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ABSTRACT 

COST-EFFECTIVENESS 

OF 

DRIVEWAY SLOPE IMPROVE fHNTS 

by 
Ed"ard R. Post, Richard J. Ruby, Patrick T. McCoy, and D. O. Coolidge 

In the development of roadside safety improvement programs, many types 
of obstacles have been identified as being hazardous . However, little 
attention has been given to the hazard of driveway slopes along non-controlled 
and limited access roadways. It was the purpose of this study to assess the 
hazard posed by such driveway slopes and to determine the cost-effectiveness 
of flattening them. 

The degree of hazard presented by a driveway slope was measured in terms 
of the expected number of injury (fatal or nonfatal) accidents per year 
resulting from a vehicle traversing the slope . The probability of injury in 
a run-off-the-road encroachment of a driveway slope, which was used to com­
pute the degree of hazard, was derived from severity indices computed from 
results obtained using the Highway-Vehic1e-Object-Simu1ation Model to simulate 
a standard size automobile (3,800 1b) traversing driveway slopes under 
encroachment conditions of 55 mph speed and 10 deg encroachment angle in a 
free-Wheeling steer mode. 

The results of this study indicate that: (a) the rate of ro110vers 
decreased as the driveway slopes were flattened with none occurring on slopes 
flatter than 6:1; (b) flattening to an 8:1 driveway slope was the most cost­
effective improvement; (c) a 10:1 driveway slope improvement was not cost­
effective; and (d) depending on the ADT and amount of underdrainage involved 
driveway slope improvements can have cost-effectiveness priority ratings 
comparable to those of other types of roadside safety improvements. Also the 
cost-effectiveness methodology used in this study provides a common basis for 
comparing driveway slope improvements with other types of improvements in the 
management of roadside safety improvement programs. 
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ABSTRACT 
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Little attention has been given to the hazard of driveway fill slopes 

located along the roadsides of non-controlled and limited access rural high­

ways. The severity of a standard size automobile (3,800 1b) traversing 

driveway slopes under the run-off-the-road encroachment conditions of 55 mph 

and 10 deg was investigated using the Highway-Vehic1e-Object-Simu1ation-Mode1 

(HVOSfl) in a free-wheeling steer mode. 

The results of a cost-effectiveness analysis on improving a typical 

driveway slope from a 3:1 to flatter slopes indicated that: (a) the 8:1 slope 

improvement was the most cost-effective alternative and could be made with 

95 percent confidence that it would result in a reduction of injuries, (b) the 

10:1 slope improvement alternative was not cost-effective: and (c) driveway 

improvement alternatives without underdrainage were more cost-effective than 

those with underdrainage. The injury probabilities used in this study were 

based on the magnitude of the computed resultant automobile accelerations 

averaged over a time duration of 50 msec, except rollovers were assigned an 

injury probability of one. The rate of rol10vers decreased as the driveway 

slopes were flattened w1th none occurring on slopes flatter than 6:1. 
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I N T ROD U C T ION 

During the past two decades, a considerable amount of attention has 

been devoted to improving roadside safety by removing, relocating, or reducing 

the impact severity of obstacles along the roadsides. Many types of obstacles 

have been identified as being hazardous, and as a result, comprehensive 

safety improvement programs have been undertaken. 

However, very little attention has been given to the hazard of driveway 

slopes along the roadside of non-controlled access or limited access road­

ways, and to the cost-effectiveness of improving driveway slopes. Several 

apparent reasons for the lack of information on driveway slopes are: 

1. Driveway slopes are inconspicuous. Encroachments, in which an 

errant vehicle initially encounters a driveway slope and abruptly 

becomes airborne and beyond the immediate control recovery of the 

driver, have in all probability been recorded as: a rollover acci­

dent; or a tree or fixed object collision accident because of the 

vehicle1s final resting position; or some other reason that only . 

identifies correctly the second collision event. 

2. The ditch bottom and/or culvert lies slightly beyond the widely 

accepted IIClear Recovery Area ll of 30 ft. Therefore, in the situation 

where the side slopes of the ditch are 4:1 and flatter, the drive­

way slope nearer the roadway gives the illusion of being non-haz­

ardous in the event of a vehicle encroachment. 

The objectives and goals of this study were twofold. First, the degree­

of-hazardousness of a typical driveway slope configuration along the roadside 

of a modern non-controlled access or limited access roadway facility was 
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investigated and ascertained. And second, the cost-effectiveness of 

improving the selected driveway slope configuration from a 3:1 to flatter 

slopes was investigated and ascertained. 

Roadside safety improvement programs must compete with other ongoing 

high\'/ay programs for the limited funds available. The cost-effectiveness 

technique is a managerial tool which provides the highway administrator with 

a means of evaluating safety improvement alternatives on a common data base 

and a priority ranking scale to realize the greatest return on the investment 

made to reduce injury acci dents. 

Tile probability of injury i"n a run-off-the-road encroachment of a 

driveway slope must be determinable in order to conduct a cost-effectiveness 

ana lys ; s. The severi ty of such an event can be expressed as the ra ti 0 of the 

resultant automobile accelerations to the resultant accelerations "tolerable ll 

to an unrestrained occupant. This ratio, commonly referred to as a severity­

index, was computed from the results obtained by a mathematical computer 

model sirnulation program named HVOSM (Highway-Vehicle-Object- Simulation­

t'lode 1) . The methodology used to express severi ty-i ndi ces in terms of 

probability of injuries is discussed in this paper. 
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DES CR I P T ION OF D RIVE WAY SIT E 

The driveway selected for this review and research was chosen as a 

typical rural-suburban example. The selected driveway is shown in Figure 1. 

The driveway is located along a four lane divided rural highway section. 

The roadway itself is in a rural-urban transition area and has a depressed 

median; however, there is limited access and left-turn storage lanes across 

the median. The driveways along this particular highway section are developed 

as a part of the limited access and future frontage-road system. This 

development of the access system is intended to function as the arterial 

interconnections for the street network in the future of the prime develop­

ment area the highway traverses. 

Major arterial is the functional classification of this stretch of 

highway and it serves not only as a major highway but also as a link to the 

Interstate System. The speed limit posted in the area of the driveway is 

the current national standard of 55 mph. The design speed of the highway 

section is 65 mph and the horizontal and vertical alignments through the 

study area are both tangent. The topography traversed is primarily flood 

plain of a local stream and the total area of research 1s flat and level. 

The traffic projections and geometric data for the highway section are 

as follows: 

Traffic 1970 1990 
ADT 4000 8475 
DHV 440 890 
Trucks (Percentage) 19% 19% 

V (Design Speed) 65 M.P.H. 



FIGURE I : PHOTOGRAPHS OF DRIVEWAY SITE 
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The section has a variable width median, two 24 ft lanes in each direction 

surfaced with portland cement concrete, a 12 ft shoulder section on the out­

side with 10 ft surfaced with asphaltic concrete. The fore-slope is 6:1 to 

a minimum of 30 ft from edge of pavement. Beyond 30 ft the fore-slope is 4:1 

to the 10 ft flat bottom ditch. The back-slope is uniformly 4:1 from ditch 

bottom to original terrain elevation. 

The actual driveway geometries include 3:1 fill slopes with a 60 ft wide 

grading top, for future intersection development, and an essentially tangent 

~ grade line from the shoulder point to the original terrain. The driveway 

used for this research did have drainage involved; however, based on prior 

. research on f1ared-end-sections and bar grates no special consideration was 

given to this area and the main thrust of the research was directed to the 

dri ve\'1ay fi 11 slopes. The goemetri c connecti on of dri veway embankment to 

roadway embankment is basically defined by intersecting planes with a 

variable but extremely limited amound of rounding. This connection should 

be one of the areas to be reviewed in detail as it is one of the areas of 

concern in the path of an automobile leaving the roadway and traversing an 

intersecting drheway. 
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C 0 f-1 PUT E R MOD E L OF AUT 0 t1 0 B I L E 

During the past three decades, many highway organizations have relied 

heavily upon experience and judgement in the design of ro~dside appurtenances; 

and, tri a 1 and error full scale tes ts were often conducted to determi ne the 

feasibility of these appurtenances. Significant advancements in technology 

and an increase in safety have evolved from these efforts. However, this 

type of design approach appears to be insufficient by itself because one or 

more full scale tests were required to effectively evaluate the influence 

of a ~y one variable. Conducting many full scale tests can be both time 

consuming and costly . 

t~athematical model simulation provides a rapid and economical method to 

investigate the many variables involved in a run-off-the-road automobile 

collision or maneuver. A limited number of full scale tests can then be 

conducted to confirm the simulation results. When 'supplemented by experience, 

judgement and tests, model simulation can be a very helpful tool in achieving 

efficient and sa fedes i gns. 

The Highway-Object-Simulation-Model, designated as HVOSM, was used in 

the subsequent work to study the dynamic motion of an automobile traversing 

the ditch and driveway configurations described in the preceding section. 

HVOSM was developed by McHenry (1,£) of the Cornell Aeronautical Laboratories 

and modified for specific field applications by the Texas Transportation 

Insti tute (~). 
-

The idealized-free-body-diagram of HVOSM is shown in Figure 2. The 

n~de1 has 11 degrees of freedom and consists of four isolated masses. The 

masses of the automobile include: (a) the sprung mass of the body, engine 
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and transmission supported by the front and rear suspension system, (b) the 

unsprung masses of the left and right independent suspension systems of the 

front wheels, and (c) the unsprung mass of the solid rear axle assembly and 

its suspension system. The 11 degrees of freedom of the automobile measured 

relative to a fixed coordinate system in space include: (a) linear trans­

lations of the sprung mass in three directions, (b) rotational roll, pitch 

and yaw translations of the sprung mass, (c) linear translation of the front 

wheel suspension systems, (d) steering of the front wheels, and (e) linear 

and rotational tra~~lations of the rear axle assembly and its suspension 

system. 

f\ standard size automobile weighing approximately 3,800 1bs was used in 
. \ 

this study. The properties of the selected automobile were defined in 

previous research work conducted by Ross and Post (!,i) and Weaver{£} on 

sloping grates in medians and roadside embankment slopes. The properties 

of the selected vehicle are listed on the computer printout sheets in 

Appendix A. 

The terrain data, expressed in terms of x-y-z coordinates, are presented 

in Appendi x B. The roadway, shoul der, and soil were assi gned fr1 ct1 on 

coefficient values of 0.8, 0.6 and 0.2, respectively; and, the soil was 

assigned a stiffness value of 4,000 1bs per inch. Terrain contact was only 

monitored at the two corners of both the front and rear bumpers. 

No attempt was made to steer and/or brake the automobile during any of 

the driveway simulations. This IIfree-whee1ingll condition would be represen­

tative of an inattentive driver. 

The Texas Transportation Institute's (~) modified version of the HVOSM 

program was used in this study. On the average, 1 sec of event time required 
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approximately 1 min of time on the University of Nebraska IBM 360 computer 

system. Computer costs per simulation ranged from 10 to 20 dollars. In 

comparison, full scale tests range from 5,000 to 15,000 dollars depending 

on the repetitiveness of the tests, vehicle control apparatus, type and 

amount of e 1 ectroni c i nstrumenta ti on, and data reducti on ana lysi s techni ques 

including high speed photography. 
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PROBABILITY ~ INJURY 

The criteria used in the majority of the research work conducted during 

the past decade for evaluating the safety aspects of roadside hazard improve­

ments were based on levels of vehicle deceleration that would be tolerable 

to an unrestrained occupant. An attempt was made in this study to expand 

the existing technology to include the probability of occurrence of inju'ry 

type accidents. This task was required in order to determine the "cost-effec­

tiveness" for makingdriveway slope improvements. 

~ . 
Severity-Index Concept 

The severity-index concept attempts to take into consideration the 

combined and simultaneous effects of the longitudinal (x-axis), lateral 

(y-axis), and vertical (z-axis) accelerations of the automobile at its 

center-of-mass. The coordinate axes were shown in Figure 2. The severity­

index ;s computed as the ratio of the measured or computed resultant automobile 

acceleration to the resultant "tolerable" automobile acceleration that de-

fines an ellipsoidal surface. This ratio can be expressed mathematically by 

Eq 1. An in-depth discussion on the development of Eq 1 was presented by 

Ross and Post tV and Weaver (.§.). 

----Eq 1 

The relationship between the accelerations experienced by an occupant 

and the accelerations of an automobile at its center-of-mass during a run­

off-the-road collision or maneuver are largely dependent on the degree of 
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restraint. In other words, the greater the degree of restraint the more 

similar are the accelerations experienced by an occupant and the accelera­

tions of the automobile . . At the present time, however, accident data shows 

that in the majority of the accidents occupants were unrestrained. The 

tolerable accelerations suggested by Weaber (~) for use in the severity-index 

equation are presented in Table 1. 

Table 1 

TOLERABLE ACCELERATION LIMITS SELECTEO 

FOR OITCH TRAVERSALS~(TENTATIVE) 

Accelerations (gls) 
Degree of Occupant 
Restraint GYL GXL GZL 

Unrestrained 5 7 6 

Lap Belt only 9 12 10 

Lap Belt and Shoulder Harness 15 20 17 

It is also well known that the accelerations of an automobile can reach 

high values over some small time duration ranging from 2 to 10 msec. These 

accelerations are commonly referred to as "spikes". For reasons discussed 

above, it is unlikely that unrestrained occupants would ever experience 

spike accelerations. Nord1in (~) concluded from conducting numerous full 

scale tests on traffic barriers in California that the accelerations of an 

automobile at its center-of-mass should be averaged over a time interval of 

50 msec. Ross -tV indicates that this time duration appears reasonable for 

automobile emba'nkment traversals because in the most of the instances investi-
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gated the highest acceleration time duration upon contacting the ditch was 

less than 80 to 100 msec. 

The relationship between accelerations experienced by unrestrained 

occupants and accelerations of an automobile is continouly changing as more 

and better safety devices are incorporated into the design of automobiles. 

However, until the more sophisticated mathematical models of occupants and · 

the area of bio-mechanics are further developed and validated, the severity­

index concept will undoubtedly continue to be one of the better tools for 

evaluating the safety aspects of roadside hazard improvements. 

The severity-index computations in the subsequent work will / be based on 

accelerations tolerable to an unrestrained occupant, and the automobile 

accelerations will be averaged over a time duration of 50 msec. 

Severity-Index and Injury Probability 

In 1967, Michalski (2.) of the National Safety Council statistically 

established from the results of a study involving 951 automobile traffic 

accidents that the incidence of occupant injury was directly related to the 

position of impact and the corresponding magnitude of vehicle damage. The 

severity of damage to a vehicle was rated on a 7-point photographic scale 

(lQ) by police officers and researchers at the scene of an accident. 

The work of Nichalski was applied and extended by Olson and Post OI) 

to include vehicle decelerations. Selecting vehicles damaged in full scale 

tests conducted by California, New York, and the Texas Transportation Insti-

tute, Olson had research engineers rate the severity of vehicle damage using 

the National Safety Council's 7-point photographic scales. The corresponding 

average vehicle decelerations could then be computed knowing the impact 
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conditions of the tests, vehicle dimensions, and the type of objects struck. 

The results of that study are shown in Figure 3a and 3b. 

An insight into establishing a re1ati .onship between severity-index and 

injury probability can be obtained based on the combined work of Michalski (~) 

and Olson (11) for an angle type collision such as a traffic barrier. In 

this type of collision in which vehicle snagging was minimized, it was deter­

mined that the average longitudinal vehicle decelerations {Glong } were equal 

to: 

G10ng = ~Glat = u{10 P) ----Eq 2 

where: u = coefficient of friction between vehicle body and 

tra ffi c ba rri er 

. Glat = average lateral decelerations = 10 P (Fig. 3a) 

P = injury probability 

Upon the substitution of Eq 2 into the severity-index equation (Eq 1) 
, . 

and assuming that the (a) vertical accelerations are negligible, (b) occupants 

are unrestrained, and {c} friction coefficient is 0.3, one obtains the fol­

lowing relationship. 

SI = 2.0 P ----Eq 3 

Further insight into the relationship between severity-indicies and 

injury probability can be obtained by combining the later work of Young and 

Post (~) with that of Michalski (~) and Olson (11). In 1971, Young conducted 

a research study on the rigid Texas Concrete Median Barrier which is similar 
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in design to the General Motors (ll) traffic barrier having inclined surfaces. 

The HVOS;~ model was used in that study and several full scale tests were 

conducted for validation purposes. Severity-indicies were computed to com­

pare the severity of one test or simulation with another and also to serve 

as an aid in making decisions concerning roadside modifications that should 

effect a reduction in occupant injury and loss of life. 

The combi ned work of r1i cha 1 sk i (~), 01 son (11), and Young (.L£) is 

presented in Figure 4. In addition, Michalski statistically established the 

angle impact rel ationshi ps shown in Fi gure 3a between ilmean" vehi cl e damage 

ratings (R) and those accidents in which: (a) R = 1.99---vehicles were 

drivable, (b) R = 4.08---vehicles were non-drivable, (c) R = 2.49---no 

injuries occurred, and (d) R = 4.73---injuries occurred. The average lateral 

vehicle decelerations, Glat , that correspond to these mean damage r~ings 
were obtained from Figure 3a. , The decelerations levels, in turn, were ex­

pressed as a function of the impact speed and angle using an equation 

contained in 01son1s (11) work. Referring to Figure 4, the following con-

clusions were reached: 

1. The severity-index curves exhibit the same characteristic shape as 

the deceleration level curves generated independently by Olson. 

2. The"no injury" prediction by Michalski and Olson agrees well with 

the tests run on the GM traffic barrier using a live driver who 

received no injuries and remained in complete control of his vehicle 

during 50 mph and 8 deg collisions. It must be kept in mind, how­

ever, that even during this type of collision resulting in low 

levels of deceleration that there exists a low probability for injury. 

3. The "injury" prediction by Michalski and Olson corresponds to a 
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FIGURE 4 : RELATIONSHIP BETWEEN IMPACT CONDITIONS 
AND VEHICLE LATERAL ACCELERATIONS, 
SEVERITY -INDEX,' AND PROBABILITY OF INJURY 
DURING COLLISION , WITH TEXAS CONCRETE 
MEDIAN BARRIER. 
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severity-index of 1.3 and an injury probability of about 50%. No 

attempt was made by Michalski to classify the severity of an injury. 

However, it is the opinion of the writers that this condition may 

approximately define the divisionbe.tween minor and serious type 

injuries. 

4. The IInon-drivable ll prediction by Michalski and Olson corresponds to 

an injury probability of about 35% and a severity-index of 1.0 which 

was defined by Weaver {£} as representing a safe run-off-the-road 

maneuver and/or collision. 

5. The relationship between severity-index and injury probability 

defi ned by Eq 3 agrees reasonably well wi th the resul ts presented 

in Figure 4. 

Based on the findings discussed above and realizing the complexity of 

the problem at hand, a decision was reached by the writers to define injury 

probabilities for fatal and non-fatal accidents over six broad categories of 

severity-index. This relationship shown 1n Table 2 will be used in the 

subsequent IIcost-effectivenessll evaluation. 

TABLE 2 
RELATIONSHIP BETWEEN SEVERITY-INDEX 
AND PROBABILITY OF INJURY ACCIDENT 

severit)-Index Probab111 ty of 
{SI Injury Acci dent 

· SI~0.5 0.1 
0.5<SI~1.0 0.3 
1 • 0<51~1. 5 0.5 
1 • 5<S 1 s2. 0 0.7 
2.0<SIS2.5 0.8 
2.5<51 1.0 
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RES U L T S OF r1 A THE r1 A TIC A LSI 1'1 U L A T ION S 

The paths of an automobile at its center-of-gravity for the 31 

computer simulation runs made in this study on driveway slopes of 3:1 and 

flatter are shown in Figures 5 through 9. The automobile was assumed to 

encroach on the roadside from the center of the outside lane at a speed and 

angle of 55 mph and 10 deg. Simulations were made across the entire width 

of the driveway slope in increments of roughly 10 ft which was considered 

adequate for conducting a cost-effective analysis. The probrbilities of the 

vehicle being on anyone path were determined in a subsequent section. 

The position of a vehicle along its path where the severity-index \'Ias 

computed is marked by an "X". In the majority of the runs this occurred 

near the intersection of the ditch slope and driveway front slope before the 

automobile was abruptly airborne, and at or slightly beyond the point where 

the automobile touches down after being airborne. The longitudinal, lateral 

and vertical accelerations and the computed severity-indices are presented 

in Table 3. The relationship between severity-index and injury probability 

was discussed in a previous section. 

The "dotted" portion along a vehicle's path defines the area and distance 

over which the automobile was airborne. The distances and heights airborne 

for the various driveway slopes are presented in Table 3. Similarly, a large 

single "dot" along the vehicle's path defines the position where the roll 

angle ~as approximately 90 deg and rollover was imminent. As discussed in a 

subsequent section, rollover was considered to result in an injury probability 

of 1.0. 

The maximum roll, pitch and yaw attitudes of an automobile before and 

dfter being airborne are also presented in Table 3. The yaw angle before . 



sPinou7 

! 

Sta 7 + 00 

Sta 6+ 75 

~~~~~~~~~_~_~Sta6+60 .. .. .... 

19 

3:1 
DRIVEWAY--&£~~ 

: ::: .. .. .. .. .. .. .. .. . .. .. .. ........ 

~. : ..... /: .... 

.~ 
)( 

c 

x 

.. .... .. .. .... " .. ...... .. .... .. .. .... . 
.. '" . . . 

t:~~~~~~~--~--~Sta6+00 

Sta5+ 85 

Sta 5+ 00 

SYMBOLS 

x SEVERITY -INDEX COMPUTED 
. .. ... VEHICLE AIRBORNE 
• VEHtCLE ROLLOVER 

Roll Angle = 90° 

Sta4+ 00 

I:----'-_~--L-~-'---~~....L.-~~.....L...~~-.yl - axis 
o (Sta 0+00) 

FIGURE 5 : DRIVEWAY 3: I SLOPE COMPUTER SIMULATIONS 
OF AUTOMOBILE C.G. PATHS 



1.Lt 20 
Q. - " ~ en 

CD c 

1~ a 
...J 
C\I -
i ' • j 0 « 
0 Sta 7+00 Q: :f D Sta 6+ 80 

. , . 
Sta 6+60 

4:1 
DRIVEWAY 

. : DRIVEWAY . · : · · 
Sta6+ 00 

Sta5+ 80 

Sta 5+00 

SYMBOLS 

x x SEVERITY -INDEX COMPUTED 
.. . ... VEHICLE AIRBORNE, 
• VEHICLE ROLLOVER 

Ron Angl. 'II 900 

Sta4+00 

~-.L..--:~---'-_~----L--:~---I"",,"-~~'--~:--"'" y' - axis 
o (StoO+OO) 

FIGURE 6 : DRIVEWAY 4: I SLOPE CoMPUTER SIMULATIONS 
OF AUTOMOBI LE C.G. PATHS' ' 



6' I 
DRIVEWAY 

., 
';( 
o 

x 

Sto 7 +00 
St06 +90 

21 

~lllt(j __ -,-><--J Sto 6 +60 

. . 
: : . .. 

II~i--lIL.--l Sto 6+ 00 

St05+70 

St05+00 

SYMBOLS 

x SEVERITY-INDEX COMPUTED 
...... VEHICLE AIRBORNE 

• VEHICLE ROLLOVER 
Roll Angle" 90° 

St04 .. 00 
4-~RUN NUMBER 

L--L..._l-.,.....I..._-'---'_-'-_l-.,.....I..._-,---,_-+Y' - axis 
o 40 80 120 160 200 (StoO+OO) 

FIGURE 7 : DRIVEWAY 6: I SLOPE COMPUTER SIMULATIONS 
OF AUTOMOBILE C.G. PATHS 



811 
DRIVEWAY--HC·:·1 

.!!! 
)( 

c 

x 

DRIVEWAY 

22 

Sto 7 +00 

Sto.5 +60 

Sto 5+00 

SYMBOLS 

x SEVERITY -INDEX COMPUTED 
. . .... VEHICLE AIRBORNE 

• VEHICLE ROLLOVER 
Roll Angle I: 90 0 

St04+00 

~--'-_-!-::----L_~_"---~~...L-~-=---'----=-~_'" Y I _ 0 xis 
o (Sto 0+00) 

FIGURE 8 : DRIVEWAY 8: I SLOPE COMPUTER SIMULATIONS 
OF AUTOMOBILE C.G. PATHS 



-

10 I I 
DRIVEWAY-~~ 

(I) 

)( 
o 

DRIVEWAY 

Sto 7+ 10 
sto 7 +00 

Sto 5+50 

Sto 5+00 

23 

SYMBOLS 

x SEVERITY -INDEX COMPUTED 
... . ,. VEHICLE AIRBORNE 
• . VEHICLE ROLLOVER 

Roll Angle = 90· 

Sta4+00 

~--'-----,!,,=---'--~~--I-~~----"-----,-~----"-~~-. yl - axis 
o (StaO+OO) 

FIGURE 9 : DRIVEWAY 10: I SLOPE COMPUTER SIMULATIONS 
OF AUTOMOBILE C.G. PATHS 



TABLE 3. RESULTS OF DRIVEWAY SLOPE SIMULATIONS UNDER ENCROACHMENT CONDITIONS OF 55 MPH AND 10 DEG 

i-r -P--l~2; E,gf2~:A \:c!l~r~t~o~s-r - ii MaX-f2+:ax~\f:i~r:~~:!s -T :- ~fE]~ U~ " 
i Run I Driveway II Roll ; Pitch l Yaw i 10 Lat V---t -: II Roll ' Pitch " Yaw !1o I L t I V t i :,-p .8 ~ l.!f .2 ~: ~ ~ B: 
" I ( ) i ( ) ( ) , ng , er , ,I ( ) ' ( ) ( ) , ng a , er i ~!t.I H ........ I C1J H ........ ~ 0 u 
, No. ' Slope deg , deg : deg ; (G' )J (G' ) 1 (G' ) SI " deg , deg i deg . (G' )1 (G' ) 1 (G' ) 1 SI -rl IP=: -rl >'...:1 ~ I 
I ~ I ' : s S S I ' ' I , S I S IS ' <l! , <l! A IX. , 
! - ,--==f.=::---t--.-.-_._---:. -=::...::..:..l :----.-~--·· tl . -- '=r i i - I i =t:- - 1 ~ 

A 3:1 !: +12 ; - 4 : +12 3 .• 2 i 1.4 , 8.6 i 1.5 i! +47 i +31 1 +12 i Ll : 2.2 i 9.2 ! 1.6
1

1 97 ! 8.7 : ; 
B 3:1 I I +13 +28 +14 4.2 1.1 10.7 ! 1.9 :1 ROa +59 : +51 ! 2.8 8.4 ; 21-.0 . 3.9 11 122 113.8 : 
C 3:1 Ii +14 - 4 +16 8.2 1.6 17.0 3.1 1

1 
RO +77 +78 11 11.1 3.5 i 3.1 1.8 !1 84 ~ 15.6 I 

I D 3:1 ii +35 i +25 +18 4.3 2.8 10.3 1.9 I RO +25 +39 I 1.3 3.7 j13.5 2.4 j l, 102 :12.8 ;12.2 
1 E 3:1 :1 +21 +26 +23 3.9 1.2 6.4 1.2 ill RO +43 +64 6.1 6.3 111.9 2.5 I 98 112.3 

~~ __ . 3:1- ----t~ + 6 +17 9. 2.r.4 1.6 0.3 i: Vfhic1e ~ever l Airbotne 0 i 2.1 

[

' F ; 3:1 II -18 I +12 +19 1.9 1.7 5.6 1.0 I, +37 -21 , SOb 4.5 ! 3.7 I 5.5 1.3 85 i 9.9 

A 4 :1 il +14 : +13 +13 2.4 : 1.3 . 6.4 I 1.2 11 -51 +18 j +13 1.7 I! 4.51 8.1 1.6 ii 84 ! 7.4 
B ' 4:1 11 +13 : - 4 +13 1 3.0 i 0.6 1 7.9 11 1.4 \ RO +37 ' +32 2.5 0.8 , 21.6 3.6 :; 115 110.7 

i C 4:1 ,I +13 +22 +19 4.3 I 0.9 i10.7 1.9 1' RO +42 +23 2.5 114.7 i 4.8 3.1 :1 95 110.0 

I 
D 4:1 I, +15 5 +17 2.6 1.5 i 7.8 I 1.4 RO +38 +28 1.9 I 3.1 12.2 2.1 Ii 121 113.0 8.3 
E 4:1 i.1 -21 + 9 +17 0.0 0.6 I 3.3 II 0.6

1
' +16 -25 +18 i 3.1 0.0 3.3 0.7 59 ' 6.0 

, Ii I' I !\ t ! 

I A 6:1 :! +12 + 9 ' +13 1.6 ~: 9-'-~-.-~+O.8 i +38 t-_12 1-~~ i 0.3 i 1.5 6.2 1.1 5.4 

I 
B 6:1 ~: +13 +14 +16 1.1 0.3 4.3 0.7 RO i +14 I +20 6.8 i11.1 : 1.5 2.4 6.7 
C 6:1 II +13 +14 +17 2.6 1.1 8.1 1.4 +42 I +18

1
: +17 4.1 1 .9.8 ' 6.9 2.4

1 
6.5 ! 

~
! 6:1 Ii +15 +14 +17 1.9 1.2 7.1 1.2 -17 ' +14 +23 i 0.6 I 0.3 ~ 6.9 1.2, 5.6 I! 8.3 

E ' 6 : 1 ii +15 . + 5 , +17 I 0.2 I 0.4 ! 1.8 0.3 I V hicle I Never 1 Airbotne II 2.1 ! 

I :--- 1i : __ H _ _ L __ ~ __ --~----·-----r - --· ·· -i; · · - --t---+-l I ; ----j !i -+--1---' 
, A 8:1 ,i +11 ~ +8 : +14 1 1.3 1 0.7 : 3.3 ' 0.6 1 +21 1 -9 1 +19 i 1.2 0.7 1 3.0 I 0.5 !: 42 4.3 

B 8:1 , ! +13 ' + 9 ' +14 0.6 ! 0.4 3.0 0.5 i +52 , -17 +95 i 3.4 I 0.8 : 5.0 i 1.0 !: 47 5.0 
'I I I , ! I: 

D 8:1 +15 +12 +17 1.0 1.0 5.3 0.9 ii -27 +11 +19 , O. 1.3 i 2.1 0.5 il 55 4.1 6.3 
C 8:1 ',' I';. +13 +13 +17 1.3 ! 0.5 4.7 0.8 : +26 ' + 7 ~ +17 : 1. 48 II 0.5 I 2.3 0.4 !i 21 3.8 

E 8:1 -21 + 5 +17 I 0.2 I 0.4 1.8 0.3 :; ! V hicle :Never jAirbotne . !' 2.1 
. j 

, 
A 10:1 
B 10:1 
C 10:1 
D 10 :1 
E 10:1 

, 
'--- _._- '-- _. _ ... 

a Rollover 
b Spinout 

-:j :~t -: r-:~~+ ~: ; - g:~ ~:~ --g~f~ =~~ :-~Tl :~6 i ~:~1 ~:tt~1 ~:~ il~li- ~~ ~:~ 
6.0 ~ 
5.2 

! i +13 + 6 + 16 0.1 0.8 3.8 0.7 i i +17 + 4 ~' + 17 : 0.0 I 0.2 ; 1. 7 i 0.3 , 18 2.1 
+15 +11 +17 0.5 0 . 8 4.6 0.8 !; - 5 I + 9 +17 I,' 0 ! 0.2 : 1.4 . 0.2 1! 36 2.1 

;i -21 + 6 +17 0.2 0.4 1.6 0.3 1:1 I Vhicle , Never : Airbo~ne Ii 2.1 
l~ __ _ ____ ___ __ . . ___ ! . _ _._. _ JI . __ _ L_. ___ . __ .1..:. _ __ 1. _ .. _._: _____ __ 1 ____ . .. _. i __ ._ _L_ . __ ...... L ___ _ L_ - - ---



25 

the automobile becomes airborne provides some insight into the lateral 

distances that the ditch side slopes tend to pull the automobile off of its 

encroachment path of 10 deg. For example, a path deviation of about 7 deg 

occurred for a traversal (path D) in the area of the flat ditch and drive­

way front slope--that is, the automobile was pulled from its encroachment 

path about 8 to 10 ft toward the ditch under a "free-whee1ing" condition. 

This observation suggests that obstacles located beyond the hinge point of 

side slopes of say 4:1 and steeper and and outside the clear recovery area 

of 30 ft should receive careful attention in safety improvement programs. 

The cost-effectiveness program of Texas (li) treats this situation in a 

unique manner; whereby, obstacles located beyond the hinge point of side 

slopes of 3.5:1 and steeper are considered to be fictitiously located at the 

hinge point when computing the probability of the obstacle being struck. 

However, no special consideration was given to this matter in the cost-effec­

tiveness evaluation in this study. 

Other than being reflected in the severity-index, no attempt was made 

to evaluate the significance of the automobile being airborne on the driver's 

behavior. Research on this subject is, to the writer's knowledge, non-existent. 

A few of many questions that may be worthy of further research are: 

1. At what distance and height airborne would most drivers over-react 

by rapidly turning the front wheels in the direction of the road­

way? This action could precipitate, upon terrain contact, complete 

loss of vehicle control; or rollover; or a spinout resulting in 

high centrifugal forces and possible ejection of unrestrained 

occupants. 

2. At what distance and height airborne could most drivers maintain 

their composure, and upon re-contacting the terrain, safely guide 
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the automobile back onto the roadway or slowly brake to a safe 

stop. 

The distances airborne in traversing driveway slopes of 3:1 and flatter, 

as a function of the lateral offsets from the roadway when the automobile 

became airborne are shown in Figure lOa. Also, a bar graph showing the 

weighted or mean distance airborne for a particular slope improvement is 

shown in Figure lOb. The weighted distance airborne, Hi' can be computed 

as follows: 

where: 

hj = distance airborne along encroachment path j 

Pj = probability of automobile being on path j (discussed in 

subsequent section) 

Referring to Figure lOb, one can reach the following conclusions in 

regard to distances airborne during the traversal of a driveway slope. 

1. No reduction in distance airborne would occur in flattening a 

driveway slope from 3:1 to 4:1. 

2. No significant reduction in distance airborne would occur by 

flattening a driveway slope the additional amount from 8:1 to 10:1. 

3. The greatest reduction in distance a1rborne would occur in flattening 

a driveway slope from 3:1 to 8:1. 

The last item in Table 3 that is in need of discussion involves the 

dynamic vertical load factor. The factor is defined as the ratio of the 

maximum dynamic tire load to the weight of the automobile. In the design 

of bar grates on culverts, it is important that the grate have sufficient 
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structural strength to prevent penetration and the entrapment of a vehicle 

wheel . 
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COS T - E F FEe T I V ENE S SAN A. L Y SIS 

The cost-effectiveness analysis conducted in this study was based on the 

cost-effectiveness priority approach formulated by Glennon (Ii). and imple­

mented in Texas for managing roadside safety improvement programs on both 

non-controlled access roadways and freeways (]10 . The cost-effectiveness 

measure used in this approach was: 

Cost-Effectiveness = annualized cost of improvement alternative per 

unit hazard reduction achieved; 

• cost to eliminate one injury (fatal or non-fatal) 

accident. 

The measure of effectiveness was defined as the difference between the 

hazard indices before and after an improvement expressed in terms of number 

of fatal and non-fatal accidents per year. Thus. in order to apply the cost­

effectiveness priority approach in this analYSis it was necessary to compute 

the hazard index for each driveway-slope alternative and its annual cost. 

Hazard Index 

The hazard index was computed for each driveway-slope alternative using 

the following equation: 

where: 

----Eq 4 

Hi = hazard index for driveway slope it expected number of 

injury (fatal or non-fatal) accidents per year 

(i = 3:1. 4:1. 6:1. 8:1. 10:1) 
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Ef a encroachment frequency; number of encroachments per 

mile per year 

P{C/E) = probability that a driveway slope will be traversed 

given that an encroachment has occurred 

P{I/C)i = probability of an injury (fatal or non-fatal) accident 

given that a driveway slope i has been traversed. 

A brief discussion of how each of the independent variables in this 

equation were computed follows. 

Encroachment Frequency 

Knowledge of the frequency with which vehicles encroach on the roadside 

of non-controlled access facilities is extremely limited. In fact, no com­

prehensive studies of encroachment frequency on these types of roadways have 

been reported. Therefore, the encroachment frequency used by Glennon (li) 

was assumed to be applicable for the purposes of this analysis. The rela­

tionship between encroachment frequency and average daily traffic is shown 

in Figure 11a. 

Probability of Traversing Driveway 

The probability that a driveway slope will be traversed given that an 

encroachment has occurred is proportional to the longitudinal length of the 

roadway within which the path of an encroaching vehicle would intersect a 

driveway slope. For the conditions simulated in this study (encroachment 

angle of 10 degrees), it was determined that this length was about 200 ft 

per driveway . Due to the lack of data on the effects of roadway conditions 

such as geometries and speed and on the frequency and nature of encroach­

ments, it was assumed that the longitudinal distribution of encroachments 

was uniform. Therefore, the probability of traversing a driveway slope 
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when an encroachment occurs was computed to be 0.04, whIch Is 200 ft dIvIded 

by 5,280 ft per mIle. 

ProbabIlIty of Injury AccIdent 

The probabIlIty of an Injury (fatal or non-fatal) accIdent gIven that 

a drIveway slope has been traversed was computed for each drIveway slope 

usIng the followIng procedure: 

1. For each drIveway slope, the maxImum severIty-Index and whether or 

not rollover occurred were determIned from the sImulatIon results 

on each of fIve encroachment paths (A,B,C,D, and E). The results 

of thIs step are shown In Table 4. 

TABLE 4 

SUMMARY OF MAXIMUM SEVERITY-INDICIES AND 

ROLLOVERS AlONG ENCROACHMENT PATHS 

DrIveway Encroachment Path 
Slope A B C 0 

3: 1 1.6 3.9* 3.1* 2.4* 
4: 1 1.6 3.6* 3.1* 2.1* 
6: 1 1.1 2.4* 2.4 1.2 
8:1 0.6 1.0 0.8 0.9 

10: 1 0.7 1.1 0.7 0.8 

* Rollover Occurred 

E 

2.5* 
0.7 
0.3 
0.3 
0.3 

2. For each drIveway slope, the probabIlIty of an Injury (fatal or 
non-fatal) accIdent was determIned for each encroachment path as 
follows: 

(a) If rollover occurred, a probabIlIty of one was assIgned. 

(b) If rollover dId not occur, a probabIlIty was assIgned on the 

basIs of the maxImum severIty-Index experIenced on the 
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encroachment path us1ng the relat1onsh1p presented 1n 

Table 2. The der1vat1on of th1s relationsh1p was expla1ned 

1n a prev10us sect10n of th1s report. 

The results of th1s step are shown 1n Table 5. 

TABLE 2 
RELATIONSHIP BETWEEN SEVERITY-INDEX 
AND PROBABILITY OF INJURY ACCIOENT 

Severity-Index Probab111 ty of 
(SI) I nj ury Acc1 dent 

SISO.5 0.1 
0.5<SIsl.0 0.3 
1.0<SIsl.5 0.5 
1.5<SIs2.0 0.7 
2.0<SIS2.5 0.8 
2.5<SI 1.0 

TABLE 5 
SUMMARY OF PROBABILITIES OF INJURY 

ACCIDENT ON ENCROACHMENT PATHS 

Dr1veway Encroachment Path 

Slope A B C D 

3: 1 0.7 1.0 1.0 1.0 
4: 1 0.7 1.0 1.0 1.0 
6 :1 0.5 1.0 O.B 0.5 
8:1 0.3 0.3 0.3 0.3 

10:1 0.3 0.5 0.3 0.3 

E 

1.0 
0.3 
0.1 
0.1 
0.1 

For each of the five encroachment paths, the probab1l1ty that 1t 

would be the path of an encroaching vehicle was derived from the 

the d1str1but1on of lateral d1splacements of encroach1ng veh1cles 
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shONn in Figure lOb, l'ihich was generated by Glennon (l.1.). These 

encroachment path probabiliti es \'iere detennined as follows: 

(a) For each encroachment path. the lateral distances bet\>leen 

the edge of the trave 1 ed way and the po; nt at whi eh the pa th 

1 ntersects each dr; vel'lay slope were ca 1 cul ated, and the range 

of these values were determined. 

(b) The probabilities of the lateral displacements of vehicle 

encroachments bei n9 I"i th; n each of these ranges were computed 

using Figure l1b . 

The results of this step are presented in Table 6. 

TAGLE 6 

SUI~11ARY OF ENCROACHMENT PATH PROBAGILITIES 

Encroachment Lateral Displacement Encroachment 
Path Range (ft .) Path Probabil ity 

Shoulder 0-10 0.07 
A 10-20 0.24 
B 20- 25 0.20 
C 25-35 0.35 
U 35-45 0.12 
E >45 0.02 

The expected probability of an injury accident for each driveway 

slope was calculated by using the following equation: 

E 
P(IfC)i = I P(j) [P(I/j)] 

J=A 
----Eq 5 

where: 

P(I/C)i = probability of an injury (fatal or non-fatal) acci­

dent given that driveway slope i has been traversed 
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P(j) • probability that encroaching vehicle will follow 

encroachment path j (j = A,B,C,D,E) 

P(I/j) • probability of an Injury (fatal or non-fatal) acci­

dent given that the encroaching vehicle follows 

path j 

The results of this step are presented In Table 7. 

TABLE 7 

PROBABILITIES OF INJURY ACCIDENTS 
ON DRIVEWAY SLOPES 

Driveway Probability of 
Slope Injury Accfdent 

3: 1 0.9 
4: 1 0.8 
6: 1 0.7 
8:1 0.3 

10: 1 0.3 

Costs 

The construction costs of the driveways studied were estimated using 

1977 average unit price data obtained from the Nebraska Department of Roads . 

In each case, three cost estimates were made to reflect the effects of dif­

ferent drainage requirements . These cost estimates are shown in Table B. 
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TABLE 8 

DRIVEWAY CONSTRUCTION COSTS 

Driveway With With With 
No One 24-ln. Dla. Two 24-ln. 010 . Slope Underdral nage Underdraln Underdrafns 

3: 1 $320 $1,890 $3,460 
4: 1 340 2,060 3,790 
6: 1 380 2,400 4,420 
8: 1 420 2,730 5,040 

10: 1 460 3,070 5,670 

Evaluation 

The cost and hazard Index data presented In the preceding sections were 

used to determine the cost effectiveness of Improving driveway slopes as 

part of a roadside safety Improvement program. The cost of Improving drive­

way slopes was assumed to be equal to the difference In the cost of constructing 

a driveway with the existing slope and the cost of constructing a driveway 

with the Improved slope. This cost was then annualized using an 8 percent 

interest rate, 20-year service life. and zero salvage value. The hazard 

Indices for before and after an Improvement were computed using Equation 4 

and the probabilities of an Injury accident given In Table 7 for the before 

and after driveway slope, respectively. An ADT of 3,000 was assumed, which 

corresponds to an encroachment frequency of 6 per mile per year (refer to 

Flgure 11a). The results of this cost-effectiveness analysis are presented 

ln Tables 9, 10, and 11. 

On these basis of these results, the followlng conclusions were made 

re1atlve to the cost-effectlveness of drlveway slope lmprovement a1ternatlves: 
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TABLE 9 

COST-EFFECTIVENESS OF ALTERNATIVE DRIVEWAY SLOPE IMPROVEMENTS WITH 

NO UNDERORAINAGE INVOLVED. (BASED ON 3000 ADT, OR 6 ENCROACHMENTS/MILE/YEAR) . 

IMPROVING FROM : 
IMPROVING 

3: 1 4 :1 6: 1 8:1 
TO: 

C E C/E C E C/E C E C/E C E C/E 

I 
, 

4: 1 $ 2 .03 $ 70 - - - - - - - - - I 

6: 1 6 . 05 120 $ 4 . 02 $200 I - - - - - - , 
I , , 

8: 1 ; 10 .15 70 8 .12 70 $4 .10 $40 - - -, , . 
10 : 1 I 14 . 15 90 12 .12 100 8 .10 80 $4 0 Infi nHe , 

I 

C • Annualized cost of improvement using 8-percent interest rate. 20-year serv1ce life. and zero salvage value; 

E = Difference between the hazard indices before and after improvement ; 

C/E • Cost to eliminate one injury (fatal or non-fatal) accident. 



TABLE 10 

COST-EFFECTIVENESS OF ALTERNATIVE DRIVEWAY SLOPE IMPROVEMENTS WITH 

ONE 24-in. DIA. UNDERDRAIN INVOLVED. (BASED ON 3000 ADT. OR 6 ENCROACHI~ENTS/MILE/YEAR). 

I 
IMPROVING FROM: 

IMPROVING 
i 3: 1 4: 1 6: 1 8: 1 , 

I 
TO: , 

! C E C/E C E C/E C E C/E C E C/E 

i i , 
• 4 :1 i $ 17 .03 $570 - - - - - - - - -i , 
I 6 :1 51 .05 1020 $34 .02 $1700 I - - - - - -, 
I • 

i 
I 

8:1 I 84 .15 560 67 .12 560 $33 .10 $330 - - -
I , 

$34 10: 1 118 .15 790 i 101 .12 840 67 .10 670 0 Infinite 
I 
I f 

C • Annualized cost of improvement using a-percent interest rate, 20-year serv1ce life, and zero salvage value; 

E = Difference between the hazard indices before and after improvement; 

C/E = Cost to eliminate one injury (fatal or non-fatal) accident. 
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IMPROVING 
TO: 

4 :1 

6: 1 

8: 1 

10: 1 

TABLE 11 

COST-EFFECTIVENESS OF ALTERNATIVE DRIVEWAY SLOPE IMPROVEMENTS WITH 

TWO 24-in. OIA. UNOERORAINS INVOLVED. (BASED ON 3000 AOT, OR 6 ENCROACHMENTS/MILE/YEAR). 

C 

$ 33 

96 

158 

221 

3 :1 

E 

.03 

.05 

.15 

.15 

C/E 

$1100 

1920 

1050 

1470 

I 

IMPROVING FROM: 
4:1 

C E C/E , C 

- - - I -
63 .02 $ $3 150 -

125 

188 

.12 

.12 

1040 

1570 

$ 62 

125 

6: 1 

E 

-
-

.10 

.10 

C/E 

-
-

$ 620 

1250 

8:1 

C E 

- -
I 

- -

$63 o 

C = Annualized cost of improvement using a-percent, 20-year service life; and zero salvage value; 

E c Difference between the hazard indices before and after improvement; 

C/E • Cost to eliminate one injury (fatal or non-fatal) accident . 

C/E 

-
-

Infi nite 

I 
! 
, 
i 

I 

w 

'" 
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1. In every case, improving to an 8:1 driveway slope was the most 

cost-effective alternative. 

2. The most cost-effective improvement was improving a 6:1 driveway 

slope to an 8:1 driveway slope. 

3. Improving an 8:1 driveway slope to a 10:1 driveway slope was not 

cost-effecti ve. 

4. The more underdrainage involved, the less cost-effective were drive­

way slope improvements. 

5. According to the cost-effectiveness priority scale suggested by 

Glennon (Ii) and presented in Table 12, 8:1 driveway slope improve­

ments have the following priority classes: 

(a) No underdrainage: Priority Class 3 to 4. 

(b) Underdrainage: Priority Class 6 to 7. 

Of course, on roadways with higher ADT's and encroachment frequencies greater 

than 6 per mile per year, driveway slope improvements would be more cost­

effective. 

TABLE 12 
EXAMPLE COST-EFFECTIVENESS RATIO PRIORITY SCALING, 

FOR A ROADSIDE SAFETY IMPROVEMENT PROGRAM 

C/E RATIO ($/INJURY 
PRIORITY CLASS ACCIDENT REDUCED) 

1 0 
2 1-20 
3 21-50 
4 51-100 
5 101-200 
6 201-400 
7 401-1 ,000 
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Also, it was determined, using a Poisson distribution as explained by 

Glennon (Ii), that the hazard reduction effectiveness of improving driveway 

slopes to 8:1 provided a probab11ity that no reduction would result from the 

improvement of only 0.05 for improv1ng from 3:1 and 0.14 for improving from 

6:1. In other words, this improvement could be made with 85-to-95-percent 

confidence that 1t will result 1n a reduct10n 1n 1njury acc1dents. 
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SUMMARY AND CONCLUSIONS 

Lfttle attentfon has been gfven to the hazard of drfveway ffll slopes 

located along the roadsfdes of non-controlled and lfmfted access rural hfgh­

ways. Therefore, the objectfves and goals of thfs study were twofold. Ffrst, 

the degree-of-hazardousness of a typfcal drfveway slope on a lfmfted access 

roadway constructed to hfgh desfgn standards was fnvestfgated and ascertafned. 

And second, the cost-effectfveness of fmprovfng the selected drfveway slope 

configuration from a 3:1 to flatter slopes was fnvestfgated and ascertafned. 

Speciffc ffndings relevant to the computer sfmulatfons of a standard 

sfze automobfle (3,800 lb) traversing drfveway slopes fn a free-wheelfng 

steering mode under the run-off-the-road encroachment condftfons of 55 mph 

and 10 deg are summarized fn the work to follow. 

Severfty-lndex and Injury Probabflfty 

The probabflfty of fnjury durfng a drfveway slope traversal must be 

determinable in order to conduct a cost-effectiveness analysis. The severity 

of an event was expressed in terms of a computed severity-index, which has 

been deffned fn prevfous research as the ratfo of the resultant automobfle 

acceleratfons averaged over a tfme duratfon of 50 msec to the resultant 

acceleratfons tolerable to an unrestrafned occupant. The relatfonship shown 

below was established fn this study for injury probabflfties lfkely to occur 

for six borad categories of severity-index, except rol1overs were assigned 

an injury probabflfty of one. 



sever1trlndex Probabll i ty of 
(SI Injury Acci dent 

S150.5 0.1 
0.5<SI51.0 0.3 
1.0<SI51.5 0.5 
1. 5<SI52. 0 0.7 
2.0<SI52.5 0.8 
2.5<SI 1.0 

Tolerable Accelerations: Long. = 7 g's 
Lat. := 5 9 15 

Vert .• 6 g's 
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The rate of automobile ro110vers decreased as the driveway slopes were 

flattened with none occurring on slopes flatter than 6:1. 

Distance Automobile Airborne 

Other than being reflected in the severity-index, no attempt was. made 

to evaluate the significance of the automobile being airborne on the driver's 

behavior and what effect his responses might have on the control stability 

of the vehicle upon re-contacting the terrain . However, in a free-wheeling 

steer mode, one can reach the following conclusions: 

1. In general, the severity-index was directly proportional to the 

distance the automobile was airborne. 

2. No reduction in distance airborne would occur in flattening a 

driveway slope from 3:1 to 4:1. 

3. No Significant reduction in distance airborne would occur by 

flattening a driveway slope the additional amount from 8:1 to 10:1. 

4. The greatest reduction in distance airborne would occur in flattening 

a driveway slope from 3:1 to 8:1. 
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As would be expected, these findings support the findings of the cost­

effectiveness analysis. 

Cost-Effectiveness Evaluation 

Roadside safety improvement programs must compete with other ongoing 

highway programs for the limited funds available. The cost-effectiveness 

technique is a managerial tool which provides the highway administrator with 

a means of evaluating safety improvement alternatives on a common data base 

and a priority ranking scale to realize the greatest return on the invest­

ment made to reduce injury accidents. 

The cost-effectiveness analysis conducted in this study was based on 

the cost-effectiveness priority approach formulated in NCHRP 148 and imple­

mented in Texas for managing roadside safety improvement programs on both 

non-controlled access roadways and freeways. 

The findings of the cost-effectiveness analysis of driveway slope 

improvement alternatives are summarized below. 

1. In every case, improving to an 8:1 driveway slope was the most cost­

effective alternative. 

2. The most cost-effective improvement was improving a 6:1 driveway 

slope to an 8:1 driveway slope. 

3. Improving an 8:1 driveway slope to a 10:1 driveway slope was not 

cost-effective. 

4. The more underdrainage involved, the less cost-effective were drive­

way slope improvements. 

5. According to the cost-effectiveness priority scale presented in 

NCHRP 148, 8:1 driveway slope improvements have the following 

priority classes: 



(a) No underdrainage: Priority Class 3 to 4. 

(b) Underdrainage: Priority Class 6 to 7. 
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Of course, on roadways with ADT's higher than 3,000 and encroachment fre­

quencies greater than 6 per mile per year, driveway slope improvements would 

be more cost-effective. 

Also, it was determined, using a Poisson distribution that the hazard 

reduction effectiveness of improving a driveway slope from 3:1 to 8:1 could 

be made with 95 percent confidence that it would result in a reduction in 

injury accidents. 

Dynamic load Factor 

The dynamic load factor is defined as the ratio of the maximum dynamic 

vertical tire load ~ the curb weight of the aubomobi1e. In the design of 

bar grates on culverts, it is important that the grate have sufficient 

structural strength to prevent penetration and the entrapment of a vehicle 

wheel. The dynamic load factors obtained in this study for various driveway 

slopes are shown in the following Table. 

Driveway Dynamic 
Slope load Factor 

3:1 13 
4:1 9 

6:1 9 

8:1 7 
10:1 6 

Auto Weight = 3,800 1b 
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APPENDIX 

A. VEHICLE PROPERTIES 
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APPENDIX 

B. TERRAIN DATA 
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APPENDIX 

C. TRANSPORTATION RESEARCH BOARD SLIDES 

(Session 4, 1978) 



STUDY OBJECTIVES 

I. DETERMINE HAZARDOUSNESS OF DRIVEWAY SLOPES 
BY MODEL SIMULATION. 

2. DETERMINE COST - EFFECTIVENESS OF FLATTENING 
DRIVEWAY SLOPES FROM 3:1 TO 10:1. 

3. DETERMINE MOST COST - EFFECTIVE DESIGN 
STANDARD FOR DRIVEWAY SLOPES. 

U1 
1.0 



PARAMETERS 

• HVOSM TTI MODIFIED VERSION 
STANDARD SI,ZE AUTO (3,800 LBS.) 
FREE WHEELING STEERING MODE 

• DRIVEWAY SLOPE IMPROVEMENTS - - 3: I 
4 :1 
6 :1 
8: I 

10 : I 

• ENCROACHMENT CONDITIONS -- SPEED = 55 MPH 
ANGLE = 10 DEG 

• SOIL STIFFNESS DURING 
BUMPER (S) CONTACT -- 4 KIP/INCH 

0"> 
o 



FIGURE I : PHOTOGRAPHS OF DRIVEWAY SITE 
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en 
w 
c en 
U> Sta 7 + 00 

Sta 6+ 75 

sta 6+60 

: : 

DRIVEWAY 

·~~~~+.+.~+---~~--~Sta6+00 

Sta5+ 85 

Sta 5+ 00 

SYMBOLS 

x SEVERITY -INDEX COMPUTED 
. .... . VEHICLE AIRBORNE 

• VEHICLE ROLLOVER 
Roll Angle = 90° 

Sta4 + 00 

~--'--~--JL....-~:---...L-~~......L.~~--1_~~--' y I _ axis 
o (Sta 0+00) 

FIGURE 5 : DRIVEWAY 3: I SLOPE COMPUTER SIMULATIONS 
OF AUTOMOBILE C.G. PATHS 
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FIGURE 8 : DRIVEWAY 8; I SLOPE COMPUTER SIMULATIONS 
OF AUTOMOBILE C. G. PATHS 



SUMMARY OF MAXIMUM SEVERITY -INDICIES AND 
ROLLOVERS ALONG ENCROACHMENT PATHS 

Driveway Encroachment 
Slope Path 

A B C 0 E 

3: I 1.6 3.9. 3.1. 2.4. 2.5. 

4: I 1.6 3.6. 3.1. 2.1 it 0.7 

6: I 1.1 2.4. 2.4 1.2 0.3 

8: I 0.6 1.0 0.8 0.9 0.3 

(0: I 0.7 1.1 0.7 0.8 0.3 

• Rollover Occurred 
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SH -- PAVED SHOULDER 
FS -- FRONT SIDE SLOPE 
BS --BACK SIDE SLOPE (4:1) 
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SUMMARY OF PROBABILITIES OF INJURY 
ACCIDENT ON ENCROACHMENT PATHS 

Driveway Encroachment 
Slope Path 

A B C D E 

3: I 0.7 1.0 1.0 1.0 1.0 

4: I 0.7 1.0 1.0 1.0 0.3 

6: I 0.5 1.0 0.8 0.5 0.1 

8: I 0.3 0.3 0.3 0.3 0.1 

10: I 0.3 0.5 0.3 0.3 0.1 
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.-1 DISTANCE AUTO AIRBORNE (FT) 
_ INJURY PROBABILITY (%) 

0"'--............ 
3 : I 4: I 6: I 8 : I 10: I 

DRIVEWAY SLOPE 



COST - EFFECTIVENESS OF ALTERNATIVE DRIVEWAY SLOPE 
DESIGN WITH NO UNDERDRAINAGE INVOLVED. (BASED ON 
3000ADT, OR 6 ENCROACHMENTS/MILE/YEAR). 

Improving Improving From: 
3: I 4: 1 6:1 8 :1 To: 

C E C/E C E C/E C E C/E C E C/E 

4:1 $2 .03 $70 - - - - - - - - -

6: I 6 .05 120 $4 .02$200 - - - - - -
8:1 10 .15 70 8 .12 70 $4 .10 $40 - - -

10:1 14 .15 90 12 .12 100 8 .10 80 $4 o InfiUte 



- - - - - - - - - - - - - - - - - - - - - -

COST-EFFECTIVENESS OF ALTERNATIVE DRIVEWAY SLOPE 
IMPROVEMENTS WITH NO UNDERDRAINAGE INVOLVED (BASED ON 
3000 ADT, OR 6 ENCROACHMENTS / MILE / YEAR) 

Improving Improving From : 
3: I 4: 1 6:1 8: 1 To: 

C E C/E C E C/E C E C/E C E C/E 

4: I $10 .03 $330 - - - - - - - - -
6: 1 24 .05 480 $14 .02 $700 - - - - - -

8:1 38 .15 250 28 .12 230 $14 .10 $140 - - -
10: 1 53 .15 350 43 .12 360 29 .10 290 $15 o Infinite 



- - - - - - - - - - - ~ ~ ~ ~ ~ ~ 

COST - EFFECTIVENESS OF ALTERNATIVE DRIVEWAY SLOPE 
DESIGN WITH ONE 24-in. DIA. UNDERDRAIN INVOLVED. 
(BASED ON 3000 ADT, OR 6 ENCROACHMENTS/MILE/YEAR). 

Improving Improving From: 
3: 1 4: 1 6: I 8:1 To: 

C E C/E C E CIE C E C/E C E C/E 

4:1 $17 .03 $570 - - - - - - - - -
6:1 51 .05 1020 $34 .02 $1700 - - - - - -
8.1 84 .15 560 67 .12 560 $33 .10 $330 - - -

10: I 118 .15 790 101 .12 840 67 .10 670 $34 o Infinite 



- - - -

COST-EFFECTIVENESS OF ALTERNATIVE DRIVEWAY SLOPE 
IMPROVEMENTS WITH ONE 24-in DIA. UNDERDRAIN INVOLVED. 
(BASED ON 3000 ADT, OR 6 ENCROACHMENTS/MILE / YEAR) 

, 

Improving From: Improving 
3: I 4: I 6: I 8: I To: 

C E C/E C E C/E C E C/E C E C/E 

4: I $25.03 $830 - - - - - - - - -
6: I 70 .05 1400 $45.02 $2250 - - - - - -
8: I 114 .15 7GO 88 .12 730 $43 .10 $430 - - -
10: I 159 .15 lOGO 133 .12 1110 89 .10 890 $45 o Infinite 



COST - EFFECTIVENESS OF ALTERNATIVE DRIVEWAY SLOPE 
DESIGN WITH TWO 24 - in. OIA. UNDERDRAINS INVOLVED. 
(BASED ON 3000 ADT t OR 6 ENCROACHMENTS/MILE/YEAR). 

Improving Improving From: 
3: I 4:1 6:1 8:1 To: 

C E C/E C E C/E C E C/E C E C/E 

4: I $33 .03 $1100 - - - - - - - - -

6: I 96 .05 1920 ~63 .02 $3150 - - - - - -
8: I 158 .15 1050 125 .12 1040 $62 .10 $620 - - -
10: I 221 .15 1470 188 .12 1570 125 .10 1250 $63 o Infinite 



- - - - - - - - - - - - - - - - - - - - - - - - - -

COST - EFFECTIVENESS OF ALTERNATIVE DRIVEWAY SLOPE 
IMPROVEMENTS WITH TWO 24-in DIA. UNDERDRAINS INVOLVED. 
(BASED ON 3000 ADT, OR 6 ENCROACHMENTS/MILE/YEAR) 

.... 

, 

Improving From: Improving 
3: I 4: I 6: I 8: I To: 

C E C/E C E C/E C E C/E C E C/E 

4: I $41 .03 $1370 - - - - - - - - -
6: I 116 .05 2320 $75 .02 $3750 - - - - - -

8: 1 189 .15 1260 148 .12 1230 $73 .10 $730 - - -
10: I 265 .15 1770 224 .12 1870 149 .10 1490 $76 o Infinite 
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CONCLUSIONS 

I. DRIVEWAY DO PRESENT A HAZARD. 

2. MOST COST - EFFECTIVE 

IMPROVEMENT : FLATTEN TO 8: I 

I 

I 3. MOST COST - EFFECTIVE 

DESIGN STANDARD: 8: I 



NEEDED RESEARCH 

• CONDU'CT FULL-SCALE TESTS TO VALIDATE HVOSM 

• DEVELOP TEST METHODS TO MEASURE SOIL STIFFNESS 

• CONDUCT ACCIDENT INVESTIGATION 

• CONDUCT SENSITIVITY ANALYSIS 

• ESTABLISH ACCIDENT SEVERITY AND SEVERITY-INDEX 
RELATIONSHIP 

• DEVELOP DESIGN GUIDELINES 




