliminary simulated tra-
versals using model constraints pertaining to the Police 
Special sedan (see Appendix A) rather than the "softer 
sprung" conventional Ford sedan used in the tests. 

Response is influenced appreciably by the speed and 
angle at which the vehicle enters the ditch region. At the 
25-degree encroachment angle, bumper contact and rear 
overhang drag were observed in all tests above 40 mph. 

When no steering or braking control was applied and the 
vehicle front end was in proper alignment, the path fol-
lowed by the test vehicle throughout the maneuver agreed 
with the predicted path. In general, very little redirection 
was observed as the vehicle passed through the ditch. 

Although the resultant accelerations observed at each 
site were higher for the V-ditch than the corresponding 
round ditch, the V-ditch did not appear to be more severe. 
The driver considered the V-ditch to be less severe than the 
round at the higher speeds (a phenomenon substantiated by 
the HVOSM traversals) whereas the reverse was observed 
for the low-speed tests. It is felt that the rate of loading 
imparted to the suspension system contributed to the effect 
experienced by the driver. At the high speeds, the signifi-
cant loading resulted from short duration impact, whereas 
at low speeds the suspension system was allowed to "un-
wind," imparting a secondary vehicle acceleration over a 
longer duration. The over-all effect may have been partly 
psychological because the measured response was not sig-
nificantly different between the two configurations. 

The tests on the 4: 1 and 5: 1 back slopes with a front 
slope of approximately 7: 1 revealed that these combina-
tions could be safely negotiated at speeds up to 60 mph 
with no rollover hazard and only moderate discomfort if 
the driver was adequately restrained. The 3: 1 back slope 
(7:1 front slope) appeared quite formidable to the re-
searchers and to the professional test driver. This slope 
combination was not driven, so the effect on an occupant 
can only be estimated. However, based on vehicle damage 
sustained during this series of tests and the peak g's mea-
sured, slopes of this steepness are considered less than 
desirable for design purposes. 

With the correlation achieved and because of its flexi-
bility and capabilities to allow investigation of the many 
parameters, the remainder of the slope investigation was 
conducted using only simulated traversals. 

HINGE-POINT REGION 

The hinge point warrants particular consideration because 
it is at this point that the vehicle first encounters a major 
discontinuity in running surface after it leaves the travel 
lane or shoulder (unless a curb exists). A large slope 

SIMULATION DECELERATION 
IN G's 

Figure 2. Compariso,z of test and si,nulation deceleralions. 

change at the hinge point could contribute to loss of ve-
hicle steering control if the encroachment conditions (an-
gle, speed) and embankment drop-off are severe enough to 
cause the vehicle to become partially or completely air-
borne. The steering maneuvers performed during the air-
borne mode will not affect the vehicle trajectory at that 
instant; however, the subsequent effect upon returning to 
the embankment surface can be entirely different, depend-
ing on the steer angle introduced. If the front wheels are 
not turned, the vehicle tends to travel in a straight-line tra-
jectory along the initial encroachment vector. If, on the 
other hand, the vehicle lands with front wheels sharply 
turned severe side forces may be introduced, causing side-
slipping and other degrees of instability. If the wheel digs 
into the embankment (the same effect as a sudden increase 
in friction coefficient), it is conceivable that roll angles 
could be rapidly increased and potential rollover is not 
impossible. 

Table D-1 (Appendix D) presents a summary of vehicle 
behavior caused by crossing the hinge point for all con-
ditions studied. These data show that the hinge point pro-
duces no critically adverse effects, using as criteria vertical 
g-forces, vehicle roll angle, or loss of tire/ground contact. 
However, specific findings are discussed in conjunction with 
typical relationships between g-forces, vehicle roll charac-
teristics, and embankment steepness. Additional data may 
be found in the appendices. 

It is evident from Table D-1 that the g-forces produced 
during all traversals are negligible. Average g's for all 
speeds and both coefficients of friction are given in Ap-
pendix D for 7- and 15-degree encroachment angles. In all 
traversals, the average hinge-point g's did not exceed 0.6 
for any 50-msec interval. The effect of friction coefficient 
on g-forces at the hinge point was insignificant. The maxi-
mum g's occur when tires return to the embankment sur- 



face after being airborne. For the 7- and 15-degree en-
croachments, vertical g's did not in any case become zero 
during hinge-point crossover, whereas both positive and 
negative g's were experienced in the ditch region studies at 
25-degree encroachment angles. Hinge-point-produced g-
forces were higher for the higher speeds, and became 
greater as the encroachment angle increased. In all cases, 
the maximum wheel force occurred on the right front 
wheel. 

For each embankment and encroachment angle, there is 
a minimum speed at which one or more wheels loses con-
tact with the terrain surface. The sequence in which the 
wheels lost contact in all cases studied was right front, right 
rear, left front, left rear. As the right front wheel crossed 
the hinge point, the vehicle began a positive roll (right front 
corner down) and negative pitch (front end down) in an 
attempt to regain four-wheel stability. As given in Table 
D-1, the vehicle became fully airborne (all four wheels 
losing ground contact simultaneously) only at 80 mph and 
15 degrees. The vehicle was partially airborne for all 15-
degree encroachments on the 3:1 slope at all speeds, with 
varying degrees of wheel contact loss for other less strin-
gent conditions. The condition of 40 mph and 7-degree 
exit angle produced no wheel/ground loss of contact. The 
loss of wheel contact appears to be influenced by encroach-
ment angle. The maximum distance traveled in an airborne 
mode was slightly more than one car length, all cases oc-
curring on 3: 1 embankments. The coefficient of friction 
does not influence loss of contact at the hinge point. 

FRONT SLOPE REGION 

Two conditions of steer control were simulated to investi-
gate vehicular behavior on the embankment. The first 60 
free-wheeling traversals were conducted to produce a basis 
for comparison of the individual effects of the attempted 
return maneuver simulated in the last 60 runs. By isolating 
the steer-mode runs from the free-wheeling runs for com-
parable speed, encroachment angle, and embankment ge-
ometry, analysis of individual effects was simplified. 

Discussion here is limited to vehicle behavior on the 
slope itself and does not include effects due to traversing the 
toe of slope, discussed separately later herein. 

The level-terrain cross section at the toe of slope is very 
similar to the 16-ft-wide trapezoidal ditch studies It is 
notable, however, that vehicle g-forces produced in the em-
bankment study for both 7- and 15-degree encroachment 
angles and speeds up to 80 mph were less than those for 
the 60 mph/25-degree traversals investigated in the ditch 
region study. 

Free-wheeling Traversals 

The free-wheeling runs provide a base to determine the 
vehicle roll angle, roll rates, points where side slipping or 
spin-out initiate, and the magnitude of parameters that are 
produced solely,  by the attempted return maneuver. Sig-
nificant findings from the free-wheeling runs are discussed 
later. Appendix D contains tabular and graphical data for 
the free-wheeling runs, including vehicle roll angle and roll 
rate profiles with respect to time and lateral offset. 

As the vehicle crossed the hinge point it was in a state of 
instability but stabilized shortly after all four wheels were 
on the embankment. As expected, the maximum wheel 
load was experienced on the right front wheel. The maxi-
mum vertical wheel load occurred for all cases within 1.18 
to 1.3 sec after leaving the roadway. From studies by Ivey, 
et al. (2), it was shown that the turning force on a vehicle 
is proportional to the vertical force on the tire. At 80 mph, 
the maximum vertical wheel load was greater than 6,000 lb. 
The wheel load increases as encroachment angle and em-
bankment steepness are increased; however, the magnitude 
of the force has little effect on the vehicle path provided 
the wheels remain essentially parallel to the vehicle path. 
If the wheels are turned while the vehicle is airborne, on 
landing a substantial side force will be developed on the 
front wheels. Varying the coefficient of friction did not 
influence wheel loading. 

Vehicle trajectory remained essentially straight on the 
initial encroachment path throughout all conditions. A 
slight rightward turning was noted (increased yaw angle) 
in the slower traversals. This is attributed to the gravita-
tional force on the vehicle. Coefficient of friction had 
negligible effect on vehicle path for the free-wheeling runs. 

The roll angle increased with speed for a constant en-
croachment angle and with encroachment angle for a con-
stant speed. Roll angles for all no-steer (free-wheeling) 
conditions did not approach critical values where vehicle 
rollover would occur. 

Roll angles were initiated as the vehicle crossed the hinge 
point and tried to stabilize on the embankment. The maxi-
mum vehicle roll angle was greater than the embankment 
angle. This is to be expected because the vehicle side mo-
mentum is sufficient to depress the right suspension beyond 
zero-position on the embankment. The embankment co-
efficient had negligible effect on vehicle roll or roll rate, 
although roll and roll rate generally were slightly higher for 
the smaller coefficient of friction value. 

Although in no cases did the vehicle roll over, extrapolat-
ing 80-mph roll-angle data to a 2: 1 embankment indicated 
a potential vehicle roll angle in the range of 60 degrees, 
which could be expected to produce vehicle rollover even 
without an attempted return maneuver. Similar extrapola-
tion of the 60-mph roll-angle data would produce a vehicle 
roll angle greater than 50 degrees, which is considered 
critical from a rollover standpoint. 

Steer-Input Traversals—Constant Surface Slopes 

To investigate vehicle behavior under an attempted return-
to-the-road maneuver, a uniformly introduced left steer 
angle was developed over a 2-sec time interval, initiated 
1.5 sec (perception-reaction time) after the vehicle left the 
pavement. The maximum steer angle used in the return 
maneuver was 21 deg (see Appendix D). The vehicle had 
stabilized after crossing the hinge point. 

The vehicle was allowed to travel for 8 sec real time after 
leaving the pavement (4.5 sec after maximum steer angle 
was achieved) or until it returned to a position 10 ft out-
side the edge of the pavement. Appendix C contains a 
description of the study conditions. Vehicle acceleration, 
roll angle, and roll rate data are presented in Appendix D. 



Vehicle behavior was evaluated from several considera-
tions: g-forces experienced, roll angles and rates (with par-
ticular concern for vehicle rollover), vehicle path, embank-
ment coefficient of friction, and ability to return to a 
position 10 ft from the travel lane in a "controlled" attitude. 
Where possible, each influencing factor is discussed sepa-
rately; however, in many cases the resulting vehicle be-
havior is affected by combined factors. Table D-2 presents 
a summary of vehicle behavior for all runs. 

Maximum vehicle g-forces experienced throughout the 
entire maneuver occurred as a result of crossing the hinge 
point. Magnitudes are given in Table D-1 and these ac-
celerations have been discussed previously in this report. 
Vehicle accelerations did not approach critical values in any 
axis nor in combination. 

No vehicle rollover occurred during any of the return 
maneuvers attempted. The maximum roll angle achieved 
was approximately 36 degrees (80 mph, 15-degree, p.= 
0.2). Maximum roll angles were produced in all cases by 
the hinge point, with no greater roll angles experienced 
throughout the turning maneuver. Also, maximum roll 
angles were obtained prior to initiation of the turning 
maneuver, as a 1.5-sec perception-reaction time was used. 

The vehicle path and attitude throughout the path, and 
the ability to return to the roadway, are influenced ap-
preciably by the embankment coefficient of friction and the 
encroachment conditions (speed and angle). 

Coefficient of Friction, IL = 0.2 

The lower value of friction coefficient, 0.2, produced several 
undesirable vehicle behavior characteristics. In general, it 
was found that a vehicle cannot negotiate a return maneu-
ver on an embankment having a 0.2 coefficient of friction 
at expected highway speeds and encroachment conditions. 
None of the vehicles could return at speeds greater than 
40 mph on embankments steeper than 6:1 for the 7-degree 
encroachment condition; for the 15-degree conditions, the 
return maneuver could not be negotiated for any case stud-
ied. On embankments in the 3: 1 to 5: 1 range, vehicle yaw 
angles ranged from approximately 128 to 150 degrees (see 
Table D-2), which indicates that the vehicle performed 
practically a complete turnaround during the maneuver. 
On the 6:1 embankment, the final yaw orientation was 
82.8 degrees, although the vehicle could return to the 
roadway with about a 37-degree vehicle yaw orientation. 

At speeds of 60 and 80 mph the left-steer input produced 
no appreciable redirection in vehicle path toward the road-
way. Although the vehicle attitude was left-oriented, it 
entered a right-side four-wheel slipping mode, the net effect 
being a path that turned down the embankment to the right. 
Depending on the entering speed, the wheel path ranged 
from a tangent line to a slightly right-curved path as gravity 
acted on the slower-moving vehicle to pull it down the em-
bankment. This phenomenon occurred on all slopes at the 
higher speeds and for both encroachment angles. 

The vehicle yaw at the final position was not appreciably 
different between embankments for the 60- and 80-mph 
speeds. The low coefficient of friction appeared to offer 
little assistance to the vehicle capability to respond to the  

steer input, particularly at the high speeds. In several cases 
(3:1 to 5:1 slope, 7 degree, 40 mph), the vehicle was 
traveling essentially backwards down the slope along the 
initial encroachment path. This occurred as a result of side 
slipping and rotational spin after the maximum frictional 
capabilities were exceeded. 

Coefficient of Friction, ja = 0.6 

Increasing the embankment coefficient of friction to 0.6 
greatly enhanced vehicle control throughout the return ma-
neuver. The vehicle was able to return to the roadway for 
all slopes 3: 1 and flatter for all speeds and encroachment 
angles. Although in the higher-speed maneuvers consider-
able side slippage was evident, the vehicle maintained 
"semi-control" and negotiated a left-turning path. Review 
of the wheel-path figures in Appendix D illustrates the 
amount of vehicle drift for each run. Although individual 
tire slippage occurs, the return maneuver for the 80-mph, 
15-degree traversal of a 3: 1 embankment can be accom-
plished. In contrast, the 60-mph, 7-degree maneuver on 
the 3: 1 slope produced an erratic vehicle trajectory. This 
is partly attributed to the slow forward speed at the point 
of maximum turn (9 fps); gravitational forces reversed the 
wheel path. There was no tendency toward rollover, 
however. 

All return maneuvers were accomplished on the embank-
ment for the 7-degree encroachment. All except the 80-
mph attempts were completed prior to reaching the level 
terrain at the toe of slope for the 15-degree encroachment, 
although the 60-mph maneuver on the 3:1 embankment 
closely approached the outer limit of the embankment. The 
80-mph, 15-degree traversal on the 4:1 slope encroached 
approximately 25 ft onto the level terrain. 

Steer-In put Traversals—irregular Surface Slopes 

During the driver-return studies, it became evident that cer-
tain combined effects could produce vehicle rollover if these 
critical events occurred simultaneously. Therefore, several 
irregular surfaces were investigated to determine if rollover 
would occur or if vehicle loss of steer control would pro-
hibit completion of the return maneuver. 

Roadside slopes, when recently graded, are relatively 
smooth and constant-surfaced. However, due to erosion, 
differential surfacing of turf and bare soil, or due to in-
tended terracing, the constant surface idealized in design 
differs some from the actual. To investigate these surface 
conditions, the constant-surface terrain templates were 
modified to include longitudinal 2:1 berms along the slope, 
variations in coefficients of friction such as would be en-
countered in traversing a partially sodded slope or roughly 
eroded region, and deep ruts or depressions. 

The 1.5-sec perception-reaction time was reduced to pro-
duce a combined effect of critical steer, critical surface, and 
critical roll angle. Generally, the critical time was 0.75 sec 
after the right front wheel left the pavement. 

Even under the combined critical events, no vehicle roll-
over occurred at any speed for 7-degree encroachment 
angles, nor at speeds of 40 mph or less for the 15-degree 
encroachment angle. 
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Variable Coefficient of Friction 

For slopes steeper than 5: 1, vehicle rollover occurred at 
80 mph and 15-degree encroachment angle when the return 
maneuver was attempted while the vehicle was on a 2.0 
coefficient surface. On 2:1 slopes, the 60-mph vehicle 
rolled under similar encroachment and surface conditions. 
The 2.0 coefficient of friction was used to simulate a 
severely rutted surface or a saturated soft surface. 

Longitudinally Rutted Surface 

To simulate terracing or longitudinally rutted slopes, a 
6-in.-high vertical curb was placed along the slope face. 
Under this condition the vehicle rolled on 4: 1 slopes for 
15-degree encroachments at 60 and 80 mph when the 
return maneuver was attempted. 

Such longitudinal vertical projections along a slope are 
not uncommon. It is important to note, however, that 
vertical-walled depressions along the longitudinal face of 
the slope did not produce vehicle rollover. Rollover oc-
curred only when the vertical projection was above the 
slope face. 

To investigate a terraced slope, the constant-surface 
embankment was modified to include a longitudinal 1-ft 
high 2:1 terrace. During an attempted return maneuver on 
a 3:1 slope, vehicle rollover occurred at 80 mph. However, 
the vehicle rolled on its left side. It was in a right-roll 
attitude when it contacted the raised terrace, and then re-
versed roll direction in an airborne mode. This phenome-
non agrees with findings by Ross, et al. (3), in which a 
vehicle rolled in a similar manner after impacting a sloped 
culvert grate. 

DITCH REGION 

The four ditch configurations evaluated included (1) a 
V-ditch, (2) a round ditch, (3) a trapezoidal ditch, and 
(4) a trapezoidal with slightly rounded corners, referred to 
herein as a "rounded trapezoidal" ditch. The "round" 
ditch configuration, for practical purposes, is a circular 
shape; however, to compute cross-sectional coordinates for 
computer simulation, a parabolic vertical curve was used. 
The difference in cross-section coordinates between the 
parabolic and circular curve for the range of ditch widths 
studied was in the order of 0.001 to 0.002 ft in elevation 
and is considered negligible. 

Similarly, the rounded trapezoidal ditch shape was a 
basic flat-bottomed trapezoidal cross section (formed by a 
specified width of flat bottom and the intersection of front 
and back slopes) with a 4-ft vertical curve at the inter-
section of the tangents. 

The width of a round ditch is defined by the length of the 
horizontal chord between the points of curvature that are 
tangent to the front and back slopes. Trapezoidal ditch 
widths are defined by the distance across the flat bottom. 
The rounded trapezoidal width is defined as the distance 
across the flat bottom formed by the intersection of the 
extended front and back slopes to the flat bottom. Cross 
sections of all ditch configurations are included in Ap-
pendix C. 

The various slope combinations and ditch widths were 
evaluated on the basis of peak accelerations, average de-
celerations, and the predicted penetration of the right front 
bumper in the back slope. The accelerations were com-
puted at the vehicle mass center, with the components be-
ing computed along the vehicle principal axes (i.e., longi-
tudinal, lateral, and vertical). The longitudinal and vertical 
accelerations were generally negative (decelerations). Ve-
hicle accelerations were compared on two bases: (1) the 
resultant of the three components, and (2) the predominant 
vertical component alone. 

Vertical accelerations comprise the predominant accel-
erations in ditch traversal, and consequently contribute 
most significantly to the resultant acceleration. Lateral and 
longitudinal accelerations can be considered to be virtually 
negligible for low-speed traversals; however, their effect on 
the resultant acceleration, and therefore the severity index, 
is significant for the high-speed traversals. Although rela-
tively high acceleration "spikes" may be experienced, their 
time duration is so short that they do not appreciably affect 
the average deceleration. 

Generally, higher vertical accelerations were observed 
when the front slope was steeper than the back slope than 
when the slope combinations were reversed. That is, a 3: 1 
front slope-4: 1 back slope combination is more severe 
than a 4:1-3:1 combination. On the other hand, bumper 
penetration observed in tests and simulations increased as 
the back slope became steeper. Because deceleration se-
verity is ultimately translated into potential human injury, 
and bumper penetration produces superficial sheetmetal 
damage that attenuates the force, it is desirable to locate 
the steeper slope on the back slope. 

V-Ditches 

Although it might appear contrary to intuitive reasoning for 
a 60-mph, 25-degree traversal, crossing the V-ditch gen-
erally produced g-forces less severe than those caused by 
traversing rounded or trapezoidal ditches having widths of 
8 ft or less, or the rounded trapezoidal ditch with widths 
of 4 to 8 ft. The effect of ditch width on vehicle accelera-
tion is discussed separately under each of the other three 
ditch categories. 

The similarity of g-forces produced by crossing the 
V-ditch and the other ditch configurations is substantiated 
using any of the comparison bases: 50-msec average 
g-forces, event time average g-forces, or the 50-msec 
severity index, particularly for conditions producing severity 
indices in the range of 1.0 to 1.6. The g-forces are greater 
for pairs of slopes when the steeper slope is located on the 
front slope. Also, both vertical and resultant accelerations 
(50-msec average) increase when the zero width ditch 
(V-ditch) is widened to approximately 4 ft and the front 
slope is steeper than the back slope. This increase does not 
occur when the front and back slope steepness ratio is 
reversed. Data given in Appendix D for all slope com-
binations indicate that the maximum vehicle acceleration 
occurs at different ditch widths for other slope com-
binations. 

It was also found that vehicle bumper penetration into 
the back slope during V-ditch traversal was approximately 
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equal to that occurring in the other three configurations 
when the width was less than 8 ft and comparable slope 
combinations were used. 

Round Ditches 

A phenomenon observed in the basic study using an 8-ft 
round ditch was evident throughout the entire spectrum: 
round ditches generally produced g-forces that were more 
severe than those for the other three configurations for 
comparable slope combinations. This was particularly evi-
dent for steep slope combinations and narrow ditch widths. 
Crossing a 3:1-4:1 round ditch in the range of 4 to 8 ft 
wide is more severe than crossing a V-ditch of comparable 
slope combination. On

'
the other hand, the round ditch is 

less severe than the V-ditch for the flatter slope combina-
tions and widths greater than 4 ft. It was also noted that 
there was little difference in severity among all shaped 
ditches having widths in the 16-ft range. 

Trapezoidal Ditches 

The trapezoidal shape is a construction compromise be-
tween a round ditch and a V-ditch. From a safety stand-
point, the trapezoidal cross section appears to offer a ditch 
section that is safer to cross at high speeds, particularly for 

the steeper slope combinations. The g-forces produced by 
the trapezoidal ditch were, in general, lower than those 
produced by the V or the rounded ditch. For slopes flatter 
than about 5:1, the severity appears to be related to the 
natural frequency of the model. 

Rounded Trapezoidal Ditch 

Little safety benefit was realized by rounding the basic 
trapezoidal cross section to produce the rounded trape-
zoidal configuration. The vehicle accelerations for the two 
trapezoidal cross sections were similar for comparable 
widths and slope combinations; however, the rounded 
trapezoidal produced slightly lower g-forces in several 
cases. 

The rounded corners provide a more gradual transition 
to and from the flat bottom. The fact that bumper pene-
tration for this ditch section was considerably less than for 
all other shapes may be attributed to the more gradual 
transition. Therefore, less severe vehicle damage could be 
expected during a rounded trapezoidal ditch traversal. 

No significant reduction in severity was realized after the 
ditch width was increased beyond 12 ft. This width ap-
parently is ample to allow the vehicle to stabilize after 
reaching the flat bottom before it impacts the back slope. 

CHAPTER THREE 

APPRAISAL AND APPLICATION OF RESULTS 

APPRAISAL 

From the total roadside slope safety aspect, design decisions 
must be influenced by the most critical expected occur-
rence; that is, the three critical areas of the slope must be 
evaluated individually and the final design based on the 
governing factor. For example, it would be unrealistic to 
design a traversable hinge point,' a front slope on which a 
return maneuver could be executed (if the sufficient lateral 
width were available), and a ditch close to the roadway 
which would produce high g-force and hence injury. Or, 
put another way, the ditch region becomes of secondary 
importance if it is located far enough away so that the re-
turn maneuver can be safely negotiated before the vehicle 
reaches the toe of slope. 

Hinge Point 

Embankments representing the range of steepness that 
reasonably can be expected in highway design (3: 1 to 
10:1) were investigated in this study. Hinge points created 
by the planar intersection of these slopes (no hinge-point 
rounding) produced no critically adverse vehicle response. 

Although maximum vehicle roll angles were produced by 
crossing the hinge point, no traversals approached vehicle 
rollover. This indicates that hinge-point rounding is not 
necessary from a rollover standpoint; however, such a de-
sign could reduce the tendency to become airborne. This, 
in turn, would reduce vehicle g-forces during hinge-point 
crossover. 

Front Slope 

Because the effects of the hinge point are negligible, the 
primary design consideration becomes one of evaluation of 
trade-offs between sufficient lateral distance in which to 
negotiate a return maneuver, and severity of;ditch traversal 
if this latitude is not provided. 

The embankment coefficient of friction is the most im-
portant single attribute influencing the ability, to negotiate 
a return maneuver. Return maneuvers can be negotiated at 
speeds up to 80 mph on embankments 3:1 or flatter if the 
coefficient of friction is 0.6. In contrast, practically no re-
turn maneuvers can be executed on these slopes when the 
coefficient of friction is 0.2. This would indicate that 
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further investigation is needed to define the lowest accept-
able level of friction coefficient for this maneuver. A co-
efficient of 0.6 is reasonable for soil embankments. How-
ever, it is stressed that the embankment macro-surface can 
severely influence the vehicle roll characteristics. The pri-
mary criterion on which the return capability exists for a 
coefficient of 0.6 is that the surface be uniform (no severe 
irregularities such as humps, depressions, sudden drastic 
changes in coefficient). 

Vehicle Path 

The vehicle path during the return maneuver is heavily in-
fluenced by the embankment coefficient of friction, as pre-
viously discussed. In essence, the return maneuver cannot 
be accomplished on a 0.2-embankment but can be on a 
0.6-surface, although considerable side clearance is re-
quired to accommodate an 80-mph, 15-degree encroach-
ment on the steeper embankments. Also, vehicle drift is 
to be expected during a majority of off-the-road traversals 
in which the driver attempts a recovery maneuver. If the 
embankment surface is relatively uniform, vehicle side 
slippage does not appear to produce critically severe operat-
ing conditions. 

The fact that high-speed, high-angle encroaohments re-
quire substantial lateral recovery area must be considered 
in design decisions, due to the obvious increased cost as-
sociated with right-of-way. These decisions must be eval-
uated against other alternatives, such as guardrail, safety 
trade-offs between ditches (severity, probability of impact-
ing, etc.), and economic factors. 

Vehicle Roll 

No vehicle rollover occurred for any of the study condi-
tions investigated on constant-surface slopes, nor did maxi-
mum roll angles approach critical rollover magnitude under 
these conditions. However, it is entirely possible that the 
turning could be initiated at several other points, which 
would cumulate the critical roll effects. For example, a 
driver forced to leave the right side of a multilane facility 
from the inner lane would be able to initiate his return 
maneuver considerably earlier, perhaps even before reach-
ing the hinge point. Such a maneuver could have several 
more critical effects than the conditions investigated. Un-
der certain conditions, the vehicle might be in a severe turn-
ing path as it crossed the hinge point. Depending on the 
speed and angle conditions, the net result could be cumula-
tive roll effects; or if the vehicle became airborne, the front 
wheel side forces upon landing would be extremely large. 

Another critical situation that could be encountered in-
volves the effects due to irregular embankment surfaces. 
Embankment surfaces are idealized in the model, whereas 
embankments alongside highways contain humps or depres-
sions such as erosion ruts. These irregularities create in-
creased side forces on the wheels and thus increase the 
possibility of a rollover due to moments about the outer 
wheel axis. 

In this regard, severe friction or texture changes on the 
embankment (in the order of ix = 2.0) produced vehicle 
rollover under return maneuver attempts only in the 60- 

to 80-mph speed ranges and at the higher encroachment 
angles. Also, this occurred only on steep slopes. Such 
critical cumulative factors occur under extreme conditions 
and excessive speeds. Generally, these are not important 
considerations at the design stage; rather, they become a 
slope maintenance problem. However, because one of the 
critical rollover-producing conditions was a sharply in-
creased surface coefficient of friction due to soft wet ma-
terial, the importance of providing adequate drainage is 
stressed. This becomes a design consideration. 

Ditch Region 

The primary purpose for constructing roadside ditches is 
to control surface drainage, and the most economical 
method usually entails formation of open-channel ditches 
by cutting into natural roadside terrain or shaping front 
and back slopes to produce a hydraulic channel. From a 
hydraulic efficiency standpoint, the most desirable ditch 
contains steep sides approaching vertical walls. Limitations 
on slope stability usually require somewhat flatter slopes 
and construction and maintenance factors have imposed 
still further restrictions on the degree of slope steepness 
that is practical alongside a highway. The offsetting factor 
of right-of-way costs must also be considered when select-
ing combinations of slopes to be used. The effect of slope 
combinations and safety during traversal by an errant ve-
hicle is also an important consideration in designing the 
roadside. It is this consideration to which the appraisal of 
the study results is addressed. 

In general, any of the ditch configurations studied acts 
substantially like a V-ditch if the width is less than 4 ft and 
all but the rounded trapezoidal ditch produce as severe a 
traversal as the V for widths less than 8 ft. The rounded 
trapezoidal ditch produces only minor safety benefits over 
the basic trapezoidal configuration and it is highly probable 
that the added construction cost would prohibit its use. 
Further, a basic trapezoidal cross section could be expected 
to be eroded into a rounded trapezoidal configuration under 
normal channel flow. Therefore, for all practical purposes 
the two forms of trapezoidal cross section may be assumed 
to be one and the same. 

The basic trapezoidal configuration produces the least 
severity during traversal for a given width. This can be-
come important where right-of-way restrictions dictate nar-
row ditches located relatively close to the roadway edge. 
A trapezoidal ditch in the 4- to 8-ft range is approximately 
equivalent in severity to a round ditch in the 8- to 12-ft 
range. 

Little safety benefit is realized by widening any ditch 
beyond about 16 ft. In cases where substantial surface 
drainage is expected or where a particular channel acts as 
a collector for several smaller drainage channels due to 
environmental restrictions against normal runoff distribu-
tion, a trapezoidal ditch wider than 16 ft may be required. 
However, these extenuating circumstances, rather than 
safety, would govern such a design. 

Front slopes flatter than 4:1 are desirable. Bumper pene-
tration is markedly decreased as the front slope becomes 
flatter than 4:1 and, conversely, increases rapidly as the 
slope becomes steeper than 4:1. 
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APPLICATION 

If constraints other than safety dictate that the necessary 
recovery distance cannot be provided, it is logical to assume 
that guardrail or some other redirection barrier will be used. 
Its placement becomes critical with respect to the hinge 
point. Figure 3 shows two lateral distances that must be 
considered. Distance d 1  (shaded) outlines the area in which 
the vehicle could pass over a 27-in.-high barrier due to 
hinge-point ramping effects. This distance is variable, de-
pending on encroachment conditions and hinge-point ge-
ometry. Distance d 2  represents the maximum offset point 
achieved during the return maneuver. Table 4 summarizes 
the distance for each case studied. It should be noted that 
in several high-speed/high-angle encroachments, the vehi-
cle traveled beyond the toe of slope in negotiating the 
return path. 

Desirably, slope combinations would be selected such 
that unrestrained occupants could be expected to sustain 
no injury and the vehicle would not incur major damage 
during traversal. However, site conditions such as re-
stricted right-of-way or other factors beyond the designer's 
control may dictate the use of slope combinations steeper 
than desirable. Therefore, Figures 4, 5, and 6 provide a 
basis to evaluate ditches formed by slope combinations for 
various degrees of expected severity. These curves provide 
the design engineer an objective basis to select traversable 
slope combinations and ditch shape under 60-mph/25-
degree encroachment conditions such as might be encoun-
tered on high-speed facilities. The design curves are ap- 
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plicable for ditch location up to 60 ft from the edge of the 
roadway. 

The 1.0 severity index curves are based on no-occupant-
restraint conditions; the 1.6 severity index curves are 
applicable for seat belt restraint. 

TABLE 4 

SUMMARY OF CRITICAL LATERAL DISTANCE 
TO ACCOMMODATE RETURN MANEUVER 

INITIAL 
SPEED 
(MPH) 

ENCROACH-
MENT 
ANGLE 
(DEG) SLOPE 

d1 
(FT) 

d2  
(FT) 

80 7 3:1 11 60 
4:1 2 54 
5:1 1 51 
6:1 0 48 

10:1 0 44 
15 	. 3:1 13 138 

4:1 8 125' 
5:1 6 118'  
6:1 3 113'  

10:1 1 103 
60 7 3:1 1 40 

4:1 .1 36 
5:1 0 35 
6:1 0 34 

10:1 0 33 
15 3:1 8 111 

4:1 6 90" 
5:1 2 84" 
6:1 1 81 

10:1 0 73 
40 7 3:1 0 25 

4:1 0 25 
5:1 0 25 
6:1 0 25 

10:1 0 25 
15 3:1 0 61 

4:! 0 56 
5:1 0 53 
6:1 0 	' 51 

10:! 0 48 

Vehicle travels beyond toe of slope (See Fig. 3) 

ROE 

TOE OF SLOPE 

ICLE PATH 

Figure 3. Vehicle pat!: on embankment for return maneuver. 
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SLOPE COMBINATIONS FOR 

VEE—DITCH 
ROUND DITCH - WIDTH LESS THAN 8 FT 
TRAPEZOIDAL DITCH— WIDTH LESS THAN 4 FT 
DraIJncn TDAPF7AIflAI 	- WIflTH LESS THAN 4 FT 

BACK SLOPE S2 

2' 

3. ' 

4: 

5:1 

6:1 

FRONT SLOPE S1 

Figvre 4. Ditch evaluation curves for roadside slope combinations (Curve A). 

BACK SLOPE S2  

2:1 

3:' 

4: 

5:1 

6:1 
FLAT 	10:1 	9:1 	8:1 	7:1 	6:1 

FRONT SLOPE S1  

Figure 5. Ditch evaluation curves for roadside slope combinations (Curve B). 

5:1 	4:1 	3:1 2.5:1 

SLOPE COMBINATIONS FOR 
ROUND DITCH - WIDTH 8  TO 12 FT 

TRAPEZOIDAL DITCH - WIDTH 4 TO 8 FT 
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SLOPE COMBINATIONS FOR 

ROUND DITCH - WIDTH GREATER THAN 12 FT 
TRAPEZOIL DITCH - WIDTH GREATER THAN 8 FT 
ROUNDED TRAPEZOIDAL DITCH - WIDTH GREAIER. THAN 4 FT 

LAT 	KY. 	9: 	8:1 	7:1 	6:1 	5:1 	4:1 	3:1 

FRONT SLOPE 61  

Figure 6. Ditch evaluation curves for roadside slope combinations (Curve C). 

CHAPTER FOUR 

CONCLUSIONS AND SUGGESTED RESEARCH 

CONCLUSIONS 

The study was conducted to investigate vehicle behavior in 
traversal of a variety of slopes and ditch configurations 
under various operating conditions, with the primary goal 
being to summarize the findings that are pertinent to the 
design of the roadside cross section. Several conclusions 
that may be drawn from the results are discussed in the 
following. 

Hinge-Point Region 

Although maximum vehicle roll angles were produced by 
crossing the hinge point, vehicle rollover is not a problem 
for slopes 2:1 or flatter at encroachment angles up to 
25 degrees and speeds to 80 mph if no return maneuver is 
attempted. Hinge-point rounding is not necessary from a 
rollover standpoint; however, rounding will reduce the 
tendency to become airborne. This, in turn, will reduce 
vehicle g-forces during hinge-point crossover. 

Front Slope Region 

If sufficient recovery distance is available, return maneuvers 

can be accomplished on embankments 3: 1 or flatter at 

80 mph and 15-degree encroachment angles without vehicle 

rollover. The coefficient of friction between tires and slope 

is the most infidential factor in the recovery maneuver. If 

recovery is desired, coefficients of friction of at least 0.6 

must be provided and embankment surfaces must be rela-

tively uniform. It should be noted, however, that a co-

efficient of 0.6 is highly improbable on most slopes (see 

Appendix C). If the embankment is severely rutted or 

composed of soft material, vehicle rollover can be expected 

for return maneuvers attempted above 60 mph. From a 

design standpoint, it is necessary to provide adequate sur-

face drainage to alleviate the sudden friction changes on the 
slope. 
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Ditch Region 

The severity of traversal of ditches less than about 4 to 8 ft 
wide is essentially the same for comparable slope combina-
tions regardless of ditch shape. Slope combinations form-
ing these narrow ditches can be selected to produce cross 
sections that can be safely traversed by an unrestrained 
occupant, the range of slopes being within the steepness 
usually found along highways. Any of the four ditch con-
figurations may be used where narrow ditches are required 
with little safety benefit differences. 

Further, the trapezoidal ditch configuration represents 
the most desirable cross section from a safety standpoint, 
particularly for ditch widths in excess of 8 ft. From this, 
it is recommended that, if possible, the basic trapezoidal 
ditch cross section be used. 

Front slopes steeper than 4:1 are not desirable for sev-
eral reasons. Their use severely limits the range of back 
slopes. When the front slope is flattened to around 5: 1 or 
6:1, the choices of combinations of front and back slope 
permitting safe traversal become much greater. Also, the 
flatter front slope provides recovery distance for an errant 
vehicle. 

Slopes steeper than 3: 1 are recommended only where 
site conditions do not permit use of flatter slopes. When 
slopes steeper than 3: 1 must be used, consideration should 
be given to the use of guardrails, as suggested by Ross, 
etal. (4). 

The foregoing conclusions are based on current thinking 
regarding human tolerance levels for acceleration and on 
vehicle encroachment conditions of 60 mph at 25 degrees. 
Both parameters have limitations. Although the design 
curves presented in this report offer an objective basis for 
evaluating slope combinations and ditch configurations for 
safe traversal, the limitations must be placed in proper 
perspective. The severity index basis is an attempt to re-
late vehicle accelerations to occupant tolerance, and the 
criteria used represent currently accepted acceleration lev-
els determined from research in this area; however, there 
is an obvious need for additional reseach to determine the 
relationship between vehicle g-forces and resulting occu-
pant g-forces. 

The test driver experienced considerable difficulty in 
achieving the 25-degree exit angle at speeds of 50 and 
60 mph due to rear wheel drift, yet he had a 42-ft-wide 
pavement in which to negotiate the turn. A 25-degree 
encroachment angle at these speeds can be executed by a 
professional driver under ideal conditions. According to 
Hutchinson and Kennedy (5), 85 percent of all vehicles 
encroaching the median do so at an angle of less than 
25 degrees, and according to Garrett and Tharp (28), the 
mean angle of vehicles crossing the shoulder at speeds of 
60 to 69 mph is 3.7 degrees. Therefore, it would appear 
that the 25-degree requirement is too severe for slope design 
purposes. 

SUGGESTED RESEARCH 

It is believed that this study has investigated the many 
parameters and their interaction to the degree that addi-
tional data required may be interpolated between the bound-
ary conditions studied or extrapolated for flatter slopes. No 
additional research is recommended to investigate the road-
side slope problem for vehicles in the 3,500-lb class. The 
effect on various other vehicle types warrants considera-
tion, preferably at least the compact class of vehicle. 
HVOSM provides an effective method to evaluate vehicle 
behavior for the various vehicle types. 

Further, HVOSM offers an effective method to evaluate 
analytically various roadside configurations that are unique 
to a particular state highway department. Some state de-
sign manuals specify use of reverse or compound vertical 
curves between the edge of the travel lane and the toe of 
slope. Other designs include compound curve transitions 
between front and back slope. The safety benefits of these 
more complex configurations could be evaluated using 
HVOSM to determine if the additional construction costs 
are warranted. 

Additional research is definitely warranted with respect 
to relating vehicle g-forces to occupant-experienced g-forces. 
The severity index technique represents an attempt to do 
this; however, a direct relationship is lacking at this time. 
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APPENDIX A 

HIGHWAY VEHICLE OBJECT SIMULATION MODEL (HVOSM) 

	

The computer simulation used in this study employs a 	the response of a vehicle traversing a given three-dimen- 

	

highly sophisticated dynamic model of a passenger vehicle, 	sional terrain configuration. The vehicle is assumed to be 

	

which was developed at Cornell Aeronautical Laboratories 	composed of four rigid masses; viz, sprung mass, unsprung 

	

(6), and the operational capabilities extended at the Texas 	masses of the left and right independent suspensions of the 

	

Transportation Institute (7). It is capable of simulating 	front wheels, and an unsprung mass representing a solid 

	

* This computer simulation, formerly known as CALSVA, is referred to 	rear axle assembly. A conceptual representation of the 
as 'HVOSM" throughout this report. The basic model is available from 
the Federal Highway Administration, Washington, D.C. 	 simulated vehicle is shown in Figure A-i. 
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Figure.A-1. Conceptual representation of simulated vehicle (8). 

The model includes eleven degrees of freedom, ten in 
which inertial couplings exist between the sprung and un-
sprung masses, and a front wheel steering degree of free-
dom for which inertial interactions are neglected. The un-
sprung masses in an actual automobile are constrained to 
move along paths that are fixed relative to the sprung mass. 
It was assumed in the model that the centers of gravity of 
the front unsprung masses move along straightline paths 
that are parallel to the sprung mass Z-axis. The center of 
gravity of the rear unsprung mass is assumed to be con-
strained to motions in a plane that is perpendicular to the 
sprung mass X-axis and, additionally, to remain a fixed 
distance from the rear axle "roll center." The rear axle 
"roll center" is assumed to be limited to straight-line mo-
tions in a direction parallel to the sprung mass Z-axis (8). 

The steer angle, of , is assumed to be equal for both front 
wheels, and may optionally be entered either as a control 
input (tabular function of time) or as a degree of freedom 
that is responsive to external forces. One series of 60 tra-
versals at 7 degrees and 15 degrees to the roadway center 
line and all traversals across ditches at 25 degrees were 
programmed in the latter option. In so doing, the path of 
the vehicle was dependent only on the forces exerted on the  

wheels by the terrain features encountered. In the remain-
ing traversals a steer angle was applied at a steady rate until 
a maximum steer of 21 degrees was obtained. This angle 
was held constant throughout the remaining time of the 
traversal. By adding the steer control input, the path of the 
vehicle was dependent on the steer position of the front 
wheels as well as the terrain features encountered. 

The operational capabilities of the HVOSM program 
were extended at the Texas Transportation Institute by 
addition of the following: 

A template system was used for terrain input, in which 
the terrain is analytically described by lateral, longitudinal, 
and elevation coordinates from a reference origin. Each 
template is, in essence, a cross section of the terrain in the 
lateral (Y-axis) direction perpendicular to the X-axis of the 
space fixed system. Each template may include a maximum 
of 20 elevation and lateral displacement coordinates, and 
a maximum of 20 templates may be used along the longi-
tudinal axis. 

The original program made allowance for contact of 
the tires with the ground. The TTI version was extended 
to include 20 vehicle/terrain monitoring points, as shown 
in Figure A-2. These monitoring points indicated terrain 
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Figure A-2. Location of vehicle ground-contact monitoring points (7). 

contact, and vehicle forces were computed for load input 
at the contact points resulting from terrain contact. 

3. A subroutine designated STAN was added. This sub-
routine specifies constant vehicle characteristics and other 
associated constants for a 1963 Ford Galaxie Police Spe-
cial. The program includes an "over-ride" capability 
whereby constants for other vehicles may be introduced. 
Certain vehicle constants were modified in this study to 
adapt the simulation program to the test vehicle. 

4. The output data format was extended to.include gen-
eration of CALCOMP plots with each data group. Nine-
teen plots were generated for each ditch traversal, including: 

Accelerations in the tn-axes, with lateral displace-
ment and time as a base. 
Roll, pitch, yaw, and steering angle on a time base. 
Vehicle vertical (Z-axis) acceleration versus longi-
tudinal (X-axis) displacement. 
Position of all four wheels on an X-Y coordinate 
system to indicate the plan view of wheel-tracking 
throughout each maneuver under study. 

5. The number of curbfaces was increased to six to ac-
commodate some of the more complicated curbs currently 
being used, studied, and comtemplated. (The time incre-
ment for iteration when using the curb routine needs to be 
reduced to 1 msec so the program will remain stable.) 

6. The "wagon tongue" subroutine was implemented for 
a logarithmic spiral. This routine causes the simulated 
vehicle to try to follow a specified path in a manner that 
a driver would try to steer a given path. 

7. The vehicle/terrain friction capabilities were extended 
to allow a variation in the coefficient of friction with speed 
and wheel load. 

8. Hard points within the automobile structure were 
added. The original version of the model was capable of 
predicting automobile behavior for impact with certain 
types of barriers provided the crush was moderate (12 to 
18 in.). The hard points simulate the effects caused when  

very stiff automobile members are encountered, such as the 
engine, a frame member, or a wheel assembly. 

Of the foregoing TTI extensions, the researchers made 
use of the added template capabilities, the standard vehicle 
subroutine STAN, the monitoring points, and the revised 
output data for this study. 

The program generates a considerable number of ve-
hicle response data. Data printed out as 0.01-sec intervals 
of real time included roll, pitch, and yaw angles; accelera-
tion at the center of gravity of the sprung mass in the 
longitudinal, lateral, and vertical axes; coordinates in the 
X-, Y-, and Z-axes of the vehicle center of gravity and each 
wheel; circumferential, side, and horizontal tire forces; and 
depths of body contact point penetrations in the terrain. 
Loss of contact between a wheel and the terrain was 
indicated. 

VEHICLE 

Two 1963 Ford Galaxie vehicles were used for full-scale 
testing—a four-door sedan weighing 3,820 lb, and a 2-door 
hardtop weighing 3,830 lb. Most of the tests were con-
ducted using the 2-door vehicle. The 4-door sedan was used 
when the primary test vehicle was being repaired and dur-
ing the final test sequence after the 2-door vehicle had 
sustained considerable alignment damage from repeated 
tests. 

The test vehicle differed in weight and certain inertia, 
suspension, and dynamic properties from the Police Special 
vehicle simulated in the subroutine STAN. The vehicle 
constants (provided by the Ford Motor Company (9)) 
were as follows: 

Front spring constant 100.0 lb/in. 
Rear spring constant 105.0 lb/in. 
Coulomb damping, front 30.0 lb 
Coulomb damping, rear 45.0 lI 
Roll moment of inertia 6,200 lbin./sec2 
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Pitch moment of inertia 	34,400 lb-in./sec2  
Yaw moment of inertia 	36,000 lb-in./sec2  

The spring constants and damping coefficients were later 
verified by experiment (10). When exact information was 
unavailable (such as the distribution of vehicle mass), dis-
tributions were estimated according to procedures recom-
mended by Rasmussen, et al. (11). The total weight of the 
4-door test vehicle was 3,820 pounds, with estimated dis-
tribution as follows: 

V11f  (front unsprung mass) 
0.04 Wt + 60 = 212.8 lb = 0.5507 lb-sec2 /in. 

Wi,r  (rear unsprung mass) 
0.067 Wt + 90 = 345.9 lb = 0.8952 lb-sec2 /in. 

W. (sprung mass) 	= 3261.3 lb = 8.4402 lb-sec2 /in. 

W tot 	 = 3820.0 lb 

This mass distribution was used for both test vehicles. The 
over-ride feature of subroutine STAN was used to in-
corporate the more accurate values presented in the fore-
going. All other simulated vehicle constants are as pre-
sented by Young, et al. (7). Test vehicle dimensions are 
shown in Figures A-3 and A-4. 

TIRE AND VEHICLE GROUND-CONTACT 

Tire and vehicle body ground-contact forces are dependent 
on several factors, including soil stiffness and damping 
characteristics, coefficients of friction, the speed and atti-
tude of the vehicle at impact, and other variables. To simu-
late soil normal forces, ground stiffness was assumed to be 

30.5" I 30.5" 

 
,tl 

Figure A-4. Approximate lateral body dimensions of the 1963 
Ford (7). 

4,000 lb per in., with a soil damping constant of 0.001 sec 
per inch. A coefficient of friction of 0.25 was assumed at 
vehicle body ground-contact monitoring points. Vehicle 
ground-contact was monitored at the locations shown in 
Figure A-2. 

Figure A-3. Approximate longitudinal body dimensions of the 1963 Ford (7). 
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HUMAN TOLERANCE TO ACCELERATION 

Acceleration is a time rate of change in velocity which can 
occur in any or all of three related, but differing, maneu-
vers. Linear acceleration is the rate of change of velocity 
of mass, the direction of which is kept constant (12). Thus, 
as Newton pointed out 300 years ago, acceleration acting 
on a mass will produce a force, and that force will exert 
a pressure on the mass, causing it to move if it is movable, 
or to deform if it is not (12). Angular acceleration is the 
time rate of change of angular velocity of a mass. 

The third form of acceleration occurs as a component of 
attraction between masses. The force of attraction between 
two masses is directly proportional to the product of the 
masses and inversely proportional to the square of the dis-
tance between them. This relationship yields a proportion-
ality constant that represents an acceleration of approxi-
mately 32.2 feet per second when the earth's gravitation is 
a component of the system. This is the accepted measure-
ment of unit acceleration (called 1G). 

The type of acceleration that is of primary concern in 
this report is linear acceleration acting in the direction of 
the three major vehicle axes: longitudinal acceleration 
(G), lateral acceleration (G), and vertical acceleration 
(G). 

Fraser (12) stated: 

Although sporadic investigation into the effects of ac-
celeration on the human body probably began with 
Darwin in 1794, intensive scientific investigation did not 
begin until the 1930's. Investigation in the 1930's was 
concerned chiefly with the examination of certain symp-
toms of "blackout" and confusion that had been observed 
among aviators during tight turns. With the advent of 
World War II, and the increase in speed and maneuver-
ability of aircraft, investigation became still more inten-
sive and a large amount of knowledge accrued, pertaining 
particularly to the effect of brief acclerations of the order 
of ±5G. The demands of space flight have pushed the 
requirements far beyond this level. There is probably no 
field in the whole of aerospace bioscience that has received 
so much attention as that of acceleration. 

Human tolerance to linear acceleration is greatly in-
fluenced by duration of exposure and the nature of the 
restraint and protection available. There is a difference in 
body response to accelerations of duration below and above 
approximately 0.2 sec (1). Fraser (12) considered this to 
be a useful time division, and defined it to be the limit of 
abrupt or impact acceleration. He therefore defined abrupt 
acceleration as ranging to 0.2 sec, brief acceleration as 
greater than 10 sec. Sustained acceleration is used to de-
scribe either brief or prolonged acceleration (see Fig. B-l). 
Gauer (13) defined abrupt acceleration as ranging from 
0 to 2 sec, brief acceleration as ranging from 2.1 to 10 sec, 
long-term acceleration as anything over 60 sec. There is 
some evidence (14) that a duration threshold exists still 
shorter than the 0.2 sec considered by Fraser. Hyde (1) 

considers the threshold to occur at 0.07 sec, which is the 
"rigid mass" impact realm. 

Investigations have been performed by various agencies 
in an attempt to determine human tolerance to deceleration 
in automobiles. These studies have been primarily con-
cerned with longitudinal deceleration and have revealed 
that the ability of a person to withstand deceleration de-
pends on (a) method and degree of restraint; (b) duration 
of deceleration; (c) magnitude of deceleration; and (d) 
rate of onset of deceleration. Other factors, such as age of 
the subject, environment, and emotional state, also affect 
human tolerance to deceleration. 

Stapp (15) performed longitudinal deceleration tests on 
voluntary subjects. He found that a human, restrained by 
a lap belt and shoulder harness, can survive a 25-G de-
celeration force for 0.2 sec provided the rate of change of 
acceleration is less than 500 G's per second. Crash tests 
performed by Severy (16) indicated that an automobile 
crashing into a rigid barrier at 25 to 30 mph experienced 
a peak deceleration of 14 to 19 G's occurring in the pri-
mary structure of the vehicle with rates of change of ac-
celeration of 500 to 800 G's per second. Photographic data 
of anthropometric dummies in the vehicle indicated that 
occupants of a vehicle undergoing this deceleration could 
survive the crash if they were restrained by lap belts and a 
shoulder harness. Unrestrained occupants or those pro-
tected only by lap belts would probably have been killed. 

Gadd (18, 19) suggested that the injury threshold should 
be described using a single number. This is well known as 
the Gadd Severity Index (21). For durations of impact in 
excess of 50 msec Gadd (19) suggests that a complex in-
dex might be used in which a weighted integrating factor 
greater than unity increases as time increases. Using ap-
propriate factors, Gadd's values correlate closely with the 
work of Eiband (22). 

The Gadd Severity Index has been accepted by the So-
ciety of Automotive Engineers and is being used by the 
National Highway Traffic Safety Administration in develop-
ment of the passive restraint system (air bag). In this ap-
plication, the acceleration is linear frontal with the forehead 
impact being critical. 

Investigators in the field of highway improvements ac-
quire data by means of accelerometers installed on test 
vehicles, and some employ anthropometric dummies. A 
simulated triaxis accelerometer at the vehicle center of 
gravity and two similar accelerometers at selected locations 
are available in HVOSM (7) to produce a response func-
tion for an occupant. 

Cornell Aeronautical Laboratory (8) suggested tentative 
limits of combined lateral and longitudinal vehicle de-
celeration where the duration did not exceed 0.2 sec (200 
msec) and the rate of onset did not exceed 500 G's per 
second. These values are given in Table B-i. 
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In recognition of the need to transpose much of the 
information on acceleration to automobile impacts, Wyle 
Laboratories planned a 10-year program of research relat-
ing to the hiodynamics of vehicular crashworthiness. In 
one of a series of initial reports on this program, Hyde (1) 
presented human body peak plateau acceleration limits on 
a time-duration and direction basis. These limits are shown 
in Figure B-2. 

The term G in Hyde's report is used to indicate the 
inertial resultant of body acceleration. The nomenclature 
is based on the inertial displacement of body tissue with 
respect to the skeleton when the body, while exposed to 
acceleration, is positioned with respect to X-, Y-, and Z-axes 
as shown in Figure B-2. Thus, the X-axis is perpendicular 
to the vertebral column through the chest, the Y-axis is 
perpendicular in the lateral direction through the ribs, and 
the Z-axis is in line with the vertebral column. Positive and 
negative signs are used to delineate the vector. Explained 
in terms of the "eyeballs in—eyeballs out" terminology, 
+G (vertical acceleration) indicates that the eyeballs are 
displaced upward. Similarly, +G (forward acceleration) 
indicates displacement of the eyeballs toward the back, and 

TABLE B-1 

CORNELL LIMITS OF TOLERABLE DECELERATION 
(TENTATIVE)' 

MAX. DECELERATION (G's) 
RESTRAINT  

CONDITION LAT. LONG. TOTAL 

Unrestrained 3 5 6 
Lap belt 5 10 12 
Lap belt and shoulder harness 15 25 25 

From: Graham, et al. (17). 

—G (backward acceleration) indicates displacement of the 
eyeballs outward. By convention, +G (lateral accelera-
tion) indicates displacement of the eyeballs to the left, and 
—G indicates displacement to the right. 

The maximum acceleration limits chosen in this report 
for roadside evaluation are those presented by Hyde (1). 
The upper limits (see Fig. B-3) are not nominal limits for 
"no injury," but rather are maximum limits beyond which 
disabling injury or death may be expected. The limiting 
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Figure B-2. Human body peak acceleration limits for various time durations and directions (1) 
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acceleration envelope (tn-axes) is shown in Figure B-3, and 
individual acceleration limits are shown in Figure B-2 on a 
time base. These values are for a fully restrained occupant. 
(In the Stapp sled, the occupants were restrained by a nine-
strap integrated harness in molded contour seats.) Figure 
B-2 indicates a "zone of safety," the upper limit of which 
is 6 G's for negative vertical acceleration (—G). This 
zone is unaffected by time of duration. Similar zones by 
Fraser (24) and Snyder (25) generally agree with Hyde, 
but there is a slight slope to the —G0  acceleration. The 
6 G value at 50 msec is valid. It would appear that verti-
cal accelerations of less than 6 G's could be tolerated with 
very low probability of sustaining injury. Although the 
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Figure B-3. Envelope for defining the multiaxial acceleration 
limits (I). 

TABLE B-2 

TOLERABLE ACCELERATION LIMiTS SELECTED 
FOR DITCH TRAVERSAL STUDY (TENTATIVE) 

MAXIMUM ACCELERATION (G's) 

RESTRAINT 	 LAT., 	LONG., 	VERT., 

CONDITION 	 Gv 	G 

Unrestrained 	 5' 	7 	6' 
Lap belt 	 9' 	12' 	10' 
Lap belt and shoulder harness 	15 	20' 	17' 

° Established as 60 percent of lap belt restraint limits. 
Lower limit established by Hyde for safety and substantiated by Vfl 

research team field tests. (Represents 60 percent of established lap belt 
restraint vertical acceleration limit.) 

o Established as 60 percent of lap belt and shoulder harness restraint 
limits. 

d Commonly accepted limit for lap belt restraint in crash cushion and 
breakaway studies (represents 60 percent of Hyde's lap belt and shoulder 
harness acceleration limits). 

'Maximum limits established by Hyde (See Figure B-3). 

curves in Figure B-2 indicate precise boundaries forlimit-
ing magnitude of tolerable acceleration, it is apparent that 
disabling injury could be sustained before these limits are 
reached. In other words, there exist "bands" of acceleration 
magnitudes, the upper limits of which increase the prob-
ability of occurrence of disabling injury as they approach 
the limits shown in Figure B-2. 

After reviewing available literature concerning tolerable 
acceleration, a member of the research team, in order to 
experience first hand the effect on the driver during such a 
maneuver, drove an instrumented vehicle through several 
ditch configurations. A 1963 Ford sedan equipped with a 
tn-axis recording Impactograph (located on the vehicle 
floor immediately behind the driver) was driven perpen-
dicularly through a rounded ditch profile having 6: 1 slopes. 
Vertical accelerations slightly in excess of 5.0 G's for ap-
proximately 0.4-sec duration were recorded for traversals 
at 47 mph. Although all four wheels lost contact with the 
terrain simultaneously for approximately one car length, the 
driver experienced no injury. The driver was restrained by 
a lap belt. Damage to the vehicle caused by repeated im-
pacts resulted in sheared motor mounts and a broken radia-
tor. Although not an elaborate test, it indicated that the 
6 G (G5) acceleration limit appears to be representative of 
a zone of safety. 

In view of the preceding discussion of the available lit-
erature, the tentative limits of tolerable acceleration pre-
sented in Table B-2 were selected to evaluate ditch tra-
versals on the basis of engineering judgment. The manner 
in which the limits were chosen is discussed in the follow-
ing paragraphs. 

The upper limits (lap belt and shoulder harness re-
straint) represent Hyde's (1) limit accelerations (see Fig. 
B-3). Longitudinal acceleration of 12 G's has been com-
monly accepted as a desired limit (lap belt restraint) in 
crash cushion and breakaway support studies. Therefore, 
the longitudinal limit acceleration for lap belt restraint was 
taken as 12 G's. The 6 G vertical acceleration limit for the 
unrestrained conditions was selected in view of Hyde's 
"zone of safety" (see Fig. B-2) and supported by the 
results of the ditch traversal tests discussed previously. 

Having selected five of the nine acceleration limits shown 
in Table B-2, it remained to select the other four. Relative 
comparison of the longitudinal acceleration limits revealed 
that the 12 G limit (lap belt restraint) represented 60 per- 
cent of Hyde's limiting acceleration (20 G's) for lap belt 
and shoulder harness restraint. Therefore, the lateral and 
vertical acceleration limits for lap belt restraint (9 and 
10 G's, respectively) were also proposed as 60 percent of 
the respective lap belt and shoulder harness limits. The 
6 G vertical acceleration limit for unrestrained condition 
established as discussed previously from two sources in-
dependent of Table B-2 represented 60 percent of the verti- 
cal acceleration limit for lap belt and shoulder harness re-
straint. Therefore, the lateral and longitudinal accelerations 
for unrestrained condition were recommended as 60 per-
cent of the respective lap belt and shoulder harness restraint 
limits. 

To fully evaluate the response expected during traversal 
of a particular ditch configuration, the resultant accelera- 
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tion of the three axes must be considered. Although verti-
cal G's usually represent the predominant component, lat-
eral and longitudinal G's can be appreciable in certain 
combinations of slope and ditch shape. Because tolerable 
(limit) accelerations are not equal in the three axes, a 
method of evaluating the resultant effect is 

SI = V (G10/G1) 2 + (G12 /G 1)2  + (Gver/Gzi) 2  (1) 

in which 

SI = Severity index; 
G10  = Acceleration experienced in longitudinal axis, 

G's; 
Giat  = Acceleration experienced in lateral axis, G's; 
Gver  = Acceleration experienced in vertical axis, G's; 
G 1  = Tolerable acceleration in longitudinal (X-axis) 

direction, G's; 

G 1  = Tolerable acceleration in lateral (Y-axis) direc-
tion, G's; and 

G21  = Tolerable acceleration in vertical (Z-axis) di-
rection, G's. 

This form follows the ellipsoidal theory of failure indicated 
by Hyde (1) in Figure B-2. The normalizing values used 
in this study are based on the following unrestrained occu-
pant values (Table B-2): G 1  = 7 G's; G 1  = 5 G's; G 1  = 

6 G's. Therefore, Eq. 1 becomes 

SI = 'J(G10 ,,/7) 2 + (Gi2 /5) 2  + (Gver/6) 2 	(2) 

A severity index of 1.0 represents a resultant acceleration 
that may be safely tolerated by an unrestrained occupant 
and is the basis for the analysis used in this report. 

APPENDIX C 

HVOSM SIMULATIONS AND FULL-SCALE VEHICLE TESTS 

This appendix presents a description of the conditions 
simulated in this study and a discussion of pertinent as-
sumptions and constraints employed in conducting the 
simulations, a discussion of the full-scale vehicle tests to 
verify the HVOSM model, and a comparison of the actual 
test results with those obtained from the simulations. 

HVOSM SIMULATIONS 

The dynamic response of a vehicle when traversing a road-
side terrain feature is dependent on many vehicle and 
roadway parameters. Of primary importance are the speed 
and angles at which the vehicle leaves the roadway, the 
single and/or combined effects of the side and back slope 
steepness, the shape of ditch contour forming the transi-
tion from side to back slope, and other related geometric 
factors. Dynamic response is further affected by vehicle 
properties such as body dimensions, weight distribution 
through the suspension system, and attitude of the vehicle 
prior to leaving the roadway. Passenger response is greatly 
affected by the degree of body restraint existing throughout 
the maneuver. 

Due to the many variables involved in a study of this 
scope, computer simulation was used to study the problem. 
Use of a computer simulation model would facilitate in-
vestigation of a variety of terrain features. The terrain 
features and operational conditions for the specific areas 
investigated are described in the following. 

Shoulder 

The width of the shoulder was determined by field measure-
ments of shoulders in the vicinity of Texas A&M University 
and Houston, Texas. Measurements were made on both the 
primary road systems and the expressway systems. Also, 
measurements were made on newly constructed shoulders 
and on shoulders that had recently received maintenance 
attention. The average of these measurements was approxi-
mately 14 ft. Therefore, 14 ft was selected as the shoulder 
width for this portion of the study. 

Hinge Point 

The hinge point (see Fig. 1 for the definition) was investi-
gated by observing its effect on the traversing vehicle 
during the time the vehicle was crossing the point and im-
mediately following that time for all simulations. In par-
ticular, the effects studied included the maximum 50-msec 
decelerations and the maximum roll and roll rates devel-
oped during slope traversal. The maximum roll and roll 
rates, with their location in space and time, were useful in 
predicting possible roll-over or other erratic behavior that 
might be expected during a driver-initiated return-to-the 
road maneuver. 

Front Slope 

The front slope was studied by selecting five embankment 
slopes with steepness ranging from 3: 1 to 10: 1. Studies by 
Ross, et at. (4) and slope maintenance requirements mdi- 
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cated that front slopes steeper than 3:1 are not desirable, 
hence this represented the practical limit in slope steepness. 
The embankment height was variable, being determined by 
the constraint that the toe was to be located a lateral dis-
tance of 100 ft from the edge of the pavement in each case. 
The height ranged from approximately 9 to 28 ft above a 
level terrain surface at the toe. A 14-ft shoulder with cross 
slope of 0.5 in. per ft was used in all simulated runs. Geo-
metric details of the embankments are shown in Figure C-l. 

Encroachment Conditions 

Simulated traversals were run at 40, 60, and 80 mph, each 
at 7- and 15-degree encroachment angles. The vehicle path 
prior to leaving the pavement was straight-line rather than 
traveling along the main lane and executing a turning 
maneuver to leave the roadway at the desired exit angle. 
No braking was applied throughout the maneuver. 

Steer-Input Conditions 

Two conditions of driver steer control were run; free wheel-
ing (no steer input) and a predetermined rate of steer angle 
input introduced at a predetermined time after the vehicle 
had left the pavement edge. For the 60 runs under no-steer 
control, the vehicle was allowed to travel completely down 
the embankment and onto the level terrain at the toe, as 
shown in Figure C-2. For the first 60 runs using steer input, 
the steer input started after an assumed perception time 
reaction of 1.5 sec. The steer input was at the rate of 
15 degrees per second until a total of 21 degrees of steer 
angle was achieved. Figure C-3 shows the conditions of the 
60 runs under steer-input conditions. 

The front wheels on the majority of the passenger vehi-
cles in use can be turned a maximum of 30 degrees. The 
steer angle used in the study was generally 21 degrees. 
Ivey, et al. (2) pointed out that for the traditional steering  

mode of American and foreign-made vehicles there is a 
critical speed-radius of curvature condition at which the 
vehicle front wheels will just utilize the available lateral 
friction. Increasing the steer angle beyond this critical con-
dition will produce little effect on the vehicle. A tradi-
tional vehicle (understeering type) will corner in a manner 
similar to that shown in Figure C-4. When the front wheels 
have turned so that the available lateral friction is reached, 
the front velocity vector is at a maximum angle with the 
vehicle center line. If the steer angle, q,, is increased, in-
creasing the slope angle, af, beyond this critical condition 
will cause little effect on the vehicle except for some "plow-
ing" action. It was assumed that a value of ip equal to or 
greater than 21 degrees for speeds, slopes, and coefficients 
being studied was a practical maximum specifically for the 
following conditions: 

Trial 1 Trial 2 

Velocity 40 mph 80 mph 
Slope 10:1 10:1 
Friction 0.6 0.6 
Encroachment 70 70 

No appreciable difference was noticed in speed, positions 
(plots), or vehicle attitudes. Because there is an appre- 
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3. The third phase simulated various roughness condi-
tions on both steep and flat slopes. 

The integration interval was decreased to 0.001 sec 
(1 msec) to assure that the vehicle wheels would contact 
the obstruction rather than skip over it. This situation 
could and actually didoccur at 0.005- and 0.010-sec inte-
gration intervals. 

Main Lone I $hauIdTT'.... 7Front Slope 

14' 	 86' 	 I ljvei Terrain 

a
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Steer input 
Imtiat.d I 

(Left Twn Ang 11)1 

Main Lane 
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Should., Cross Slope: 0.5 in. per ft. 

Figure C-3. Study conditions; steer-input traversals 

ciable difference in computer time for a 30-degree steer 
input versus a 21-degree steer input, the lower-cost 21-
degree steer input was used. 

Special Slope Conditions 

In addition to the slope conditions previously stated, more 
than 25 special cases were investigated to determine the 
effect of irregular surface conditions that can develop after 
construction. These irregularities include ruts caused by 
vehicle tires and erosion washouts. They could also include 
changes in the coefficient of friction, such as might be found 
between a turfed wet surface adjacent to an area not con-
taining vegetation. A typical instance would be a partially 
mowed slope with the upper portion of the slope mowed 
and the lower portion not mowed. 

The special slope condition study was conducted in three 
separate phases, as follows: 

A study of roll and roll rates encountered in return 
maneuvers previously described. This enabled the research-
ers to place conditions in a critical location that would be 
most apt to induce rollover. 

The second phase simulated irregular features on both 
flat and steep slopes. These features were ruts, washboard 
areas, high curbs, and raised windrows. 

In selecting roadside slopes and ditch shape combinations, 
an attempt was made, to include those more widely used 
throughout the United States. A review of design practices 
indicated that roadside slopes range from 11/2  :1 to 8:1, 
with a preference that maximum slopes not exceed 2: 1 and 
desirably are 3: 1 or flatter. 

The roadside configurations selected for study are shown 
in Figures C-5 through C-8 with slope combinations noted. 
The simulation parameters are summarized in Table C-l. 
The 60-ft displacement of the ditch center line from the 
shoulder was chosen to allow sufficient distance for damp-
ing of the vehicle response from passing over the hinge 
point before the vehicle reached the ditch region. 'This per-
mitted individual analysis of each of these two critical areas, 
although the vehicle' accelerations at the hinge point gen-
erally were found to be negligible in comparison to those 
experienced in the ditch area. Several traversals were con-
ductedto determine the effect on vehicle accelerations due 
to locating the ditch relatively close to the shoulder. There 
was no appreciable change in the vehicle acceleration. 
Therefore, displacing the ditch for experimental purposes 
did not introduce bias in the results. 

Curvature in the round ditch and in the rounded trape-
zoidal ditch was parabolic rather than circular. This sim-
plification greatly facilitated computation of the HVOSM 
terrain templates and resulted in a maximum error of 
0.001 ft in terrain elevation. This small error was con-
sidered negligible. 

Ditch Width Study 

It is recognized that ditch width becomes a significant 
variable in such a study. Intuition would indicate that 
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Figure C-S. Geometry and slope combinations simulated; V-
ditch. 

vertical acceleration would decrease as the ditch became 
significantly wider. Therefore, the effect of ditch width 
was investigated on the three ditch shapes other than the 
V-ditch. Widths to 16 ft were studied for selected slope 
combinations, as shown in Figures C-2 through C-4. 

Encroachment Conditions 

All simulated traversals were run at 60 mph and a 25-
degree encroachment angle. The vehicle path was straight-
line rather than traveling along the main lane and executing 
a turning maneuver to leave the roadway at the 25-degree 
angle. All traversals were run in the "free-wheeling" simu-
lation mode; hence, no driver control was exercised. Fig-
ure C-9 shows the encroachment conditions. 

FULL-SCALE VEHICLE TESTS 

Twenty-four full-scale vehicle tests were conducted to ob-
tain a variety of data for input to the HVOSM model. Two 
series of four tests were run at each of three study sites on 
the East Bypass at Bryan/College Station, Texas. Each site 
contained a different combination of side and back slope. 
Each test series comprised four traversals, one each at 

TABLE C-1 

RECAPITULATION OF SIMULATION PARAMETERS 
FOR DITCH SECTION STUDY 

DITCH 	SLOPE COMBINATION 
DITCH 
	

WIDTH 

SHAPE 
	 (FT) 	S-i 	S-2 

I. Vee 1.0 3:1 3:1 
Round 2.4 3:1 4:1 
Trapezoidal 3.8 4:1 3:1 
Rounded trapezoidal 4.12 4:1 4:1 

5.16 4:1 5:1 
5:1 3:1 
5:1 4:1 
6:1 3:1 
6:1 4:1 
6:1 5:1 

1963 Ford (typical of medium-weight American-made vehicle); en-
croachment angle, 25 degrees. 

In addition, several traversals were simulated on slope combinations of 
6:1-2:1. 

VARIABLE 
DITCH 
WIDTH 
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Figure C-6. Geometry and slope combinations simulated; round 
ditch. 
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Figure C-7. Geometry and slope combinations simulated; trape-
zoidal ditch. 

speeds of 30, 40, 50, and 60 mph. A circular ditch and 
a V-ditch were investigated at each site. 

The test vehicle was driven by a professional test driver 
during the first four series of tests (16 situations). The test 
vehicle was towed and released during the eight tests at the 
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BACK SLOPE 
so XTENDS FT 

12 4 
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Figure C-8. Geometry and slope combinations simulated; 
rounded trapezoidal ditch. 
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third site. In all tests, the desired encroachment angle was 
25 degrees. 

Vertical, lateral, and longitudinal' accelerations were mea-
sured by accelerometers located at the center of gravity of 
the vehicle. A tn-axis recording Impactograph was mounted 
on the vehicle floor close to the center of gravity to pro-
vide back-up measurements. Vehicle speed, path through 
the ditch, and other characteristics were obtained from 
high-speed film coyerage and on-site measurements. 

Detailed descriptions of the study sites, test vehicles and 
equipment, and test procedure are presented in this section. 

Selection and Description of Study Sites 

Three study sites were selected on the Bryan/College Sta-
tion East Bypass (Texas State Highway 6), an unopened, 
four-lane, median-divided facility. Existing roadside slopes 
on the bypass, mostly through cut sections, ranged from 
8:1 to approximately 3: 1, with varying heights and dis-
placement from the travel lanes. All test sites were located 
in cut sections; the slopes had been constructed to final 
grade for several months and thus were well compacted. 
The slopes were watered frequently and supported a com-
plete cover of natural vegetation. 

The travel lanes, shoulders, and service roads had been 
surfaced with asphaltic concrete ("black base") in prepara-
tion for the concrete surface. The asphaltic concrete sur-
face provided a 42-foot wide area in which the required 
25-degree departure angle could be negotiated. Because 
the highway was, not open to traffic, the entire width of 
travel lane and shoulders could be used without necessitat-
ing lane closure or detouring of traffic. Also, the bypass 
was constructed in a semi-rural environment. Therefore, 
if the test vehicle traveled beyond the service road, prop-
erty damage would be minimized. 

The three sites were selected to provide the greatest 
variety of side and back slope combinations. Also con-
sidered in site selection were the height of the back slope, 
the distance from the edge of pavement to the ditch center 
line, and available recovery distance beyond the back slope 
(a service road was located atop the back slope at all sites) 
in case the test vehicle could not be stopped on the slope. 
Although these additional characteristics influenced the 
choice of sites, the prime objective was selection of three 
sites having progressively steeper back slopes within the 
range of approximately 6: 1 to 3: 1. The flattest back slope 
that afforded adequate height and recovery distance for test 
purposes was approximately 5:1 (Site 1). The steepest 
back slope on the bypass was located at Site 3 (3.3:1). At 
this location the service road was placed closer to the travel 
lanes to bypass a cemetery. The adjacent point on the travel 
lane was the point of departure for an exit ramp. This 
design produced a steep cut slope between the travel lane 
and the service road. 

The slopes at each site were graded to produce a fairly 
smooth surface for a 200-ft length parallel to the travel 
lane. Only prominent irregularities in the slope face were 
removed, and erosion cuts were filled and compacted. A 
majority of the grading was so shallow that the natural 
vegetation was not substantially removed. A hard plane 
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Figure C-9. Encroachment conditions simulated. 

surface was desired to simulate as closely as possible the 
HVOSM model idealized plane surfaces. 

The study slopes, in their existing state, were extremely 
hard. Tire imprints from a vehicle driven on the slope were 
practically invisible. Therefore, to permit measurement of 
the vehicle path from tire imprints, the slopes and ditch 
were surfaced with a thin layer of sand. 

Figures C-10 through C-12 show details of the study 
sites before and after site preparation and present views of 
the ditch configuration used at each site. Geometric fea-
tures of the sites are given in Table C-2. 

Test Vehicles 

Two test vehicles were used. A 1963 Ford Galaxie 4-door 
sedan was equipped for the cable-tow system (Fig. C-13) 
and the turning guidance mechanism (Fig. C-14). A 1963 
Ford Galaxie 2-door hardtop was used during the driven 
tests. 

The objective of the program was specifically to obtain 
field data from actual vehicle tests for correlation with the 
HVOSM predictions. The HVOSM model contains vehicle 
dimensions, and physical and dynamic'characteristics of the 
1963 Ford Galaxie. The 1963 Ford sedan is representative 
of the 3,500- to 4,000-lb passenger automobile (having simi- 
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lar distribution of mass, and dimensions such as wheelbase, 
length, width, etc.). 

The test vehicles were modified from stock configuration 
only to the degree necessary to install recording equipment 
and protect the driver and equipment. Rear seats and the 
front passenger seat were removed from both vehicles to 
permit installation of recording instrumentation, and a roll 
bar was installed in each to protect the driver and instru-
mentation in the event of vehicle rollover. The conven-
tional driver's seat in the 2-door vehicle was replaced by a 
racing-type bucket seat to provide maximum support for 
the test driver. For additional driver protection, the wind- 

shield and side glass were removed and replaced by heavy 
wire mesh. 

Both vehicles were completely operable. The steering 
mechanism, suspension, and front-end alignment were in 
good repair and were inspected after each test. 

After modification and installation of the instrumenta-
tion equipment, the vehicles were weighed and the centers 
of gravity were determined for accelerometer positioning. 
The weight of the 2-door and 4-door vehicles was 3,830 
and 3,820 lh, respectively, including all test equipment. 

The measurement and data acquisition system consisted 
of selected force and event sensors, properly signal condi- 
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tioned, and thence applied for transmission through an 
Inter-Range Instrumentation Group (IRIG) standard pro-
portional bandwidth telemetry data system. Each force 
measurement channel was provided with individual discrete 
force level calibrations. In addition, each IRIG subcarrier 
was subject to standard high and low band edge calibration 
voltages and resultant frequencies. Band edge calibrations 
were supplied by an "in-flight" calibrator, an integral 
module of the IRIG transmitter system. 

All data were acquired on-site using the TTI Mobile 
Telemetry Station. Data were processed and stored on 
magnetic tape in real time. In addition, real-time meter 
displays in the mobile unit provided qualitative functional 
analysis as the tests were in progress. 

- 	 :4-- 

Figure C-13. Tow-cable and guidance system. 

Figure C-14. Test vehicle remote turning system. 

Three force measurement transducers measuring longi-
tudinal, lateral, and vertical forces were mounted in a 
cluster equidistant from the vehicle static center of gravity. 
Each force sensor was dynamically calibrated using a 
factory-calibrated reference accelerometer. A tn-axis re-
cording Impactograph was also installed on the vehicle 
floor as closely as possible to the center of gravity to pro-
vide back-up acceleration data in case of primary equip-
ment failure. 

Average velocity over the last 10 ft before leaving the 
roadway was determined by impulses from a tapeswitch 
mounted on the front bumper as two upright wooden 
dowels were impacted. Two separate, yet closely related, 
event data channels were provided to record this and to 
produce pulse data directly proportional to the vehicle 
wheel velocity. A pulse-to-distance ratio over the last 10 ft 
of roadway travel was determined. Vehicle decelerations in 
traveling up the slope could be approximated from pulse 
data; however, the pulse-instrumented wheel (left front) 
was not always in contact with the ground after leaving the 
roadway. 

Figures C-15 and C-16 show details of the vehicle instru-
mentation equipment and the mobile telemetry station. 

31 
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TABLE C-2 

GEOMETRICS OF STUDY SITES 

DISPLACEM ENT 

OF DITCH 
HEIGHT CENTER LINE 

FRONT BACK OF BACK FROM PAVE- 
SITE SLOPE, SLOPE, SLOPF, MENT, D 
NO. S11  S Ii (ia) (rr) 

I 6.5to 1 4.9 to I 11 18 
2 7.2 to I 4.2 to 1 15 20 
3 7.0 3.3to1 17 18 

SERVtCE 
ROAD 

TRAVEL 	 I 	 T 
LANE 	 H 

52 

Typical Cross-Section 

Average slope in ditch-conlact region of sludy site. 

Photographic Coverage 

Three movie cameras were used during each test—two 
Photosonic (Model 1-P) high-speed cameras for data ac-
quisition purposes, and a Bolex (Rex-4) documentary 
camera for general information film coverage. 

One high-speed camera was positioned in the ditch re-
gion, the other at the top of the back slope, with the two 
fields of view overlapping to provide a common reference 
point for triangulation purposes. The lower camera was 
used primarily to investigate vehicle behavior during the 
turning maneuver and as it traveled through the ditch re-
gion. Vehicle behavior on the back slope was studied from 
the upper camera film. The upper camera was panned to 
follow the test vehicle throughout its entire path: the lower 
camera remained stationary. 

Black-and-white 4X Reversal film on 100-ft rolls was used 
in both high-speed cameras. The film advance rate was 
100 frames per second with 10 timing lights per second. 
In both cameras, 25-mm lenses were used. 

General documentary film was taken in color using ECO 
color film in 100-ft rolls at 24 frames per second. During 
each test, the vehicle was photographed from a point dur-
ing acceleration, through the turn, and until it came to it 

complete stop. 

Test Procedure 

The instrumented test vehicle was driven, or towed and 
released, through the slope and ditch configuration. Longi-
tudinal, lateral, and vertical accelerations at the vehicle 
center of gravity were measured for each traversal. The 
intended angle of departure from the roadway was 25 de-
grees for all tests. Speed was varied from 30 to 60 mph in 
10-mph increments at each site and ditch configuration. 

Figure C-15. Test vehicle No. 1, s/jotting: (top) s/ac/ia 
tnarkings; (center) ,nodifications for driven tests (bottom 
,ns!runze,zta!io,z in rear passenger compar0nent. 

Test Sequence 

A test sequence of increasing severity was established to 
minimize the hazard to driver and equipment. The tests on 
the steepest slopes were scheduled last to permit maximum 
data acquisition by "working up" through the less severe 
slope combinations. This procedure provided the test driver 
an indicator or relative scale on which to base his tolerance 
limit. 

Four traversals (30. 40, 50. and 60 mph) were conducted 
on the rounded ditch at Site I. the site having the flattest 
back slope. The rounded ditch was then converted to a 
V-ditch by extending the side and back slope at their exist- 
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ing steepness until a vee was formed at their intersection. 
A test was conducted at each of the four speeds through 
the V-ditch. This test sequence was repeated at Site 2 and 
finally at Site 3, the site having the steepest back slope. 

Driver Control 

In the 16 tests conducted at Sites 1 and 2, the vehicle was 
driven by a professional test driver. Several advantages 
were realized by using a driven rather than a towed vehicle. 
The encroachment angle could he achieved more accurately 
because the driver could make minor steering adjustments 
during the turn to compensate for drift. This was particu-
larly useful during the afternoon tests when the asphalt was 
extremely hot and frictional capability was reduced. Also, 
the delay between successive tests was decreased. The driv-
er's most important contribution was his personal evalua- 

tion of the severity of the test, and immediate "after-the-
fact" discussion of the sensations experienced through the 
turning maneuvei and the ditLIl. 

All tests were conducted in a "hands-off" steering mode. 
Because the no-steer' mode was used in the HVOSM 
simulation, complete lack of steering control was required 
in the full-scale tests. Therefore, the driver accelerated to 
desired speed along the main travel lane, negotiated the 
turn to the 25-degree departure line, then removed his 
hands from the steering wheel immediately prior to leaving 
the pavement. Manual steering control was not regained 
until the vehicle had traveled through the ditch and well 
up the back slope, and only then if it became apparent that 
the vehicle would travel over the top of the slope and incur 
undercarriage damage. Vehicle path, therefore, was de-
pendent only on the wheel forces induced by the terrain. 

Figure C-16. Test instruinenlation, showing: (upper) TT! mobile telemetry station; 
(lower) telemetry equipment in trunk of test vehicle. 
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Tow-Cable, Guidance, and Turning System 

Approximately 1,000 ft of acceleration distance was re-
quired to attain the 50- and 60-mph exit speeds. Right-of-
way and pavement width constraints prohibited use of a 
direct tow and release system into the ditch region at 25 
degrees. Therefore, acceleration to the desired speed was 
accomplished along the travel lane by a conventional 
reverse-tow system. Upon release from the tow and guid-
ance cable, a vehicle-mounted mechanism provided the 
necessary steering input to turn the vehicle toward the 
ditch. 

Release from the tow and guidance cable activated a 
mechanism connected to the steering wheel that turned the 
vehicle to the right in an arc toward the side slope. This 
turning force was maintained until released by a second 
mechanism, activated by a timing switch, that applied a 
left-turning force to the steering wheel to return the front 
wheels to a straight-forward direction. The complete ma-
neuver was accomplished within the 42-ft pavement width 
so that the vehicle was traveling in a free-wheeling condi-
tion along a straight line as it left the roadway. 

The amount of right-steer angle and subsequent left cor-
rection was determined by repeated trial and adjustment. 
Calibration at the study sites prior to actual test conduct 
was unfeasible because of insufficient lateral recovery dis-
tance. Therefore, the system was tested and calibrated on 
the concrete runways at the Texas A&M Research Annex. 
The required 25-degree departure angle could be nego-
tiated within 1 or 2 degrees in the available 42-ft pavement 
width. However, the friction characteristics of the con-
crete runway differed considerably from the asphaltic con-
crete pavement at the test sites. Therefore, it was obvious 
that adjustments would be required to obtain the desired 
exit angle under actual test conditions. 

Because the point of cable release was fixed, corrections 
were made by adjusting one or a combination of the right-
turning force, the left-turning force, or the time interval 
between application of the two. Necessary adjustments for 
the higher-speed tests were based on vehicle behavior 
during the lower-speed runs. 

Determination of Vehicle Path 

Two independent methods were used to determine the ve-
hicle path after departure from the travel lane. The edges 
of an 8-ft-wide lane along the 25-degree line were de-
lineated with 3-in, white tape at Sites 1 and 2. Thus, the 
proper exit angle was highly visible to the driver as he 
negotiated the turn. A row of range poles was located 
parallel to the 25-degree "lane" and offset 8 ft. The posi-
tion of the range poles with respect to a grid system on the 
ground and to the two high-speed camera positions was 
known. The coordinates of the test vehicle with respect to 
the grid could then be computed from the film analysis 
using triangulation techniques. The vehicle path was plotted 
from these coordinates. 

A thin layer of sand spread over the slopes made the tire 
imprints clearly visible and the vehicle path was measured 
from the grid system base lines after each run. The slopes 
were then raked to remove the tire imprints. The path was 
plotted on a large-scale plan view of the test site, from 
which exit angles could be verified. A typical site grid sys-
tem is shown schematically in Figure C-17. 

Determination of Vehicle Speed 

An immediate indication of vehicle speed was determined 
from tapeswitches mounted on the front bumper. The tape-
switches were activated by successive contact with ½-in. 
upright wooden dowels placed 10 ft apart at the edge of the 
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pavement on the 25-degree line. Precise speed was deter-
mined from the high-speed film. 

COMPARISON OF FULL-SCALE AND 
SIMULATED TEST RESULTS 

Film Analysis 

The study film was analyzed on a Vanguard Motion Ana-
lyzer, a film reader used to evaluate photographic data. Its 
principle components are a projection head and a ground-
glass screen that permit precise observation and measure-
ment of distance, angles, and time from 16-mm film. Film 
may be viewed a single frame at a time or at variable speeds 
up to 30 frames per second. Displacement or rotation with 
respect to time may be determined because the original film 
advance speed is known. 

The ground-glass screen contains an X-Y grid system 
(0.001-in, measurement capability) on which the image is 
projected. These movable crosshairs, in conjunction with 
a fixed reference line in the plane of the screen, allow de-
termination of the object displacement between successive 
frames. 

Vehicle Speed 

The high-speed film was used primarily to determine vehicle 
speed at various positions along the path. Also, it was pos-
sible from the film coverage to determine the points at 
which vehicle wheels were airborne, when bumper contact 
occurred, and a qualitative evaluation of the severity of the 
ditch traversal. Although it was not used to determine 
vehicle position, the coordinates of the vehicle throughout 
its entire path could be obtained from film analysis using 
triangulation techniques. Vehicle path up the back slope 
was more easily obtained by measurements of the tire 
imprints after each test. 

Vehicle speed could be determined more accurately from 
the high-speed film than from wheel-pulse telemetered data 
or from the tapeswitch data. At Sites 1 and 2, initial speed 
at the right edge of the pavement just prior to encroach-
ment on the side slope was determined from the three 
sources: tapeswitch activation, wheel-pulse telemetered 
data, and high-speed film analysis. With the exception of 
test 5, Site 1, all speed determinations agreed within 
±0.5 percent (0.5 frames at 100 frames per second film 
advance). The tapeswitch dowel at Site 3 was located at 
the end of the cable guidance system rather than at the 
pavement edge. Therefore, only film analysis and wheel 
pulse data were used to determine the initial speed for all 
tests at Site 3. 

After the front wheels left the pavement, the accuracy of 
speed determination from the wheel impulse data decreased 
significantly because the instrumented front wheels became 
airborne. Therefore, all speed determinations for calcula-
tion purposes were obtained from the film analysis. 

In all tests, vehicle speed was determined at three loca-
tions: the point of right front wheel departure from the 
pavement, the point at which the right front wheel crossed 
the ditch center line, and the point at which the left rear 
wheel crossed the ditch center line. The speeds at these 
locations are designated throughout this report as initial  

speed, entering speed, and exit speed, respectively. Figure 
C-18 shows the wheel positions at each location. The speed 
at location A was used in the simulation model as initial 
speed. Changes in vehicle speed in traversing the ditch were 
determined from the speed measurements at locations B and 
C. In a few instances, speed could not be determined at 
location C because dust obscured the vehicle stadia marks. 
The vehicle speeds are given in Table C-3. 

Event Time 

In this report, event time, T, is defined as the time during 
which the test vehicle travels from location B to location C 
(distance S)  as shown in Figure C-18. The distance, S, 
is dependent on vehicle speed, Ve,  and encroachment angle, 
a. The following relationship was used to determine the 
event time for each ditch traversal: 

Tc Sc/Vc 	 (C1) 

in which 

Tc  = event time, in seconds; 
Sc  = 119 + d, in inches (see Fig. C-18); 
d= 61.0 cot a; and 
V = average of entering and exit speed, in feet per 

second. 

Table C-4 presents a summary of event times for each test. 
The time duration over which the acceleration forces 

were experienced differed for each test because the speed 
differed and the encroachment angle, although desirably 
constant, varied between tests. Four separate acceleration 
"spikes" were evidenced during each traversal as the indi-
vidual wheels passed through the bottom of the ditch. 
Therefore, average accelerations were determined with re-
spect to the appropriate event time for that traversal rather 
than with respect to a constant event time for all speeds. 
Average accelerations on the basis of a constant event time 
would produce disproportionate results if the significant g's 
for a 30-mph traversal were computed on the same time 
base as a 60-mph traversal. 

Visicorder Analysis 

Acceleration data recorded on magnetic tape in the mobile 
telemetry station were transferred through a visicorder to 
paper tape displays of acceleration versus real time. Pulse 
data were simultaneously recorded on the acceleration 
traces. All acceleration data were filtered (80-Hz filter) 
prior to tape display, and were printed on a constant 
6.67-g-per-inch ordinate. The real-time scale varied be-
tween tests from 80 msec to 160 msec. 

Peak accelerations were measured on the visicorder tape. 
Average significant accelerations for each event were deter-
mined by ratioing the applicable area under the accelera-
tion/time curve to the event time. 

Average Significant Accelerations 

Lateral, longitudinal, and vertical average accelerations 
were determined for each test. The average acceleration 



Site 1 
1 30 29 32 31 
2 40 38 40 38 
3 50 45 46 43 
5 60 53 56 57 
6 30 29 31 . 	28 
7 40 38 40 38 
8 50 48 50 47 
9 60 56 57 50 

Site 2 
2 30 34 34 34 
3 40 42 44 41 
4 50 49 51 40 
5(a) 60 62 65 - 
6 30 30 31 30 
7 40 42 44 42 
8 50 51 52 44 
9 60 62 65 56 

Site3 
1 30 34 32 28 
2 40 46 42 36 
4 50 43 45 42 
5 60 48 53 50 
7 40 47 46 37 
8 50 54 48 46 

10 30 36 34 27 
11 60 57 50 47 

Vehicle stadia marks could not be seen because of dust; film analysis 
not possible. 

/j 

Locotion 8 

is defined herein as the ratio of the area under the accelera- Area Under Curve 
Average Significant Acceleration = tion/time relationship to the event time, that is; 	 Te 

(C-2) 

TABLE C-3 	 The vertical acceleration spikes, being more prominent 

TEST VEHICLE SPEEDS 

TEST 	 DESIRED INITIAL ENTERING EXIT 
REFERENCE 	SPEED 	SPEED 	SPEED 	SPEED 
NO. 	 (MPH) 	(MPH) 	(MPH) 	(MPH) 

 

0 lz 

/ 

Location A 

Figure C-18. Determination of event time from vehicle path. 
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TABLE C-4 

EVENT TIMES 

TEST ENTERING EXIT AVERAGE AVERAGI3 DISTANCE, EVENT 

REFERENCE SPEED SPEED SPEED SPEED S. TIME, T. 
NO. (FPs) (Fps) (FPS) (IN./sEC) (IN.) (SEC) 

Site 1 
1 47 46 47 558 230 0.41 
2 58 55 57 628 205 0.32 
3 68 63 66 786 244 0.31 
5 83 84 84 1002 249 0.25 
6 46 42 44 528 213 0.40 
7 58 56 57 684 254 0.37 
8 73 69 71 852 254 0.30 
9 83 73 78 936 251 0.27 

Site 2 
2 50 50 50 600 242 0.40 
3 64 60 62 744 257 0.37 
4 75 59 67 804 231 0.25 
5 97 - - 1164 249 0.21 
6 45 44 45 534 255 0.40 
7 64 62 63 - 242 0.35 
8 76 64 70 - 256 0.30 
9 95 82 89 1062 231 0.21 

Site 3 
1 47 40 44 522 236 0.40 
2 61 52 57 678 192 0.30 
4 66 72 69 828 224 0.30 
5 78 73 76 906 234 0.25 
7 63 55 59 708 216 0.30 
8 71 67 69 828 264 0.25 

10 49 45 47 564 217 0.35 
11 73 69 71 852 214 0.25 

than either the lateral or longitudinal spikes in all tests, 
were used to establish the beginning of the critical event 
through the ditch region. The calculated event time agreed 
closely with the visicorder data and the HVOSM data. 
Therefore, the time point at which the critical event be-
gan was taken from the HVOSM data. This acceleration 
spike occurred when the right front wheel impacted the 
ditch. 

The beginning point was located on the visicorder tape 
and the appropriate event time was scaled from this point 
along the time axis. The area under the acceleration curve 
between these two time points was obtained by using a 
compensating polar planimeter, from which the average 
significant accelerations were calculated. 

HVOSM INPUT 

One of the primary objectives of the study was validation 
of the HVOSM simulation model for traversal of ditches 
and flatter slope configurations. To allow comparison be-
tween predicted vehicle response and that measured during 
the full-scale tests, it was necessary to simulate the actual 
test conditions as closely as possible. 

Each test site was surveyed prior to testing. Cross-
sectional profiles of the slopes were obtained at 50-ft in-
tervals along the pavement throughout the departure area 
and for a distance of 100 ft beyond each end of the pre-
pared test section. The profiles comprised the terrain 
templates in the simulation model. 

The test vehicle path was determined with respect to the 
site grid system by measurement of the tire imprints in the 
layer of sand covering the test site. The coordinates of each 
tire were plotted on a large-scale drawing of the grid sys-
tem, from which were determined the point of departure 
from the pavement, the angle of departure, and the vehicle 
path throughout the maneuver. The departure coordinates, 
encroachment angle, and initial speed obtained from test 
data were used as initial input values in the simulation 
model. 

Correlation of Test Results with HVOSM 

Test vehicle accelerations were quantitatively compared to 
the vehicle accelerations predicted by the model. Compari-
sons included maximum and average accelerations at the 
vehicle center of gravity in the lateral, longitudinal, and 
vertical axes. Identical event times were used to determine 
average accelerations for both test and simulated results. 
Average acceleration for simulation data were calculated 
from the printout data. 

Resultant vehicle accelerations representing the vector 
sum of the tn-axes accelerations were determined for all 
tests (see Table 3). 

Simulated results generally agreed favorably with the 
test results, particularly for Sites 1 and 2. Several factors 
contributed to the close agreement between results on the 
first two sites. Most importantly, vehicle speed and en-
croachment angle could be much more accurately con- 
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trolled at Sites 1 and 2 because the test driver was able to 
adjust speed and steering throughout the turning maneuver 
up until the point of side slope encroachment. 

Speed and angle corrections could not be accomplished 
in the tests at Site 3 with the tow-cable system and turning 
mechanism. Vehicle control, with the exception of remote 
braking, could be exercised only while the test vehicle was 
approaching the release point under tow. The turning ma-
neuver was initiated by activation of the mechanism upon 
release from the guidance cable. The turning mechanism 
was calibrated by trial-and-error on a concrete pavement 
surface prior to conducting a test; however, friction charac-
teristics of the asphaltic concrete at Site 3 differed con-
siderably from the concrete surface. Because the turning 
mechanism could not be re-calibrated at Site 3 within the 
available recovery distance, the mechanism adjustment was 
estimated prior to each successive test. Therefore, the de-
viation from the required 25-degree encroachment angle 
was appreciable in several tests. 

The departure point influenced the test data appreciably 
at Site 3. It differed for each successive test as speed was 
increased. The tow system and guidance cable were an-
chored in the roadway, thus the point at which the turning 
maneuver was initiated remained fixed. For each 10-mph 
speed increase between successive tests, the point of de-
parture from the roadway shifted approximately 50 ft: 
Because the entry point was shifted downstream for each 
speed increment, the test vehicle traveled over a different - 
section of the test site during each test.. This introduced 
another variable at Site 3 because the back slope steepness 
was not constant throughout the entire length; the back 
slope decreased in steepness near the region traversed by 
the test vehicle during the higher-speed tests. 

The adverse effects of a varied departure point were not 
experienced during the tests at Sites 1 and 2 because the 
driver was able to steer the vehicle through the turn and 
leave the roadway at approximately the same point for all 
tests. Marker cones were located upstream from the re-
quired departure point to identify the beginning of the turn-
ing maneuver. After one or two trial runs, the driver was  

able to negotiate the proper turning maneuver to enter the 
ditch region at the required angle within the delineated 
8-ft "lane." The point of departure varied less than 2 ft 
during all tests at Sites I and 2. 

The manner in which the turning maneuver was accom-
plished at Site 3 introduced another important variable 
unique to this site. Whereas the driver was able to nego-
tiate the turn at Sites 1 and 2 with only a minimum of 
vehicle rear-tire lateral drift, the mechanical turning system 
introduced the right-turning force very rapidly, and four-
wheel drift was evidenced during the 50- and 60-mph tests. 
Therefore, the test vehicle was in a sideslipping attitude 
when it left the pavement. A significant roll angle was 
developed as the test vehicle skidded through the turn. The 
roll attitude will amplify or dampen the resulting vehicle 
accelerations, depending on vehicle orientation at the time 
of impact. Sideslip and vehicle drift can be accommodated 
in HVOSM provided the initial conditions (vehicle attitude, 
path, etc.) are determined and used as model input data. 
However, these data were not determined during the tests; 
a straight-line exit path was used as HVOSM initial condi-
tion input. Therefore, the predicted vehicle behavior did 
not simulate the test conditions in the Site 3 tests as pre-
cisely as in the Sites 1 and 2 tests. 

With the exception of the four-wheel drift, the variabili-
ties previously discussed between tests at Site 3 and those 
at Sites 1 and 2 did not directly affect a comparison be-
tween test data and simulated results, because the test con-
ditions (speed, angle, site geometry, etc.) were used as 
initial input to the simulation model. Therefore, on a test-
by-test basis, the test and simulated results could be com-
pared on a common base. 

Discussion of Results—Site 1 

Full-scale test resultant accelerations and their simulated 
counterparts are shown in Figure C-19 for both ditch con-
figurations at Site 1. If one neglects the small deviation in 
encroachment angle and point of departure between tests, 
a comparison on the basis of speed is rational. The sig- 
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Figure C-19. Average resultant accelerations; Site 1. 
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nificant points illustrated in Figure 1 are discussed in the 
following. 

Accelerations predicted by the model agreed extremely 
well with those measured in the eight tests. In general, the 
predicted accelerations were slightly higher than those ex-
perienced in the tests, the 53.4-mph test being the only one 
in which the measured accelerations exceeded the predic-
tion. The disparity between test and simulation ranged 
from 0.03 to 0.29 g's, with an average of approximately 
0.14 g's. 

Also of significance is the apparent sudden increase in 
the upward trend of acceleration with increased speed. A 
rapid increase in g's is apparent at speeds of approximately 
50 mph in the round ditch configuration. The increase 
occurs at approximately 40 mph in the V-ditch. Review 
of the high-speed film indicated that bumper contact and 
rear overhang drag occurred at and above these speeds in 
each test series. Ground contact by the vehicle body did not 
occur at lower speeds. As the test vehicle left the pavement 
during some tests at 40 mph, and at all tests above 40 mph, 
some wheel contact was lost, as predicted by the model. 
Loss of wheel contact did not occur at lower speeds. 

Higher vehicle accelerations were observed for the V-
ditch tests throughout the speed range. This phenomenon 
was also observed in the simulated tests. The higher g's 
were particularly evident in the higher-speed tests. This 
may be attributed to the severe bumper contact that oc-
curred in these tests. 

Discussion of Results—Site 2 

Figure C-20 shows the measured and predicted vehicle 
accelerations for the tests at Site 2. With the exception of 
the 62.2-mph V-ditch test, correlation between test and 
simulation was excellent. 

The general trends observed in the Site 1 tests are re-
peated in the Site 2 data. The predicted accelerations were 
slightly higher in every test, with a disparity range of 0.01 
to 0.13 g's excluding the 0.92-g difference at the 62.2-mph  

test. The measured and predicted accelerations were higher 
than those in Site 1. Again, the V-ditch produced more 
severe accelerations than the round ditch. 

The 0.92-g difference between the test data and the simu-
lation data represented the greatest disparity observed in 
the 24 tests. Inasmuch as such close agreement had been 
observed between test and simulation results through the 
first 15 tests, it appeared. that the disparity was caused by 
either a faulty accelerometer measurement or an erroneous 
simulation input. The accelerometer measurement was cor-
roborated by the Impactograph measurement. Additional 
traversals were simulated to detect systems errors. None 
were observed and the acceleration value could be substan-
tiated by bracketing the speed and angle input values. 

The high-speed film was critically reviewed to detect evi-
dence of "fish-tailing" or other characteristics by which the 
phenomenon could be explained. The film analysis revealed 
that the test vehicle was completely airborne upon leaving 
the pavement. The right front wheel touched down just 
prior to entering the ditch, and entered a left-roll while 
partially airborne, but impacted the back slope approxi-
mately one wheel diameter beyond the ditch center line. 
Therefore, the accelerations produced by the sudden re-
versal at the ditch center line were not actually experienced. 
Instead, the net effect was a reduced vector change and a 
decreased vertical acceleration. The simulated vehicle be-
came airborne, but regained wheel contact approximately 
.0.01 sec prior to crossing the ditch center line. Therefore, 
the accelerations resulting from the slope reversal were 
computed. 

Discussion of Results—Site 3 

The measured and predicted accelerations for tests at Site 3 
are presented in Figure C-21. On a test-by-test comparison 
basis, the predicted accelerations agreed quite well. The 
disparity range between test and simulation was 0.01 to 
0.59 g's, with an average of 0.27 g's (see Table 3). Plot-
ting acceleration on a speed base as shown in Figure C-21 
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Figure C-20. Average resultant accelerations; Site 2. 
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Figure C-21. Average resultant accelerations; Site 3. 
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does not constitute a representative comparison because the 

	

SITE 3 V-DITCH 	 0 	 encroachment angle varied from 22.9 to 39.8 degrees 
(Table 3). However, the results are presented in this man- 

	

3 	 0 	 ner to maintain uniformity in data display. The significant 
point is that the accelerations predicted by the model using 
test values of the speed, angle, and site geometry as pro- 

	

2 	 gram input agreed quite closely. It is believed that the 

	

0 	 sliding attitude of the test vehicle in leaving the roadway 
contributed to the disparity between results at the higher 

0 	 NOTE Data based on 	
speeds.  

stmight-line exit 	 Because the encroachment angle varied to such a degree, 
from pavement 	

six Site 3 traversals were simulated to investigate the sensi- 
tivity of acceleration to encroachment angle. The speed 
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Figure C-22. Sensitivity of acceleration to encroachment angle 	and the departure point remained fixed so that the vehicle 
(HVOSM simulation at constant 60-mph speed), 	 traveled through the same ditch area for each run. The 
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resultant accelerations from these simulated traversals, 
shown in Figure C-22, reveal that vehicle acceleration is 
strongly dependent on encroachment angle. 

To investigate the effect of speed on vehicle acceleration, 
traversals at a constant departure point and 25-degree en-
croachment angle were simulated at the three sites. Figure 
C-23 shows a typical relationship between resultant aver-
age acceleration and speed under these conditions. It is 
evident that speed is an influential parameter. 

The data obtained from the V-ditch tests contained less  

scatter than the round ditch data because the desired speed 
was attained more precisely and the encroachment angle 
was fairly constant. The accelerations from the 53.6-mph 
V-ditch test appear unreasonably low in Figure C-21. How-
ever, the encroachment angle was 22.9 deg, whereas the 
angles were approximately 32 degrees for the other three 
tests. The estimated acceleration for a 32-degree encroach-
ment angle from Figure C-22 would be approximately 2.5 
g's. This value would agree closely with the acceleration 
trend shown in Figure C-21. 

APPENDIX D 

HVOSM RESULTS-HINGE POINT, FRONT SLOPE, SPECIAL 
SLOPE CONDITIONS, AND DITCH REGION 

HINGE POINT 

The hinge point is the first major discontinuity in the road-
way encountered by the vehicle after it leaves the travelway 
and shoulder. A severe hinge point will contribute to a 
vehicle becoming airborne if encroachment conditions, such 
as angle and speed, are severe enough. The steering ma-
neuvers performed during the airborne mode will not affect 
the vehicle trajectory at that instant; however, the subse-
quent effect upon returning to the embankment surface can 
be entirely different, depending on the steer angle intro-
duced. If the front wheels are not turned, the vehicle tends 
to travel in a straight-line trajectory along the initial en-
croachment vector. If, on the other hand, the vehicle lands 
with front wheels sharply turned, severe side forces may be 
introduced, causing side-slipping and other degrees of in-
stability. If the wheel digs into the embankment (the same 
effect as a sudden increase in friction coefficient), the 
vehicle could roll. 

Table D-1 presents a summary of vehicle behavior caused 
by crossing the hinge point for all conditions studied. These 
data show that the hinge point produces no critically ad-
verse effects using as criteria vertical g-forces, vehicle roll 
angle, or loss of tire/ground contact. However, specific 
findings are discussed in conjunction with typical relation-
ships between g-forces, vehicle roll characteristics, and 
embankment steepness. 

Average g's for all speeds and both coefficients of fric-
tion are shown in Figures D-1, D-2, and D-3 for 7-, 15-, 
and 25-degree encroachment angles, respectively. The 
maximum g's occur when tires return to the embankment 
surface after being airborne. For the 7- and 15-degree 
encroachments, vertical g's did not in any case become zero 
during hinge-point crossover, whereas both positive and 
negative g's were experienced in the 26-degree encroach- 

ments. The effect of friction coefficient on g-forces at the 
hinge point was insignificant. Figures D-1 through D-3 
indicate that hinge-point-produced g-forces are higher for 
the higher speeds and also that they become greater as the 
encroachment angle increases. This is realistic, because the 
vehicle would be expected to travel farther in an airborne 
model at greater angle/speed combinations, thus creating 
more severe forces on landing. In all cases, the maximum 
wheel force occurred on the right front wheel. Figure D-4 
shows a typical force-time profile of vertical wheel force. 
The vehicle trajectory and steer angle are straight at the 
time the front wheel touches the ground. 

For each embankment and encroachment angle, there is 
a minimum speed at which one or more wheels loses con-
tact with the terrain surface. The sequence in which the 
wheels lost contact in all cases studied was right front, right 
rear, left front, and, finally, left rear. As the right front 
wheel crossed the hinge-point, the vehicle began a positive 
roll (right front corner down) and negative pitch (front 
end down) in an attempt to regain four-wheel stability. As 
given in Table D-1, the vehicle became fully airborne (all 
four wheels leaving the ground simultaneously) during tra-
versals at 80-mph 15-degree encroachment for 3 : 1 and 4: 1 
front slopes and at 60-mph 25-degree encroachment for 
3:1 and 4:1 front slopes. According to validation studies 
(Appendix C), the vehicle also became airborne at 50-mph 
25-degree encroachment for 3: 1 and 4:1 front slopes. Be-
cause these slopes simulated were short and complete data 
could not be obtained, these runs are not included in the 
table. These studies indicate that the extent of loss of wheel 
contact is dependent on both speed and encroachment an-
gle. Again referring to Table D-1, there are only minor 
differences between simulations with different coefficients of 
friction; therefore, it is concluded that their effect on a 
vehicle is not significant when related to loss of contact. 
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BEHAVIOR OF VEHICLE CROSSING THE HINGE POINT AND TRAVERSING THE FRONT SLOPE 
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Figure D-1. Average vehicle resultant deceleration at hinge 
point; 7-degree encroachment angle. 

FRONT SLOPE 

Two conditions of steer control were simulated to investi-
gate vehicular behavior on the embankment. The 60 free-
wheeling traversals were conducted to produce a basis for 
comparison of the individual effects of the attempted return 
maneuver simulated in the 60 return maneuver runs and 
the additional special runs. By isolating the steer-mode 
runs from the free-wheeling run for comparable speed, en-
croachment angle, and embankment geometry, analysis of 
individual effects was simplified. 

Free-Wheeling Traversals 

The free-wheeling runs provide a base to determine the 
vehicle roll angle, roll rates, points where sideslipping or 
spin-out initiate, and the magnitude of these parameters 
that are produced solely by the attempted return maneuver. 
Significant findings from the free-wheeling runs are dis-
cussed in the following. 

As the vehicle crossed the hinge point it was in a state of 
instability, but stabilized shortly after all four wheels were 
on the embankment. As expected, the maximum wheel load 
was experienced on the right front wheel. The maximum 
vertical wheel load occurred for all cases within 1.18 to 
1.3 seconds after leaving the roadway (see Fig. D-4). From 
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SLOPE 

Figure D-2. Average vehicle resultant deceleration at hinge 
point; 15-degree encroachment angle. 

SLOPE 
Figure D-3. Average vehicle resultant deceleration at hinge 
point; 25-degree encroachment angle. 
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Figure D-4. Load-time profile  on vehicle right front wheel; 80 mph, 15-degree encroachment angle, ,=0.2, 3:1 
front slope. 

studies by Ivey, et al. (2), it was shown that the turning 
force on a vehicle is proportional to the vertical force on 
the tire. Figure D-4 indicates that at 80 mph the maximum 
vertical wheel load was greater than 6,000 lb. The wheel 
load increases as encroachment angle and embankment 
steepness are increased; however, the magnitude of the 
force has little effect on the vehicle path provided the 
wheels remain essentially parallel to the vehicle longitudinal 
axis. Varying the coefficient of friction did not influence 
wheel loading. 

The vehicle trajectory remained essentially straight on 
the initial encroachment path throughout all conditions. 
A slight turning was noted (increased yaw angle) in the 
slower traversals. This is attributed to the gravitational 
force on the vehicle. The coefficient of friction has negli-
gible effect on vehicle path for the free-wheeling runs. 

Figures D-5 and D-6 show vehicle roll rate data with 
respect to embankment steepness. Roll angle information 
is shown in Figures D-7 and D-8. 

Maximum roll rate occurred at approximately the same 
lateral offset for a constant angle of encroachment and 
varied speed or embankment steepness. The maximum roll 
rate occurred as the left rear wheel crossed the hinge 
point. Figures D-9 and D-10 show typical roll rates vs 
lateral displacements for 7- and 15-degree encroachments, 
respectively. 

Roll angles were initiated as the vehicle crossed the hinge 
point and tried to stabilize on the embankment. Roll, pitch, 
and yaw rates tend to decrease to zero or even reverse from  

the unstable condition. The maximum vehicle roll angle 
was greater than the embankment angle, as shown in Fig-
ures D-5 and D-6. The embankment coefficient of friction 
had negligible effect on vehicle roll or roll rate as indicated 
by Figures D-5 through D-8, although roll and roll rate 
generally were slightly higher for the smaller coefficient of 
friction value. 

In no case did the vehicle roll over; however, it can be 
seen in Figure D-6 that extrapolation of the 80-mph roll 
angle relationship to a 2:1 embankment would produce a 
vehicle roll angle in the range of 60 degrees. Such a roll 
angle could be expected to produce vehicle rollover even 
without an attempted return maneuver. Similar extrapola-
tion of the 60-mph roll angle curve would produce a vehicle 
roll angle greater than 50 degrees, which is considered 
critical from a rollover standpoint. 

Steer-Input Traversals 

To investigate vehicle behavior under an attempted return-
to-the-road maneuver, a uniformly introduced left steer 
angle was initiated 1.5 sec (perception-reaction time) after 
the vehicle left the pavement. The maximum steer angle 
used in the return maneuver was 21 degrees. The vehicle 
was allowed to travel for 8 sec real time after leaving the 
pavement or until it returned to a position 10 ft outside the 
edge of the pavement. 

Vehicle behavior was evaluated from several considera-
tions: .g-forces experienced, roll angles and rates (with 
particular concern for vehicle rollover), vehicle path, em- 
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Figure D-5. Maximum vehicle roll rate; 7-degree encroachment 
angle. 
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Figure D-6. Maximum vehicle roll rate; 15-degree encroach-
ment angle. 
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Figure D-7. Maximum vehicle roll angle; 7-degree encroach-
ment angle. 

bankment coefficient of friction, and ability to return to a 
position 10 ft from the travel lane in a "controlled" at-
titude. Where possible, each influencing factor is discussed 
separately; however, in many cases, the resulting vehicle 
behavior is affected by combined factors. Table D-2 pre-
sents a summary of vehicle behavior for all runs. 

Maximum vehicle g-forces experienced throughout the 
entire maneuver occurred as a result of crossing the hinge 
point. Magnitudes are given in Table D-1 and these ac-
celerations have been discussed previously in this report. 
Vehicle accelerations did not approach critical values in 
any axis nor in combination. 

No vehicle rollover occurred during any of the return 
maneuvers attempted. The maximum roll angle achieved 
was approximately 36 degrees (80 mph, 15 degrees, jL = 

0.2). Maximum roll angles were produced in all cases by 
the hinge point, with no greater roll angles experienced 
throughout the turning maneuver. Also, maximum roll 
angles were obtained prior to initiation of the turning ma-
neuver, because a 1.5-sec perception-reaction time was used. 

The vehicle path and attitude throughout the path, and 
the ability to return to the roadway, are influenced ap-
preciably by the embankment coefficient of friction and the 
encroachment conditions (speed and angle). 
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Coefficient of Friction 

The lower value of friction coefficient, 0.2, produced sev-
eral undesirable vehicle behavior characteristics. In general, 
it was found that a vehicle cannot negotiate a return ma-
neuver on an embankment having a 0.2 coefficient of fric-
tion at expected highway speeds and encroachment condi-
tions. None of the vehicles could return at speeds greater 
than 40 mph on embankments steeper than 6: 1 for the 
7-degree encroachment condition. For the 15-degree con-
dition, the return maneuver could not be negotiated for any 
case studied. On embankments in the 3: 1 to 5: 1 range, 
vehicle yaw angles ranged from approximately 128 to 150 
degrees (see Table D-2), indicating that the vehicle per-
formed practically a complete turnaround during the ma-
neuver. On the 6: 1 embankment the final yaw orientation 
was 82.8 degrees and the vehicle could return to the road-
way. Flattening the embankment to 10:1 allowed the 
vehicle to return to the roadway with about a 27-degree 
vehicle yaw orientation. 

At speeds of 60 and 80 mph, the left steer input pro-
duced no appreciable redirection in vehicle path toward 
the roadway. Although the vehicle attitude was left-
oriented, it entered a right-side four-wheel slipping mode,  

with the net effect being a path that turned down the em-
bankment to the right. Depending on the entering speed, 
the wheel path ranged from a tangent line to a slightly 
right-curved path as gravity acted on the slower moving 
vehicle to pull it down the embankment. This phenomenon 
occurred on all slopes at the higher speeds and for both 
encroachment angles. 

The vehicle yaw at the final position was not appreciably 
different among embankments for the 60- and 80-mph 
speeds. The low coefficient of friction appeared to offer 
little assistance to the vehicle capability to respond to the 
steer input, particularly at the high speeds. In several cases 
(3:1 to 5:1 slope, 7 degree, 40 mph), the vehicle was 
traveling essentially backwards down the slope along the 
initial encroachment path. This occurred as a result of 
side slipping and rotational spin after the maximum fric-
tional' capabilities were exceeded. 

jL = 0.6 

Increasing the embankment coefficient of friction to 0.6 
greatly enhanced vehicle control throughout the return 
maneuver. The vehicle was able to return to the roadway 
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Figure D8. Maximum vehicle roll angle; 15-degree encroach-
ment angle. 
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Figure D-9. Roll rate vs lateral displacement; 7-degree en-
croachment angle, 3:1 front slope, p=0.2. 
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TABLE D-2 

SUMMARY OF MAXIMUM VEHICLE ATTITUDES ON FRONT SLOPES; RETURN-TO-THE-ROAD MANEUVERS 
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Coninents 

40 	7 	0.6 	3:1 6.8 0.7 - 45.1 44.3 Vehicle returns to road 
4:1 6.9 0.7 - 45.1 44.3 Vehicle returns to road 
5:1 6.9 0.7 - 45.1 44.3 Vehicle returns to road 
6:1 6.9 0.7 - 45.1 44.3 Vehicle returns to road 

10:1 6.9 0.7 - 45.1 44.3 Vehicle returns to road 

0.2 	3:1 6.0 13.9 -128.4 -39.1 Vehicle spinning out of control 
4:1 5.5 1.5 -138.9 -30.3 Vehicle spinning out of control 
5:1 4.3 0.9 -140.9 -25.1 Vehicle spinning out of control 
6:1 4.0 0.6 - 82.8 14.6 Vehicle spinning out of control 

10:1 4.1 0.6 - 37.1 44.2 Vehicle responds - returns to 
road 

-11.3 60.0 Vehicle responds but in 
4 wheel drift 

	

-28.9 	54.6 Vehicle responds but in 
4 wheel drift 

	

-36.0 	58.8 Vehicle responds but in 
4 wheel drift 

	

-41.4 	61.9 Vehicle responds but in 
4 wheel drift 

-51.0 67.2 Vehicle responds but in 
4 wheel drift 

- 0.5 113.1 Vehicle does not respond-
minor 4 wheel drift 

- 3.9 112.5 Vehicle does not respond-
minor 4 wheel drift 

- 7.0 110.7 Vehicle does not respond-
minor 4 wheel drift 

- 9.1 109.4 Vehicle does not respond-
minor 4 wheel drift 

-13.1 107.1 Vehicle starts to respond 

	

-32.3 	77.9 Vehicle responds but in 
4 wheel drift 

	

-32.5 	73.9 Vehicle responds but in 
4 wheel drift 

-33.3 67.8 Vehicle responds but in 
4 wheel drift 

-34.1 63.8 Vehicle responds but in 
4 wheel drift 

-34.6 56.0 Vehicle responds but in 
4 wheel drift 

- 0.0 112.7 No response in path 
- 3.1 116.1 No response in path 
- 2.8 114.8 No response in path 
- 2.3 114.4 No response in path 
- 1.7 113.8 No response in path 

60 	7 	0.6 	3:1 25.3 10.7 -35.3 
4:1 20.0 0.8 -76.1 
5:1 17.8 -0.3 -73.5 
6:1 14.5 -0.8 -70.0 

10:1 10.4 02.2 -54.9 
0.2 	3:1 	24.1 -0.8 	- 6.2 

4:1 	18.7 	0.3 	- 6.0 

5:1 14.3 0.4 - 6.3 

6:1 12.9 0.5 - 6.5 

10:1 7.9 0.6 - 6.9 

15 	06 	3:1 25.7 0.5 -52.8 

4:1 20.4 6.2 -19.8 

5:1 17.2 7.7 -19.6 

6:1 14.9 7.9 -22.0 

10:1 10.4 7.9 -32.8 

0.2 	3:1 23.9 2.2 3.1 

4:1 18.1 2.4 4.4 

5:1 14.9 1.9 4.5 

6:1 12.2 1.4 	. 4.3 

10:1 7.3 0.2 5.0 

40 	15 	0.6 	3:1 23.8 11.9 - 40.2 

4:1 18.7 0.5 - 83.0 

5:1 15.9 0.4 - 82.1 

6:1 13.8 - 0.2 - 76.2 

10:1 10.3 - 0.8 - 56.2 

02 	3:1 22.7 1.4 11.6 
4:1 17.4 - 1.3 9.9 
5:1 14.3 - 0.8 6.2 
6:1 11.9 - 0.4 3.1 

10:1 7.3 - 0.3 - 	4.2 

9.1 	4 wheel drift--some response 
23.2 Vehicle returns to roadway 
33.0 Vehicle returns to roadway 
39.8 Vehicle returns to roadway 
52.1 Vehicle returns to roadway 

73.5 Vehicle does not respond - 
minor 4 wheel drift 

74.0 Vehicle does not respond - 
minor 4 wheel drift 

74.6 Vehicle does not respond - 
minor 4 wheel drift 

75.4 Vehicle does not respond - 
minor 4 wheel drift 

76.1 Vehicle does not respond - 
minor 4 oheel drift 

53.8 Vehicle responds but in 
4 wheel drift 

58.0 Vehicle responds but in 
4 wheel drift 

56.5 Vehicle responds but in 
4 wheel drift 

53.8 Vehicle responds but in 
4 wheel drift 

44.2 Vehicle responds but in 
4 wheel drift 

87.3 Vehicle does not respond 
and crosses toe of slope 

88.0 Vehicle does not respond 
and crosses toe of slope 

87.0 Vehicle does not respond 
and crosses toe of slope 

83.6 Vehicle does not respond 
and crosses toe of slope 

80.9 Vehicle does not respond 
and crosses toe of slope 

16.2 Vehicle responds but in 
4 wheel drift 

19.2 Vehicle responds but in 
4 wheel drift 

19.4 Vehicle responds but in 
4 wheel drift 

23.0 Vehicle responds but in 
4 wheel drift 

32.4 Vehicle responds but in 
4 wheel drift 

63.0 Vehicle does not respond 
61.7 Vehicle does not respond 	.. 
59.4 Vehicle does not respond 
57.2 Vehicle does not respond 
52.5 Vehicle starts to 'respond 

Negative Velocity means vehicle is moving backwards relative to its own axis. 
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for all slopes 3: 1 and flatter for all speeds and encroach-
ment angles. Although in the higher-speed maneuvers 
considerable side slippage was evident, the vehicle main-
tained "semi control" and negotiated a left-turning path. 
There was noiendency toward rollover. 

All return maneuvers were accomplished on the em-
bankment for the 7-degree encroachment. All except the 
80-mph attempts were completed prior to reaching the 
level terrain at the toe of slope for the 15-degree encroach-
ment, although the 60-mph maneuver on the 3: 1 embank-
ment closely approached the outer limit of the embank-
ment. The 80-mph, 15-degree traversal on the 4:1 slope 
encroached approximately 25 ft onto the level terrain. 

Vehicle Path 

Figure D-1 1 shows typical traces for vehicle paths for an 
80-mph, 7-degree encroachment and an embankment co-
efficient of friction of 0.2. It is interesting to note that the 
gravitational effects on the vehicle exert more control on 
the vehicle path than does the friction component for slopes 
of 3:1 and 4:1 and for slopes steeper than 6:1 for these 
encroachment conditions. These paths may be compared 
to those shown in Figure D-12, where all the variables are 
the same except the slope coefficient of friction is increased 
to 0.6. In each instance the vehicle enters a severe four- 

wheel drift, but the return maneuver can be accomplished. 
Figure D-13 shows traces for vehicle paths for an 80-

mph, 15-degree encroachment and an embankment coef-
ficient of friction of 0.2. Again the gravitational effect is 
greater on the vehicle than the steering effect for 3: 1 and 
4:1 slopes and for slopes steeper than approximately 9:1. 
The paths for a coefficient of friction of 0.6 are shown in 
Figure D-14. The four-wheel drift is again present, but the 
vehicle is controllable. The vehicle goes beyond the 100-
ft toe of slope for all conditions. Also, the vehicle goes 
beyond the toe of slope for the run at 60-mph, 15-degree, 
p. = 0.6, and the front slope of 3: 1. 

Vehicle Roll 

Figures D-15 and D-16 show typical roll vs time for 80-
mph 3:1 front slopes and 7-and 15-degree encroachments, 
respectively. These figures indicate that the embankment 
coefficient of friction has little effect on the vehicle roll 
prior to steer input. After steer input starts and the vehicle 
starts to respond, there is a significant difference in vehicle 
roll. The sharp breaks in the curve where the roll goes to 
zero or reverses occur as the vehicle crosses the toe of 
slope onto flat terrain. 

M. P. H. 

M. P. H. 

MPH. 

280 	300 	320 	340 	360 	380 
Y -DISTANCE (in.) 

Figure D-10. Roll rate vs lateral displacement; 15-degree en-
croachment angle, 31 front slope, p=0.2. 

Figure D-1 1. Plan view of wheel track; 80 mph, 7-degree en-
croachment angle, p. =0.2. 
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Figure D-12. Plan view of wheel track; 80 mph, 7-degree en- 	Figure D-13. Plan view of wheel track; 80 mph, 15-degree en- 
croachment angle, ,=0.6. 	 croachment angle, t=0.2. 

SPECIAL SLOPE CONDITIONS 

More than 25 special slope conditions were studied in an 
effort to determine th; factors that would cause a vehicle 
to overturn on a slope. The items studied included critical 
combinations of side slope, velocity, time that the steer-
back maneuver is started, and slope irregularities. The ir-
regularities included coefficient of friction and varying co-
efficient of friction, vertical raises placed in the slope, 
vertical drops (ruts) in the slope, and sloping rise in the 
slope. The effects of vehicle braking were not considered. 

The vehicle varied from a "standard" medium-size ve-
hicle in that when the location of the center of gravity was 
determined there was a large amount of test equipment in 
the back-seat area. Consequently, the vehicle weight was 
increased to 4,750 lb and the center of gravity of the spring 
mass was 24 in. above the ground surface as compared to 
the center of gravity of a road vehicle, which varies from 
18 to 22 in. (11). The higher center of gravity reduces 
vehicle stability. 

Velocity 

Rollover occurred at speeds of 60 and 80 mph for an angle 
of encroachment of 15 degrees for several slope irregular- 

ities. No rollover occurred at speeds of 40 mph; no rollover 
occurred for a 7-degree angle of encroachment. 

Front Slope Steepness 

Rollover occurred on slopes of 2: 1, 3: 1, 4:1 for several 
combinations of conditions. No rollover occurred on slopes 
of 5: 1 and flatter. 

Steerback Maneuver 

It appears that there is a critical time for the steerback 
maneuver to begin. The time should be different for each 
set of conditions encountered if each condition was studied 
and the time varied in small increments. For the times 
studied, the critical time was 0.75 sec after the' right front 
wheel reached the edge of pavement. Although timing is 
important in steerback, there appears to be a wide range 
of times in which there is a very small difference in ve-
hicle response. 

Slope Irregularities 

When irregularities are encountered on the front slope, 
their effect is more severe if the ground coefficient of fric- 
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Figure D-15. Roll angle vs time; 80 mph, 7-degree 
encroachment angle, ,=0.6, 3:1 front slope. 

tion is 0.2 than if it is 0.6. It is probable that a coefficient 
of friction of 0.0 would produce even more severe results 
for the same conditions, though these conditions were not 
investigated. Selected results of this phase of the study are 
presented in Table D-3. All of the conditions presented 
use a coefficient of friction of 0.2 for the first 55 ft of the 
shoulder slope area or for the entire area. These results 
were the most critical of all conditions investigated. 

Variable Coefficient of Friction 

The coefficient of friction on a slope could vary due to 
various conditions such as moisture on vegetation, the vary-
ing geological structure of the slope, or the relative com-
paction at various distances from the travelway. Variations 
in the coefficient of friction, which ranged from 1L = 0.2 on 
the shoulder to p = 0.6, 1.0, 1.5, and 2.0 at a distance of 
55 ft from the edge of pavement, were invesigated. A 
simulated vehicle traveling at 80 mph at an encroachment 
angle of 15 degrees was found to roll 180 degrees or more 
on slopes of 3:1 and 4: 1 only when j4 was increased to 2.0 
(Table D-3). This condition is similar to a situation pos-
sible when a vehicle went from a wet grassy slope to a slope 
of really soft earth. Under similar conditions a vehicle 
traveling 60 mph rolled only on a 2:1 slope. 

0 
0 

0. V- 0.2 t—0.6 

0 	2.0 	40 	6.0 	8.0 
TIME (SEC.) 

Figure D-16. Roll angle vs time; 80 mph, 15-degree 
encroachment angle, EL =0.6, 3:1 front slope. 

Vertical Rises 

Two types of rises were studied—positive and negative, or 
curbs and ruts. The simulated vehicle passed over a 6-in. 
rut with little change in direction or roll characteristics, 
even when the full 30-degree steer was used as input. When 
the depth was increased to 9 in. the vehicle bottomed out, 

Figure D-14. Plan view of wheel track; 80 ,nplz, 15-degree encroach-
ment angle, i=0.6. 
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TABLE D-3 - 

BEHAVIOR OF VEHICLE DURING SELECTED FRONT SLOPE TRAVERSALS; SPECIAL SLOPE CONDITIONS 

Velocity)  

mph 

Encroachment 
Angles  
degrees 

Front Slope 
Ratio 

SLeer Back 
Begins1  
sec 

Coefficient 
of Friction 

(ii) 

Surface 
Discontinuity 
Located at Y 
Distance, ft 

Description 
Roll Angle)  

Max.)  
degrees 

Remarks 

80 15 3:1 0.75 0.2/1.0 55 change V 37.0 
80 15 3:1 0.75 0.2/2.0 55 change V 271.0 Vehicle rolled 
80 15 3:1 1.50 0.2/2.0 55 change 3i 203.0 Vehicle rolled 
80 15 4:1 0.75 0.2/2.0 55 change i 202.0 Vehicle rolled 
80 15 5:1 0.75 0.2/2.0 55 change jj 53.2 Vehicle rights 
60 15 2:1 0.75 0.2/2.0 55 change ii 190.0 Vehicle rolled 
60 15 3:1 0.75 0.2/2.0 55 change i 29.3 
80 15 3:1 0.75 0.2 45 6" curb 271.0 Vehicle rolled 
60 15 3:1 0.75 0.2 45 6" curb 204.0 Vehicle rolled 
60 15 .4:1 0.75 0.2 45 6" curb 58.0 
80 15 3:1 0.75 0.2 47 1' rise +36.8 Vehicle rolled 

in 2' 	* -395+ counter-clockwise 
60 15 3:1 0.75 0.2 47 1' rise 

in 2' 	* -52.0 Max. roll angle 
counter-clockwise 

No rollover at 40 mph for any condition investigated. 
* Embankment shape 

slowed appreciably, and changed direction slightly until the 
vehicle's right side passed the rut. The simulated vehicle 
rolled over when crossing a 6-in, rise or curb at speeds of 
60 mph or more on a 3:1 slope. The vehicle did not roll 
on a 4:1 slope at 60 mph. An 80-mph attempt on a 4:1 
slope was not simulated. 

Sloping Rise 

Two HVOSM simulations were conducted with a rising 
slope of 2: 1 for 2 ft, then dropping to the standard 3:1 
slope. In each instance the vehicle rolled counterclockwise. 
Rollover occurred at 80 mph on a front slope of 3: 1. At 
60 mph the vehicle rolled 52 degrees counterclockwise then 
stablized on all four wheels. It would appear that the 
flatter the slope, the more critical is this maneuver. 

DITCH REGION 

The study of the ditch region included the 120 HVOSM 
simulations described in Appendix C. In addition, data 
developed by Ross and Post (4) and Hirsch, et al. (27) 
were used for peripheral information to fill in the areas 
where the toe of the slope intersected an infinitely flat plane 
and where the front slope was steep (i.e., 2: 1). 

The simulations were compared on the basis of peak 
deceleration forces (G's), G's averaged over a 50-msec 
period, and G's averaged over the event time of 230 msec 
(the time required for the vehicle to cross the ditch center 
line). A Severity Index based on the 50-msec averages was 
computed for each traversal. The normalizing factors were 
based on data presented in Appendix B for an unrestrained 
occupant. The sign convention used for acceleration is 
eyeballs in (position longitudinal); eyeballs up (positive 
vertical); and eyeballs right (positive lateral). Negative 

accelerations are usually referred to as decelerations. The 
evaluation curves (Figs. 4, 5 and 6) are based on a combi-
nation of Severity Index and the penetration of the front 
bumper in the back slope. 

Evaluation of Ditch Shapes 

Lateral, longitudinal, and vertical G's were compared for 
each of the simulated traversals. Each comparision was 
made on the basis of the maximum spike or peak decelera-
tion, the maximum average deceleration taken over a 50-
msec period, and the maximum average deceleration taken 
over the event time of 230 msec. These values were taken 
for each component without regard to the relative time 
for which each occurred. Figure D-17 shows the accel-
erometer traces from the simulations of a V-ditch with the 
front slope and back slope equal to 3: 1. The values shown 
are those computed for the maximum peak and maximum 
50-msec values for each component of deceleration. These 
values do not necessarily occur simultaneously. The nu-
merical values for these three components are given in 
Tables D-4, D-5, and D-6 for all simulations. 

Resultant accelerations were also compared for each 
simulation. These are vector quantities and were therefore 
computed on the basis of identical time frames, Figure 
D-18 again shows the accelerometer traces for a V-ditch 
with 3:1 front and back slopes. The values shown are 
used to compute the resultant peak and 50-msec decelera-
tions shown in Table D-4. These values do occur simul-
taneously. The numerical values for all simulations are 
shown under the three columns for resultant accelerations 
in Tables D-4, D-5, and D-6. The values for 230 msec 
were computed as described for the 50-msec values. 

Additionally, a Severity Index for each simulation was 
computed using the values for Giat, G105, and Gver  as those 
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used to compute the 50-msec resultant. These values are 
recorded in the righthand column of Tables D-4, D-5, and 
D-6. 

Nordlin, et al. (23) selected a 50-msec period as being 
the critical time and much of the recent literature is based 
on this duration. According to the work by Hyde (1), 
this appears to be a reasonable approach. The vertical 
decelerations were predominant in all cases. These values 
were compared by plotting average vertical G's vs ditch 
width for each slope combination and ditch shape. Figure 
D-19 shows these comparisons for a typical case. Similar-
type comparisons were made for average resultant G's. 
Figure D-20 shows these comparisons for a typical case. 
Finally, the same comparison was made using the Severity 
Index as the variable. Figure D-21 shows these com-
parisons for a typical case. A careful evaluation showed 
that there is little difference between the curves based on 
50-msec averages. As discussed in Appendix B, the toler-
able limit to acceleration varies for each axis and the 
Severity Index allows for variable tOlerances. The Severity 
Index was selected as the basis of further comparisons. 

Development of Ditch Evaluation Curves 

The Severity Index for-each ditch width and type was 
plotted on a grid with the front slope as the abscissa and 

the back slope as the ordinate. Uniform scales in degrees 
from the horizontal were used for the axes. The slope 
ratios were then superimposed on the axes. Severity Indices 
for a zero back slope were obtained from studies by Ross 
and Post(4). The data used to compute Severity Indices 
for a zero front slope were developed by Hirsch, et al. 
(27). Additional data points were developed from simu-
lations for S1  = 6: 1, S2  = 2:1. Severity Index contours 
were developed for the 12 ditch shapes studied. Bumper 
penetrations were overlaid on the same grids and contours 
were developed. Figure D-22 shows typical contours. The 
figure also shows contours for bumper penetrations exceed-
ing 4 in. For SI = 1, the 4-ft round ditch and the V-ditch 
exhibit nearly identical contours. Both indicate a higher 
severity than the 4-ft trapezoidal ditch, which describes the 
slopes normally constructed. A different ranking exists for 
the higher severity of SI = 1.6. The 4-ft ditches appear to 
be more severe than the V-ditch as the slopes increase. 
Bumper penetration is approximately the same for all three 
profiles. 

The 8-ft round ditch is less severe than the narrower 
ditches for the flatter slope combinations. Also, predicted 
bumper penetration is less for the 8-ft round ditch than for 
the narrower ditches. For front slopes exceeding 5: 1 and 
back slopes exceeding about 3:1, this ditch is more severe 
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VERTICAL 
ACCELERATION (g's) 

AT 	AT 
PEAK 	50 	230 

(msec) (msec) 

-17.2 -10.5 -5.48 
-18.2 -13.5 -4.71 
-17.1 -13.6 -5.27 
-13.2 -10.7 -3.76 
-12.3 - 8.9 -3.36 

-14.2 - 9.3 -4.09 
-16.8 -12.6 -4.32 
-13.8 -11.4 -3.82 
-11.3 - 9.2 -3.41 
-11.8 - 7.4 -2.63 

-11.4 - 7.0 -3.50 
- 9.8 - 6.3 -3.22 
- 8.7 - 5.5 -2.96 
- 7.0 - 4,1 -2.73 
- 5.3 - 3.5 -2.70 

- 9.7 - 6.5 -2.60 
- 9.6 - 6.2 -2.87 
- 6.7 - 4.6 -2.87 
- 6.2 - 3.9 -2.69 
- 5.2 - 3.2 -2.41 

-10.4 - 5.7 -2.65 
- 8.1 -5.6 -2.73 
- 7.8 - 4.0 -2.44 
- 7.1 - 4.4 -2.37 
- 4.4 - 2.9 -2.11 

RESULTANT 
ACCELERATION (g's) 

AT 	AT 
PEAK 	50 	230 

(msec) (maec) 

17.51 10.90 6.03 
18.57 14.80 5.19 
18.26 14.71 5.94 
13.50 11.00 3.95 
12.50 9.10 3.46 

14.40 9.66 4.38 
17.10 13.00 4.60 
14.10 11.70 4.03 
11.60 9.44 3.54 
12.00 7.52 2.68 

12.50 7.67 3.92 
9.95 6.89 3.58 
9.61 6.07 3.16 
7.34 4.32 2.80 
5.56 3.69 2.72 

10.40 7.40 2.89 
10.71 7.02 3.03 
7.00 4.77 2.96 
6.56 4.15 2.72 
5.38 3.30 2.42 

10.87 6.31 2.79 
9.02 6.25 2.83 
8.27 4.42 2.50 
7.25 4.47 2.42 
4.48 2.96 2.11 

TABLE D-4 

SUMMARY OF VEHICLE ACCELERATIONS; ROUND DITCH 

LATERAL LONGITUDINAL 
ACCELERATION (gs) ACCELIKATI0N (g's) 

SLOPE COMBINATION DITCH AT AT AT AT 
FRONT 	BACK WIDTh PEAK 50 230 PEAK 50 230 

(ft) (msec) 	(msec) (msec) (msec) 

O -5.04 1.46 -0.79 -4.87 -2.65 -2.37 
4 -4.91 -1.46 -0.65 -5.83 -4.21 -2.09 

3:1 	3:1 8 -3.39 -2.56 -0.93 -6.25 -4.91 -2.58 
12 -1.50 .264 .155 -2.87 -2.25 -1.20 
16 1.11 .177 .289 -2.45 -1.62 -.748 

0 -2.98 .791 -.321 -3.47 -2.20 -1.53 
4 -3.62 -.598 -.246 -4.64 -3.04 -1.56 

3:1 	4:1 8 -2.41 -.263 -.097 -3.89 -2.77 -1.29 
12 1.32 .047 .235 -2.30 -1.81 -.931 
16 1.07 -.071 .214 -2.05 -1.33 -.443 

O -4.07 -1.71 -.885 -3.56 -2.51 -1.53 
4 -4.23 -1.45 -.812 -3.96 -2.35 -1.34 

4:1 	3:1 8 -3.02 -1.76 -.361 -2.77 -1.88 -1.04 
12 -1.44 -.839 -.093 -1.46 -1.03 -.619 
16 -1.13 -.562 -.047 -1.07 -.675 -.329 

O -4.08 -2.33 -1.07 -3.69 -2.50 -.664 
4 -3.37 -2.18 -.456 -3.20 -2.39 -.874 

4:1 	4:1 8 -2.22 .544 -0.19 -2.17 -.727 -0.71 
12 -1.40 -.802 -0.09 -1.32 -.893 -0.39 
16 -0.88 -.469 -0.00 -0.85 -.539 -0.19 

O 3.06 -1.77 -0.36 -2.90 -1.95 -0.82 
4 -2.71 -1.70 -0.33 -2.68 -1.93 -0.69 

4:1 	5:1 8 -1.89 -1.02 -0.14 -1.83 -1.32 -0.51 
12 -1.70 -.365 -0.21 -1.67 -.316 -0.46 
16 0.64 -.357 0.04 -0.59 -.397 -0.11 

-3.15 -2.45 -0.79 
-3.81 -2.27 -0.73 
-2.68 .345 -0.34 
-1.76 -.963 -0.19 
-1.06 -.558 -0.12 

-3.09 -1.79 -0.39 
-2.94 -1.70 -0.30 
-1.94 -1.28 -0.29 
-1.35 -0.69 -0.10 
0.73 0.50 -0.05 

-3.28 -2.11 -0.61 
-3.71 -2.19 -0.59 
-3.43 -1.67 -.538 
-2.76 -1.43 -0.31 
-0.77 -0.41 -0.16 

-3.22 -1.76 -0.48 
-3.15 -1.83 -0.44 
-1.88 -1.16 -0.26 
-1.32 0.54 -0.16 
-0.66 0.49 -0.13 

-3.23 -1.21 -0.48 
-2.18 0.64 -0.26 
-1.51 0.54 -0.18 
-0.96 0.57 -0.12 
-1.30 -0.89 -0.25 

-3.12 -2.57 -1.54 
-3.55 -2.56 -1.43 
-2.57 - .83 -0.86 
-1.61 -1.09 -0.54 
-1.06 -.188 -0.29 

-2.89 -1.95 -0.77 
-2.74 -1.88 -0.67 
-1.97 -1.47 -0.58 
-1.26 - .80 -0.33 
-0.70 -0.05 -0.12 

-3.15 -2.47 -0.89 
-3.66 -2.55 -1.00 
-3.15 -1.81 -0.97 
-2.43 -1.59 -0.74 
-0.86 -0.11 -0.21 

-2.71 -1.78 -0.72 
-2.68 -1.83 -0.68 
-1.66 -1.18 -0.50 
-1.10 -0.21 -0.30 
-0.61 -0.05 -0.15 

-2.72 -1.31 -0.72 
-1.94 -0.28 -0.49 
-1.34 -0.19 -0.3 
-0.81 -0.09 -0.18 
-1.29 -1.39 -0.24 

- 9.7 -5.70 -3.61 
- 9.2 -6.04 -4.04 
- 7.6 -4.83 -2.96 
- 6.0 -3.98 -2.80 
- 5.1 -3.62 -2.48 

-10.1 -5.14 -2.58 
- 	7.7 -5.35 -2.79 
- 6.5 -4.26 -2.63 
- 5.7 -3.41 -2.42 
- 4.6 -3.22 -1.98 

-11.7 -4.78 -2.41 
- 7.2 -4.64 -2.57 
- 6.5 -3.72 -2.34 
- 6.0 -3.35 -2.71 
- 5.4 -3.65 -2.31 

- 6.7 -4.92 -2.61 
- 	7.0 -4.72 -2.46 
- 	6.1. -3.53 -2.39 
- 5.8 -3.54 -2.28 
- 5.0 -3.49 -2.12 

- 	6.7 -3.56 -2.61 
- 6.0 -3.26 -2.11 
- 	5.8 -3.27 -2.27 
- 	5.5 -3.46 -1.93 
- 5.0 -3.78 -2.27 

10.71 6.71 4.00 1.13 
10.57 6.94 4.35 1.16 
7.92 4.91 3.10 .81 
6.49 4.24 2.86 .70 
5.31 3.67 2.50 .61 

10.62 5.78 2.74 .97 
8.76 5.93 2.89 .99 
7.12 4.69 2.71 .78 
6.05 3.57 2.44 .59 
4.74 3.26 1.98 .54 

2.56 5.78 2.65 .96 
8.28 6.59 2.82 .96 
8.04 4.46 2.59 .75 
7.07 3.98 2.83 .66 
5.50 3.67 2.33 .67 

7.27 5.52 2.75 .92 
8.18 5.39 2.60 .90 
6.30 3.91 2.46 .65 
5.97 3.58 2.31 .60 
5.08 3.53 2.13 .59 

7.28 3.98 2.76 .66 
6.11 3.33 2.19 .56 
5.93 3.32 2.31 .55 
5.65 3.50 1.94 .58 
5.21 4.12 2.30 .68 
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TABLE D-5 

SUMMARY OF VEHICLE ACCELERATIONS; TRAPEZOIDAL DITCH 
LATERAL 	 LONGITUDINAL 

	

ACCELERATION (g's) 	ACCELERATION (g's) 

SLOPE COMBINATION 	DITCH 	 AT 	AT 	 AT 	AT 
FRONT BACK 	WIDTH PEAK 50 230 PEAK 50 230 

	

(ft) 	 (msec) (msec) 	 (msec) (msec) 

-5.04 1.46 -0.79 
-3.66 -.753 -.323 
2.00 1.16 .169 

	

2.00 	1.39 	.496 
2.00 1.39 .498 

-2.98 .791 -.321 
-2.59 1.02 -.082 

	

2.10 	1.30 	.300 

	

2.10 	1.43 	.422 

	

2.10 	1.43 	.422 

-4.07 -1.71 -0.89 
-2.97 -.011 -.536 
1.09 .596 -0.04 
1.09 .586 -0.04 
-1.74 -3.06 -0.39 

-4.08 -2.33 -1.07 
-2.21 .187 -0.32 
1.09 .585 -0.04 
1.10 .586 -0.04 
1.10 .586 -0.05 

-3.06 -1.77 -0.36 
-1.90 .298 -0.21 
1.10 .586 -0.01 
1.10 .586 0.07 
1.10 .586 0.07 

-3.15 -2.45 -.790 
-3.85 -0.16 -0.07 
.488 -.016 -0.07 
0.58 -1.13 0.08 
-2.28 -.200 -0.39 

-3.10 -1.80 -0.40 
-2.84 -.206 -0.37 
-0.51 -.180 -0.05 
-0.94 .358 -.i.01 
-0.67 .366 -0.31 

-3.29 -2.12 -0.61 
-3.09 .694 -0.44 
-0.73 .123 -0.15 
-1.94 -1.15 -0.26 
-1.61 .372 -0.41 

-3.23 -1.77 -0.48 
-2.71 .398 -0.36 
-0.40 -.316 -0.11 
0.44 .319 -0.35 
0.44 .327 -0.02 

-2.03 -1.21 -0.29 
-2.14 -1.32 -0.28 
0.44 .280 -0.09 
0.44 .324 -0.02 
0.44 .327 -0.02 

-4.87 -2.65 -2.37 
-4.77 -3.69 -1.90 
-2.42 -1.12 -.871 
-1.30 -.708 -.422 
-1.30 -.708 -.422 

-3.47 -2.20 -1.53 
-3.42 -2.72 -1.38 
-1.70 -.970 - .56 
-1.31 -.703 -.311 
-1.31 -.703 -.300 

-3.56 -2.51 -1.53 
-2.94 -1.67 -1.06 
-1.16 -.100 -0.34 
-0.88 -.092 -0.23 
-1.23 -.796 -0.40 

-3.69 -2.50 -0.66 
-2.32 -1.13 -0.79 
-0.88 -.099 -0.24 
-0.88 -.092 -0.20 
-0.88 -.092 -0.19 

-2.90 -1.95 -0.82 
-1.96 -.816 -0.61 
-0.88 -.097 -0.19 
-0.88 -.092 -0.14 
-0.88 -.092 -0.14 

-3.12 -2.57 -1.54 
-1.06 -.812 -0.32 
-1.06 -.812 -0.32 
-0.36 -1.01 -0.05 
-1.54 -.172 -0.31 

-2.89 -1.95 -0.78 
-2.69 -.731 -0.71 
-0.36 -.201 -0.14 
-0.66 -.034 -0.10 
-0.85 .134 -0.14 

-3.15 -2.47 -0.90 
-3.10 -.431 -0.89 
-0.74 -.546 -0.32 
-1.47 -1.05 -0.17 
-1.97 -.012 -0.31 

-2.72 -1.79 -0.72 
-2.37 -.261 -0.62 
-0.17 -.006 -0.09 
-0.17 .104 -0.01 
-0.17 .115 0.01 

-1.85 -1.32 -0.51 
-1.89 -1.35 -0.48 
-0.17 -.057 -0.00 
-0.17 .108 0.00 
-0.17 .115 0.01 
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VERTICAL RESULTANT 
ACCELERATION (g's) ACCELERATION (g's) 

AT AT AT LT 

PEAK 50 230 PEAK 50 230 SEVERITY INDEX 
(msec) (msec) (msec) (msec) (SI) 

-17.2 -10.5 -5.48 17.5 10.9 6.03 1.81 
-16.4 -11.8 -4.72 16.8 12.4 5.10 2.04 
-12.6 - 9.7 -4.02 12.8 9.9 4.11 1.65 
-12.6 - 8.9 -4.24 12.8 9.1 4.29 1.53 
-12.6 - 8.9 -4.24 12.8 9.1 4.29 1.53 

-14.2 - 9.3 -4.09 14.4 9.6 3.38 1.59 
-15.1 -10.1 -3.96 15.4 10.5 4.20 1.74 
-10.8 - 9.2 -3.38 11.0 9.4 3.43 1.57 
-10.8 - 8.7 -2.99 11.0 8.8 3.04 1.48 
-10.8 - 8.7 -2.98 11.0 8.8 3.03 1.48 

-11.4 - 7.0 -3.50 2.5 7.6 3.92 1.27 
- 9.1 - 5.4 -2.72 9.3 5.6 2.97 .93 
- 	5.6 - 3.1 -2.68 5.7 3.2 2.71 .53 
- 	5.6 - 3.1 -2.71 5.7 3.1 2.72 .53 
- 6.0 2.9 -1.60 6.4 3.1 1.69 .54 

- 9.7 - 	6.5 -2.60 10.3 7.4 2.89 1.24 
- 	7.6 - 4.8 -2.90 7.9 4.9 3.02 .82 
- 	5.6 - 	3.1 -2.37 5.7 3.1 2.44 .53 
- 5.6 - 	3.1 -2.44 5.7 3.1 2.45 .53 
- 	5.6 - 	3.1 -2.33 5.7 3.1 2.33 .53 

-10.4 - 5.7 -2.65 10.8 6.3 2.79 1.06 
- 	7.5 - 	5.4 -2.77 7.6 5.5 2.85 .91 
- 5.6 - 	3.1 -2.14 5.7 3.1 2.15 .53 
- 	5.6 - 	3.1 -1.72 5.8 3.1 1.72 .53 
- 5.6 - 3.1 -1.71 5.7 3.1 1.71 .53 

-9.7 -5.70 -3.61 10.7 6.71 4.00 1.13 
- 7.0 -5.22 -3.25 9.2 6.06 3.44 1.01 
- 7.0 -5.22 -2.90 7.0 5.29 2.92 .87 
- 4.5 -3.16 -2.01 4.6 3.50 2.01 .59 
- 5.1 -3.42 -1.28 5.2 3.43 1.37 .57 

-10.1 -5.14 -2.58 10.6 5.78 2.72 .97 
- 8.0 -4.58 -2.78 8.1 4.64 2.89 .77 
- 4.7 -3.69 -2.49 4.7 3.70 2.50 .44 
- 4.5 -2.75 -1.80 4.6 2.77 1.81 .46 
- 6.1 -3.66 -1.01 6.1 3.68 1.06 .61 

-11.7 -4.79 -2.42 12.1 5.79 2.65 .96 
- 7.3 -4.26 -2.62 7.5 4.79 2.80 .72 
- 8.1 -6.33 -2.47 8.1 6.35 2.50 1.06 
- 4.7 -3.29 -1.02 5.3 3.64 1.07 .61 
- 7.0 -3.97 -1.23 7.0 3.99 1.33 .66 

- 6.7 -4.92 -2.61 7.2 5.52 2.76 .92 
- 6.6 -3.90 -2.28 6.8 3.93 2.39 .65 
- 6.3 -4.88 -2.31 6.6 4.89 2.32 .81 
- 3.0 -2.58 -1.54 3.0 2.60 1.54 .43 
- 3.0 -2.57 -1.43 3.0 2.60 1.43 .43 

- 6.6 -3.56 -2.13 6.8 3.99 2.20 .66 
- 7.0 -3.74 -2.21 7.6 4.19 2.28 .70 
- 5.3 4.29 -2.22 5.3 4.30 2.22 .71 
- 3.1 -2.58 -1.52 3.2 2.60 1.53 .43 
- 3.1 -2.57 -1.49 3.2 2.60 1.49 .43 

ion1 + lat 
	Ty si 
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TABLE D-6 

SUMMARY OF VEHICLE ACCELERATIONS; ROUNDED TRAPEZOIDAL DITCH 
LATERAL LONGITUDINAL VERTICAL 

ACCELERATION (g's) ACCELERATION (g's) ACCELERATION (g's) 

SLOPE COMBINATION 	DITCH 	 AT AT AT 	AT AT AT 
FRONT 	BACK 	WIDTH 	PE.K 	50 230 PEAK 	50 	230 PEAK 	50 230 

(At) 	 (msec) (msec) (msec) 	(msec) (msec) (msec) 

RESULTANT 
ACCELERATION (g's) 

AT 	AT 
PEAK 	50 	230 	SEVERITY INDEX 

(msec) (msec) 	(SI) 

-17.2 -10.5 -5.48 17.51 10.9 6.03 1.81 
-18.2 -13.5 -4.71 18.57 14.8 5.19 2.33 
-11.3 - 9.4 -3.60 11.59 9.6 3.70 1.61 
-11.5 - 8.5 -3.00 '1.81 8.6 3.05 1.45 
-11.5 - 8.5 -2.93 11.81 8.6 2.99 1.45 

-14.2 - 9.3 -4.09 14.40 9.6 4.38 1.59 
-16.8 -12.6 -4.32 17.10 13.0 4.60 	- 2.15 
-11.3 - 9.1 -3.33 11.58 9.3 3.40 1.56 
-11.5 - 8.6 -2.99 11.80 8.7 3.04 1.47 
-11.5 - 8.6 -2.77 11.80 8.7 2.83 1.47 
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Figure D-19. Relationship between ditch width and average ver-
tical acceleration (slope combination 3:1-3:1). 
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Figure D-20. Relationship between ditch width and average re-
siiltant acceleration (slope combination 3:1-3:1). 

than the V-ditch or the round ditch less than 8 ft wide. 
Bumper penetration is much less for the 8-ft trapezoidal 
ditch than for the round ditches. Rounding the corners of 
the 8-ft trapezoidal ditch reduces the severity of crossing, 
regardless of which SI is compared. The predicted bumper 
penetration for the rounded trapezoidal ditch is much less 
than for all other shapes; however, no safety benefit is 
derived by widening the rounded trapezoidal ditch to more 
than 8 ft. 

Proposed safety standards may require "passive restraint" 
systems to be placed in vehicles within the next few years. 
These passive restraints may be used in lieu of the current 
seatbelt chest-strap combination, thus eliminating the re-
quirement for lateral and vertical restraints. Inasmuch as 
a majority of drivers and passengers do not now wear seat-
belts or chest straps, and future possible restraint systems 
may preclude their use, the recommended ditch designs 
are based, in part, on an unrestrained occupant because the 
vertical deceleration is predominant. Safety to vehicle 
passengers is of paramount importance, but ditches that 
can also be designed to produce a minimum amount of 
vehicle damage during traversal are also desirable. There 
is a high probability that a vehicle will incur front-end 
alignment damage during a ditch traversal having a Severity 
Index of 1.0. Realigning the front-end of a vehicle is 
relatively inexpensive and takes comparatively little time. 
On the other hand, sheetmetal and other superficial damage 
caused by a bumper digging into a back slope can be very 
expensive to repair from both the monetary and time as-
pects. Many newer vehicles, starting with the 1973 models, 
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Figure D-21. Relationship between ditch width and severity in-
dex (slope combination 3:1-3:1). 

have bumpers that will deform and return to their original 
positions, the amount of bumper travel available being 
around 3 to 4 in. Most earth embankments can sustain 
bumper pentration of 2 in. without damaging the bumper 
or causing appreciable vehicle sheetmetal damage. 

The recommended criteria for "desirable" ditch design 
were established at SI = 1.0 maximum, with maximum 
bumper penetration of 4.0 to 4.5 in., and are applicable 
for nonrestrained passengers. The criteria for the maximum 
recommended design are based on SI = 1.6 maximum with 
allowable bumper penetration of 6 in. These are values 
for seat-belt-restrained occupants and vehicle damage can 
be expected. 

Figures such as D-22 provide basic design information; 
however, they do not present the information in a form 
amenable to immediate application by a design engineer. 
The curves shown in Figures 4, 5, and 6 were developed 
from the information in curves similar to Figure D-22 to 
present the necessary design information in a form for 
ready use. 
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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. 11-1), 

77 p., 	$4.40 
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Rep. 
No. Title 

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 Residential 
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 Elastonieric 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 Trnprovements on Prop- 
erty Values (Proj. 11-1(1)), 	42p., 	$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 Meá-
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. 1-11), 	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), 	60 p., 	$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 

151 Locked-Wheel Pavement Skid Tester Correlation and 
Calibration Techniques (Proj. 1-12(2)), 	100 p., 
$6.00 

152 Warrants for Highway Lighting (Proj. 5-8), 	117 
p., 	$6.40 

153 Recommended Procedures for Vehicle Crash Testing 
of Highway Appurtenances (Proj. 22-2), 	19 p., 
$3.20 

154 Determining Pavement Skid-Resistance Requirements 
at Intersections and Braking Sites (Proj. 1-12), 	64 
p., 	$4.40 

155 Bus Use of Highways—Planning and Design Guide- 
lines (Proj. 8-10), 	161 p., 	$7.60 

156 Transportation Decision-Making—A Guide to Social 
and Environmental Considerations (Proj. 8-8(3)), 
135 p., 	$7.20 

157 Crash Cushions of Waste Materials (Proj. 20-7), 
73 p., 	$4.80 

158 Selection of Safe Roadside Cross Sections (Proj. 
20-7), 	57 p., 	$4.40 



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 
8 	Construction of Ernbankments (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), 	44 p., 	$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 11) 	24 p., 	$3.20 

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

25 Reconditioning High-Volume Freeways in Urban 
Areas (Proj. 20-5, Topic 5-01), 	56 p., 	$4.00 

26 Roadway Design in Seasonal Frost Areas (Proj. 20-5,. 
Topic 3-07), 	104 p., 	$6.00 

27 PCC Pavements for Low-Volume Roads and City 
Streets (Proj. 20-5, Topic 5-06), 	31 p., 	$3.60 

28 Partial-Lane Pavement Widening (Proj. 20-5, Topic 
5-05), 	30 p., 	$3.20 

29 Treatment of Soft Foundations for Highway Em- 
bankments (Proj. 20-5, Topic 4-09), 	25 p., 
$3.20 	 . 

30 	Bituminous Emulsions for Highway Pavements (Proj. 
20-5, Topic 6-10), 	76 p., 	$4.80 
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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 
nature 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 adiuiiiistrators, 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 Commission on Sociotech-
nical Systems 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 govern-
mental 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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