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1, Introduction

The studies presented herein were made to increase preliminary
knowledge of the engineering properties of the rock material at the
Forest Glen Station site. TFigure 1 shows the location of the project.
The results of the work will be utilized to:

{a} provide basic information for cavern and tunnel design, and

(b) evaluate the performance of pre-construction explorations in
estimating actual conditions.

The work was authorized by Department of Transporation Contract No.
DOT-FH~11-9272, dated May 25, 1877. The scope of the work may be

summarized as follows:

1.1 Scope of the Work

The work was divided into two main sections:

(a) Downhcle loading tests using the Goodman jack to measure the
static deformation properties of the rock, and

{b) Laboratory tests of selected rock cores at, or near, the locations
of the downhole tests to determine the deformation constants and

compare them with in situ results.

1.2 Svneopsis of Work

Field work began on January 5, 1878, and concluded on Tanuary 14,
1978. Laboratory testing and report writing began on January 17, 1978,
and is concluded with the submission of this report. The field work and
report writing were performed by Donald J. Dodds and Frank S. Shuri,
and the laboratory testing was performed by Frank S. Shuri and E. Christine
Petersen.

1.3 General Commentary

In the design or evaluation of the stability of an underground cavity,
knowledge of the mechanical properties of the material in which the cavily
is to be construcied is essential. During this study, static mechanical
properties were obtained by both laboratory and in situ tests, These
methods complement one another in that the iaboratory tests allow wider
and more precise control over the variables affecting the properties to be
measured. However, the exact field conditions are difficult to reproduce
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during the test and were often difficult to measure adequately in the field.
The field tests, of course, provided the exact environment under which
the rock properties need to be known, but allowed for very little indepen-
dent control of those variables. During the examination or utilization of
these test results, the following points must be remembered and the data
utilized accordingly.

1.3.1 Non-Distribution

The field testing was conducted in one borehole, and laboratory
samples were taken in two borings. The actual volume of material tested
is only a minute fraction of the total cavern volume; the small number of
tests does not permit the application of statistical methods to the resul-
tant data, Conditions away from the borings could be different, but this
report cannot reflect any such variations.

1.3.2 Absence of Joints

The effects of joints, faults, and fractures on the material cannot be
assessed by laboratory tests. Generally the values of the physical proper—
ties are lowered by the presence of joints.

The rock affected by the Goodman jack is a cylinder some 12 inches
long with a diameter of approximately three feet, The amount of joints,
cracks, and weak areas contained in this volume is minimal, and so the
results of the test generally show values for in-place intact rock. If an
abnormality dces pass under the plate, the relatively large area allotted
to the abnormality compared with that allotted to the normal rock tends to
overwhelm the results and produce a very low value of the modulus; the
end result then being that the upper and lower bounds are obtained rather
than the deformation modulus of the material mass.

1,3.3 Changed Conditions

The laboratory samples have been removed from their normal environ-
ment and subjected to surface conditions. The resulting change in physi-
cal characteristics due to this exposure is difficult to ascertain; it is ex-
pected, however, that the physical properties measured on in-place rock
would be somewhat higher,

1.3.4 QOptimization by Selection

The weaker rock in the mass is subject to breakage during drilling
and recovery because this rock generally contains more natural joints
and other weak structures. In badly broken or jointed rock, it is difficult

1-3



to find a piece of core large enough to obtain a sample for testing in the
laboratory. In the field, care must be taken to prevent broken rock from
falling out of the sides of the hole and wedging the instrument inte the
hole. As a result, the field technician tends to select test areas in
sound rock. Borh of these selection processes tend to favor testing the
better material in any given situation and could produce material proper-
ties for the stronger material.



2. Static Deformation Characteristics

2.1 The Borehole Jack

The borehole jack is a borehole probe with movable rigid bearing plates
for measuring wall deformation as a function of applied load. Calculation
of directional deformation in the rock is determined through load-deforma-
tion measurements using an assumed Poisson's ratioc., The probe is designed
to operate in a three inch, NX dimater borehole; the pressure plates can
span diameters ranging between 2.75 and 3.25 inches, creating an effec-
tive working borehole size of approximately 2.9 to 3.1 inches to allow for
average rock deformation during testing. Hydraulic pressure is transmitted
to the rock through 17 square inch movable plates,transmitting a maximum
bearing plate pressure of 9,300 psi to the rock surface., Two LVDT displace-
ment transducers are mounted within the jack at each end of the movable
plates allowing precission measurements of deformation to be made. The
system also includes a portable solid-state indicator for measuring dis-
placement, hydraulic pump, pressure gauges, two hydraulic hoses and
electrical cable.

The advantages of this test are its relatively low cost in comparison
with other in situ tests, its ability to measure properties at depth, and
minimal disturbance of the in situ conditions. The disadvantages are the
relatively small bearing surfaces, which sample material properties at
selected points along the borehole , and poor mating of bearing plates to
the rock surface. The U.S. Corps of Engineers, Missouri River Division
Laboratory {Ohnishi,1971), and the U.S. Bureau of Mines, Spokane Min~
ing Research Center (1969) have tested the Goodman jack and report low
results relative to other methods of modulus measurement.

2.2 Field Testing

The borehole jack was used to obtain the static materia! properties
of the rock in situ at Forest Glen . Three borings of sufficient length
to intersect the cavern were available at the site. These borings were
made on a small angle of the vertically grouted areas, to prevent failure
of the borehole walls,and redrilled to three inches with a rotary bit. This
method of drilling produces an oblong hole with the short axis parallel to
the strike of the hole. This eliptical nature of the resulting hole was not
disclosed by the caliper log because it measures the average diameter,
which was shown to be slightly under three and one-half inches. While
towering the probe into hole T-2, an obstruction was encountered at
approximately 113 feet (inclined distance) which prevented the probe from
going any deeper. Similar obstructions were encountered in boring T-3
andRP-27 just below the casing. The borehole jack is, of course, designed
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to operate in a circular hole with a nominal diameter of three inches.

By expanding the jack parallel and perpendicular to the strike, the diame-
ters were measured at less than two and seven-eighths and greater than
three and one-half, respectively. The lack of time and funds avatilable
to redrill the holes to three inches in diameter prevented the test from
being performed, except in the top 25 feet of T-2,where two teslis were
performed at 109,6 feet. Of these two, test number 1 was conducted
with the applied stress perpendicular to the direction of Georgila Avenue
at the site, and test number 2 was performed with the stregs parallel

to Georgia Avenue., The tests were conducted using the equipment des-
cribed below, as shown in Figure 2 , according to the procedure outlined
below:

2.2.1 Equipment
{a) Model 52102 Goodman jack,

{b) Schaevitz TR 100 LVDT (linear variable displacement transducer)
readout box,

{c) 600 feet of hydraulic line,

{d) 300 feet of electric cable,

(e) 300 feet of BX casing, and

(f) hydraulic pump and pressure gauge.

2.2.2 Procedure

{a) Low pressure and high pressure hydraulic lines and electric
readout cable were threaded through the first section of BX
casing, Figure 2ZA,.

(b} The hydraulic lines and cable were attached to the Goodman
jack which was threaded onto the cable by twigting it to pre-
vent fouling of lines and cable, Figure 2C,

(¢) The jack and casing were placed in the borehole, Figure 2E,
and additional casing and lengths of cable and lines were added
as necessary to pogition the jack at the desired depth.

(d) The test surfaces were oriented and the bearing was recorded.,

(e) The hydraulic lines were attached to the pump and the electric
cahle to the readout box,
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{f) Pressure was applied until the jack contacted the sides of the
drill hole. The LVDT readings were recorded as the zero read-
ings.

(g} The load was applied in 10 equally spaced increments.

{(h) The load was held 15 minutes at the peak of each cycle to de-
termine if the material exhibited time-dependent strain charac-
teristics.

(i} The load was removed in 10 equal decrements to obtain an un-
loading curve, and the minimum load was heid for 15 minutes
to allow the rock to rebound.

(j) Two additional and similar cycles of loading were performed to
successively higher loads.

(k) The jack was collapsed and rotated 90 degrees, and steps 6
through 10 were repeated.

(1) Upon completion of the second test, the jack was collapsed and
moved to the next test position.

2.2.3 Data Reduction

The egquation used tc obtain the modulus values was derived by assum-
ing the actual pressure tc be a constant radial boundary pressure plus shear
and radial pressures distributed sinusoidally over the width of the plate.

If the angle subtended by the width of the plate is about 45 degrees, little
effect on the results occurs from the finite plate width, The results of a
finite eiement program (Hall, 1972) show that a reduction of 14 percent

in the value of the modulus is necessary to adjust to the actual length

of the jack.

where

The modulus was obtained by the use of the following equation:

E=10.86 _E N

“h

F = applied load
h = diameter of borehole

Wh = diametrical deformation
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2.2.4 Results

The results of the borehole jacking tests are summarized in Table 1
and displayed as stress-strain curves in Figures 3 and 4, The values
obtained from each orientation are essentially the same, considering the
small number of tests and the statistical scatter of results typical of all
rock mechanics testing. The modulus values are relatively low; inspec-
tion of the stress-strain curves reveals crack-closing at the start of each
cycle, and a moderate amount of permanent deformation. In addition, a
significant amount of time-dependent strain occurred at the top of each
cycie; this behavior has been plotted as strain vs, time in Figure 5 . Dur-
ing test number 1, similar creep rates took place at all stresses, while
the total time-dependent strain increased in proportion to the applied
siress. Total time-dependent strains in test number 2 were less than in
test number 1, indicating that working of the material had taken place
during the first test.

The borehole jacking test results compare well with the laboratory
test results. The jacking measurements were made in situ and will, of
course, reflect the effects of confining pressure, cracks, joints, and
moisture, The confining pressure would tend to increase the moduli,
while the macro-rock quality would tend to decrease them. In addition,
strongly foliated materials such as these will sometimes show & modulus
dependent upon the orientation of the applied stress., When the stress is
applied normal to alternating low and high modulus layers, the low modu-
lus material compresses and controls the bulk modulus of the rocck. When
the stress is applied parallel to such layers, the high medulus material
controls the amount of strain and, thus, the modulus., While this effect
was not observed in the unweathered sample, it could well exist in the
weathered rock because of the different weathering characteristics of
quartz, feldspar, and the micas. The jacking test was conducted with the
stress basically parallel to the foliation, which dipped 23° to the axis of
the core, Thus, the values are similar, rather than the jacking test re-
sults being lower, as might be expected. Vertical in situ modulus values
may proved to be lower than the figures presented here.

2.3 Laboratory Tests

A total of 11 unconfined untaxial compression tests were performed
on air-dried rock core specimens to determine their deformation constants.
Ten tests were performed on unweathered material, five from boring T-2,
five from bering RP-27, and one on slightly weathered material from boring
T~2. Eleven core samples were returned to Portland and tested for modulus
of deformation values and Poisson's Ratio using the equipment and procedures
as follows:
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Table 1

Borehole Jacking Test Results

Test No. 1 Test No. 2
Depth, Ft. 108.6 109.6
Orientation, degrees
relative to Ga. Ave. 90 0
Tangent Modulus X
1007 psi 0.24 0.18
Secant Modulus x
100 psi 0.02 0.09
Recovery Modulus x
106 psi 1.4 7.9
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(a)

{e)

(£)

2.3.1 Equipment

A 250,000 pound compression tester with a 2.25 inch ram operated
by a hand pump.

Four SR-4 type strain gauges mounted on opposite sides of the core
in two T-shaped rosettes,

A 6.5 volt solid state DC power source, a 10 channel switch and
balance unit, and a high impedance digital voltmeter in a Wheat-

stone bridge circuit.

A Hewlett-Packard 9830 computer in direct hookup with the volk-
meter for data acquisition and calculations.

2.3.2 Procedure

The samples were cut and their ends ground in accordance with
ASTM D2938,

Strain gages were applied according to the gage manufacturer's
recommendations,

A spherical seat and hardened steel platens were cleaned and in-
spected to see that they would perform properly.

The test specimen bearing surfaces were cleaned, and the speci-
men was placed on the bearing platens.

The axis of the specimen and the center of thrust of the spherical
seat block were carefully aligned.

The load was applied in 10 equally spaced increments at a constant
rate without shock.

Readings were taken of axial and radial strain after each increment
of loading.

The peak load was maintained for several minutes to cbserve time-
dependent strain behavwior, if any.

The sample was unloaded in 10 equally spaced increments with
strain readings at each step.

Two additional and similar cycles of loading were performed to loads
of twice and three times the first cycle's peak load.
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2.3.3 Results

Because rock is not actually an elastic material, its behavicor may
be described by the use of the three deformation moduli shown on Figure 6,

(a) The tangent modulus of deformation is the slope of the stress-
strain curve obtained between two adjacent sets of data pdnts.
It neglects the end effects of the curve and is better sulted to small
stress changes.

{b} The secant modulus of deformation is the slope of the line between
zero stress and the stress in question, This modulus should be
used for complete load steps from zero to the desired load. Some-
times the initial portion of a curve is concave upwards. This is
often attributed to closing of microcracks caused by stress release,
blasting, etc. and lowers the value of the secant moduius., The
ratio between the secant modulus and tangent modulus, then, can
be used as a means of measuring the micro-damage of the material,
A ratio of one indicates no damage,

(c} The recovery modulus of deformation is a tangent modulus on the
stress-releasing portion of the stress-strain curve. This modulus
is generally higher than the other twe moduli and is used in calcu-
lations where unloading conditions are present. The difference
between the tangent and recovery moduli indicates the material's
capacity for hysteresis or energy storing. In a linearly elastic
material all three moduli would be identical.

The results of the unconfined uniaxial deformation tests are pre-
sented in Table 1. BStress-strain curves for each sample are
shown in Figures 7 through 16.

The modulus values for unweathered material generally range between
7 and 12 x 106 psi with relatively little spread in the data. Poisson’s Ratio
averages 0.187. These figures are representative of relatively high modulus
material., The siress-strain curves are fairly linear, with unlcading cycles
simitar to loading cycles. Very little permanent deformation (plastic defor-
mation) was observed, and almost no time~dependent strain (creep) at peak
stress levels. This material is highly elastic in its behavior.

This slightly weathered rock, on the other hand, exhibits modulus
values ranging from 0.2 to 0.4 x 106 psi and a Poisson's Ratioc of §.037,
Inspection of the stress-strain curve for this material, Figure 17, reveals
unloading curves which are substantially different from loading curves,
indicating that much of the energy is stored until low stress levels are
reached. In addition, there is significant creep exhibited at the peak of
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Table 2

Modulus of Deformation Results

~ Sample No. IDepth, Ft.

Weathered Material:

T-2-1 113.6-114.3

Unweathered Material:

T-2-2 180.8-192.3
T-2-3 198.0-198.7
T-2-4 208.0-208.7
T-2-5 218.4-219.0
T-2-6 226.9-227.5
RP-27-1 193.4-194.3
RP-27-2 201.5-202.3
RP-27-3 213.0-214.1
RP-27-4 223.0-223.9
RP-27-5 233.0-234.2

Ave. Unweathered Materiajl:

Range:

Tangent Segant_ Recgvery Poisson's
X 10° psi x ‘10" psi X 10° psi / Ratio
0.24 0.20 0.40 .037
12.4 14.2 12.0 179
8.2 8.0 8.4 167
7.2 6.9 7.5 11
10.3 10.4 10.3 .187
10.2 10.7 10.1 .268
9.4 9.6 9.7 .198
10.0 10.2 10.1 175
7.1 6.7 7.6 .179
7.7 7.8 7.9 .198
8.1 8.0 8.4 .205
9.1 9.2 9.2 .187
7.1-12.4 6.7-14.2 7.5-12.0 .111-,268
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each cycle and a large amount of permanent deformation at the bottom.
This material shows a combination of elastic, plastic, and viscoelastic
behavior, and the deformation values are in the low range of rock values.
The behavior of this rock reflects the weathering it has undergone and
may indicate the presence of a significant amount of clay minerals.
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1. SUMMARY OF FINDINGS

Al though only | Imited useful information has been developed from the
| Tterature review, It has been posslble to produce three equations that
predict the probabll ity of Impacting roadside slgns, trees, mallboxes,
fuminalre supports, culverts, underpasses, overpasses, plers, abutments,
bridge rallings and guardrails. These equations apply to both single fixed
ob Jects such as luminalres, trees, or sign posts and fo |inear types of fixed
objects such as guardralls, underpasses and |ines of closely spaced trees.

Taking such impact probabilitles and Information on accldent severity,
the costs of accldents may be developed. By correlating accident costs with
Information on the costs of roadside Improvements such as guardralls, free
removal, and break-away signs, it Is possible to produce beneflt-cost analyses
of proposed roadside Improvements.

Aithough such benefit-cost analyses are beyond fthe scope of thls report,
simple examples are provided so that thelr use may be made ctiear. For
example, these analyses could answer questions such as the following:

1) Should a line of trees be left in place, removed or protected by

guardral | when the ADT Is 3,000 vehicles per day? When the ADT Is
500 vehlcles per day?

2)  For ADT = 6,000, should a sign be made break-away If 1t costs an
additlonal $100 per sign to do so? An additional $1,000 per sign?

Use of the procedures developed in this report may ald those
responsiblie for safety related benefit-cost analyses as part of resurfacing,
reconstruction or rehabilitation (RRR) projects on the nation's highways.

The procedures developed have been programmed for an (BM PC computer to
analyze tree removal or protectlion and use of break-away signs. The

documentation for these programs are being delivered fo FHWA.



2. INTRODUCTION

There Is | i1ttle question that [nterstate freeways should and do have
thelr roadsides protected to the maximum extent possible. Sligns and
luminalres are made break-away or protected by guardralls. Piers, abutments,
underpasses and overpasses are protected by guardralls and other types of
barrlers or by Impact attenuators. Close-in frees are removed wherever
possible and cul verts are covered with grates. Medlian barrlers are employed
where trafflc volumes are hlgh and medlians are narrow.

When conventional highways and particularly two~lane rural roads are
programmed for resurfacling, rehabllitatlion or reconstruction (RRR), there Is
often a question as fo whether concurrent upgrading of satety devices Is cost-
effective. These decislons depend upon many variables of which traffic volume
Is one of the most important. Because the number of accldents per mlle of
highway is highly dependent upon the average dally traffic (ADT), it may be
cost effective to remove nearby trees when the ADT Is 6,000 vehlcles per day
but not when the ADT is only 500 vehlcles per day.

The objective of this report Is to review avallable |iterature and
develop a procedure that may be used to estimate accldent impact probabilitles
with varlous types and configurations of roadslide hardware on highways with
varlous ADTs, roadslde development, curvature and other variables. Methods
for estimating acclident severity and cost are also Included, and i+ Is shown
how these may be emp!oyed in the benefit-cost analysls of the safety of
roadside features.

The roadslide features include: mailboxes, sign supports, trees,
luminalre supports, culverts, barriers, bridge railings, overpasses,

underpasses, plers and abutments. Utility poles are being extenslvely covered



In a separate effort by Zegeer and Parker for the Federal Hlghway
Administration and are, therefore, not Included here. Sides|opes are bsing
coverad In a separate report for fthe Transportation Research Board (TRB).

The |iterature review was Initial ly based on a computer priat-out of
TRB's Informatlion storage and retrieval system (TRIS) and Involved about 500
references. Revliew of the print-cut and further review of the reports
themsel ves reduced the |ist to 102 references which are |isted in a related
effort for the Transportation Research Board. Some 12 of the most pertinent
references are shown at the end of thls report. In general, crash test
results, although very important in determining the exact configuratlion of
roadside hardware, were not Included because the purpose of the present
analysis is directed toward beneflt-cest analysls which requires accldent and
Injury data. Although reports relevant to RRR analysts were of primary
interest, soma studles encompassling freeways were Included where the
Information was pertinent and/or no other Information was avallabte.

One final polnt needs to be made. The objJective of this analysis s agt
to summarize everything that Is known about the safety of roadside features.
Rather, 1t Is to review the |iterature and use the pertinent avaliable
Information plus Judlicious analytic techniques to produce estimates of impact
probabllities and severity relative to roadslde features suitable for use In
RRR benefit=-cost analyses. Thls has been done. Those who wish an extensive
summary of safety and roadside features are urged fo consult an excel lent

publ icatlion by the Federal Highway Administration, (Reference 1) Chapter 3,



3. CRITICAL REVIEW AND ANALYS|S OF THE LITERATURE

At the outset of thls analysls, it was belleved that It would be possible
to obtain at least some information on the probabil(ty of Impacting various
types of roadslde objects directly from the titerature. Thls was not the
case. The avallable accldent studles provide Information on accident severity
but very {1+tle on Impact probabl| ity.

Fortunately, available Information on total accidents and on single~
vehicle accldents combined with loglcal analysis can produce reasonable
estimates of the probablility of Impacting various types of roadside objects.
Methods for estimating severity are also Included.

[t would be desirable at some future time to approach this problem in a
more direct manner by employlng a detalled Inventory and measurement of
roadside objects on thousands of miies of roadside coupled with accident data.
The presence of roadside objects could then be associated with the probabl|l ity
of Impacting these objJects. The results of such a study could be compared to
the results of the present analyslis as a form of valilidation. In the meantime,
the analysls developed here may be used for beneflt-cost analysls applled to
RRR projects.

The next section will provide a method for estimating Impact probabll 1ty
for break-away and nonbreak-away hlghway signs. The fol lowlng section will|
extend the method to other types of roadside obstacles. Both sections will
show how the method may be used to predict accldent severify and accldent

costs over 10 years. Flnally, examples of applylng the method to a benefit-

cost analysis will be provided.



3.1 Signs

On freeways and other maJor highways, supports for highway signs need to
be protected by gquardralls or made break-away. On two-lane rural highways,
particularly on |ower volume roads, there is a questton as to whether
break-away treatment |s cost-effective.

It has been cleariy shown that the break-away concept comes close to
eliminating severe Injurles and fatatities In collislons with signs. For
example, In Texas during the mid 1960's, a study (Reference 2} of 82
accidents Tnvolving break-away sign supports showed the fol lowing:

43 accidents: vehicle did not remain at scene
38 accidents: 8 cases of minor Injury
1 accldent: 1 severe injury when vehlcle passed through sign
support and struck culvert headwall

Most exlstling sign support structures were designed for heavier vehlcles,
weighing 4500 pounds. The welght of 1984 model small cars averages about
2100 pounds. In 1979, only 31 percent of car reglstrations In Cal ifornla were
under 2500 pounds; the ccmparable figure natlonwide In 1983 will probably be
about 67 percent (Reference 3).

Because of this continuing ¥rend towards smaller and |lighter weight
vehlcles, newly instal led break-away slgn support structures need to be
designed to accommodate vehicles welghlng 2000 pounds or less. Existing sign
structures need to be modified to accommodate these smal ler cars (References
3, 4). Several studles have provided data and suggestions for modlificatlion
of these sign structures (References 4, 5, 6). The results shown above
In the Texas study may not be as favorable for the current vehlcle mix unless
the break-away features have been modified to accommodate smal ler vehlcles.
The present analysis assumes that this will be accomplIshed, at least for new

installations.



While 1t is clear that properly designed break-away sign supports nearly
el Iminate severe Injuries and deaths, it has not been possible to find any
information that shows the probabll ity of Iimpacting a sign structure. The
latter Informatlion is essentlal In order to perform a beneflt-cost analysis of
break-away signs on conventional rural highways. The next sectlon provides
an indirect procedure for computing such Impact probabil itles and shows how
they may be employed In benefit-cost analyses.

3.1.1 Probabllty of Sign fmpact

It has been shown that break-away slgns, when properly designed, nearly
el iminate fatal itles and severe Injuries and substantial |y reduce less severe
Injuries. It has also been shown that nonbreak=-away slgns account for about
3 percent of all impacts and t percent of fatal Impacts Involving roadside
objects. These data, however, are not sufficient for a beneflt-cost analysis
of roadside signs. Requlred Is a determination of the probabll ity that a sign
will be Impacted. A combination of geometric analysis and avallable data wil!
be employed to develop that probabil ity.

Figure 1 1| lustrates the hazard |ength along the highway for any sign,
glven Its width between posts, the car width and the departure angle of the
car. Thus, for example, a sign with outside posts 20 feet apart, which may be
Impacted by a car 6 fest wide at a departure angle of 15 degrees, resul¥s in a
hazard length, as computed from Equation 1, of 97.8 feet. The average
departure angle 1s taken as 15 degrees (Reference 7); the car width of 6
feet Is typical of medlum size cars; small cars now average about 5.3 fest.

The width ™" in Equation 1 assumes that posts for each sign are spaced
less than 6 feet apart and that some slghs may have 3 or more posts., |f the
posts are more than 6 feet apart, all spaces greater than 6 feel must be
omltted In computing "W" (the post spacing), l.e., 1f the sign has four posts,

and they are B feet apart, [ts effectlive width (W) is 18 feet., This



4.

R

W = Width between sign posts In feet.
© = Departure angle of car In degrees.
C = Car width In feet.
H = Hazard length along highway In feet.
Jhen:
=_¥W + _2c (Equation 1)
Tan 8 Sin @

J

Figure 1 - Computation of Hazard Length



procedure, which is approximately correct for smal | angles of 0 {less than 20
degrees), [s necessary because some cars may pass between widely spaced posts
wlithout impact. Because hlghway slgns are usyal |y at least 8 feet above
ground, cars may easlly pass under them.

The near edge of the sign Is assumed Yo be placed 10 feet outside the
shoulder or 20 feet from the edge of pavement. These are typlical placement
locations for roadside signs.

Figure Z shows the equation developed to determine the probabl| ity of a
sign being Impacted over 1ts presumed service {life of 10 years. A certaln
proportion of vehlicles leaving the roadway wil | avoid hitting the slgn but
will roll over cor sirike other objects. These accidents should not be
included because It Is desired fto predict only sign-related accldents. For
slgns which are typically 20 feet away from the shoulder, about 25 percent
wil | "get-away" as suggested by Perchonak, 1978 (Reference 8). Strictly
speaking, the latter study applles to vehlcles which leave the roadway and are
not Invoived In any col llslon. Here, they are assumed fo be involved In non-
sign accidents. [n addition, an additional 25 percent of multi-vehlcle
accidents result in vehicles leaving the roadway (Huelke and Gilkes, 1967,
Reference 9). Equatlon 2 Is developed recognizing that each mile of fwo-l|ane
hlghway has 10,560 feet of roadslide (right and left).

The foregoling analysls treats signs as Independent roadside objects at
least BOO feet apart. |11 Is not good practice to place such sligns closer,
Greater spacling Is deslirable because drlvers cannot readliy understand the
slgnh messages with closely spaced sligns. Therefore, the “continuous barrier
effect™ of closely spaced utl! ity poles, as suggested by Zegeer, does not
apply here.

Inserting the foregoing information Into Equations 1 and 2, It is now

possible to determine the probabllity of a sign belng hit during Ifs service



B

Hazard length In feet (From Figure 1)

S = Single vehlclie accldent rate (Number of accldents per 100 milllon
vehicle - mlles of travel}

G = Proportion of vehlcles that "get-away® l.e., leave the roadway near a sign
but aveid hitting 1t.

A = Average dalily traffic (thousands of vehlicles)

M = Added factor for multivehicie run-off-road accidents (1.25)
p = Probabl{ ity of sign being impacted over 10 years.
Jhen:

-6
p = HSAM (1-G} (3.46 x 10 ) (kquation 2)
Note: To derive equation 2, for ADT = 1,000:

a: 365 x 10 x 1,000 x S = 108 = single vehicle accldents per miie of
highway In 10 years.

b: H + 10,560 = proportion of | mile of roadside (both sides) occupled
by the "hazard".

Multiplylng a x b above = probabllity of sign being hit, f.e.:

365 x 10 x 1000 x _§ x H = 0.00000346SH
108 10, 560

which translates to Equation 2 when factors M and A are included and

simplifying exponential notafticn Is employed.

Figure 2 - Computation of Sign Impact Probablil Ity



{1fe. For probabilitles greater than 1, the sign will likely be hlt more than
once In 10 years. Readers who doubt such high probabilitles should consult
thelr local state highway department’s traffic or maintenance engineers who
usually have ™horror storles" of specific sign locations that have been
Impacted several times In a single year.

For beneflt-cost analyses, the sign Impact probabil ities may be computed
for the fol lowing suggested values: sign widths of 1 foot (single post), 6,
12, 18, 30 and 42 feet: ADT values of 100, 1000 and 10,000 vehicles per day
for 2-lane highways: slngle vehicle acclident rates of 50, 100, 200 and 400
accldents per 100 mil |l ion vehicie-mlies of travel. Other variables, such as
curvature and roadside development, result In combinatlions of variables
numbering in the thousands. Therefore, a better procedure is to develop a

program for a microcomputer or programmable calculator that may be employed
for each specific signing sltuation.
3.1.2 Slngle Yepicie Accident Rates
Desirably, the single vehlicle accident rate to be employed for any

analysis should be the rate for the highway under conslderation. As an
alternative, the followling single vehlicle accldent rates may be used for two-
{ane rural highways (Reference 51} single vehicle rates are 32 percent of the
total rates.

Number of businesses per mlile: 0 10 20 30 40 50

Total accldent rate: 210 280 350 420 490 560

Single vehicle accldent rate: 70 30 120 140 160 160

For sharp curves, the accident rates are greater yet, as shown by Raff

(Reference 10) for two~!ane roads, and a curve factor has been computed based

on the tangent accldent rate which has a curve factor of unlty:

10



Accldent Curvea

Curvature —Bate Factor
Tangent 230 1.0
0-2.9 degrees 160 0.7
3-5.9 degrees 250 t.1
6-9.9 degrees 280 1.2
10 degrees or more 350 1.5

These curve factors may be multiplled by the single vehl¢cle accldent rates to
account for the higher rates for sharp curves. In additlon, Perchonak
(Reference 8) has shown that the outsldes or cutside of a curve has 2.67

tTimes as many run-off=-road accldents as the Insides of curves. To account for

this difference, centrifugal force (C.F.} factors have been computed and are

as follows:

Qutsides of Curves: 1.4

Insides of Curves: 0.5

The C.F. factor 1s also multiplied by the slngle vehicle accldent rate
and by the curve factor.
3.1.3 Benetit-Cost Fxample; Break-Away Signs

An example of application of the feregoing procedure to benefit-cost

analysis fol lows. Given a two-lane highway with consliderable roadside
develcpment f.e., 40 businesses per mile and ADT of 6,000 vehicles, should a
proposed |arge destinatlon sign with four posts 18 feet apart be made break-
away when instal led on the cutside of a 7 degree curve?

From €q. | H = 18 t 12 = 113 feet
Tan 157 Sin 157

-6

From Eq. 2 P = {1133(2693(6)(1.25){0.75)(3.46x10 } = 0.59

1]

NOTE: In Eq. 2, S = (160)(1.2)(1.4) = 269

11



Therefore, a sign on the outside of such a curve has a 59 percent chance of
being hit once In 10 years. If such a slgn can be made break-away for an
addltional $100C in initial costs and $100 in repair costs and 1f net accident
costs are 36,000, the benefit-cost ratio is 18, i.e., Lﬁ*ﬂﬂgﬁé_‘isl’ for a

10 year service 1ife and no Interest. With interest at 10% annually, the

benefit-cost ratio on a present worth basis is about 12, l.e., 3725 x .59},
162

where:

Initlal Cost: $100 now, present worth: $100

Repalr Cost: $100 'n 5 years, present worth: $62

Accldent Savings: $6,000 in 5 years, present worth: $3,725

Note that the accident, If It occurs, Is assumed to take place In 5 years
(hal f the service |Ifel. "Net accldent costs"™ are the difference between cost
estimates of a nonbreak-away acclident of $6,500 and a break-away accldent of
$500. Recommended accldent costs (Miller, et al, Reference 11) In 1980
dol lars range from $2,291 for a low severlty (MAIS category 1 injury accident)
to $10,306 for moderate severity (category 3) to $261,581 for severe (category
5).

Clearty, such a sign installatlion should be made break-away. Indeed,
even If the break-away costs are 10 times as great (i.e., $1000 initial costs
and $1000 sign repair costs), the break-away features ylelds a beneflt-cost
ratio with Interest which is greater than unity.

The foregoing procedures, wlth minor modiflications, may be applied to
four and six-lane divided and undivided rural and surburban highways that do

not have full control of access.

12



3.2 Other Roadside Obstacles

Desirably, roadsides should be clear of obstructlions and have flat slopes
of 4:1 and preferably 6:1. For roadslde safety activities In connection with
resurfacling, rehabilitation and reconstruction (RRR) work on existing
highways, primar!ly two-lane rural roads, the cholces are often |imited to:
remova! of trees; relocatlon of util ity poles, signs and mai | boxes; and
protection of fixed objJects by guardrail. The key questlion Is whether any of
these options Is cost-eftective.

Required first is the probability of impacting any roadside object.
Several studles have obtalned information on the number and sever |ty of
accidents Involving roadside objects but (apart from utlllty pole accidents,
which are beyond the scope of this amalysls) have not obtalned comparable
inventory data on the number of such objects along the roadside or the space
they cccupy. Therefore, [ndirect means are requlred to obtaln such
probabilities.

As shown under the preceding section, single vehicle accldent rates
may be estimated for iwo—-lane rural highways with varlous levels of roadslde
business, curvature and Inslde/outside of curve. As an alternative, locally
obtalned rates may be used for the hlighway under consideration. The next step
is to apportion the roadslde object as part of the highway roadside.

3.2.1 Hazard length

For Isotated objects such as frees, luminaires and mallboxes, the
method shown n Flgure 1 may be used directly to compute hazard length, faklng
"W", the object width, as one or two feet. For [Inear obstacles parallel to
the roadside, such as guardrail, |ines of closely spaced trees, brldge rail,

underpasses, abutments and dltches, the hazard length {s computed as fc!l lows:
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H=1L +_2C (Equaticn 3)

Sin 8
where H = Hazard length along highway in feet
L = Length of |linear cobstacle parallel to highway in feet
C = Car width in feet (usually 6 feet)
8 = Departure angle of car In degrees (usually 15 feet)

3.2.2 impact Probablllty

Given the hazard length, H, the section on single vehicle accident
rates, Figure 2 and Equation 2 may be used to compute the probability of the
object being Impacted. Rcads!ide objects tend to be placed at varying
distances from the edge of the pavement and, therefore, In Equatlon 2, the 'G"
factor or proportion of vehlcles that "get away", l.e., leave the pavement but
do not hit the object will vary as shown below (Perchonak, Reference 8):

Distance of 0Object From

nen

Feet
1 17
5 « 20
10 .21
15 .23
20 25
30 .30
50 .33

3.2.3 Accldent Severity

Once the impact probabll ity is determined (Equation 2} to complete the
benefit-cost analysls, it Is necessary to determine the relative severity of
each type of collislon with a roadside object. Clrillo (Reference 12) has
shown that guardralis protecting overpasses, underpasses, piers, abutments and
slgn posts experlence about half the severity In terms of cost per acclident
compared to that experlenced by these same objects not protected by
guardralls. {t Is reasonable fo expect that the relative severity of other

fixed objects such as trees and fuminalre supports will alsc have the same



severity ratic. Therefore, If the costs of accidents for the highway under
consideration are known, thoss Impacting guardrails may be multiplied by 0.67;
these Impacting fixed objects not protected by guardralls may be muitiplied by
1.33.,

If costs for the highway under consideratlon are not known,
Miller, T. R, et al, 1984, (Reference 11} show direct cost data by McFarland
and Rollins, 1982, for rural single vehicle accidents Involving fixed obJects
of 3850 for each property damage only (PD0) accident and $4,000 for each
Injury accident (1980 dol lars). Indirect costs bring the total for each PDO
fo about $1,000. The Indlirect costs are about one~third of the direct costs
for the less severe and moderate accidents and esqual to or greater than the
direct costs for the more severe accident groups. A rough average may be
taken as 50% of direct costs for Indirect costs bringing the total for each
Injury accident to $6,000. |If the Injury and PDO accidents are equal In
number, a typical sltuation, the overall average Is $3,500 per accldent In
1980 do} lars and $4,200 when the inflatlon rate has increased 20% (1985
doflars}.
3.2.4 Beneflt-Cost Example: Trees

An example of appl ication of the above procedure follows. Given a two-~
lane highway with litTle roadside development (l.e., 1 business per mile, a
level roadside, and ADT of 3,000 vehicles) should a {ine of closely spaced
trees, 300 feet long on a tangent and 20 feet from the edge of pavement be
left in place, removed or protected by a guardrall? Assume that tree removal
costs are $500 and guardrall costs $20 per [Inear foot, life of guardrafl is

20 years, and ignore Interest,
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From Eq. 3 H = 300 + 12 = 346 foet

Sin 15
-6
From Eq. 2 P = (346}(1.0)(72)(3)(1.25}(.75)(3.46 x 10 )} = 0.24
Therefore, there is a 24 percent chance that the {ine of trees wil!! be

hift once In 10 years or 48 percent In 20 years. The average accldent costs
over 20 years will be (0.48)(4,200) = 2016 and 1.33 x 2016 = $2,681 if not
protected by a guardrail and .67 x 2016 = $1,351 If protected by a guardrall.
Assume 50 feet of guardrail will require repair for each accident at a cost of

$500; l.e., 0.48 x 500 = $240. The costs will then be as fol lows over 20

vears,
Tree
Accident Costs Removal Guardrall Total
Trees left in Place $2,681 0 0 $2,681
Trees Removed 0 $500 0 $500
Trees Protected by Guardrall $1,351 0 $6,240 $7,591

Clearly, the best alternative Is to remove the trees. If local sentiment
precludes such an optlon, protection of car occupants by a guardrall is not
cost-effective. The trees should be left In place. If the ADT Is only
18,000 vehlcles per day, however, It is cost-effective to protect the trees by
guardrall, compared to leaving them in place without a guardrall. {f the ADT
is less than 500 vehicles per day, it Is not even cost-effective to remove the
frees even 1f local sentiment approves. They should simply be left In place.

If the trees are not closely spaced, the above procedure may be used by
assigning a fributary length to each tree and adding these values: Thse

tributary length Is the diameter of the tree plus _12_
Sin 9,

The procedure developed In this report for estimating accident
probabi | ity of roadside features has been based on avallable accldent research

findings comblned with Judlcious analysis. It should be of assistance fo

t6



those officials undertaklng benefit-cost analyses of safety improvements of
roadside features In connection with RRR projJects. The beneflt-cost procedure

has been programmed for a 18M PC computer.
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FOREWORD

This report, FHWA-RD-93-122, contains a conceptional plan for an interactive
highway safety design model (IHSDM). The IHSDM is envisioned as a geometric
design tool to assist engineers in evaluating the safety of alternative
highway designs. The IHSDM will enhance the consideration of safety, as well
as other social, economic, and environmental factors, when developing highway
projects. The conceptional plan was developed with input from numerous
individuals with backgrounds in highway engineering, research, statistics,
human factors, and traffic operations. It shouid be noted the IHSDM is still
evolving in the sense that specific details of the model are still being
developed.

Sufficient copies of this report are being distributed to provide a minimum of
one copy to each Region and Division office and State highway agency. Direct
"distribution is being made to the Division offices. Additional copies for the
public are available from the National Technical Information Service (NTIS),

Department of Commerce, 5285 Port Royal Road, Springfield, Virginia 22161. A

small charge will be imposed by NTIS.

e Saxton

rector, Office of Safety and
Traffic Operations Research and
Development

NOTICE

This document is disseminated under the sponsorship of the Department of
Transportation in the interest of information exchange. The United States
Government assumes no liability for its contents or use thereof.

The contents of this report reflect the views of the contractor who is responsible
for the accuracy of the data presented herein. The contents do not necessarily
reflect the official policy of the Department of Transportation.

This report does not constitute a standard, specification, or regulation.
The United States Government does not endorse products or manufacturers.

Trade or manufacturers’ names appear herein only because they are
considered essential to the object of this document.



Tachnical Repart Documentation Page

i = NI =

FHWA-RD-93-122 PB94-164225
4, Title and Subititle 5. Report Dats
CONCEPTUAL PLAN FOR AN INTERACTIVE HIGHWAY | februany 192
SAFETY DESIGN MODEL 9896-M(8)
7. Author(s) 5 p%""‘"ﬂg Organization Repart No.
D.W. Harwood. J. M. Mason, and J. L. Graham
9. Performing Organization Name and Acddrass ' 1C. Work Unit No. (1 RAIS)
- Midwest Research Institute 3A5A0332
425 Volker Boulevard 11. Contract or Grant No.

DTFH61-91-C-00091
13. Type cf Repart and Period Govered

Kansas City, Missouri 64110

12. Sponsorin ency N d Addre. . :

Of?lpce of Sa e?;y and Traffic O?Jserations R&D Draft Final Report
Federal Highway Administration June 1991 - July 1993
6300 Georgetown Pike T4 Sponsonng Agancy Code

Mclean, Virginia 22101-2296
15. Supplemgntary Notss :

Contracting Officer's Technical Representative (COTR): C. Hayden (HHS-12)

16. Abstract

This report presents a conceptual plan for an interactive highway safety design (IHSD)
model under consideration for development by FHWA. This report combines elements of
" three separate plans for the IHSD model that were developed independently by different
contractors. The repori also includes elements of a plan for roadside safety models
developed recently for FHWA.

The IHSD model is intended as a tool that could be used by a designer or design
reviewer to assess the safety effects of specific highway geometric design decisions. The
model would be interactive in that it would allow the designer to make changes in the
geometric design and evaluate the safety effects of those changes as part of a single
software package. A key element of the IHSD model would be an accident predictive
model incorporating statistical relationships between geometric design elements and safety.
Separate submodels would be provided for roadway sections, intersections, interchange
ramps and speed-change lanes, and roadside areas. The IHSD model wouid also include
modules for design policy review, design consistency review, benefit-cost analyses, driver
vehicle/dynamics simulation, and graphical displays of roadway geometrics. The report
includes a research plan for the development of the IHSD model.

17. Key Worcs 18. Distributicn Statement
Geometric Design Ramps No restrictions. This document is available to the
Safety Speed-Change Lanes public through the National Technical Information
Computer-Aided Design Roadside Safety Service, Springfield, Virginia 22161
Intersections Design Consistency
19, Security Classif. (of this report) 2C. Security Ciassif. (of ihis pagse) 21. No. ot Pages | 22. Prcs
UNCLASSIFIED UNCLASSIFIED 134

Ferm DOT F 1700.7 {8-72) Reproduction of completed page authorized

r
1

i



Lt

SI* (MODERN METRIC) CONVERSION FACTORS
APPROXIMATE CONVERSIONS FROM S! UNITS

APPROXIMATE CONVERSIONS TO SI UNITS

Symbol

When You Know

Multiply By

To Find

Symbol jll Symbol

When You Know

Multiply By

To Find Symbol

ft
yd?
ac
mi?

fioz
gal
fto
yd®

LENGTH

inches
foet
yards
miles

254
0.305
0.914
1.61

AREA

square inches
square feet
square yards
acres

square miles

645.2
0.093
0.836
0.405
259

VOLUME

fluid ounces
gallons
cubic feet
cubic yards

29.57
3.785
0.028
0.765

millimeters
meters
meters
kilometers

square millimeters
square meters
square meters
hectares

square kilometers

milliliters
liters

cublc meters
cublc meters

NOTE: Volumes greater than 1000 | shall be shown in m3.

MASS

ounces
pounds
short tons (2000 Ib)

TEMPERATURE (exact)

0.454
0.907

Fahrenheit
temperature

§(F-32)/9
or (F-32)/1.8

ILLUMINATION

foot-candles
foot-Lamberts

10.76
3.426

grams
kilograms
megagrams

(of “metric ton")

Celclus
temperature

lux
candela/m?

FORCE and PRESSURE or STRESS

poundforce
poundforce per
square inch

4.45
6.89

newtons
kilopascals

* Sl is the symbol for the Intemational System of Units. Appropriate
rounding should be made to comply with Section 4 of ASTM E380.

mm
m
m
km

LENGTH

millimeters
meters
meters
kilometers

0.039
3.28
1.09
0.621

AREA

square millimeters
square meters
square meters
hectares

square kilometers

0.0016
10.764
1.196
247
0.386

VOLUME

milliliters
liters

cubic meters
cubic meters

0.034
0.264
35.71
1.307

MASS

grams
kilograms
megagrams

(or "metric ton")

TEMPERATURE (exact)

0.035
2.202
1.103

Celcius
temperature

ILLUMINATION

1.8C +32

lux
candela/m?

0.0929
0.2919

square inches
square foet
square yards
acres

square miles

fluid ounces
gallons
cubic feet
cubic yards

ounces .oz
pounds b
short tons (2000 1b) T

Fahrenheit °F
temperature

foot-candles
foot-Lamberts

FORCE and PRESSURE or STRESS

newtons
kilopascals

0.225
0.145

poundforce
poundforce per
square inch

(Revised September 1993)



Iv.

Vi

CONTENTS

INTRODUCTION . ..., e 1

Background ..... ... .. . ... ... .. ... ... 1
IHSD Model Objectives . . ............. ... ... ... vt 3
UserCommunity . ........ ... ... ... . .. . ... 3
The Challenge in IHSD Model Development . ................ 3
Organization of This Conceptual Plan ..................... 4
OVERVIEW OF INTERACTIVE HIGHWAY SAFETY DESIGNMODEL .... 7
Accident Predictive Model . ....... ...................... 8
Design Policy ReviewModule . . . ... ...................... 9
Design Consistency ReviewModule . . ..................... 9
Benefit-Cost Module .. ... ................. e 10
Driver/Vehicle Dynamics Model .. ........................ 10
Graphics Package .. ... e e e et 10
OVERVIEW OF IHSD ACCIDENT PREDICTIVEMODEL ............. 11
Guidelines for Accident Predictive Model Development .. ... ... 11
Levels of Detail in Accident Prediction ..................... 12
Model Structure . ........ ... . ... ... 13
Geometric and Traffic Control Features to be Incorporated in
the Model ... .. e e e e e e e 15
Safety Measures of Effectiveness . ... ........... e 22
DESCRIPTION OF ACCIDENTSUBMODELS . .................... 27
Roadway Section Accident Submodel ..................... 27
Intersection Accident Submodel . . . . .. e 33
interchange Ramp Accident Submodel .................... 36
Roadside Accident Submodel . ... ... ... ... ... .. ... .. ... 39
Preliminary Evaluation of State DataFiles ... ............... 43
OTHER ELEMENTS OF THE INTERACTIVE HIGHWAY SAFETY DESIGN
MODEL ... ... e 47
Design Policy ReviewModule . . . .. ...... .. ... ............ 47
Design Consistency Review Module . . . .. .................. 49
Benefit-Cost Module . . ... ... .. ... ... ... ... . ..., 51
Driver/Vehicle Dynamics Model ... ....................... 53
Graphics Package ................ ... .. . .. oo, 55
RESEARCH NEEDS . ...... ... . . . . . i 61
Need for New Safety Relationships . ...................... 61
Development of New Safety Relationships . ................. 63
Research Problem Statements . . .. .................. e 65
Priorities for IHSD Model Development ... ................. 68

iii



CONTENTS (Continued)

IHSD Model Development Guidelines . ....................
Management of IHSD Model Development ... ..............

VIl. COMPUTER REQUIREMENTS ........... P

APPENDIXES

A BASIC EXPECTED ACCIDENT RATE TABLES DEVELOPED BY

CALIFORNIA DEPARTMENT OF TRANSPORTATION .........

B RECOMMENDED RESEARCH PROGRAM FOR

DEVELOPMENT OF THE IHSD MODEL ........ e

REFERENCES . . .. ... .. . . .



Number

N -2

(o] aApw

10
11
12
13

Number

LIST OF FIGURES

Page
Compatibility of design considerations ........................ 2
Accident predictive model structure—portions of the highway
system represented by individual submodels ................... 14
Preliminary flow diagram for the accident predictive model ........ 16
Candidate geometric and traffic features and safety MOE’s ........ 21
Candidate method of defining level of safety for specific roadway
137 o L= - 23
Examples of accident prediction submodels used for various
interchange areas ............... .0 ittt 37
Hazard model for roadside encroachments . . .. ... .............. 42
Screen display of plan view forlevel 1 analysis ................. 57
Screen display of plan view for level 2 analysis ................. 57
Screen display of centerline profile display . . . . . e 58
Screen display of perspective view for level 1 analysis . . . ......... 59
Screen display of perspective view for level 2 analysis . . . .. ... .. .. 59
Recommended research program for development of the IHSD
model . . .. .. e e 67

LIST OF TABLES

Page
Relative accident rates for combinations of lane width and
shoulderwidth . . . ... ... ... ... ... . ... . . . 31
Recommended priorities for development of IHSD model elements .. 68
Recommended priorities for development of accident predictive
submodels ........ ... ... ... ... PR 69
Recommended priorities for development of accident predictive
models for specific highway and areatypes ... ................. 70






I. INTRODUCTION

Background

There has never been a formalized process for incorporating highway safety
considerations into the highway geometric design process. Traffic operational effects
of geometric design decisions can be evaluated with the Highway Capacity Manual®
and related software, analytical models -and computer programs are available to
assess the effects of projects on air pollution and noise, but there is no comparable
approach to highway safety considerations.”” Instead, highway safety considerations
are incorporated through application of geometric design policies, through engineer-
ing judgments by designers and design reviewers, and through highway agency
experience with similar projects. There are fundamental problems with this approach
because the judgments of experts may not agree and because particular project sites
may have specific.characteristics that make experience at other sites inapplicable.
Tradeoffs between safety and other design considerations such as traffic operations,
air pollution, noise, or historic preservation are difficuit to make when the safety
impacts are not well quantified.

The implementation and development of an Interactive Highway Safety Design
(IHSD) model wili move the highway design process toward the ultimate goal of
"quality" design. Conceptualily, quality is achieved at the junction of accepted, safe,
and efficient designs (see figure 1). "Accepted" designs meet established criteria/
standards specifications, such as the policies of the American Association of State
Highway and Transportation Officials (AASHTO).? "Safe" designs ensure that toler-
able thresholds of the driver, vehicle, or roadway performance are not exceeded.
"Efficient" designs provide operational levels of service commensurate with a road-
way’s functional classification and access control. Quality is increased and ultimately
achieved when compatibility among these three attributes is attained for each
individual design consideration.

Figure 1 calls attention to the point that the safety aspects of a highway design
cannoct be considered alone. Consideration of safety must be coordinated with
consideration of other key design issues including traffic operations, environmental
effects, right-of-way needs, and construction costs. The development of an IMSD
model provides an opportunity to change the way that safety is considered in the
highway design process. [f safety considerations can be made as explicit as traffic
operational or environmental analyses, then better, safer, and more cost-effective
designs will result.

There is a substantial body of research on the relationships between geometric
design and accident experience. The results of this research have been abstracted
and summarized, but have never been synthesized, codified, or put intoc a consistent
form to allow engineers to easily apply these results in the design process. Research
studies have addressed different highway types and different parts of the highway
system, but the results are not available in consistent form for comparative purposes.

1



Accepted
Design

Efficient
Design

Figure 1. Compatibility of design considerations.

Even various research projects that have addressed the same issue have used
different safety measures of effectiveness to quantify the safety implications of that
issue.

Because of these concerns, the Federal Highway Administration (FHWA) has
recognized a need to develop a model for evaluating the expected accident experi-
ence associated with different geometric design configurations and to incorporate that
model in an interactive computer program. This program will allow designers to
optimize their design from a safety viewpoint and will provide the necessary inputs on
safety for cost-effectiveness analyses of the tradeoffs between safety and the other
design considerations described above. The program will also provide the capability
for highway designers tc ensure that their design is in compliance with established
design policies and design consistency guidelines. The development of this model
and an interactive' computer program to apply it will require research over a muitiyear
period.

This report provides a conceptual plan for development of the IHSD model.
The plan provides a "road map" for model development that addresses the recom-
mended organization and structure of the model, the appropriate role for the model in
the design process, and the future research needed to develop the mode!l. This plan
.consolidates the recommendations made in separate plans originally developed for
FHWA in three independent efforts.®*? The plan also incorporates recommendations
for roadside safety research from another report recently prepared for FHWA.® This

2



consolidated plan has been reviewed and improved in response to comments from an
expert panel including the authors of the four reports mentioned above and invited
experts in the fields of geometric design, highway safety, human factors engineering,
and statistics.®4>9 '

IHSD Model Objectives

The objectives of developing and implementing the IHSD model are to:

. Improve the ability of designers to consider safety in the highway design
process.
. Provide improved quantitative relationships between geometric desig‘n

elements and accidents for use by designers.

. Automate the consideration of safety in the highway design process so
that safety considerations can be incorporated more efficiently and more
consistently than has been possible in the past.

The conceptual plan presented in this report is intended to show how these objectives
can be achieved.

User Community

The primary user community for the IHSD model comprises highway designers
in State highway agencies. However, other potential users include local highway
agencies, consulting firms, and FHWA. The IHSD mode! could be employed by
highway engineers, both in the development of designs for highway improvement
projects and in the design review process. For example, the IHSD model could be
used by internal design reviewers within a highway agency and by external reviewers,
such as FHWA. This approach would enable both designers and design reviewers to
be working from the same knowledge base concerning relationships between
accidents and geometrics.

The Challenge in IHSD Model Development

The development of an IHSD model will be one of the most difficult challenges
ever undertaken in traffic safety research. However, the potentiai payoff in terms of
the number of highway projects for which safety can be improved is also very large.

Past research has taken a piecemeal approach to the development of
relationships between accidents and geometrics. Improved accident data bases such
as the FHWA Highway Safety Information System (HSIS) present some hope of
developing better safety relationships at lower cost than has been possibie in the past.

3



However, only an integrated approach like that recommended in this plan provides a
chance of developing reliable safety relationships.

Key features of this plan that are essential to the success of the IHSD model
development are: :

. Use of consistent accident definitions in safety research.

. Strong and effective management of research by FHWA,

. Coordination by a central data quality assurance contractor.

. Formétion of expert panels of geometric designers and researchers to
guide the model development.

e Formal validation of safety research.

. Peer review of all safety research results by recognized experts.

. Development of user-friendly software that is designed for effective use in

the operating environment of a highway agency.
. Complete testing of software by potential users.

The development of quantitative accident predictive relationships for the IHSD modet is
one of the largest accident research undertakings ever proposed. The required time,
level-of effort, and funding ievel to develop an IHSD model have not been determined
in detail, but they are substantial and should not be underestimated.

Organization of This Conceptual Plan

The remainder of this conceptual plan for the IHSD model is organized as
described below.

Section Il presents an overview of the conceptual plan for the IHSD model as a
whole. This overview addresses both the accident predictive model and other ele-
ments of the model such as the design policy review module, the design consistency
review module, and the benefit-cost module.

Section lIf presents an overview of the conceptual plan for the accident
predictive portion of the IHSD model that includes guidelines for model development,
model structure (including a preliminary flow diagram), geometric and traffic control
features to be incorporated in the model, safety measures of effectiveness, and issues
to be resolved.



Section IV presents a discussion of the submodels of the accident predictive
model that address roadway section accidents, intersection accidents, interchange
ramp and speed-change lane accidents, and roadside accidents for specific geometric
alternatives.

Section V presents a conceptual plan for other elements of the IHSD model
including the design policy review module, the design consistency module, the benefit-
- cost module, the vehicle dynamics model, and the graphics package.

Section VI summarizes the research needs for development of the IHSD model,
including a flow diagram for the recommended research program.

Section Vil discusses computer requirements for the IHSD model.

‘Appendix A presents a table of relationships between accident rate and traffic
volume developed by the California Department of Transportation (Caltrans) for use in
their accident surveillance system. This appendix provides an exampie of how safety
relationships can be organized for a variety of roadway, intersection, and ramp types.

Appendix B presents research problem statements that describe the research
needed to develop the IHSD modei.






Il. OVERVIEW OF INTERACTIVE HIGHWAY SAFETY DESIGN MODEL

This report presents a conceptual plan for development of an IHSD model to
improve the ability of engineers to consider safety in highway design decisions.

The IHSD model is intended as a tool to enable designers to evaluate the
relative safety of various geometric for specific highway improvement projects. Thus,
the IHSD mode! will be a site-specific, project-specific safety analysis tool.” The poten-
tial users of the model are geometric designers assigned to evaluate geometric alter-
natives for a specific projects and internal or external design reviewers assigned to
review and evaluate the proposed design.

The IHSD model can be used to evaluate one site or one project at a time and
is not intended to perform the functions of an accident surveillance system or a state-
- wide safety management system. The model is not intended to identify high-accident
locations from systemwide data or to evaluate the increased effectiveness of accident
countermeasures that might be expected at such locations. Instead, the model is
intended to include an evaluation tool that can predict safety under typical or average
conditions on the highway system.

The frequency and severity of traffic accidents are known to vary widely over
the highway system, even between locations that are nominally very similar; accident
frequency and severity can also vary widely over time at a given location. These
variations are often difficult to explain and are certainly difficult to predict. No model
can be expected to predict the number or severity of accidents that will occur at any
particular location in any particular year. However, research results indicate that some
geometric features (sharper curves, narrower lanes and shoulders, congested inter-
sections) are associated with higher accident rates, and it is reasonable to expect that
predictions of the expected long-term accident experience associated with particular
alternative geometric features will be of assistance to designers in choosing among
those alternatives. The intent of the model! is to assist designers in deciding, under
typical or average conditions, which of several geometric alternatives can be expected
to have the best safety performance.

The IHSD model will also have the capability to assist designers by directing
their attention to particutar portions of the design that have the highest accident rates
or severities, have inconsistencies between particular geometric features that could
violate driver expectancy, or are not in compliance with accepted design policies. This
should assist designers in improving the safety performance of particular geometric
alternatives.

The scope of the IHSD model as recommended in this report is limited to safety
analyses and does not include other types of analyses, such as operational or
environmental analyses, that might be conducted as part of the design process.
However, it is recommended that the IHSD model be developed so that operational or



environmental analysis software could be incorporated at a later date and called from
within the IHSD model if this capability is desired by users.

The IHSD model will consist of six separate modules or programs. These are:

. An accident predictive model! to estimate the expected number and
severity of accidents for different geometric design alternatives for
specific highway projects including both new construction and
improvements to existing highways.

. A design policy review module to identify and flag aspects of the design
that do not comply with established AASHTO or State and local design
policies. _

. A design consistency review module to identify and flag aspects of the
design that violate design consistency and driver expectancy rules.

. A benefit-cost module to evaluate the cost-effectiveness of proposed
© geometric design modifications intended to improve safety.

. A driver/vehicle dynamics model capable of simulating vehicle operation
as influenced by roadway geometry, driver preferences and performance
limitations, and vehicle performance limitations.

. A graphics package'to display the geometric design features of any
alternative under consideration in plan view, in profile view, or as a view
of the roadway from the driver’s perspective.

An overview of each of these six‘modules is presented below.

Accident Predictive Model

The accident predictive model will be an interactive program that can be used
by highway design engineers to estimate the safety performance of specific geometric
design alternatives for highway improvement projects. The program will enable the
user to determine the expected accident experience for any specific geometric config-
uration, interactively make changes in the geometric design, and then reevaluate the
effects of those changes on accident experience. This will enable highway designers
to optimize their designs from a safety standpoint.

Most of this conceptual plan focuses on the development of the accident
predictive model, since this will present the most challenging research and develop-
ment problems. Section lil of this report summarizes the organization and structure of
the accident predictive model. Section IV presents a plan for specific submodels of
the accident predictive model to address roadway sections, intersections, ramps and
speed-change lanes, and roadside areas. Section VI addresses many of the research
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issues in development of an accident predictive model. In particular, this section
stresses the importance of validation of the accident predictive model.

Design Policy Review Module

Discussions with State highway agency design engineers during the
development of this conceptual plan concluded that it was unreasonable to expect
that the accident predictive portion of the IHSD model would be capable of address-
ing all geometric design elements of interest. For this reason, it is recommended that
the IHSD model include two other programs: a design policy review module and a
design consistency review module.

The design policy review module would be intended to identify and flag
elements of the design that do not comply with established AASHTO or State and
local design policies. This module would assist designers in evaiuating design ele-
ments that are not directly addressed by the accident predictive model. For example,
if the accident predictive model did not include a safety effect for the amount of
superelevation on a horizontal curve or the curb return radius at an intersection,

. overall safety of the design could still be assured by comparing these geometric
elements to established design policies. However, design policies alone cannot be
used to optimize safety cost-effectiveness as quantitative accident predictions can.

The identification of a design element as not in compliance with established
design policies does not necessarily mean that the design should be changed.
Exceptions to policies are often granted when it appears that full compliance with
established design policies would not be cost-effective. However, a design policy
review module as part of the IHSD model would provide a means for assuring that
such decisions are made expilicitly and are well documented. The design policy
review module is addressed in more detail in section V of this report. ’

Design Consistency Review Module

The design consistency review module is intended to identify and flag elements -
of the design that violate design consistency and driver expectancy. Such inconsis-
tencies often arise from changes in cross-section between adjacent roadway sections
or from poor transitions between tangent and horizontal curves.

Development of a design consistency review module will require design
consistency to be fransformed from a generalized concept to a specific concept to
which quantitative definitions and procedures can be applied. A current FHWA
research contract is examining this issue and further research may be required.

The design consistency review module will include a simplified procedure for
evaluating the lateral accelerations generated by passenger cars and trucks when
traversing the design. These procedures will identify and flag any geometric elements
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that generate lateral accelerations that are large enough to involve risk of vehicle
skidding or rollover. Designers can then evaluate the need for changes in the design
to reduce lateral acceleration (e.g., increased radius of curvature). Such problems
can, if necessary, be studied in more detail with the driver/vehicle dynamlcs model
discussed below.

Benefit-Cost Module

A benefit-cost module will be provided to determine the cost-effectiveness of
additional expenditures whose specific purpose is to improve the safety of a highway
improvement project. Thus, the benefit-cost program could be used to determine if an
incremental increase in construction cost could be justified on the basis of accident
reduction alone. No attempt would be made to incorporate other types of benefits,
such as traffic operational benefits or environmental benefits, in the program. Con-
sideration of nonsafety benefits would make the benefit-cost program much more
complex. Furthermore, other computer programs already exist to evaluate traffic
operational and environmental effects, at least for some types of projects.

Driver/Vehicle Dynamics Model

The driver/vehicle dynamics model is intended as a tool for designers to
evaluate and compare the adequacy of alternative geometric designs to accommodate
a range of vehicle types including passenger cars, single-unit trucks, and combination
trucks. The model should be capable of simulating vehicle operation -as influenced by
roadway geometry, driver preferences and limitations, and vehicle performance limita-
tions. Driver behavior, including path following and speed selection, is an important
element in evaluation of vehicle dynamics for speciiic geometric alternatives. However,
existing vehicle dynamics models do not consider driver behavior other than rudi-
mentary path following. Therefore, development of a driver/vehicle dynamics model,
incorporating a realistic driver model, is recommended.

Graphics Package
The IHSD model should include a graphics package capable of displaying the

geometric design features of any alternative under consideration in plan view, in profile
view, or as a view of the roadway from the driver’s perspective.
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iil. OVERVIEW OF IHSD ACCIDENT PREDICTIVE MODEL

This section of the report presents guidelines for development of the accident
predictive portion of the IHSD model, including the structure of the model (illustrated
by a flow diagram), the portions of the highway system to be addressed, the geo-
metric features to be addressed for each portion of the highway system, and the
safety measures of effectiveness that will be used.

Guidelines for Accident Predictive Model Development

The following guidelines have been developed for the accident predictive
model:
. The primary function of the IHSD model is as a tool that can be used by
a designer to estimate the safety performance of various geometric
aliernatives (jine, grade, and cross-section) for a highway project.

. The IHSD model should be an interactive computer software package;
i.e., within the same software package, the designer should be able to
- make changes in the geometrics and evaluate the safety effects of those
changes.

. The IHSD model should be buiit in modular fashion to impiement a safety
assessment analysis process for comparing design alternatives. A
modular structure will allow updated or revised accident predictive rela-
tionships to be incorporated in the IHSD model as they are developed.

. The IHSD model should be based on valid research findings concerning
the relationships between geometric features and safety. Where valid
relationships do not currently exist, they should be developed in future
research in a form suitable for incorporation in the model. The plan
presented in this report takes the optimistic view that, with improved
safety data bases and analysis techniques, it will be possible to develop
valid statistical refationships that quantify the incremental effects of geo-
metric features on safety. However, it should be recognized that major
improvements in the quality and completeness of accident data may be
required to make improved statistical relationships feasible.

. Safety relationships in the IHSD model must not only address the safety
effects of geometric features but, for completeness, must also incorpo-
- rate the effects of traffic volumes and traffic control.

. The safety relationships in the IHSD model will be most effective if
accident rates, severity distributions, and accident type distributions are
related to the geometric features and traffic control elements having a
causative effect on those accidents, rather than the features at the
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immediate site where the accident occurs. For example, a rear-end
collision at the end of a queue on the approach to the signalized
intersection should be attributed to the intersection and not to the
roadway section on which the approach is located.

The predictive model should make a careful distinction between on-
roadway and roadside accidents. The cause of on-roadway accidents is
directly related to geometric, driver, and vehicle factors on the roadway.
The cause of roadside accidents is also related to geometric, driver, and
vehicle factors on the roadway, but roadside design features are a
severity-increasing feature in roadside accidents.

The previous points call attention to the general need to make a careful
distinction between causative and severity-increasing factors in selecting
candidate geometric and traffic variables for use in accident predictive
modeils. For example, the percentage of trucks in the traffic stream is
not a causative factor for head-on collisions on rural two-lane undivided
highways, but it certainly could be a severity-increasing factor. Predictive
models for accident rate should focus on causative factors, while
severity-increasing factors should be employed in predicting the severity
distribution.

The predictive model should be validated using a validation data set that
is independent of the data used to develop the model. In addition, the
model should be validated using an approach that is completely different
from the approach that is used in developing the model.

Levels of Detail in Accident Prediction

it is envisioned that the accident predictive portion of the IHSD model would be
developed at two levels of detail:

*

Level 1 analysis would be intended for location studies and would focus
on comparing the safety performance of alternative alignments. Some
cross-section variables would be set to default values and the roadside
would be represented by a generalized rating (e.g., 1 to 7 scale) such as

“that used by Zegeer et al.”

Level 2 analysis would require complete data on the roadway alignment,
roadway cross-section, and roadside design for each geometric alterna-
tive under consideration. This level of analysis would be intended pri-
marily for detailed design of geometric alternatives for a given alignment,
but could also be applied to comparison of alternative alignments for
which full geometric details were available.
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The level 1 analysis would apply primarily to projects involving new facilities or
projects involving facility reconstruction in which a change in alignment {e.g., flattening
a horizontal curve) was being considered. The level 2 analysis would be potentially
applicable to development of either a preliminary or fina! design for any project.

Current State highway agency practices generally require determination of
geometrics for all roadway design elements and most roadside design elements in the
preliminary design phase. Thus, most geometric design decisions are made before
the development of the final plans, specifications, and estimates (PS&E) package
begins. Thus, both the leve! 1 and level 2 analyses would generally be applied in the
preliminary design phase. However, level 2 analysis could also be employed in mak-
ing any necessary revisions to a preliminary design during the final design process.

Since level 1 analysis should require only simple geometric input (e.g.,
centerline alignment, centerline profile, typical cross-section), input procedures for
geometric data should be included directly in the IHSD model. Level 2 analysis will
require the geometric design of each alternative to be specified in greater detail.
Therefore, it is recommended that the level 2 analysis capabilities be developed to
interface directly with a computer-aided design and drafting (CADD) system. The
design for each geometric alternative would be developed in a CADD environment
and then imported into the [HSD model for analysis. Alternatively, the IHSD model
could become an analysis capability included in the CADD system, In either case, the
designer would return from the IHSD model to the CADD environment toc make any
desired changes in the alternative designs and then return to the IHSD modei again
for subsequent analyses.

Model Structure

The accident predictive portion of the IHSD model will be intended to estimate
the expected accident experience for any given geometric design alternative for any
particular site. The model will include submodels for four distinct portions of the
highway system. These are: roadways between intersections; intersections; inter-
change ramps; and roadside areas. Separate accident rate and/or severity estimates
will be developed for each of these four portions of the highway system and summed
together. Accidents should be assigned to one of these four submodels based on the
location of the first harmful event in the accident and the relationship of that first harm-
ful event to specific geometric features. For example, the intersection submodel
should be based on accidents in which the first harmful event occurred at an inter-
section or in which the first harmful event was related to the backup of traffic from an
intersection.

The recommended conceptual structure for the model is illustrated in figure 2.
The submodels for these four portions of the highway systemn will be highly
interrelated since, for example, the accident experience on the roadside depends not
only on the roadside geometrics and obstacles, but also on the geometrics and traffic
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volumes on the roadway which determine how many vehicles are likely to run off the
road at a given location. Ramp accident rates may depend on entering traffic speeds
. which are a function of conditions on the mainline roadway. Thus, output data from
one submodel may be used as input data to others. Each submodel will also need to
be further subdivided into models applicable to freeways, two-lane roadways, multilane
divided and undivided roadways, etc., in both urban and rural environments. The
specific definitions that will be used for each portion of the roadway system are
presented in section IV of this report. ' ‘

In accordance with the modei structure shown in figure 2, the number of
accidents (by severity level} for any project would be the sum of the number of acci-
dents for each individual roadway segment, intersection, ramp, and roadside area that
makes up a specific project. All roadways would be segmented into relatively homo-
geneous subsections for accident estimation purposes. Each intersection and inter-
change ramp would be treated separately. And, each roadway segment, intersection,
and interchange ramp would have one or more roadside areas whose accident
experience would need to be estimated.

A preliminary flow diagram for the accident predictive model is presented in
figure 3. This flow diagram illustrates how the IHSD model would operate sequentially
to develop predictions of both the on-roadway and roadside accidents for a given
highway project. Each accident prediction submodel shown in figure 3 is addressed
in more detail in section IV of this report.

Geometric and Traffic Control Features to be Incorporated in the Model

The accident predictive model will potentially need to incorporate the safety
effects of all geometric design features for roadways, intersections, ramps, and
roadsides for which design alternatives need to be considered in the design process.
This is a very large list, as illustrated in figure 4. The figure shows the geometric
features that would be most desirable to incorporate in the model.

The figure also shows traffic characteristics and traffic control data that are
potentially needed for each submodel and safety measures of effectiveness that are
potentially applicable. Each of these aspects of the model is discussed below.

Safety Effects of Geometric Features

The safety effects of some of the features listed in figure 4 have been
established (at least for some highway types), while others clearly need to be
addressed in future research before they could be incorporated in the model. A
number of the key sources in the literature are reviewed in the compendium of rela-
tionshi%? between safety and geometric design elements currently being prepared for
FHWA.

15



(STARTD

Y

INTERACTIVE INPUT MODULE FOR
» Geometrics « Traffic Control » Traffic Volumes

Allows user to:
* Read data from external files

* Input new data
@‘—" * Display data
Madify data
Print or plot data

Save data to external files

INITIATE SAFETY ANALYSIS
Divide project into
homogeneous subsections:

» *+ #

Roadway sections
Intersections
Interchange ramps
Roadside areas

Figure 3. Preliminary flow diagram for the accident predictive model.

16



Is there

another roadway section
to evaluate? |

Roadway Section

Submodel _ _1_ " __ _ _
R —————— -
! I Store expected roadway
| Calculate expected roadway -+ — —-—I accidents for roadway |
accidents for roadway section i section i |
' ' L - _J
] Y . T T T T T T T
|| Caiculate expected roadside | !
| encroachment rate for |
| roadway section i I
Y -
Roadside Accident
— Submodel _|__ _ _ _ -
| 11 o rpamsaromiods |
. ore expe roadside
(| Calculate expected roadside |, | " ients for roadway !
"'l accidents for roadway section i o
| [ L sectien | N
L e e e e e e e = - I

Figure 3. Preliminary flow diagram for the accident predictive model
(continued).

17



Is there
another intersection to
evaluate?

Intersection
Submodel

o ey agen e ] Gy Gy mmm o e

Calculate expected roadway | Store expected roadway |

1
I
accidents for intersection j = _’i accidents for intersection j |
I
|
{
!
I
-

Calculate expected roadside
encroachment rate for

1
|
|
l Y
!
t
|

intersection j
IR IS
Roadside Accident
- Submodel . _{_ _ _ _ _ -
. T Gememan
Calculate expected roadside I ore expe |
1 —
‘ accidents for intersectionj |1 ™ road?:}ctigrsaggzt;ioin_ts for
l | L ) E
L e e e e e e e = = I

Figure 3. Preliminary flow diagram for the accident predictive model
(continued).

18



Is there
another interchange ramp
~_ 10 evaluate?

Interchange Ramp Yes

A : -4 — —» roadside accidents for
accidents for interchange ramp k : interchange ramp k

Submodel | _|_ T _ _ _
N it m
| i Store expected roadway
(| _ Calculate expected roadway |, _ 1 2cqigents for interchange |
accidents for interchange ramp k I ramp k |
l |
S U -
| Y | |
' Calcuiate expected roadside |
| encroachment rate for interchange| |
I rampk - |
Y -
Roadside Accident
- Submodel  _ | _ _ _ _ -
. 1 T e .
| Calculate expected roadside | Store expect
}

Figure 3. Preliminary flow diagram for the accident predictive model
(continued).

19



Accumuiate Stored Results

'

Display Results for User

!

Print or Store Results at
- User's Option

'

Return to Modify Design and
Process a New Problem

Figure 3. Preliminary flow diagram for the accident predictive model
(continued).

20



¥

ALL

ACCIDENTS

[

Fransanid INTERSECTION RAMP ROADSIDE
(Non-Intersection) ACCIDENTS ACCIDENTS ACCIDENTS
Geometric and Number of Lanes Number of Approaches Ramp Type: Barriers:
Physical Features Divided/Undivided Approach Allgnment « Freoway/Freeway * Guardrail
Access Controt (Skewed/Oliset) o Fwy/Art Off-Ramp + Bridge Rall
Urban/Suburban/Rural Number of Lanes ¢ Fwy/Art On-Ramp » Concrete Barrers
Horizontat Curves Par Approach * ArderlaVArterial Embarkment Slopes
Parcent Grada Specilai Lanes (Right Tur/ Ramp Configuration: ¢ Flii Slope
Vertical Curves/SSD Lelt Turn/Shared/Exclusive) + Diamond e Cut Slope
Lane Widlh Urbar/Suburban/Aural + Parclo toop Ditch Design
Presence of Shoulder Approach Widths ¢ Full Loop Continuous Obstacles:
Shoulder Type Divided/Undivided Approaches * Dlrectional * Retalning Wall,
Shoulder Width Corner Sight Distance/Sale » Buiton Hook Fencae, atlc.
Presence of Curbs Approach Speed o Slip ¢ Classlfy by Side of
Curb Oliset : Ramp Length Road, Distance from
Presance of Madlan Urban/Suburban/Rural Road, and Severity
Median Type Horizontal Curves Polnt Obstacles:
Median Width Length and Type of « Treos, Signs, Mallboxes,
Driveway Density Speed-Change Lanes Culverts, otc.
Driveway Features ¢ Classlly by Slde of
{Medlan Opsnings, Road, Distance from
Turn Lanes) Road, and Severity
Bridges Roadway Curvalure
Bridge Width
Auxiflary Lanes
(TWLTL, Passing or
Climbing Lanes)
Speclat Fealures
(e.g., Turnouts)
Taper Lengths
Traflic Characteristics | Traffic Volume Entering Traflic Volumes Traffic Volumes Trafflc Volume
and Traiflc Percent Trucks Parcent Left Turns Percent Trucks Percent Trucks
Control Features Dasign or Posted Speed Parcent Right Turns Advisory Speed Encroachment Rate
Operating Speed Percent Trucks Deslgn Speed
Passing/No-Passing Zones Approach Speed Operating Speed
Tratfle Control (Signalized/
Two-Way Stop/Four-Way Stop/
Yield/No Control)
Signal Phasing
Signal Timing
Clearance Intervals
Safety MOEs Accldent Rate Per Accidant Rate Per Milllon Accldent Rate Per Accident Rate Per
Million Veh-Mi Entering Vehicles Miilion Vehicles Million Veh-MI
Accldents Per Mi Per Year Accidents Per Year Accldents Per Year Accldents Per Mi Per Year
Severlly Distribution Severity Distribution Sevaerity Distribution Sevarity Distribution
AccldenVCollislon Types Accldent/Collislon Types Accldent/Collislon Types Accident/Collision Types
elc. elc. ofc. etc.

Figure 4. Candidate geometric and traffic features and safety MOE's.




A review of the literature makes clear that existing safety relationships are based on a
variety of measures of effectiveness and functional forms that are not consistent with
one another and would be very difficult to use together. Therefore, this plan recom-
mends that new safety relationships be developed for use in.the IHSD accident pre-
dictive model. This new research must be carefully coordinated to assure consistency
between the safety relationships developed for different parts of the roadway system.
These new safety relationships should be developed using consistent definitions of
accident types which are presented in section [V of this report. The research needed
to develop these relationships is described in section VI and appendix B of this report.

Traffic Characteristics and Traffic Control Features

The basic inputs to the accident predictive model will include traffic volumes
and traffic characteristics on the roadways and intersections of interest, and traffic
control features that are present.

Traffic volumes are important not only as an exposure measure, but also
because accident rates for roadways and intersections may themselves be a function
of traffic volumes. At intersections, turning volumes (percent left and right turns) are,
in effect, exposure measures for accidents involving those movements. Traffic. charac-
teristics such as percent trucks may also have quantifiable effects on safety at some
locations.

Traffic control will need to be considered as well. For example, the type of
traffic control present at an intersection (signal, four-way STOP, two-way STOP, YIELD,
or no control) may be the single best predictor of accident experience other than
traffic volume. Speed conditions will be important in many situations so the mode! will
need to incorporate posted speeds, design speeds, or operating speeds. Other traffic
control features that have unique effects (e.g., passing/no-passing zones) will also
need to be incorporated.

' Safety Measures of Effectiveness

A key issue in planning the accident predictive model is how the safety of a
highway should be determined or defined. Qur recommended approach to the
development of an IHSD model is to make the accident predictive mode! as quantita-
tive as possible. it would be most desirable to provide safety estimates in terms of
familiar measures of effectiveness (MOE’s) such as accident rate and severity levels.
However, we recognize that the model can be only as precise as the research data
that support it. Thus, the MOE’s finally adopted will depend on the completeness and
precision of current and future research, including further research to be performed for
FHWA in support of the model development. Less quantitative concepts may need to
be considered in some situations, particularly in the location study (or leve! 1 analysis)
stage. For example, the model could be used to define various "levels of safety"
analogous to the levels of service used in traffic operational analysis. Figure 5
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illustrates how such a "level of safety" concept could be implemented, based on the
statewide or areawide distribution of accident risk for a specific roadway type as
represented by equivalent-property-damage-only (EPDO) accidents per mile. Never-
theless, our plan presented in this report is directed toward the development of an
accident predictive model for making quantitative safety estimates, with qualitative
MOE'’s being used only to simplify and summarize the presentation of the model
predictions. _

There is no single MOE for safety performance in highway design analogous to
level of service as a measure of traffic operational performance. Figure 4 shows the |
safety measures of effectiveness that have typically been used in the past and that
could potentially be incorporated in each submodel. The safety MOE’s shown in
figure 4 are those that are applicable to individual portions of the highway system
(roadway sections, intersections, etc.). There is also a need, however, for an MOE to
describe the overall safety performance of an entire project. Alternative safety MOE’s
for an entire project include the expected annual:

. Total number of accidents.
. Number of accidents weighted by severity (i.e., a severity index).
. Number of severe accidents [e.g., consider fatal and injury accidents

only, given the under reporting problems inherent in property-damage-
only (PDO) accidents, or include only PDO tow-away accidents].

. Accident experience expressed in doliar terms, based on accident cost
data currently in use by FHWA. (This form is most appropriate for input
to benefit-cost models, but may be less accepted by users than the
other forms.)

Our recommendation is that the IHSD model should predict the expected total number
of accidents for a project, with a breakdown by severity level. It must be recognized,
however, that because of the well-known problem of underreporting of less severe
accidents, the model predictions for fatal and injury accidents are likely to be more
accurate than the predictions for property-damage-only (PDO) accidents.

The IHSD model would be intended to interactively display changes in the

- selected safety measure(s) for different geometric design aiternatives. These
measures can be calculated directly from the typical accident rate and severity
measures for individual portions of the highway system shown in figure 4. Thus, the
{HSP model should be structured to estimate both accident frequency or rate mea- -
sures and accident severity measures for each design alternative. Both are needed to
get a complete picture of the safety performance of a design alternative. It will also be
desirable to estimate the distribution of particular accident types as well, since some
alternative design features that reduce accidents may address one particular type of
accident. The model should also be capable of providing separate estimates of the
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number of accidents involving a vehicle ieaving the roadway as the basis for
“evaluating the severity increasing/reducing effects of roadside features.

Although the expected annual number of accidents will be the primary safety

MOE for the IHSD model, the accident numbers will be determined from predictive
relationships expressed in terms of the following measures:

Roadway Sections

. Accident rate per million veh-mi.

. Accident rate per mi per year.
Intersections

. Accident rate per miliion entering vehicles.

Interchange Ramps

. Accident rate per million veh-mi.
. Accident rate per million vehicles traversing the ramp.

It should be noted that accident rates per miliion veh-mi and accident rates per mi per
year are compatible and one can be directly converted into the other if the length and
traffic volume of a site is known.

In addition to the safety measures of effectiveness for the project as a whole,
the IHSD model should be able to provide a breakdown of the expected accident
experience for each particular roadway section, intersection, interchange ramp, and
roadside area that constitutes the project. This should assist designers in identifying
specific geometric features for which concentrations of accidents are likely and for
which the expected accident experience might be reduced through redesign. To
assist designers in interpreting the accident predictions for individual roadway sections
‘or intersections, the model output might include not only the expected annual number
of accidents, but also the probability of zero accidents in any given year. This proba-
bility can be computed directly from the expected number of accidents based on the
assumption that accidents follow a Poisson distribution.

The output of the accident prediction model should include not only expected
values for annual accident frequencies but also standard deviations or confidence
intervals corresponding to those expected values. Standard deviations or confidence
intervals indicate the uncertainty in the predicted values which should be taken into
account by designers in interpreting the predictions provided by the model.

In summary, the safety measures of effectiveness provided by the mode! should
include:
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Expected annual number of accidents within the specified limits of a
highway improvement project.

Distribution of those accidents by severity ievel (fatal/injury/PDO).
Expected distribution of those accidents by accident type.

Predicted numbers of accidents for specific roadway segments,
intersections, interchange ramps, and roadside areas, including the
probability of zero accidents in any given year for particular roadway
segments, intersections, or ramps.

Standard deviations or confidence intervals for predicted accident
estimates.
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IV. DESCRIPTION OF ACCIDENT SUBMODELS

This section describes each of the accident submodels that will be incorporated -
in the IHSD accident predictive model, including the roadway section, intersection,
interchange ramp, and roadside submodels.

Roadway Section Accident Submodel
The roadway section accident submodel has two objectives:

. To estimate the expected annua! number of on-roadway accidents for a
specific roadway section.

. To estimate the expected annual number of roadside encroachments for
a specific roadway section as input to the roadside accident submodel.

The estimation of roadway accident experience is discussed in detail in this section.
The estimation of roadside encroachments is discussed in general terms in this
section and is discussed in more detail in the section on the roadside accident
submodel.

Definition of Roadway Section Accidents

Roadway section accidents are defined as accidents in which the first harmful
event occurs on the roadway and is not related to an intersection or an interchange
ramp. On-roadway accidents are defined as those in which the first harmful event
occurs on the roadway. For purposes of this definition, the roadway includes both the
traveled way and shoulders. The definition of roadway section accidents includes:

. Single-vehicie noncollision accidents that occur in the roadway, such as:

-_ overturning in the roadway.
— other miscellaneous noncollision accidents.

. Single-vehicle collision accidents that occur on the roadway, such as:

- collision with a parked vehicle.

— collision with a nonmotorist (pedestrian, bicycle, or animal).

- collision with a fixed object in the traveled way or shoulder {a
limited category that includes collisions with overhead signs or
structures).

- other collisions (e.g., debris in roadway).
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. All muttiple-vehicle collision accidents [except for collisions that involve a
motor vehicle leaving one roadway and colliding with a vehicle on
another (nonintersecting) roadway, which are usually classified as a
single-vehicle run-off-road accidents].

Note that the definition of on-roadway accidents excludes all accidents in which the
first harmful event is a vehicle leaving the roadway. Such run-off-road accidents will
be addressed by the roadside accident submodel.

| Predictive Relationships for Roadway Section Accidents

The roadway section accident submodel will be based on an accident
predictive model or models. This mode! will have the foliowing general form:

AR = f (geometrics, traffic control, traffic volumes) (1)

where AR, expected accident rate for roadway sectron i (accidents per
mitlion veh-mi)

Predictive models or tabulations of average values would also be needed for the
accident severity distribution and the accident type distribution for particular roadway

types.

The following discussion presents alternative approaches for predicting
roadside accidents based on two general forms for accident predictive models. The
forms for predictive relationships shown below make use of adjustment factors for
specific geometric and traffic control elements that are combined either by multipiica-
tion or addition. These adjustment factors can be either linear or nonlinear and their
values could be determined from predictive equations or presented in tabular form.
Where valid statistical analyses indicate that there are interactions between two or
more model parameters, combined adjustment factors for those parameters could be
developed. The remainder of this section presents the conceptual mode! for roadway
section accidents; the accident research issues inherent in developing such a model
are discussed in section VI of this report.

The roadway section accident submodel could utilize an accident rate predictive
equation of the following general form:

AR, = ARy fee fuc T, 2)
or

AR, = AR + oo + fyeo + 1, , (3)
~where AR; = basic tangent section accident rate for appropriate roadway

type and ADT (accidents per million veh-mi).
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foe = safety adjustment factor for effects of cross-sectional elements
such as iane width, shoulder width, shoulder type, etc.

fue = safety adjustment factor for horizontal curves based on radius
of curve, length of curve, superelevation, efc.

f, = safety adjustment factor for other geometric and traffic control
elements that can vary longitudinally along the highway
including grades, auxiliary lanes, speed limits, passing/no-
passing zones, driveway densities, etc.

Note that if a multiplicative approach like equation (2) is used, the adjustment
factors have a nominal value of 1.00. Adjustment factors with values less than 1.00
correspond to design features that have lower accident rates than the base condition;
values greater than 1.00 correspond to design features that have higher accident rates
than the base condition. By contrast, with an additive approach, the adjustment
factors have a nominal value of 0.00 and the adjustment factors would be either posi-
tive or negative depending upon whether a particular design feature is associated with
higher or lower accident rate than the base condition.

The basic tangent section accident rates represent the average accident rate
for a tangent roadway section considering only the effects of ADT and roadway type.
These basic rates would be determined from statistical relationships between accident
rate and ADT for tangent sections on individual roadway types. These relationships
could have various forms such as: '

AR = ¢ + ¢, ADT @)

AR = ¢ + ¢ /ADT (5)

ARg = c, + ¢, ADT + ¢, ADT? (6)
where €,,C,,C;, = regression coefficients

ADT = average daily traffic volume {veh/day)

Note that the form of the relationship between accident rate and traffic volume is not
necessarily linear. The specific form of the accident rate-ADT relationship could differ
between roadway types and would be selected based on the best fit to data for that
- roadway type. It is expected that the basic section accident rates would include
typical levels of bicycle and pedestrian accidents, as well as typical frequencies of
accident types that bear no obvious relationship to the roadway geometrics (e.g., a
fire in a vehicle).

Along with the basic accident rates, data analysis could establish the typical

accident severity distribution and accident type distribution for particular roadway
types. These distributions could be incorporated in the IHSD model for specific
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roadway types. Our current recommendation is that the accident severity distribution
and accident type distribution might not need to be expressed as a function of traffic
volume or geometric variables other than the basic roadway type, but this issue needs
to be addressed in research.

A typical list of roadway types for which accident rate-ADT relationships might
be required to cover the full range of highway conditions of interest is as follows:

Urban freeways.

Rural freeways.

Rural multilane divided highways.
Rural multilane undivided highways.
Rural two-lane highways. -

Urban arterial streets.

Other functional classifications.

[ ] . s o6 & @

It might also be necessary to stratify roadway types by ADT level, terrain, etc.
Separate safety relationships would be needed for each roadway type unless an
analysis found no statistically significant differences between the relationships for
similar roadway types. In this case, it would be justified to combine the accident rate-
ADT relationships for these roadway types.

Appendix A presents examples of some basic accident rate-ADT relationships
developed by the California Department of Transportation (Caltrans) for their State
highway system.® These relationships are used in Caltrans accident surveillance
system to determine expected accident rates for specific roadway types. The actual
accident experience of particular roadway sections is then compared to these
expected values to determine whether the roadway section should be considered a
high-accident location. - These relationships are not used by Caltrans to. predict the
safety consequences of design decisions. Nevertheless, they illustrate the first step in
the process of characterizing the safety performance of an agency’s highway system
as a basis for design decisions.

The values of the individual safety adjustment factors could be determined from
relationships of the following form:

fos = fuw fon @)
or
fee = fw + feu , (8)
where: f.s = safety adjustment factor for the effects of cross-sectional
elements

f,w = safety adjustment factor for the effect of lane width
fy, = safety adjustment factor for the effect of shoulder type and width
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Equations similar in form to equations (7) and (8) could be developed for the
horizontal curve factor (f,.) and the longitudinal factor-(f).

The multiplicative approach to adjustment factors may be preferabie to the
additive approach because it might allow individual highway agencies to periodically
update the basic roadway section accident rates (ARp) from their own data, but.
continue to use the adjustment factors based on national data. For example, table 1
presents hypothetical values of f in equations (2) and (7) for paved shoulders based
on application of an accident predictive model for rural two-lane highways developed
by Zegeer et al.? (Table 1 is based on the assumptions that the ADT is 1,000 veh/day,
that the site is iocated in rolling terrain with a roadside hazard rating of 5, and that
accidents "related" to the highway cross-section constitute 50 percent of all accidents.)

Table 1. Relative accident rates for combinations of
lane width and shoulder width.

Shoulder width (ft) ' "

Lane width ,
(ft) 8 6. 4 2 0o
12 _ 1.00 1.06 1.13 1.30 1.48
11 1.06 117 1.26 1.43 - 1.61
10 1.11 1.24 1.37 1.50 - 174
- 1.35 1.52 1.70 1.87
-_ — 1.63 1.85 2.11

A variety of modeling approaches and statistical techniques are potentially
applicable to the determination of the values of the adjustment factors. Model forms
could include linear, exponential, log-linear, logistic, probit, polynomial, and discrete
models. Statistical techniques for quantifying the coefficients of these models could
include ordinary least squares, weighted least squares, modified minimum Chi-
squared, and maximum likelihood. For any given case, the most appropriate model-
ing approach and statistical technigue should be selected through exploratory analysis
of sample data sets.

This plan does not attempt to identify the statistical techniques that are best
suited to the development of accident predictive models for specific portions of the
roadway system and specific geometric elements. Such plans are being developed in
two current FHWA contracts entitled, "Experimental Plans for Accident Studies of
Highway Design Elements.""*'" Development of experimental plans for accident
prediction for at-grade intersections and for prediction of road51de encroachments is
currently underway in those two contracts.
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Once the expected accident rate (AR) for a particular roadway section is
determined, the expected annual number of accidents can be determined as:

N, = (AR, L ADT) x 365 x 10° - ()

where: N

' expected annual number of accidents for roadway section i
L = length of rdadway section i (mi)
ADT, = average daily traffic volume for roadway section i (veh/day)

The expected annual number of accidents (N, can then be broken down into severity
levels or accident types by muitiplying by the appropriate percentages from the acci-
dent severity and type distributions for the appropriate roadway section type or from

predictive models for the accident severity distribution.

‘Prediction of Roadway Section Encroachment Rates

The recommended method for predicting roadside accidents is through use of
a roadway accident submodel developed from encroachment and accident severity
data. This approach is discussed in greater detail in the later section on that sub-
model, but it will suffice to say here that this model functions by: (1) estimating the
roadside encroachment rate (the annual number of roadside encroachments), the
distribution of roadside encroachment angles, and the potential severity of the
roadside features that may be encountered by an errant vehicle at a particular loca-
tion; and (2) using those estimates to predict the expected number of fatal and injury
accidents on the roadside for that location.

The roadway section accident rate submodel will estimate the roadside
encroachment rate for each roadway section as input to the roadside accident sub-
model. The existing roadside models essentially treat the encroachment rate as a
constant for any section of roadway, because no better information is available.
However, the authors recommend that the encroachment rate should be a function of
the geometrics of the roadway section; for example, one would expect the encroach-
ment rate to be higher on a horizontal curve than on a tangent section. Such rela-
tionships would need to be developed through observation or modeling in future
research, because only limited relationships of this type are available in the current
state of the art.

Most previous attempts to predict roadside accident rates have addressed
single-vehicle run-off-road accidents resulting from single-vehicle encroachments.
However, roadside encroachments also occur in multiple-vehicle collisions when a
vehicle leaves the roadway after colliding with another vehicle. The IHSD model
should recognize that roadside design can be a severity-increasing factor in.such
accidents. We recommend that roadside research develop a measure of the
percentage of vehicles involved in multiple-vehicle collisions that leave the roadway
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subsequent to the collision. For example, the encroachment rate for a roadway
section could be estimated as:

where E.

NVEH.

PROR.

ESV, + N, PMV, NVEH, PROR, (10)

expected annual number of roadside encroachments for
roadway section i

expected annual number of single-vehicle encroachments
expected annual number of accidents for roadway section i

proportion of total accidents represented by muliiple vehicle
collisions for roadway type r

average number of vehicles involved per multiple-vehicle
collision for roadway type r

probability that a vehicle involved in a multiple-vehicle collision
will leave the roadway for roadway type r

‘The section of this report on the roadway accident submodel addresses how the
" encroachment rate (E;) would be used in the prediction of the expected annual
number of roadside accidents.

Intersection Accident Submodel

The intersection accident submodel has two objectives:

. To estimate the expected annual number of on-roadway accidents
related to specific intersections.

. To estimate the expected annual number of roadside encroachments for
a specific intersection as input to the roadside accident submodel.

Each of these objectives is addressed below.

Definition of intersection Accidents

Intersection accidents are defined as accidents in which the first harmiul event
occurs on a roadway section, or ramp and is related to a specific intersection. This
would include the following types of on-roadway accidents:

. Multiple-vehicle collisions between vehicles traveling straight ahead or
making turning maneuvers within the intersection.



. Multiple-vehicle collisions on the intersection abproaches involving
vehicles stopped or slowing due to operational conditions within the
intersection. '

. Single-vehicle noncollision accidents within the limits of the intersection
(e.g., overturning in the roadway, etc.)

. Single-vehicle collision accidents within the limits of the intersection or
related to the intersection, such as:

—_ collision with a nonmotorist {pedestrian, bicycle, animal,
etc.).

- collision with a fixed object in the traveled way (a limited
category that includes collisions with overhead signs, mast
arms, or structures).

— other collisions (e.g., debris in the roadway within the
intersection).

This definition addresses what accident analysts typically designate as “intersection-
related" accidents rather than "at-intersection” accidents. Intersection-related accidents
inciude not only accidents that fall within the curbline limits of the intersection, but aiso
accidents on any approach to the intersection whose cause is related to the operation
of the intersection. For example, a rear-end collision at the end of a queue of vehicles
backed up from a signal should be attributed to the signalized intersection even if it
occurred several hundred feet from the intersection. The definition of on-roadway
accidents would be the same for intersections as for roadway sections, including
accidents that occur on both the traveled way and shoulders.

It should be understood that the definition of an "intersection-related" accident
does not incorporate a specific approach length that is considered to be refated to the
intersection. Any accident that is caused by or related to the operation of the inter-
section is considered to be an "intersection-related" accident, no matter how far from
the intersection it occurs. Naturally, "intersection-related" accidents would be expected
to occur over a greater distance from the intersection on a high-volume, congested
approach than on a low-volume, uncongested approach. In addition to the
“intersection-related" accident experience, accidents that are not related to the opera-
tion of the intersection would be expected to occur on each approach; such accidents
would be predicted by the roadway section model rather than the intersection model.

Predictive Relationships for Intersection Accidents
Predictive relationships for intersection accidents would need to be developed
along similar lines to the predictive relationships for roadway section accidents.

Intersection types would be classified based on:
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. Area type (urban/rural).
. Number and arrangement of intersection legs: .

- 3-leg (T intersection).

- 3-leg (Y intersection).

- 4-leg (normal).

- 4-leg (offset or skewed).
- multileg.

. Traffic control type:

- traffic signal.

- all-way STOP.
— - two-way STOP.
- YIELD control.
- no control.

Basic intersection accident rates (equivalent to ARg) could be developed for each
intersection type using regression equations like equations (3), (4), or (5). The basic
intersection accidents would be expressed in-terms of accidents per million entering
vehicles. The appendix presents examples of some basic accident rate-traffic volume
relationships developed by Caltrans; these estimated are used in accident
surveillance, '

Adjustment factors would need to be developed for cross-sectional features on
each approach such as number of lanes, lane widths, right- and left-turn lanes,
medians, etc. A realistic model for signalized intersections also needs to incorporate
the operation of the signal (phasing, cycle length, etc.) and the congestion levels
present at the intersection.

Prediction of Intersection Encroachment Rates

Roadside encroachments at intersections involve vehicles leaving one of the
intersecting roadway sections. However, the roadside encroachment rate on inter-
section approaches may be higher than on roadway sections between intersections.
For example, some vehicles might run off the road to avoid a rear-end or sideswipe
collision with vehicles queued on the intersection approach. Thus, the intersection
submodel will estimate the component of the roadside encroachment rate for
intersection approaches that is over and above the roadside encroachment rate for
normal roadway sections.
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Interchange Ramp Accident Submodel
The interchange ramp accident submodel has two objectives:

. To estimate the expected annual number of on-roadway accidents
related to a specific interchange ramp.

. To estimate the expected annual number of roadside encroachments for
a specific interchange ramp as input to the roadside accident submodel.

Each of these objectives is addressed below.

Definition of Interchange Ramp Accidents

For purposes of the IHSD model, an interchange ramp is defined as a roadway
whose function is (1) to connect two access-controlled freeway sections; or (2) to
connect an access-controlled freeway section with a roadway section without access
control. Connections between ramps and mainline freeway sections typically operate
in free-flow fashion and usually incorporate a speed-change lane (acceleration or
deceleration lane). Connections between ramps and roads without access control
(e.q., the arterial crossroad at a freeway-arterial interchange) may have either free-flow
operation (i.e., with a speed-change lane) or interrupted flow operation (i.e., with a
STOP sign or signal, as on a diamond interchange ramp).

The interchange ramp accident submodel will incorporate separate predictive
models for:

. The ramp proper.

. One or more speed-change lanes.
Ramp terminals with interrupted flow (i.e., with STOP signs or traffic signals) will be
addressed with the intersection submodel rather than the ramp submodel (see

example in figure 6). Special provisions will need to be made for handling:

. Junctions within ramps (e.g., major forks or merges of directional
ramps).

. Collector-distributor roads.

. Speed-change lanes that form a weaving area between two ramps.
. Ramps in arterialfarterial or low-speed arterial/collector or arterialfiocal
interchanges. :
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Interchange ramp accidents are defined as all accidents in which the first
harmiful event occurs on the roadway within the ramp proper or a speed-change lane
and all accidents on adjacent roadway sections in which the first harmful event is
related to the presence of the ramp. In other words, if the presence of the ramp
elevates the accident rate of the mainline freeway above the normal roadway section
accident rate, this effect will be accounted for by the ramp submodel. interchange
ramp accidents include:

. Single-vehicle (collision or noncollision) accidents that occur on the
roadway of the ramp proper or the speed-change lane.

. Mutltiple-vehicle collisions that occur on the roadway of the ramp proper
or the speed-change lane.

. Muiltiple-vehicle accidents that occur on adjacent roadway sections
because of the presence of the ramp.

Predictive Modeis for Interchange Ramp Accidents

Separate predictive models are needed for ramp accidents and speed-change
lane accidents. An analogous predictive approach to that represented by equations
(1) through (9) can be used for both. This approach involves estimation of a basic
accident rate (equivalent to AR;) for the ramp or speed-change Iane, which can then
be modified by appropriate adjustment factors. : '

In the ramp model, the basic accident rate would be determined as a function
of traffic volume and ramp type. Ramp type would be defined by:

. Area type (urban/rural).
. Type of operation:

- on-ramp.
- off-ramp.

. Ramp configuration:

_ diamond.

- cloverieaf loop.

- parclo loop.

- directional.

— buttonhook.

- slip ramp to one-way frontage road.

- scissors ramp to two-way frontage road.
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An early set of models of this type were developed for Caltrans by Lundy."® The
appendix presents a more recent set of Caltrans accident rate estimates for ramps.®
Adjustment factors would need to be provided for ramp cross-section and allgnment
elements.

In the speed-change lane model, the basic accident rate wouid be determined
as a function of traffic volume and speed-change lane type (acceleration lane/decel-
eration lane). Adjustment factors woulid need to be provnded for speed-change lane
length and width.

Prediction of Interchange Ramp Encroachment Rates

Encroachment rate predictions for the ramp proper would be developed in a
manner similar to roadway section encroachment rates. For speed-change lanes,
roadside encroachment rates in the vicinity of the speed-change lane and the gore
areas of freeway off-ramps may be higher than the normal encroachment rates for
roadway sections. The speed-change lane model will incorporate procedures for
predicting the excess encroachment rates over and above the basic roadway section
encroachment rate.

Roadside Accident Submodel

. The purpose of the roadside accident submodel of the IHSD model is to
estimate the annual number of accidents by severity level in which the first harmful
event is a vehicle feaving the roadway. The severity-increasing effects of roadside
design on vehicles that leave the roadway after a multiple-vehicle collision should also
be considered. Generalized safety predictions based on a roadside rating system like
the 1-to-7 scale used by Zegeer, et al., could suffice for application of the IHSD model
in a level 1 analysis.” However, a model that addresses the safety effects of specific
roadside design features is needed for level 2 analyses.

it should be recognized that roadside features are, strictly speaking, severity-
increasing rather than causative factors in run-off-road accidents. The cause of a
roadside accident is the vehicle, driver, or roadway factor (or combination of factors)
that caused the vehicle to leave the roadway and encroach on the rcadside. The
consequences of a vehicle leaving the roadway depend on the roadside design. At a
site with good roadside design—flat slopes and no roadside obstacles—a roadside
encroachment may resutlt in no personal injury or property damage and, thus, no
reportable accident may result. The same encroachment at a location with poor
roadside design—steep slopes or unforgiving fixed objects—could result in a very
severe accident. Thus, accident data cannot be relied upon to establish encroach-
ment rates because some encroachments result in reportable accidents and others do
not. Furthermore, many roadside accidents that should be reported are not.
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- A suitable modeling approach for predicting roadside accident experience has
been developed over the years in a series of National Cooperative Highway Research
Program (NCHRP), FHWA, and AASHTO publications. These are:

NCHRP Report 77, "Development of Design Criteria for Safer Luminaire
Supports."®?

NCHRP Report 148, "Roadside Safety improvement Programs for
Freeways—A Cost-Effectiveness Priority Approach.”™

The 1988 AASHTO Roadside Design Guide.™®

Development and subsequent improvements to the Benefit to Cost
Analysis Program (BCAP).(%171®

Research currently underway in NCHRP Project 22-8, "Evaluation of
Performance Level Selection Criteria for Bridge Railings.""®

Research currently underway in NCHRP Project 22-9, "Improved
Procedures for Cost-Effectiveness Analysis of Roadside Safety
Features."®

The roadside safety model included in the AASHTO Roadside Design Guide, based
on NCHRP Report 77, and NCHRP Report 148, was known as the ROADSIDE
model."***'¥ This model has been provided to users in the form of a microcomputer
program that can be used to compare roadside accident rates and severities of dif-
ferent roadside designs. The subsequent projects have developed, and are refining,

an improved roadside safety model known as the Benefit to Cost Analysis Program
(BC AP) ‘(16.17.18.19.20)

The general approach to roadside safety estimation used in all of these models

is represented by the equation:

where

E, = V PE) P(CIE) P(IC) - (11)

E, = expected number of fatal plus nonfatal injury accidents per
year within a roadway section of iength L.

Vv = vehicle exposure; number of vehicles per year passing
through the roadway section L.

P(E) = probability that a vehicle will encroach on the roadside
within section L; the proportion of vehicles passing through
section L that would be expected to encroach on the road-
side. This probability is a function of the length L and the
geometric design of the roadway.
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P(C|E) probability of a collision, given that an encroachment has
occurred; the proportion of all encroachments that result in
collisions with a roadside obstacle. This probability is a
function of the encroachment angle, the encroachment
distance, the lateral placement of the roadside obstacle,

and the size of the obstacle.

P(|C) probability of an injury (fatal or nonfatal) given that a
collision has occurred; the proportion of all coliisions that
result in an injury. This probability is a characteristic that
can be estimated from accident data for each type of

roadside obstacle.

A key step in the application of the roadside safety medel is the estimation of
the roadside encroachment rate, expressed as roadside encroachments per vehicle-
mile, which serves as the basis for determining P(E) in equation (11). Past research,
including data coliected by Hutchinson and Kennedy and by Cooper, has been used
for this purpose.?** However, none of the existing data sources is considered
satisfactory because these existing data sources fail to distinguish adequately between
intentional and unintentional encroachments; thus, the available data may overstate
the rate of unintentional encroachments. New encroachment data are needed for
reliable roadside modeling. Particular attention should be paid to the variation of
roadside encroachment rates as a function of roadway features such as horizontal
curvature.

Figure 7 illustrates a plan view of the hazard envelope used in the estimation of
the probability of a collision given an encroachment [P(C|E)]. The determination of
P(C|E) requires data on the distribution of encroachment angles (¢ in figure 7) and
encroachment distances as well as the size and placement of particular roadside
obstacles. ‘

The distance from the edge of the travel lane to a particuiar roadside hazard is
designated by distance A in figure 7. The probability of lateral encroachment distance
(X) for errant vehicles for a specific vehicle mix is expressed in the model as a function
of design speed. A collision between an errant vehicle and a roadside hazard is
possible only if X > A and only if the vehicle leaves the road within the interval A-D in
figure 7 appropriate for its encroachment angle (¢). Care must be taken in applying
the roadside hazard model to determine the relative positions of the roadside obsta-
cles. One roadside obstacle may have a reduced probability of being struck if it is
partially or completely behind another obstacle along the path of an errant vehicle.

Finally, the model! incorporates the probability of an injury given that a collision
occurs [P(l|C)] based on estimates of the actual severities of coliisions with particular
types of objects. Thus, the value of P(l| C) varies with object type.

The roadside hazard model can be applied to collisions with continuous
features like guardrail, concrete barriers, retaining walls, or bridge rail. The logic is
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similar to the logic for a point object, except that the P(C| E) increases with the
longitudinal extent of the obstacle. In the limiting case, where the continuous obstacie
extends for the entire length of the roadway section being analyzed P{(C|E) can be
determined directly from the probability of a particular encroachment distance.

The same logic can also be applied to roadside accidents involving sideslopes
where no obstacles are present. The value of P(C|E) can be determined directly from
the encroachment distance probabilities based on the distance from the traveled way
to the beginning of the slope. The value of P{l| C) increases with the steepness of the
slope (i.e., injuries are more iikely on 3:1 slopes than on 4:1 slopes, and are more
likely on 4:1 slopes than on 6:1 slopes).

The existing versions of the roadside hazard mode! address only estimates for
fatal and injury accidents. if PDO accidents are included in the IHSD model, P(l| C)
would need to be replaced with P(A|C), the probability of a reportable accident given
a collision, and values for of P(A| C) would need to be developed for specific hazard
types.

The roadside hazard model was developed for roadway sections and has never
been applied to intersections. However, with two modifications, the roadside hazard
model can be adapted to intersections. First, as discussed in the intersection acci-
dent submodel, the roadside encroachment rates may be higher on intersection
approaches than on normal roadway sections. Second, many roadside hazards on
intersection approaches may have the potential for being struck from different direc-
tions by errant vehicles for different intersection legs. Thus, each intersection leg will
need to be individually addressed by the model, considering all roadside hazards that
could potentially be struck.

The existing roadside hazard model should be directly applicable to
interchange ramps and speed-change lanes except that the encroachment rates may
be higher and the distribution of encroachment angles could be different.

A plan for further development of the roadside hazard mode! has been
developed for FHWA.® This plan addresses further improvement to the roadside
hazard model that will result from NCHRP Projects 22-8 and 22-9.%%*% Execution of
the FHWA plan is recommended as part of the IHSD mode! development. Validation
of the roadside hazard model is an important part of this plan.

Preliminary Evaluation of State Data Files

A preliminary analysis of the Minnesota and Utah HSIS files has been
conducted to determine the practicality of the accident definitions presented in this
conceptual plan. The primary emphasis in this preliminary analysis was placed on
distinguishing between accidents that are related to roadway sections, intersections,
interchange ramps and speed-change lanes, and roadside areas. The Minnesota and
Utah files were selected for this purpose because they appear to have the most
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complete geometric data of any of the HSIS files. It was determined that the accident
definitions presented here can be implemented as specified in this plan, but carein
interpretation of the data are needed.

The existing data files were generally adequate in distinguishing between -
roadway section and intersection accidents. Both the Minnesota and Utah files
contain variables identifying at-intersection accidents (accidents that occur within the
intersection boundaries as defined by the curblines) and intersection-related accidents
(accidents that occur on an intersection approach, but are related to the operation of
the intersection). While only limited photolog checks of specific accident reports have
been conducted, the Minnesota and Utah intersection accident data appear credible,
with one éxception. A few intersection-related accidents were found in the Minnesota
data for fully access-controlled freeways. These appear to be accidents that were
related to the operation of ramp terminals and should be classified as ramp accidents.

‘The ability to distinguish accidents related to interchange ramps and
speed-change lanes in the HSIS files has not been verified. The Minnesota files
contain an interchange code that is not fully explained in the HSIS documentation.
However, it appears that this code can be used to identify ramp accidents. It is not
clear whether speed-change lane accidents can reliably distinguished in any State
data base without the review of hard copy accident reports.

Both the Minnesota and Utah HSIS accident files contain accident codes that
purport to distinguish between on-roadway accidents and run-off-road accidents.
However, a preliminary analysis found an unusually iow percentage of single vehicle
run-off-road accidents in Minnesota on rural freeways and two-lane highways
(18 percent, in comparison to over 30 percent which is common in other States). This
same problem was present, to a lesser extent in the Utah data. Review of the data for
"object struck" from both States indicated that many of the accidents coded as
single-vehicle on-roadway accidents actually involved a vehicle leaving the traveled
way and shoulder and encroaching on the roadside. For exampie, it is (by definition)
impossible for a vehicle to strike a guardrail, bridge rail, median barrier, utility pole, or
embankment unless that vehicle leaves the roadway. The only fixed-object collisions
that are generally possible on the roadway are collisions with overpass structures,
overhead mast arms used to support traffic control devices, and overhanging
branches of trees.

This review provided convincing evidence that the classification of accidents as
on-roadway or off-roadway that is performed by investigating officers and/or accident
encoders cannot always be relied upon. On the other hand, it was found to be pos-
sible to use the reported data for "object struck" codes, together with the on-roadway/
off-roadway code, to make a reasonable determination of which accidents involved a
vehicle leaving the rcadway.

Based on the conclusions of this preliminary evaluation of accident data files,
we are reasonably confident that the HSIS files (and other similar State files) are
suitable for use in the development of accident predictive relationships. More
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investigation is needed of the ability to identify ramp and speed-change lane
accidents. Because of the potential for problems like the difficulty of distinguishing
between on-roadway and off-roadway accidents, the authors have recommended that
the IHSD model development team include a central data quality assurance contractor
with responsibility to evaluate the adequacy of all data files used in the model develop-
ment and to apply the recommended accident definitions in a consistent manner.
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V. OTHER ELEMENTS OF THE INTERACTIVE
HIGHWAY SAFETY DESIGN MODEL

This section presents a conceptual plan for the three elements of the

IHSD model other than the accident predictive model. These are: the design policy
review module; the design consistency review module; the benefit-cost module; the

driver/vehicle dynamics module; and the graphics package.

Design Policy Review Module

The design policy review module is intended to identify and flag elements of the
design that do not comply with established AASHTO or State and local design poli-
cies. This module would assist designers in evaluating design elements that are not
directly addressed by the accident predictive module. Design elements that can be

effectively reviewed by this module include:

e & o o
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Stopping sight distance at vertical and horizontal curves.

Decision sight distance for avoidance maneuvers on specific road types.

Passing sight distance for two-lane highways.
Horizontal curve design:
—_ radius. .
—_ superelevation. -
- superelevation transitions (runoff/runout).
- pavement widening on curves.
- curves on turning roadways.
- high-speed vs. low-speed design.
Vertical curve design:
- length of crest vertical curves.
- length of sag vertical curve.
Lane width.
Width of turning roadways.
Percent grade (maximumn/minimum).
Climbing lanes (are warrants met?).
Drainage (check for flat spots).
Pavement cross-slope for normal crown section.
Shoulder cross-slope.
Difference in cross-siope between adjacent lanes. ,
Difference in cross-siope between traveled way and shoulder.
Shoulder width.
Roadside siopes (foresiope/backslope).
Roadside clear zone width.
Curb design.
Median width.
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. Ramps:
- design speed relative to mainline design' speed.
- pavement width.
- shoulder width.
. Speed-change lanes:
- length.
- width.
—_— taper lengths.
_ weaving length and number of lanes.
* Horizontal curves at intersections:
— radius.
_ superelevation.
. Channelizing islands:
- size.
. Curb return radii.
. Cul-de-sac/turnaround radii.
. Turning lanes.
. Intersection sight distance.

The design policy review module appears to be essential to automating the o
consideration of safety in the highway. design process because it is unlikely that all of
the design elements listed above can be addressed by valid statistical relationships in
the accident predictive model. In order to conduct this review the user would need to
provide the design speed and functional classification of each roadway section as
input.

The design policy review module would compare each of these design
elements to the established criteria in AASHTO or State and local design policies and
identify any discrepancies. The identification of a design element as not in compliance
with established design policies does not necessarily indicate that the design should
be changed. Exceptions to design policies are often granted when it appears that full
compliance with the policy would not be cost effective. However, a design policy
review module as part of the IHSD model would provide a means for assuring that
such decisions are made explicitly and are well documented.

The design policy review module would be iimited to geometric elements of the
design. For example, the consideration of drainage in the design policy review would
be limited to identifying fiat spots in the roadway that might drain poorly. It would not
check the hydraulic or hydrologic aspects of drainage design.

The design policy review module will require the development of computer logic
to evaluate compliance with AASHTO and/or State and local design policies. Design
policy review modules may become a more common part of CADD systems in the
future. If comprehensive design policy review modules are generally available as part
of future CADD systems, it might not be necessary to develop one as part of the
IHSD model. However, use of the design policy review module in the CADD system,
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even if it was not included in the IHSD model, would still have an lmportant role in
ensunng the safety of proposed geometric designs.

Desi'gh‘ 6onsistency Review Module

The design consistency review module would be intended to identify and flag
elements of the design that violate design consistency and driver expectancy guide-
lines. A design consistency review module would go beyond determining whether a
design complies with established design policies to determining whether it meets the
expectations of drivers. Development of a design consistency review module would
require design consistency to be transformed from a generalized concept to specific
concept with quantitative definitions and procedures that can be applied. A current
FHWA research contract is examining this issue, and future research may be required.

Aspects of a highway design that are candidates for evaluation in a design
consistency review module include:

. Changes in cross-section between adjacent roadway sections:
- compatibility between adjacent cross-sections (lane widths,
shouider widths, shoulder types, curb lines, etc.).
- adequacy of transition design.
. Consistency of horizontal alignment:
— consistency of radii of adjacent horizontal curves.
- sharp curve after gentle curve.
- sharp curve after long tangent.
— reverse curves.
—_ broken-back curves.
- adequacy of transitions.
. Consistency of vertical alignment:
- consistency of K-values for vertical curves.
. Coordination between horizontal and vertical alignment.
. Interchanges:
—_ interchange patterns/configuration.

—_ coordination of lane balance and basic number of lanes.
— right-hand vs. left-hand exits.
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. Access control measures:

- at-grade exit/entrance combinations.
— continuous left-turn lane configuration.
- U-turn provisions.

_— left-turn lanes.

As in the design policy review module, identification of a design element as
inconsistent would not necessarily require that element to be changed. The program
would merely flag that design element for review and possible improvement.

In choosing design elements to be included in the design consistency review
module, it is recommended that priority be given to inclusion of those geometric
elements for which highway agencies most frequently lose tort liability cases. This
approach could give the design consistency module an important role in minimizing
the tort liability exposure of highway agencies.

It is recommended that the design consistency review model, at least in its
initial form, should be based on expert opinion. A panel of experienced designers,
traffic safety engineers, and human factors specialists would be established to

. formulate design consistency guidelines. The design consistency review module in
this form wouid be functionally an expert system, although this does not necessarily
mean that it would be programmed using an expert systems shell. More quantitative
design consistency concepts could be introduced at a later date, when research to
develop and validate those concepts is complete. For example, current FHWA
research is developing the concepts of driver workload and operating speed reduction
as measures of design consistency.® Driver workload is defined as the time rate at
which drivers must perform a given amount of mental information processing or
specific driving tasks; thus, driver workload increases with geometric complexity.
Operating speed reduction is a measure of driver response to complex geometrics;
thus, speed reductions may represent a surrogate measure for accident potential on
horizontal curves.

The design consistency module should include a procedure to caiculate, for
each horizontal curve, the speed at which a selected vehicle type (probably a large
truck) would skid or roll over, based on a point mass representation of the vehicle.
This procedure would warn the user if the margin of safety between the skidding or
rollover speed and the design speed of the curve appears to be too small. The
vehicle operating speed used in this analysis would be estimated from the design
speed of the horizontal curve itself and the design speed of the geometric element(s)
upstream of the curve. The design consistency module could identify and flag for the
designer those geometric elements that might be in need to redesign to reduce their
lateral acceleration demands.

The driver/vehicle dynamics model (see below) would provide the designer with
a more sophisticated (and more accurate) method of making such determinations and
could be used for indepth investigation of critical situations identified by the design
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consistency modute. The simplified procedures in the design consistency module
would not be adequate to evaluate compound horizontal curves or transitions between
tangents and curves. However, the design consistency program could advise users
of situations in which application of the vehicle dynamics model might be desirable.

Benefit-Cost Module

The benefit-cost module will provide a capability for the IHSD model! to
determine the cost effectiveness of any proposed change in a design, involving an -
additional increment of construction cost, that is proposed specifically to improve
safety. The benefit-cost module would assess whether this additional expenditure can
be justified economically on the basis of accident reduction alone. No attempt will be
made to incorporate other types of benefits, such as traffic operational or environ-
mental benefits, in the program. Consideration of nonsafety benefits would make the
benefit cost program much more complex. Other computer programs already exist to
evaluate traffic operational and environmental effects, at least for some types of
projects. '

The benefit-cost module would operate in conjunction with the accident

" predictive model. The IHSD model user would first evaluate one geometric atternative
using the interactive features of the IHSD program. This first design alternative would
be assigned a name (for example, ALT1) by the IHSD program user and the predicted
safety performance of that alternative would be stored in a file at the user’s request.

_Tren, the user would modify the original design to create a second geometric alterna-
tive. That second geometric alternative would be assigned a name (say, ALT2) by the
program user and its safety performance would also be stored in a file at the users
request.

in the benefit-cost module, the user would select two or more geometric
alternatives by name for analysis (in this case, ALT1 and ALT2). The user would then
be asked to enter the estimated construction cost for each alternative. To keep the
IHSD model from becoming too complex, the authors recommend that the user
estimate the construction cost from some source other than the IHSD program.
However, if the IHSD model was fully integrated with a highway agency’s CADD
system, it should be possible to develop a construction cost estimate directly from
construction quantities and unit costs generated in the CADD system.
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The safety benefit-cost ratio for any proposed improvement would be calculated

as:
Z: (N, - N,) AC. (12)
B/C = —
(CC, - CC,) CRF
where: N, = expected annual number of accidents of accident severity
level i for design alternative j.
AC, = accident cost ($) for accident severity level i.
CC, = estimated construction cost ($) for design alternative j.
CRF = capital recovery factor for n years at x% interest
n = service life of proposed improvement (years).
X% = minimum‘ attractive rate of return (interest rate).

The resuits would be displayed for the user or printed at the user’s option. |

A proposed change from design alternative ALT1 to ALT2 would be justified on
the basis of safety alone if the value of B/C calculated using equation (12) is 1.0 or
greater. The benefit-cost module should flag any comparison requested by the user
for which the annual accident frequencies predicted for the two alternatives are not
statistically significantly different from one another. Benefit-cost comparisons between
alternatives that differ so little in the expected number of accidents may be inappro-
priate. It would also be desirable to display the range of possible benefit-cost ratios
based on the confidence intervals for accident rate of the design aiternatives being
compared.

It is recommended that the benefit-cost module include the capability to
consider the effects of other nonsafety benefits and costs that can be quantified in
monetary terms, but the IHSD model will not provide a method to quantify benefits or
costs other than safety. However, if the user has these data available from external
sources, a method to incorporate them in the benefit-cost module will be provided.

Equation (13) presents a modified version of equation (12) that incorporates

consideration in the benefit-cost analysis of other annual benefits (OAB), other capital
costs {(OCC), and other annualized costs (OAC):
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[ 2N, - N AG ] + OAB

B/C = (13)
(CC, - CC,) CRF + (OCC)CRF + OAC
where: OAB = other (nonsafety) annual benefits ($).
OCC = other capital costs ($).
OAC = other annualized costs ($).

In addition, to reduce the reliance on accident cost data in the economic
analysis, the benefit-cost module should permit estimation of the annualized
construction cost per accident reduced. The annualized cost per accident would be
computed as: ‘

) (CC, -~ CC,) CRF
Cost per accident =
reduced E ('Ni1 _ le)
|

(14)

where the parameters in equation {14) are the same as those in equation (12).
Equation (14) has more limited application than equation (12). For example,

equation (14) provides no method for the user to determine whether the additional
construction cost is justified on the basis of safety, except by the exercise of the
user’s judgment concerning whether the cost per accident reduced is reasonable.
Equation (14) is also not sensitive to the relative severity of the accidents reduced.
Equation (14) is strictly a safety analysis technique; there is no appropriate method to
include nonsafety benefits.

Driver/Vehicle Dynamics Model

The IHSD model should include a driver/vehicle dynamics model capable of
simulating vehicle operation as influenced by roadway geometry, driver preferences
and performance limitations, and vehicle performance limitations. This mode! would
provide an indication of the loss-of-control potential for specific vehicle types
traversing the geometric alternatives being considered by the designer. The driver/
vehicle dynamics model would provide IHSD mode! users with a tool that is more
accurate than the procedures in the design consistency module (based on the point
mass representation of the vehicle) that could be applied to the analysis of horizontal
curves flagged by the design consistency module, compound horizontal curves, and
transitions between curves and tangents.

The driver/vehicle dynamics model should be capable of running a vehicle
through the geometrics of any given design alternative and generating plots of
(1) vehicle speed, (2) the lateral position of the vehicle (relative to the centerlines, lane
lines, and edgelines), and (3) the lateral accelerations experienced by the vehicle.
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Color should be used to highlight these plots. For example, the lateral position plot
could be colored yellow if any portion of the vehicle approached within 0.3 m (1 ft) of
a centerline, lane line, or edge line, and could be colored red if any portion of the
vehicle crossed the centerline, lane line, or edge line. The lateral acceleration plot
could be colored yellow when the vehicie approached within a specified margin of
safety of its skidding or rollover point and could be colored red if a skid or rollover
occurred.

There are a number of existing vehicle dynamics models, including HVOSM,
Phase-4, ADVS, and VDNL. However, these existing vehicle dynamics models include,
at best, only a rudimentary driver model. Typically, a vehicle dynamics model includes
a driver path following algorithm to simulate the driver’s steering input, but vehicle
dynamics models typically use user-specified vehicle speed and acceleration/
deceleration rates, rather than trying to model driver speed selection.

. Realistic driver behavior must be included in any vehicle dynamics model to
make it a useful part of the IHSD model. |t is for this reason that we have named the
required model a driver/vehicle dynamics model, rather than simply a vehicle
dynamics model, as its predecessors have been known. Research should be
conducted to develop an improved driver mode! that includes not only driver path
following, but also driver speed selection based on realistic driver reactions to the
highway geometrics and to traffic control devices such as advisory speed signing. |t
may be necessary to include a user-selected driver aggressiveness factor or to make
a safety-conservative choice and pre-select a relatively aggressive driver. The revised
driver model should be developed from existing driver speed-selection logic in traffic
operational simulation models, from new driver research, or from some combination of
the two. A specific plan for this research should be developed. This plan shouid
recommend the appropriate applications of specific data collection approaches, such
as field data collection and driving simulators in this research.

The driver/vehicle dynamics model should allow the user to select a passenger
car, a single-unit truck, or an articulated combination truck, as the vehicle to be simu-
lated. The model should have the capability to simulate all vehicle characteristics that
are potentially related to steering and path following, tire/pavement friction, and roll-
over potential. For example, truck suspension characteristics must be considered in
determining both truck offtracking and rollover potential. External factors that infiu-
ence vehicle dynamics include driver steering inputs (path following), driver speed
selection and acceleration/deceleration preferences, and pavement surface friction.
The driver path following model should be based on the path deviations that would be
expected of & normal driver following a horizontal curve. However, censideration
should also be given to including an option for the mode! to simulate the larger path
deviations that might be representative of an impaired driver or the total lack of path
following that might result from a driver falling asleep.

The development of the driver/vehicle dynamics model wili require research on
driver control, path following, and speed selection. There is a general lack of driver
models that take into account such important factors as perception, psychomotor
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control, cognition, decision making, and risk perception. A better understanding is
needed of the kinds of information drivers require to keep themselves on the roadway,
how drivers use this information, and how drivers translate the available information
into decision/contro! responses.®!

Consideration should also be given to how the presence of other traffic on the
road affects vehicle guidance and control. i seems likely that the presence of other
traffic on the road, in the same or the opposing direction, would help drivers in
guiding their vehicles, but this effect has not been modeled.

The driver/vehicle dynamics model could be developed by modification of one
or more existing vehicle dynamics models to incorporate the new driver model. How-
ever, recent advances in modeling technology, such as AUTOSIM, have made it
possible to develop a new model with the same or less effort than modifying an
existing model. Therefore, the development of a2 new model is recommended.

The driver/vehicle dynamics model will also have utility in research to evaluate
the consequences of vehicles running off the road at particular locations, angles, and
speeds. To be completely useful for this purpose, the vehicle dynamics model wouid
need to be integrated with an impact model (e.g., based on finite element analysis).
With such a combination, researchers could generate some of the data needed to
improve the roadside submodel of the accident predictive model. However, the use of
the driver/vehicle dynamics model for such applications is considered to be strictly a
research activity that has appilication in the IHSD model development. There is no
need to make the capability for roadside modeling available to IHSD model users; the
driver/vehicle dynamics model should be available as a stand-alone model for sophis-
ticated users who can find other applications for it. In other words, the roadside
portion of the IHSD model may be developed using secme outputs from the vehicle
dynamics mode!, but the IHSD model would not provide users with the capability to
apply the vehicie dynamics model for roadside modeling.

Graphics Package

The IHSD model should include a graphics package that allows designers to
review the geometrics of each design alternative before assessing its safety perfor-
mance and to review the geometrics again following the safety assessment as part of
deciding what geometric changes might be appropriate to improve safety. The
graphics package should include the capability to generate screen displays of a:

. Plan view of the roadway geometrics centered on any station (i.e.,
location) selected by the user.

. Profile view of the roadway geometrics centered on any station selected
by the user.
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. Plan view in the upper half of the screen and a profile view in the lower
half of the screen centered on any station selected by the user.

. View of the roadway geometrics from the driver’s perspective or an
elevated perspective, looking in either direction of travel from any station
selected by the user.

For the plan and profile views, the user shouid be able to select the range of stations
to be included in the display and, thus, the scale of the plan or profile.

The geometric data needed to predict safety performance in a level 1 analysis
can be entered and modified through an interactive data entry module within the
{HSD model. This interactive data entry module should also include the capability to
store and retrieve files of geometric data for specific design alternatives. In such a
level 1 analysis, the graphics package will provide the means for the user to display
the data as it entered and confirm its accuracy. Geometric data for a level 2 analysis
wilt be entered and modified through a CADD system. The graphics package in the
IHSD model should have the capability to dispiay a design alternative imported from a
CADD system. However, modification of the design for a level 2 analysis should be
accomplished in the CADD system and not in the IHSD model.

Figure 8 illustrates a plan view of a basic section alignment that might be
generated as part of a level 1 analysis. The display would show horizontal alignment
and lane and shoulder widths. A more detailed display of a plan view, such as might
be generated for a level 2 analysis is shown in figure 9. The display for a plan view
could potentially include not only horizontal curvature and lane and shoulder widths,
but also pavement markings, traffic control devices, special lanes, intersection details,
and roadside features. The displays included in both figures 8 and 9 shouid include
marks that indicate the centerline stations.

Figure 10 illustrates a centerline profile of the roadway such as might be
generated by the graphics package. This view shows the grades and vertical curves
along the roadway centerline. The horizontal scale shows the stations aiong the
roadway centerline, and the vertical scale shows the elevation. The profile display
could aisc be developed to include the capability to display pavement edge profiles.

Figure 11 shows a view from the driver’s perspective including the level of detail
that would typically be available in a level 1 analysis. Figure 12 shows added details
that could be available in a level 2 analysis.

The driver’s perspective display planned for the IHSD model would provide a
static view of the roadway. However, static views could be displayed in sequence to
create a dynamic view equivalent to what the driver would see while traveling down
the road. Addition of this capability is considered to have a lower priority than other
aspects of the IHSD model.
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Figure 8. Screen display of plan view for level 1 analysis.
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Figure 9. Screen display of plan view for level 2 analysis.
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Figure 10. Screen display of centerline profile display.

A number of highway agencies have existing graphics packages that have
been developed for use in conjunction with their CADD systems. Such existing
packages should be reviewed to determine if one or more of them might be
appropriate for use with the IHSD model.
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Figure 11. Screen display of perspective view for level 1 analysis.
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Figure 12. Screen display of perspective view for level 2 analysis.
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VI. RESEARCH NEEDS

This section summarizes the research and development needs for development
of the IHSD model. The authors of this plan feel strongly that a usable IHSD model
must be based on the results of new safety research, performed in accordance with
the guidelines presented in this plan. The key to this new research is use of consis-
tent accident definitions, such as those presented in this report, and the use of
improved data bases such as the HSIS. Existing safety relationships in the literature
are simply too fragmented and inconsistent to even consider the possibility that they
could be used together in a coherent model.

The following discussion identifies the drawbacks of existing safety research
and documents the need for, and the recommended approach to, the development of
new safety relationships. The section concludes with a summary of 22 research
problem statements that address the research required to develop the IHSD model.
These research problem statements are presented in full in appendix B.

Need for New Safety Relationships

The plan for the accident predictive model, as presented in sections il and IV of
this report, is based on the development of relationships between accidents and geo-
metric features in the forms suggested in equations: (1) through (8). It is possible that
the IHSD model could be developed by adapting existing safety relationships in the
literature, particularly for some roadway types. Several potentially useful relationships
are available in the literature. For example, Zegeer et al. developed the following
safety predictive relationship for rural two-lane highways:®

AO/MY = 0.0019 (ADT)*® (0.8786)" (0.9192)

(0.9316)"F (1.2365)" (0.8822)™" (1.3221)F® (15)

accident rate per mi per year for accident types related to cross-
section elements (single-vehicle plus opposite direction head-on,
opposite direction sideswipe, and same-direction sideswipe

‘where: AO/M7Y

accidents)
ADT = average daily traffic volume (veh/day)
W . = lane width (ft)
PA = average paved shoulder width (ft)
up = average ﬁnpaved shoulder width (ft)
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H roadside hazard rating (1 to 7 écale)

TER1 1 if level terrain; 0 otherwise

TER2

1 if mountainous terrain; 0 otherwise
There are, however, several major problems with developing the IHSD models
based on existing safety relationships. These include:

. Only a few roadway types such as freeways and two-lane highways have
been modeled.

. The existing models are not compréhensive; i.e., they do not include all
geometric variables that are potentially of interest to the designer.

. Existing models use varying safety MOE's that are not always
compatible. This makes it difficult to combine results from dlfferent
studies.

. Existing models have not been based on the accident classfficatioris

presented in section IV, which make a careful distinction between on-
roadway and roadside accidents and use a different modeling approach
for each. Equation (15) is one of the few models that includes consid-
eration of the roadside. However, while the roadside variable in equation
(15) might be appropriate for level 1 analysis, the roadside hazard rating
is too general for use in level 2 analysis.

Existing models have been limited by the difficulty of developing models that
incorporate the incremental effects of geometric features on accidents. These
difficulties arise because the safety effects of many geometric features are small and
are highly correlated with one another. For example, Cleveland found that safety
models could only be based on "bundles” on interrelated geometric variables (i.e.,
combined effects of lane width, shoulder width, roadside design, etc.), but that the
interactions between the variables in the "bundle” could not be isolated.® 1t is
possible that, in the development of the IHSD model, the interactions between highly
correlated ("bundled") variables may need to be postulated.

In order for the IHSD model to be feasible, it will be necessary to demonstrate
or postulate the incremental effects of specific geometric features. There are several
reasons to believe that an effort to develop predictive relationships for the IHSD model
can be more successful than some previous efforts:

. Better safety data bases are available now than ever before. Past
accident research has often been based on accident data bases of
limited size that had to be laboriously assembled for one particular
research study. Many States have now deveioped accident records
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systems that can link together accident, geometric, and traffic volume
data. Several such data bases have been assembled in the FHWA HSIS,
which could be an excellent tool to develop relationships for the

IHSD model.

The conceptual plan for the IHSD model is based on careful distinction
between on-roadway and roadside accidents and classification of on-
roadway accidents as related to specific roadway sections, intersections,
or interchange ramps. Application of these definitions should create a
more consistent data base.

An integrated approach to development of the IHSD models will use a
uniform set of safety MOE’s, which should reduce the incompatibility
problems inherent in previous research. If several contractors are
involved in developing different elements of the IHSD mode], it is
essential that there be overall guidance to coordinate their efforts.

Development of New Safety Relationships

The development of reliable, valid safety relationships for the accident predictive
models will require a major research undertaking that is carefully planned and carefully
executed. The following guidelines are recommended to ensure that this major effort
produces useful results:

Statistical modeling to develop accident prediction models for specific
geometric elements and specific highway and area types should be
based on carefully developed experimental plans. These experimental
plans should-specify the data sources to be used, the sample sizes
required, the independent and dependent variables to be considered,
the data collection procedures that will be used to obtain any necessary

data not included in existing data files, and the statistical modeling

approaches to be employed. Particular emphasis should be placed on
the use of statistical modeling approaches that are appropriate for the
proposed application. These experimental plans should be subject to
expert peer review before they are executed.

The experimental plans for accident predictive models should explicitly
address the issues of data quality and statistical reliability. Data quality
issues should include not only the accuracy of the accident, geometric,
and traffic volume data to be used in modeling, but also the appropriate-
ness of the selected sites, It may not be appropriate to perform statisti-
cal modeling using every available site. instead, there should be a
screening process by which certain sites with extremely high accident
rates and/or unusual driver populations can be eliminated as outliers;
e.g., sites near several large taverns with large concentrations of
accidents involving impaired drivers where the effects of geometrics
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could be overwhelmed by the effects of the impaired drivers. In addition,
there should be a protocol that specifies which types of accidents are to
be used in statistical modeling. Some accident types that bear no
obvious relatxonshlp to geometrics should be omitted in the model
development efforts and should, instead, be considered as part of the
basic roadway section or intersection accident rates.

- The plans for developing safety relationships should be sensitive to the
issue of accident migration. Accident migration occurs when the geo-
metrics of one location are improved which reduces accidents at that
location but increases accidents at other locations. For example,
flattening a horizontal curve may reduce accidents involving impaired
drivers at that curve, but those same drivers (because they are impaired)
may then have an accident at another location as they proceed down the
road. Because of the potential for accident migration, safety relation-
ships may overstate the magnitude of the benefits that can be obtained
from geometric improvements.

The accident predictive models should be developed with post-1986
accident data. Accident rates, and especially severities, have decreased
substantially since 1986 as mandatory seat-belt laws have been enacted
and seat-belt usage has risen dramatically. Thus, the use of pre-1986
data could be misleading in predicting the safety effects of future geo-
metric improvements. Similarly, careful attention should be paid to the
accident severity-reducing effects of air bags in future data as vehicles
equipped with air bags become more prevalent.

Validation of the accident predictive models developed for use in the
IHSD model should be a major concern. Many past statistical relation-
ships developed to predict accidents have not been very reliable, and

. such relationships are not trusted by potential users. Therefore, it is vital
to the credibility of the IHSD model that the accident predictive relation-
ships used in the model have been demonstrated to be credible. Valida-
tion of these relationships should be performed both with data sets that
are independent of the data used to develop the model and, whenever
possible, by validation methods that differ from the method by which the
mode! was developed. For example, it may be appropriate to use a
driver/vehicle dynamics model to validate relationships developed from
accident data or to use accident data to validate a roadside model
developed from encroachment data. Each experimental plan for the
development of accident predictive models should recommend
approaches to the validation process and the expert peer reviewers of
those experimental plans should also be asked to recommend validation
techniques. Both the predictive models developed and the process
used to validate them should be subject to expert peer review after they
are complete.



~ The research problem statements discussed in the next section and presented
in appendix B address the research required to develop the IHSD modei.

Research Problem Statements

This section describes a series of 22 research problem statements that provide
a practical and realistic approach to development of an IHSD model. Twelve of these
22 problem statements deal with the development of the accident predictive model,
8 deal with the other modules of the program, and 2 deal with fitting the various
modules together into a working package. Two of the problem statements include
demonstration of prototype software that practicing highway engineers in State high-
way agencies or consulting firms would be invited to test and evaluate. The com-
ments from these practicing highway engineers would be considered in further
development or revision of the models.

The plan for future research has been developed to enable it to be executed as
part of FHWA’s ongoing contract research program. As a practical matter, the plan
recognizes that FHWA will probably elect to develop the IHSD mode! using muttiple
contractors to perform various parts of the research and development activities. The
22 research problem statements presented here do not necessarily represent
22 separate research contracts; FHWA could choose to break apart or combine these
research tasks in whatever way that was felt to be most appropriate. However, if
multiple contractors are used, a key element of the plan would be strong coordination
from FHWA and from a central data quality contractor who would evaluate and pre-
pare the data files for analysis by other contractors. All data analyzed by any con-
tractor developing models for a specific portion of the accident predictive model—
intersections, for example~would be provided to that contractor by the data quality
contractor after an initial check to determine that the data quality appears acceptable
and the data file is compatible with the data files being used by other.contractors.
The models developed by each contractor would be subject to peer review by
recognized experts. This peer review would be organized by the data quality
assurance contractor.

The 22 research problem statements recommended for development of the
IHSD model are as follows:
Accident Predictive Model
#1  Data Quality Assurance and Coordination
#2  Experimental Plan for Predictive Modeis for Roadway Sections
#3 . Development of Predictive Models for Roadway Sections

#4  Experimental Plan for Predictive Models for Intersections

65



#5 Development of Predictive Models for lhtersedtions

#6  Preliminary Demonstration of the IHSD Model

#7  Experimental Plan for Predictive Models for Ramps and Speed-Change Lanes
#8  Development of Predictive Models for Ramps and Speed-Change Lanes

#9  Experimental Plan for Predictive quels for Roadside Areas

#10 Develobment of Predictive Models for Roadside Areas

#11 Validation and Revision of Accident Predictive Models

#12 Software Development to Implement Accident Predictive Models

Other Elements of the IHSD Model

#13 Development of Procedures for Design Policy Review

#14 Development of Procedures for Design Consistency Review
#15 Development of Procedures for Benefit-Cost Analysis

#16 Development of Graphics Package

#17 Software Development to Implement Design Policy and Design Consistency
Reviews : :

#18 Detailed Plan for Development of Driver/Vehicle Dynamics Model
#19 Development of Driver Model for Driver/Vehicle Dynamics Model

#20 Software Developmeht for Driver/Vehicle Dynamics Model

Final Testing and Revision of IHSD Model

#21 User Evaluation of the IHSD model

#22 IHSD model Revisions and Development of Final implementation Package
Figure 13 presents é flow diagram showing how these research problems fit together
into the overall development of the IHSD model. Each of these 22 research problem
statements is presented in detail in appendix B of this plan.

No attempt has been made to identify the specific cost or time requirements for
completing the work called for under each research problem statement. However, it is
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expected that the research would require an average of 3 to 5 person-years of effort
per problem statement. The general sequencing of the research is indicated by
figure 13, but there is flexibility to start some projects earlier than others as funds
become available.

Priorities for IHSD Model Development

The expert panel convened during the development of this plan was asked to
recommend priorities for development of the IHSD model. This was done by rating
priorities for particular issues on a scale from 10 (high priority) to 1 (low pricrity).

Table 2 presents the priorities recommended for development of the various
elements of the IHSD model. The table shows that the highest priority is assigned to
the accident predictive model, which received a rating of 9 out of a possible 10 points.
Relatively high priorities were also assigned to development of the design consistency
review module, the design policy review module, and the interactive data entry
module. Lower priorities were generally assigned to the graphics packages, the
benefit-cost module, and the driver/vehicle dynamics model.

‘Table 2. Recommended priorities for development of -
IHSD model elements.

" Priority Maximum Minimum
IHSD Model Element rating’ rating © rating
Accident predictive model 9.0 . 10 5
Design consistency review module 8.0 10 5
Design policy review module 7.7 10 S
Interactive data entry module 7.6 10 2
Graphics package (plan view) 7.0 10 2
Benefit-cost module 6.6 10 3
Graphics package (perspective view) 6.6 10 1
Graphics package (profile view) 6.6 9 2
Driver/vehicle dynamics moduie 57 8 3

' Priority ratings were made on a scale from 10 (highest priority) to

1 (lowest priority).

The expert panel was also asked to assign a priority to the incorporation in the
IHSD model of a dynamic view from a driver’s perspective of a drive through the
geometrics for any specific design alternative. This capability was assigned a priority
rating of 5.1, lower than any of the other IHSD model elements inciuded in table 2.
The general assessment of the expert panel was that such a capability was a
desirable, but not a necessary, feature of the IHSD model.
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Table 3 presents the priorities that were recommended for the develcpment of
the various submodels of the accident predictive model. Development of the accident
predictive submodels for roadway sections and roadside areas were assigned the
highest priorities, with lower priorities assigned to the submodels for at-grade inter-
sections and interchange ramps and speed-change lanes.

Table 3. Recommended priorities for development of
accident predictive submodels.

—

Priority Maximum Minimum
Accident predictive submodel rating’ . rating rating
Roadway sections 9.1 10 7
Roadside areas 8.4 10 5
At-grade intersections 7.3 10 1
Interchange ramps and 6.1 8 5
speed-change lanes

' Priority ratings were made on a scale from 10 (highest priority) to

1 (lowest priority).

Table 4 presents the priorities that were recommended for development of
accident predictive models for specific highway and area types. Rural two-lane
highways were assigned the highest priority, because of the vast extent of the rural
two-lane highway system and the potential for safety improvements in the design of
projects on rural two-lane highways. The lowest priorities were assigned to the
development of accident predictive models for freeways because freeways already .
have very low accident rates and because the geometrics of most freeway projects
are already about as good as we know how to make them; thus, there is very little -
potential to improve the design of freeway projects through the application of an
IHSD model. The other highway types were assigned priorities that fall between the
rural two-lane highways and urban and rural freeways.

IHSD Model Development Guidelines
The following guidelines for development of the IHSD model are recommended:

. A small portion of the IHSD model shouid be selected for initial develop-
ment with the objective of configuring that portion of the model as a
working prototype as soon as possible. The prototype version of the
model should include selected accident predictive models; e.g., roadway
sections and intersections on rural two-lane highways. The inclusion of
initial versions of the design consistency review module and the graphics
package would also be desirable. The prototype version shouid be
useful both for informing users about the potential applications for the
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Table 4. Recommended priorities for development of accident predlctlve

models for specific highway and area types.

Priority Maximum Minimum
Highway and area type rating’ - rating rating
Rural two-lane highways 8.7 10 7
Rural multilane undivided nonfreeways 7.7 - 10 4
Urban muitilane undivided arterials 71 9 5
Rural muitilane divided nonfreeways 6.7 10 4
Urban muttilane divided arterials 6.4 10 3
Urban two-lane arterials 59 10 1
Urban freeways 53 8 2
Rural freeways 46 7 1

1

Priority ratings were made on a scale from 10 (highest priority) to
1 (lowest priority).

IHSD model, learning more about user needs for the model, and
developing support for the model in the user community.

A staged development process may be appropriate for the IHSD model,
with several intermediate versions between the prototype version of the
model and the final version containing all of the capabilities envisioned in
this report. -

Both the prototype and all subsequent versions of the IHSD model
should undergo extensive testing before their release to ensure that they
are working properly and provide the intended resuits. Poorly-written
computer software can give a model a bad reputation, even when the
underlying safety research is sound.

The IHSD model software should be developed to minimize or prevent
misuse of the model. For example, if a user fries to apply the model to a
probiem for which it was not intended, either a warning should be pro-
vided to the user or the model should not analyze the problem at all.

For example, the authors envision that the driver/vehicle dynamics model
included in the IHSD model would be restricted to certain specific
vehicles and certain specific applications. Sophisticated users could
obtain the driver/vehicie dynamics model as a stand-alone program and
apply it as they wished, but the model should prevent unsophisticated
users from possibly misusing the model.

Before the IHSD model is released to users, a formal plan should be
developed for maintaining and updating the model. This plan should
indicate what maintenance and updating activities will be undertaken by
FHWA and what data can be supplied and updated by users. The
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Vii. COMPUTER REQUIREMENTS

The computer and software environment in which the IHSD model will run has
received preliminary consideration in the development of this conceptual plan. We
envision a model that will run on a microcomputer such as an IBM PC or compatible,
but would also be transportable to other enwronmenus The computer model could be
implemented as either a:

. Stand-aione model on a microcomputer, minicomputer, or mainfranﬁe
This may be most appropriate for leve] 1 analysus (location study), as
defined in section Ill of this plan.

. Software package that could be integrated with highway capacity
software, such as the Highway Capacity Software (HCS) system. While it
might be too complex to envision a single software package to do both
traffic operational and traffic safety analyses, both packages could be
developed to share a common input format for geometric and traffic
data. This approach has been used in development of the Arterial
Analysis Package (AAP) that allows NETSIM, SOAP, and PASSER to
share the same input format. This approach may be most appropriate
for level 1 analysis (location study).

. Stand-alone model that uses as input, geometric data output from a
computer-aided design and drafting (CADD) system such as Intergraph
or AUTOCAD. This might allow the safety package to use existing
coordinate geometry (COGO) files. This approach is potentially
applicable to both level 1 and level 2 analyses.

«  Software module that can be integrated into and used interactively with
CADD software such as Intergraph or AUTOCAD. This approach is
potentially applicable to both level 1 and level 2 analyses.

In all probability, the interactive highway design model may assume several different
forms in different stages of its development, first as a stand-alone package and later
integrated with other software. In all forms, the package should be interactive; i.e,, it
should allow the user to change elements of the geometric design and directly deter-
mine the safety effects of those changes. No attempt has been made at this time to
specify the computer requirements for the {HSD model in greater detail because both
- computer hardware and CADD system capabilities are likely to |mprove greatly before
any software development for the IHSD model begins.
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maintenance and updating plan should include a plan for the funds
required to ensure that new research findings can be incorporated in the
IHSD model and made available to users as they are developed.

Management of IHSD Model Development

The development of the IHSD model! is a major R&D undertaking that requires a
nontraditional management approach. It is recommended that FHWA establish two
expert panels or steering committees to help guide the IHSD model development
effort. The panels would provide expert review of experimental plans and research
results and would promote continuity between independent research efforts. One
panel would be made up of experienced geometric designers who would be charged
with ensuring that the final IHSD mode! would be a tool of practical utility to designers.
The second panel would be composed of researchers charged with ensuring that
each research effort conducted as part of the IHSD model development is weli
coordinated with other research efforts and produces valid resuits.

These two panels would meet approximately twice per year to review progress
on the IHSD model development. Researchers involved in the IHSD model develop-
ment would make presentations to the panels and participate in discussions about the
direction of model development activities. Continuity in membership of these panels
over a period of years while the IHSD modei was under development would be
important. This would probably involve a time commitment too large to expect from
volunteers, so the panel members may need to be hired as consultants, perhaps by
the central data quality contractor discussed above.
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APPENDIX A: BASIC EXPECTED ACCIDENT RATE TABLES DEVELOPED BY
CALIFORNIA DEPARTMENT OF TRANSPORTATION :

This appendix presents a table of basic expected accident rates and severity
distributions for roadway sections, intersections, and ramps developed by the
California Department of Transportation.® These rates and severity distributions are
currently used for accident surveillance in California, but illustrate the form in which
basic accident rates could be developed for use in accident predictive models.
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9.

BASIC EXPECTED ACCIDENT RATE TABLE FOR HIGHHWAYS 04/ 15788 PAGE 1

RATE BASE + ADT PCT PCT PCT HIGHWAY TYPE TERRAIN AHS ARER ACC COSTS ($1000)

GROUP  RATE TFACTOR FAT  INJ FoX " OR ADT F+x ALL
H o1 1.65 .45/ 4.0 46.3 50.3 CONVENTIONAL 2 LANES OR LESS " FLAT $55 RURAL 62.3 32.6
H 02 1.18 .45/ 4.2 45.7 49,9 COHVENTIONAL 2 LANES OR LESS FLAT >55 °  RURAL 65.1 33.7
H 03 2.00 .45/ 3.0 51.0 54.0 CONVENTIOHAL 2 LANES OR LESS ROLL <55 RURAL us. 1 27,9
K oy 1.35 .uS, 3.9 u8.7 52.6 CONVENTIONAL 2 LAMES OR LESS ROLL >55 RURAL 59.2 32.3
H 05 2.45 .48/ 2.9 54.1 57,0 CONVENTIONAL 2 LANES OR LESS  MTN <55 RURAL us.y4 '26.9
H 06 1.85 .45/ 3.4 51.; 55.2 COMVEHTIONAL 2 LANES OR LESS nTH >58§ RURAL 517 29.7
H o7 3.90 .000 1.3 40.6 41,9 . COHNVENTIONAL 2 LAHES OR LESS <45 SUBURBAN 28.9 13.6
H 08 2.60 .000 2.0 45.0 47,0 CONVENTIOHAL 2 LANES OR LESS 45-55  SUBURBAN 35.1 17.8
H 09 2,20 .000 2.2 45.0 - 47,2 CONVENTIONAL 2 LANES OR LESS >55 SUBURBAH 37.3 18.9
H 10 4.30 .000 .6 37.3 37,9 CONVENTIONAL 2 LAMES OR LESS <us URBAN 18.6 8.6
CH 1 2.90 .000 1.5 42.3 43.8  CONVENTIONAL 2 LANES OR LESS 245 URBAN 28.2 13.8
H 12 1.20 .000 4.3 4.4 52.7 CONVENTIONAL 3 LANES RURAL  63.6 34.7
H 13 .60 .000 3.8 50.0 53.8  CONVENTIONAL 3 LAMES SUBURBAN 50.3 ; (za.z
H oty 1.90 .000 3.5 50.0 53.5 CONVENTIOHAL 3 LANES . _ URBAN u4.6 25.1
H 15 .80 .000 5.2 4u.8 50.0 EXPRESSWAY 3 LANES OR LESS FLAT RURAL 76.9 39.7
H 16 1.00 .000 4.3 50.0 54,3 EXPRESSHAY 3 LANES OR LESS ROLL RURAL _ 62.1 34,9
H 17 1.70 .000 4,3 50.0 54,3 EXPRESSHAY 3 LAMES OR LESS MTN RURAL 62.1 34.9
H 18 1.50 .000 3.5 39.0 2.5  EXPRESSWAY 3 LANES OR LESS <55 SUBURBAN 56.6 25.5
H 19 1,00 .000 3.5 43.1 6.6  EXPRESSNAY 3 LANES OR LESS _ >55 SUBURBAN 52.7 25.9
H 20 1.25 .000 2.7 40.2 42,9 EXPRESSHAY 3 LANES OR LESS URBAN 43.3 20.0
H 21 1.0 .000 2.0 37.0 39,0 UKDIVIDED 4 LANES FLAT RURAL 45.6 19.3
h 22 2.70 .000 1.7 41.7 43,4 UNDIVIDED 4 LANES ROLL/MTH RURAL 38.4 8.1
H 23 4.50 .000 .9 39.8 u0.7 UNDIVIDED 4 LANES : $85 SUBURBAN 24.1 1.3
H 24 3.90 .000 .9 uu.8  u5.7 UNDIVIDED 4 LANES >85 SUBURBAH 22.8 1.8
H 25 6.20 .000 .7 34.9 35.6 UNDIVIDED 4 LANES <us URBAN  20.6 8.9
H 26 4.80 .000 .7 36.4 37.9% UNDIVIDED 4 LAMES A 245 URBAN 20.2 9.1
] 37.01 3%.0 UNDIVIDED 5-6 LANES rLat RURAL us.6 19.3

n 27 2.00 .vo00 2.



BASIC EXPECTED ACCIDENT RATE TABLE FOR HIGHUWRYS yHIIS/BB PAGE 2

RATE BASE + ADT PCT PCT PCT HIGHUAY TYPE TERRAIN AHS ARER ACC COSTS ($1000)
GROUP RATE FACTOR FAT IHJ F+1 OR ADT F+1 ALL
H 28 3.20 .000 1.7 41.7 43.4 UNDIVIDED 5-6 LANES ROLL/MTN RURAL 38.4 18.1
H 29 4.50 .000 .9 39.8 40.7 UHNDIVIDED 5-6 LANES ' £58 SUBURBAN 24,1 1.3
n 30 3.90 .000 .9 44.8 5.7 UNDIVIDED 5-6 LANES >55 SUBURBAN 22.8 11.8
H 31 6.20 .000 - .7 34.9 35.6 UNDIVIDED 5-6 LANES <45 URBAN 20.6 8.9
H 32 4.80 .000 .7 36.4 37.1 UNDIVIDED 5-6 LANES 245 URBAN 20.2 9.1
H 33 1.30 .000 2.3 42.4 44,7 DIVIDED 4 LANES FLAT RURAL us.7 21.8
H 34 2.10 .000 1.6 H2.4 u4.0 DIVIDED 4% LAMNES ROLL/MTH RURAL 36.8 17.6
H 38 3.00 .000 1.0 40.9 41.9 DIVIDED 4 LANES £55 SUBURBAN 25.1 12.0
H 36 2.50 .000 1.0 41,2 42.2 DIVIDED 4 LANES >55 SUBURBAN 25.0 12.0f
H 37 4.70 .000 .7 32.8 33.5 DIVIDED 4 LANES <45 URBAN 21.2 8.8
H 38 3.30 .000 .7 37.9 38.6 DIVIDED 4 LANES 248 URBAN 19.8 9.2
H 39 1.30 .000 2.3 4z.4 uy,7 DIVIDED 5 LANES OR MORE FLAT RURAL 45.7 21.8
H 40 2.10 .000 1.6 42.4 44.0 DIVIDED 5 LANES OR MORE ROLL/MTHN RURAL 36.8 17.6
H 41 3.80 .000 .9 4.5 45.4 DIVIDED 5 LAHES OR MORE £5% SUBURBAN 22.9 11.8
H 42 2.50 .000 .9 51.7 52.6 DIVIDED 5 LAHES OR MORE >58% SUBURBAN 21.4 12.5
H 43 4.40 .000 .6 40.4 4.0 DIVIDED 5 LANES OR MORE <45 URBAN 18.90 8.8
H 44 3.30 .000 .6 40. 4 41.0 DIVIDED 5§ LANES OR MORE 245 URBAN 18.¢0 8.8
H 45 .80 .017 2.8 s .1 47.9 DIV. EXPRESSWAY 4 LNS OR MORE £65 RURAL 49.9 25.2
H ué .60 .007 3.0 45.1 48.1 DIV. EXPRESSUAY 4 LNS OR HMORE 65 RURAL 52.2 26.4
H 47 1.30 .017 2.1 43.0 u4s5.1 DIV. EXPRESSUAY 4 LHS OR MORE 565 SUBURBAN 37.3 18.2
H us .90 .007 2.1 43.0 45,1 DIV. EXPRESSWAY 4 LNS OR HORE >65 SUBURBAN 37.3 18.2
H 49 2.15 .000 1.4 H42.6 4y.0 PIV. EXPRESSHAY # LNS OR MORE £85 URBAN 27.0 13.3
H 50 - 1.75  .000 t.4 42.6 4h.0 DIV. EXPRESSWAY 4 LNS OR MORE : >58 URBAN . 27.0 13.3
H 51 .60 .65/ 4.6 47.7 52.3 FREEWAY 4 LAMES OR LESS €15000 £65 RURAL 67.3 36.4
H 52 .40 .65/ 4.7 47.3 52.0 FREEMAY 4 LANES OR LESS £15000 >65 RURAL 68.8 37.0
H 53 .50 .o004 h.6 7.4 52.0 FREEWAY 4 LAMES OR LESS >15000 £65 RURAL 67.6 36. 4

H 54 .35  .004 3.2 U4y.6 47.8 FREEHAY 4 LANES OR LESS >15000 >65 RURAL 54.9 37.5



8.

BASIC EXPECTED ACCIDENT RATE TABLE FOR HIGHWAYS 0us15/88 PAGE 3

RATE BASE + ADT Pdr PCT PCYT HIGHUAY TYPE TERRAIN AHS ARER ACC COSTS ($1000)
GROUP RATE FACTOR FAT INJ F+I . OR ADT ' F+I ALL
H S5 .20 .007 3.4 45.7 49.1 . FREEWAY 5-6 LANES RURAL 56.2 28.9
H 56 .20 .004 2.6 43.5 46.1 FREENAY 7 LANES OR MORE - RURAL 48.6 23.8
H 57 .70 .65/ 1.1 40.8 41.9  FREEWAY 4 LAMES OR LESS $15000 <65  SUBURBAN  26.3 12.5
H 58 .45 .65/ 2.4 .40.8 43.2  FREEWMAY 4 LANES OR LESS $15000 >65  SUBURBAN.  42.1 19.6
H 59 .70 .004 1.1 40.8 41,9  FREEWAY 4 LANES OR LESS ' >15000 <65  SUBURBAN  26.3 12.5
H 60 .45 .004 2.2 42.2 4.4  FREEWAY 4 LANES OR LESS © >15000 >65  SUBURBAN  38.9  18.7
H 61 .26 .007 1.6 40.0 41.6  FREEMAY 5-6 LANES ' SUBURBAN  32.9 15.2
H 62 .25 .004 1.1 41.8 42.9  FREEWAY 7 LANES OR MORE SUBURBAN  26.0 12.6
M 63 .45 011 1.1 40.6 41.7  FREEMAY 4 LANES OR LESS URBAN 24.1  11.5
H 64 .35 .006 .8 39.4 40.2 FREEHAY 5-6 LAMES ’ URBAN 20.7 9.8
H 65 .30 004 .8 39.4 4p.2 FREEWAY 7-~8 LANES URBAMN 20.7 9.8
H 66 .25  .004 .8  39.4° 40.2  FREEWAY 9-10 LANES URBAN 20.7 9.8
H 67 .25 .004 .8 39.4 40.2  FREEWAY 11 LANES OR MORE URBAN 20.7 9.8
BASE RATES . .

HIGHWAY SEGMENTS  ACCIDENTS/MILLION VEHICLE MILES (MVH)

INTERSECTIONS ACCYDENTS/MILLION VEHICLES (MV) ENTERING THE INTERSECTION

RAMPS ACCIDENTS/MILLION VEHICLES (MV) TRAVERSING THE RAMP
ADT FACTOR - VALUE TO BE ADDED TO THE ' ACCIDENT COSTS ($1,000)

BASE RATE. "0.60/" HEINS_O.GO DIVIDED

BY ADT IN THOUSANDS: IX.E., WITH 5,000 ID?' E I EDQ AVE -

0.12 WOULD BE ADDED TO THE BASE RATE. R 608 15.2 2.5 28.5

%0.017" MEANS 0.017 TIMES ADT IN. THOUSANDS: S 851 12.2 2.5  13.7

1.E., WITH 20,000 ADT, ADD 0.34 TO THE BASE RATE. v Siy 10,3 2.5 _9.8

' AVE 574 11.8 2.5  14.6



6.

BASIC EXPECTED ACCIDENT RATE TABLE FOR INTERSBéTIONS 04715788 PAGE y

RATE BASE + ADT PCT PCT PCT INTERSECTION TYPE® CONTROL TYPE AREA ACC COSTS ($1000)
GROUP RATE FACTOR FAT INJ F+1 F+I ALL
I 0t .11 .000 2.4 51.6 54.0 F, M AND S HO CONTROL RURAL %1.5 23.6
I 02 .40 .000 2.4 44.9 47.3 Fo M AND S STOP € YIELD SIGHS . RURAL 45.3 22.7
X 03 .98 .000 1.2 43.2 uy. 4 F, M AND S8 ° ' SIGHALS » RURAL 3t.2 15.3
I 04 1.0y .000 2.1 41.7 43.8 F., M AND S FLASHERS RURAL 43.6 20.5
I 05 .16 .000 1.4 uy.o0 45.1 F, M AND 8 NO CONTROL SUBURBAN 25.3 12.8
I 06 .42 .000 1.1 37.5 38.6 F, M AND § STOP £ YIELD SIGNS SUBURBAN ©27.6 12.2
I 07 .77 .000 .4 38.5 38.9 "F, H AND S SIGNALS SUBURBAN 17.7 - 8.4
I 08 .82 .000 1.9 33.0 34.9 F, M ARND S FLASHERS SUBURBAN 41.5 16.1
I 09 .11 ,000 .8 3.t  38.9 F, M AND § NO CONTROL' URBAN 21.1 9.7
I 10 .32 .000 .8 36.5 37.3 F, M ARD § STOP € YIELD SIGNS URBAN 21.5 9.6
I .84 .000 4 36.0 36.4 F, M AND S SIGNALS URBAN 16.1 | 7.4
I 12 .54 .000 1.9 29.9 3t1.8 F, M AND S FLASHERS URBAN 41.6 14.9
I 13 .19 .000 1.8 46.1 49.9 T, ¥ AND 2 HO CO“TROL RURAL 36.6 19.5
I 4 .26 .000 1.8 45.3 47.1 T, ¥ AKD 2 STOP € YIELD SIGNS RURAL 37.9 19.2
I 18 . .49 .000 1.2 40.4 1.6 T, ¥ AND 2 SIGHALS . RURAL 32.3 14.9
I 16 .79 .000 1.2 40.4 41.6 T, ¥ AND 2 ' FLASHERS RURAL 32.13 14.9
I 17 .16 .000 1.8 48.9 50.7 T, ¥ AND 2 NO CONTROL SUBURBAN 31.3 17.1
I 18 .26 .000 1.0 41.9 “2.9 T, Y AND Z STOP € YXIELD SIGNS SUBURBAN 24.8 12.0
I 19 .47 000 .8 39.0 39.8 T, Y AND 2 SIGNALS SUBURBARN 23.0 10.7
I 20 .47 .000 .8 39.0 39.6° T, Y AND 2 . FLASHERS SUBURBAN 23.0 10.7
I 2t .13 .000 1.2 40.3 41.5 T, Y AND 2 NO CONTROL URBAN . 25.4 12.0
I 22 7 ;000 1.0 37.1 38.1 T, YIIND 2 STOP £ YYELD SIGNS URBAN 24.0 10.7
I 23 .37 .000 W4 37.8 38.2 T, Y AND 2 SIGHALS - URBAN4 15.8 7.6
I 24 .44 . 000 .4 7.8 3e.2 T, ¥ AND Z FLASHERS URBAN 15.8 - 7.6

* INTERSECTION TYPES

F - FOUR-LEGGED T - TEE
M - MULTI-LEGGED . Y - WYE
S -~ OFFSET * 2 - OTHERS
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DASIC EXPEOTED ACCIDENT RATE TABLE FOR RANPS ous15/88 PAGE -]

RATE BASE + ADT PCT PCT  PCY RAMP TYPE BAHP  ON/ ARER  ACC COSTS ($1000)
GIOUP RATE FACTOR FAT INY F+X ‘KREAS OFF F+I ALL
R O1 .35 .000 1.3 45.0 46.3 FRONTAGE ROAD . 1-4 N/R  RURAL 3t.8 16.1
R 02 .90 .000 .7 33.6 34%.3  FRONTAGE ROAD 1-%  H/A URBAN 21.0 8.8
R 03 .35 ,000 1.3 45.0 46.3 COLLECTOR ROAD 1-4 N/A  RURAL 31.8 16.1
R 04 .40 .000 .7 33.6 34.3  COLLECTOR ROAD 1-4  M/A  URBAN 21.0 8.8
R 05 .80 .000 1.8 36.1 37.9  DIRECT, SEMI~DIR CONN (LT TRN TRAF) 1-4  OFF RURAL 43.4 18.0
R 06 .80 ,000 1.8 f 41.7 43.5 DIRECT, SEMI-DIR COMK (LT TRN TRAF) " 1-4 OFF URBANK 32.0 15.3
R 07 .60 ,000 1.8 Q“.9. 46.7 DXRECT, SEMI-DIR CONN (LT TRN TRAF) 1-4 . ON iuﬁll 38.0 19.19
R 08 .60 .000 1.8 5.0 46.8  DIRECT, SEMI-DXR-CONN (LT TRN TRAF) 1-4  ON URBAN - 30.4 15.6
R 09 1.5 .000 1.7 38.1 39.8  DIAHOND _ 1-%  OFF RURAL 40.8 17.6
R t0 1.6 ,000 .5 39.7 40.2 DXAMOND S L Oorr URBAN 16.8 8.3
R 11 .80 .000 1.7 39.7 41.4  DIAMOND -4  ON RURAL 39.5 17.8
R 12 .90 .000 .5  38.6 39.1 DIAMOND 1-4 ON URBAH  17.0 8.2
R 13 .45 .000 1.3 36.6 37.9  SLIP 1-4  OFF RURAL 35.5 15.0
R 14 .45 .000 .7 38.3 39.0  SLIP 1-4  OFF URBAN 19.7 9.2
R 15 .35 .000 1.3 45,4 46.7  SLIP 1-4  ON  RURAL 31.7 16.1
R16 .35 .000 .7 38.3 39.0  SLIP . - -4 ON  URBAN 19.7 9.2
R 17 .75 .000 1.3 36.6 37.9  DIRECT, SEMI-DIR CONN (RT TRN TRAF)  1-4  OFF RURAL 35.5 15.0
R 18 .95 ,000 .8 40,0 40.8 DIRECT, SEMI-DIR CONN (RT TRH TRAF) 1-4 dF? URBAN 20.6 9.9
R 19 .60 ,000 1.3 45.4 46.7 DIRECT, SEMI-DIR CONN (RT TRN TRAF) 1-4 ON RURAL 31.7 16.1
R 20 .65 .000 .8 41.2 42.0 DIRECT, SEMI-DIR chN (RT TRN TRAF) 1-4 ON URBAN 290.3 10.6
R 21 1.70 .000 1.3 36.6 37.9  LOOP WITH LEFT TURN 1-4  OFF RURAL 35.5 15.0
R 22 1.70 .000 .7 35.1 35.8 . LOOP WITH LEFT TURM 1-4 OFY URBAN 30.5. 9.0
R 23 1.35 .000 1.3 45.4 - 46.7  LOOP WITH LEFT TURN 1-4  ON  RURAL 31.7 16.1
R 24 1.05 .000 .7 40.2 40.9  LOOP MITH LEFT TURN _ 1-4  ON  URBAN 19.3 9.4
R 25 3.55 .000 1.3 42.4 43.7  BUTTONHOOK 1-4  OFF RURAL - 32.8 15.8
R 26 1.60 .000 .7 36.8 37.5  BUTTONHOOK 1-4  OFF URBAX 20.1 9.1

R 27 .90 .000 1.3 42.4 43.7 BUTTONHOOK 1-4 ON RURAL 32.8 15.8
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BASIC EXPECTED ACCIDENT RATE TABLE FOR RAMPS 04/715/88 PAGE 6

RATE BASE + ADPT PCT  PCT PCT RAMP TYPE RAMP  ON/* AREA ACC COSTS ($1000)
GROUP RATE FACTOR FAT  INJ F+I AREAS OFF F+I - ALL
R 28 .70 .000 .7 38.9  39.6 BUTTONHOOK » 1-4 ON  URBAN 19.6 9.3
R 29 1.56 .000 1.3 36.6 37.9 SCISSORS : ‘ 1-4 OFF RURAL 35.5 15.0
R 30 1.10 .000 .7 38.1 38.8 SCISSORS 1~-4 OFF  URBANM 19.7 9.2
R 31 .85 .000 1.3  45.4  46.7 SCISSORS 1-4 ON  RURAL 11.7 16.1
R 32 .60 .000 .7 36.8 31.5 SCISSORS 1-4 ON  URBAN 20.1 9.1
R 33 .35 .000 1.3 36.6 37.9 SPLIT 1-4 OFF RURAL 35.8 15.0
R 34 .30 .000 1.0 41.7 427 . SPLIT 1-4 OFF URBAN 22.6 1.1
R 35 .25 .000 1.3 45.4 4.7  SPLIT 1-4 ON  RURAL 31.7 16.1
R 36 .25 .000 1.0 38.6 39.6 SPLIT 1-4 ON  URBAN 23.5 10.8
R 37 1.25 .0600 1.3 36.6 37.9 LOGP MITHOUT LEFT TURN -4 OFF RURAL 35.5 15.0
R 38 1.25 .000 .7 37.1 37,8 LOOP WITHOUT LEFT TURN 1-4  OFF URBAK 20.0 9.1
R 39 .85 .000 1.3 45.4 46.7 LOOP WITHOUT LEFT TURM 1-4 ON  RURAL 31.7 - 16.1
R 40 .78  .000 .7 42.2  u2.9 LOOP WITHOUT LEFT TURN 1-4 ON  URBAN 18.8 9.5
R 41 .85 .000 1.3 45.0 46.3 THO-WAY RAMP SEGMENT 1-4 N/A  RURAL  31.8 16.1
R 42 .85 .000 .7 31,3 32.0 THO-UAY RAMP SEGMENT ‘ 1-4 N/A  URBAN 21.8 8.7
R 43 1.25 .000 1.3 36.6 37.9 REST AREA, VISTA PT, TRK SCALE 1-4 OFF RURAL 3s.5 15.0
R Y4 1.10 .000 .7 31.3 32,0 REST AREA, VISTA PT, TRK SCALE 1-y4 OFF URBAN 21.8 8.7
R 45 .35 .000 1.3 45.4 46,7 REST AREA, VISTA PT, TRK SCALE 1-4 ON  RURAL 31.4 16.1
R 46 .35 .000 .7 31,3 32,0 REST AREA, VISTA PT, rﬁx SCALE 1-4 ON  URBAN 21.8 8.7
R 47 1.20 .000 1.3 36.6 37.9 OTHER 1-4 OFF RURAL 35.5 15.0
R 48 1.20 .000 .7 3.4 351 OTHER : 1-4 OFF URBAN 20.7 6.9
R 49 .95 .000 1.3 us.4  46.7 OTHER 1-4 ON  RURAL 31.7 16.1
R 50 .95  .000 .7 3u.4 35,1 OTHER 1-4 ON  URBAN 20.7 8.9
R 51 1.05 .000 1.3 45.0 46.3 OTHER t-4 N/A  RURAL 31.8 16.1
n-sz 1.05 .000 .7 31.3  32.0 OTHER * 1-4 N/A  URBAN 21.8 8.7
R 53 .85 ,000 1.3 36.6 ~ 37.9 DIAMOND 1-3 OFF RURAL 35.5 15.0

R 54 .95 .000 .7 40.90 40.7 DIAMOND 1-3 OFF URBAN 19.3 9.3
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BASIC EXPECTED ACCIDENT RATE TABLE FOR RAMPS G4s15788 PAGE 7
.

RATE BASE + ADT PCT PCT PCT RAMP TYPE RANP ON/ AREA ACC COSTS ($1000)

GROUP RATE FACTOR FAT  INJ F+X AREAS OFF P+I ALL
R 8§85 65 .000 1.3  45.4  46.7 DIAMOND ‘ 1-3  ON  RURAL 31.7 16.1
R 56 .50 .000 . .7 40.0 40.7 DIAHOND 1-3 ON  URBAN 19.3 9.3
R 57 .20 ,000 %.,3 36.6 37.9 SLIP ' 1-3 OFF RURAL 35.5 15.0
R 58 .20 .000 .7 31,3 az2.0 SLYP 1-3 OFF URBANM 21.8 8.7
R 59 .20 .000 1.3 ‘45.4 u6.7 SLIP 1-3 ON  RURAL 31.7 16.1
R 60 .20 .000 .7 31,3  32.0 SLIP 1-3 ON  URBAN 21.8 8.7
R 61 .60 .000 1.3 .36.6 '31.9 DIRECT, SEMI-DIR CONN (RT TRN TRAF) 1-3 OFF RURAL 5.5 15,0
R 62 .60 .000 1.2 43.3 44.§ DIRECT, SEMI-DIR CONM (RY TRH TRAF) 1-3 OFF URBAN 24.4 12.3
R 63 L0 ,000 1.3 45,4 46,7 DYRECT, SEMI-DIR CONN (RT TRN TRAF) 1-3 OR  RURAL 31.7 16.1
R 64 .50 .000 1.2 43.4 44,6 DIRECT, SEMI-DIR CONN (RT TRN TRAF) 1-3 OH  URBAN 24.4 12.3
R 65 1.65 .000 1.3 36.6 37.9 LOOP MITH LEFT TURN .- 1-3 OFF RURAL 35.5 15.0
R 66 1.65 .000 .7 31.3. 32,0 LOOP WITH LEFT TURN 1-3 OFF URBAN 21.8 8.7
R 67 .90 .000 1.3 45.4 46,7 LOOP WITH LEFT TURK 1-3 OK  RURAL 31.7 16.1
R 68 .90 .000 .7 31,3 32.0 LOOP WITH LEFT TURN 1-3 ON  URBAN 21.8 8.7
R 69 1.50 ,000 1.3 36.6 37.9 LOOP WITHOUT LEFT TURN 1-3 OFF RURAL 35.5 15.0
R 70 1;10 .000 .7 32,9 33,6 LOOP WITHOUT LEFT TURN } 1;1-3 OFF URBAN 21.2 8.8
R 7 .90 .000 1.3 45.4 u46.7 LOOP HITHOUT LEFT TURN 1-3 ON  RURAL 31.7 18,1
R 72 .70 .000 7 4L 41.8 LOOP WITHOUT LEFT TURN 1-3 OX  URBAN 19.1 9.4
R 73 .85 ,000 1.3 45,0 46,3 THO-WAY RAMP SEGMENT 1-3 R/A  RURAL 31.8 1610
R 74 .85 ,000 .7 31.3 32,0 THO-MAY RAMP SEGMENT 1-3  N/A  URBAN 21.8 8.7
R 75 .80 .000 1.3 36.6 37.9 OTHER 1-3 OFr RURAL 35.5 - 15.0
R 76 .80 .000 .7 31,3 32,0 'ornzn 1-3 OFF URBAN 21.8 8.7
R 77 .55 .000 1.3 45.4 46.7 OTHER 1-3 OM  RURAL 31.7 16.1
R 78 .55 ,000 .7 31,3 32,0 OTHER 1-3 ON  URBAN 21.8 ‘ 8.7
R 79 .55 .000 1.3 45.0 46.3 OTHER 1-3 °  MH/R  RURAL 31.8 16.1

R 80 .55 ,000 .7 31.3 32.0 OIHERI 1-3 N/7R  URBAN 21.8- 8.7



APPENDIX B: RECOMMENDED RESEARCH PROGRAM FOR
DEVELOPMENT OF THE IHSD MODEL

Research Problem Statement 1
Title: Data Quality Assurance and Coordination

Description of Problem

Past research in the development of statistical relationships between accident
experience and highway geometric design variables has been based on data bases of
varying quality and on a variety of statistical approaches and measures of effective-
ness. Thus, the results of past research do not lend themselves to being used
together in a coordinated fashion to predict the safety effects of geometric changes.

The problem of incompatibility that has arisen in past research resuits can be
partially addressed by rigorous application of the accident definitions and classifi-
cations presented in this conceptual plan for determining the safety measures of
effectiveness for the IHSD model. However, to ensure that every contractor working
on the IHSD model applies these definitions properly, it is recommended that a single
contractor have the responsibility for preparing the data bases for analysis. Candidate
data bases would include the five State data bases of accident, geometric, and traffic
volume data (liinois, Maine, Michigan, Minnesota, and Utah) in the FHWA HSIS, as
well as similar data bases maintained by other States, including California and
Washington.

A key activity in preparing these data bases for analysis is a careful review and
assessment of the quality of the information in each data base for each dependent
variable and independent variable to be used in developing predictive models. This
review should be conducted for all portions of the data base that will be used in
predictive modeling including the data on roadway sections, intersections, ramps and -
speed-change lanes, and roadside areas. A review of this type has been conducted
for roadway section data in the Minnesota and Utah HSIS files as part of the develop-
ment of this conceptual plan. Several data quality problems were found in those data
bases, particularly problems related to the distinction between on-roadway and off-
roadway accidents. Appropriate methods for resolving these data quality problems
have been developed for roadway sections in the Minnesota and Utah files. In other
cases, it might be determined that data quality problems cannot be resolved and that
particular data files should not be used. Such data quality problems must be
investigated and resolved by a single contractor to ensure that other contractors
involved in IHSD model development are starting with consistent data bases.
However, those other contractors developing portions of the IHSD model should also
be alert throughout the model development effort for possible data quality problems.
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It should be recognized that even the best accident data currently available
have limitations with respect to data quality and completeness that may limit the
accuracy of the statistical relationships developed. This plan takes the optimistic view
that improved geometric and traffic volume files, such as those in the HSIS files, that
can be linked to accident data bases, will lead to improvements in the statistical
relationships that can be developed. However, it must be recognized that even in the
best available files, the quality and completeness of the available data are still less
than desirable. This makes validation of the resulting accident predictive models
particularly important {see Research Problem Statement 11).

The data quality assurance contractor should also have a key role in verifying
that the predictive models developed by different contractors for different portions of
the highway system (roadway sections, intersection, ramps and speed-change lanes,
and roadside areas) are consistent with one another and are based on correct
interpretation of the data files provided for analysis. This should be accomplished by’
obtaining expert peer review of all experimental plans for development of accident
predictive models and of all safety relationships developed for the IHSD model.

The data quality assurance contractor should also be responsible for organizing
two expert panels or steering committees to guide the IHSD model deveiopment effort.
One panel would be made up of experienced geometric designers who would be
charged with ensuring that the final ISHD model would be a tool of practical utility to
designers. The second panel would be composed of researchers charged with ensur-
ing that each research effort conducted as part of the IHSD model development is well
coordinated with other research efforts and produces valid resuits. This second panel
should include experienced researchers in the fields of geometric design, highway
safety, statistical analysis of accident data, and human factors. These panels would
meet approximately twice per year to review the progress of IHSD model development
and to recommend future model development activities.

Research Objectives

The objectives of the research activity under this problem statement wouid be
to:

. Assess the quality of each data file considered for use in development of
the IHSD model.

. Develop consistent methods for resolving any data quality probiems
found in these data bases.

. Prepare data files in a consistent format for provision to other
researchers.

. Assist other researchers in using these files in the manner intended.
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Review results generated by other researchers to ensure that they are
consistent with one another and based on correct interpretation of the
data files provided for analysis.

Organize expert panels or steering committees of geometric designers
and researchers to guide the IHSD model development.

Specific Tasks to be Performed

The specific tasks to be performed as part of this activity are as follows:

Obtain copies of the HSIS data files for lllinois, Maine, Michigan,
Minnesota, and Utah and the similar files for other States, including
California and Washington.

Evaluate each file to assess the quality of the data used to distinguish
between accidents that occur on or are related to roadway sections,
intersections, ramps and speed-change lanes, and roadside areas.
Develop consistent methods for resolving any data quality problems
encountered.

Assess the quality of data in each file for the candidate dependent and
independent variables that may be considered in developing predictive
models for roadway sections, intersection, ramps and speed-change
lanes, and roadside areas.

Recommend which data files should and should not be used for spéciﬁc
purposes in development of the IHSD models, based on data quality.
Data quality should be judged on the basis of:

- compieteness of variables included in the data files.

- accuracy and reasonableness of the data, as verified by
examining accident rates for different highway types and
one-way and muitiway distributions of specific variables.

- appropriateness of data file for multiple uses in IHSD model
development. Preference should be given to data files that
are appropriate for roadway section, intersection, ramp/
speed-change lane, and roadside modeling.

Prepare the data files needed for the performance of Research Problem
Statements 2 through 10, incorporating a consistent definition of which
accidents should be attributable to roadway sections, intersections,
ramps and speed-change lanes, and roadside areas. Prepare written
guidelines for the use of each data file in development of the

IHSD model.
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Provide advice and/or assistance to researchers using the data files.

Arrange for peer review of predictive models generated from the data
files by other researchers to determine that they are valid and based on
proper interpretation of the data files.

Organize expert panels of geometric designers and researchers to guide
the IHSD model development effort.
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Research Problem Statement 2
Title: Experimental Plan for Predictive Models for Roadway Sections

Description of Problem

The IHSD model should include separate submodels containing predictive
relationships for estimating the safety performance of roadway sections, intersections,
ramps and speed-change lanes, and roadside areas. This problem statement
addresses the development of predictive models for roadway sections.

Predictive relationships based on a valid statistical analysis results are needed
for use in estimating the safety performance of roadway sections. Previous attempts
to develop such relationships have yielded inconsistent resuits because of poor data
quality, limited sample sizes, varied modeling approaches, and confounding of inter-
section and roadside effects with roadway section effects. An experimental plan
should be developed to ensure that these problems are remedied in the development
of safety relationships for the IHSD model.

Research Obijective
The research objective under this problem statement would be to:

. Prepare an experimental plan for development of statistical predictive
relationships for roadway sections that represent the effect of roadway
geometrics and traffic volumes on accident experience (i.e., accident
rate, accident severity, accident type distribution).

The predictive relationships must be developed based on the accident definitions
presented in this conceptual plan, so that the relationships will be compatible with the
other portions of the IHSD model. The data used in modeling must be of sufficient
quality for use in this effort, as verified in the manner described in Research Problem
Statement 1.

Specific Tasks to be Performed

The experimental plan developed for roadway sections should specify the
following activities:

. Obtain data files from at least two States containing accident, geometric,
and traffic volume data of sufficient quality for use in use in modeling of
roadway section accident experience.
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Develop statistical models of the effects of geometric design and traffic
variables on accident experience using several candidate functional
forms and/or statistical techniques.

Examine State-to-State differences between the models developed.
Determine the most generally applicable modeis obtained and/or the
best method of accounting for or adjusting for these differences.

Select the best predictive modei(s) for use in the IHSD model. The best
model(s) will probably be those with a functional form or modeling ,
approach that works satisfactorily for the data from more than one State,
even if the numerical values obtalned from different States differ to some
extent.

Validate the predictive model(s) using data that are independent of the
data used in their development. In addition, model validation by
methods other than statistical analysis of accident data should be
considered.

The dependent variables that should be used as measures of effectiveness in this
modehng activity should be:

Accident rate (per million vehicle-miles).
Accident severity distribution.

Accident type distribution.

The independent variables that should be considered, at a minimum, include:

e & & & & 5 & 5 o

® o ¢ ¢ ¢ & o

Number of through lanes.
Divided/undivided.

Access control. .
Urban/suburban/rural.
Lane width.

Presence of shoulder.
Shoulder type.

Shoulder width.

Median type.

Horizontal curves:

— degree of curve.

- length of curve.
Percent grade.

Driveway density.

Type of development.
Average daily traffic volume.
Percent trucks.

Design or posted speed.
Operating speed.
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Other candidate independent variables that could be considered are listed in figure 4
in the main text of this report. However, it is unlikely that all of these variables have
safety effects that can be accurately determined. For example, vertical curve
geometry and stopping sight distance have very subtle effects that have never been
adequately modeled. It must be recognized that determination of the effects of some
geometric variables may be beyond the capability of even the most complete data
bases and the best statistical techniques. :

The list of independent variables presented above includes the ADT of the
roadway section to represent the general level of traffic volume on the facility. In
addition, it would be desirable to find a method to include congestion effects in the
predictive model through the use of variables such as peak hour traffic volumes, peak
V/C ratio, and/or a measure of the daily duration of congestion.

It appears that the best available data files contain sufficient geometric variables
for modeling of roadway section accident experience without the need for supple-
mentary field data collection. However, if questions about the data arise, it may be
desirable to verify some geometric data elements for specific roadway sections in the
field or from photologs. '

A preliminary evaluation of the Minnesota and Utah HSIS files as part of the
preparation of this conceptual plan has concluded that they are sufficiently complete
for use in modeling roadway section accident experience. The Utah file includes data
on the location and geometrics of horizontal curves, while the Minnesota file does not.

Recommended approaches for the development of predictive models for
roadway sections have been presented in the conceptual plan for the IHSD model in
Chapter IV of this report. Guidelines for the development of new safety relationships
from accident data have been presented in Chapter VI. In particular, the guidelines
state that the sites used in modeling should be carefully reviewed to identify and
eliminate outliers that may have particularly high accident experience because of
unusual driving populations (e.g., the presence of a few large taverns resulting in a
high incidence of driving while intoxicated).
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Research Problem Statement 3
Title: Development of Predictive Models for Roadway Sections

Description of Problem

Accident predictive models for roadway sections should be developed in
accordance with the experimental plan developed in Research Problem Statement 2.
Research Objectives

The preliminary research objectives are identified in Research Problem
Statement 2. These may be revised in the experimental plan.
Specific Tasks to be Performed

The specific tasks to be performed will be determined in the development of the

experimental plan. A preliminary discussion of the tasks to be performed is presented
in Research Problem Statement 2.
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Research Problem Statement 4
Title: Experimental Plan for Predictive Models for Intersections

Description of Problem

The IHSD model should include separate submodels containing predictive
relationships for estimating the safety performance of roadway sections, intersections,
ramps and speed-change lanes, and roadside areas. This problem statement
addresses the development of predictive models for intersections.

Predictive relationships based on a valid statistical analysis results are needed
for use in estimating the safety performance of at-grade intersections. Only very
limited attempts have been made in the past to develop safety predictive models for
. intersections. Improved modeling approaches are need for use in the IHSD model.
An experimental plan should be prepared that specifies how these predictive models
for intersection accidents should be developed.

Research Objective
The research objective under this problem statement would be to:

. Prepare an experimental plan for development of statistical predictive
relationships for intersections that represent the effect of intersection
geometrics and traffic volumes and characteristics on accident experi-
ence (i.e., accident rate, accident severity distribution, accident type
distribution).

The predictive relationships must be developed based on the accident definitions
presented in this conceptual plan, so that the relationships will be compatible with the
other portions of the IHSD model. The data used in modeling must be of sufficient
quality for use in this effort, as verified in the manner described in Research Problem
Statement 1.

Specific Tasks to be Performed

The experimental plan developed for at-grade intersections should specify the
following activities:

. Obtain data files from at least two States containing accident, geometric,

and traffic volume data of sufficient quality for use in use in modeling
intersection accidents.
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Supplement these data files with additional intersection geometric
variables collected in the field or from photologs.

Develop statistical models of the effects of geometric design and traffic
variables on accident experience using several candidate functional
forms and/or statistical techniques.

Examine State-to-State differences between the models developed.
Determine the most generally applicable models obtained andj/or the
best method of accounting for or adjusting for these differences.

Select the best predictive model(s) for use in the IHSD model. The best
model(s) will probably be those with a functional form or modeling
approach that works satisfactorily for the data from more than one State,
even if the numerical values obtained from different States differ to some
extent.

Validate the predictive model(s) using data that are independent of the
data used in their development. In addition, model validation by
methods other than statistical analysis of accident data should be
considered.

The dependent variables that should be used as measures of effectiveness in
this modeling activity should be:

*

Accident rate {per million entering vehicles).

Accident severity distribution.

~ Accident type distribution.

The independent variables that should be considered include:

L4

Entering traffic volumes.

Type of traffic control (signalized/two-way STOP/two-way STOP with
flashing beacon/four-way STOP/four-way STOP with flashing beacon/
no control).

Number of approaches.

Approach alignment {horizontal/vertical allgnment)

Number of lanes on each approach.

Special lanes (right-turn/left-turn/shared/exclusive).
Urban/suburban/rural.

Approach widths.

Divided/undivided approaches.

Percent left turns.

Percent right turns.

Percent trucks.
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. Approach speed.

. Signal phasing/timing.

. Stopping sight distance.

. Intersection sight distance.

Several of these variables including approach alignment, special lanes, and signal
phasing are not typically included in existing computerized State data files. Suppie-
mentary data collection in the field or from photologs may be required to obtain these
data. |

Some candidate variables, such as curb return radii have very subtle effects
that are difficult to quantify. it must be recognized that determination of the effects of
some variables may be beyond the capability of even the most complete data bases
and the best statistical techniques.

In addition to the entering traffic volumes expressed as ADT values, it would be
desirable to include measures of congestion such as the peak hour traffic volumes,
peak V/C ratios, and/or daily duration of congestion.

Predictive models for intersection accidents should produce estimates both for
“at-intersection" accidents (i.e., accidents that occur within the curbline limits of the
-intersection) and for other "intersection-related” accidents (i.e., accidents that occur on
the intersection approaches but are caused by or related to the operation of the
intersection. This definition does not incorporate a specific approach length that is
considered to be related to the intersection. Any accident that is caused by or related
to the operation of the intersection is considered to be an "intersection-related" acci-
dent, nc matter how far from the intersection it occurs. Naturally, “intersection-related
accidents would be expected to occur over a greater distance fram the intersection on
a high-volume, congested approach than on a low-volume, uncongested approach.
In addition to the "intersection-related" accident experience, accidents that are not
. "related to the intersection would be expected to occur on each approach; such
accidents would be predicted by the roadway section model rather than the
intersection model.

The most promising data bases for the development of predictive models for
intersections appear to be the Maine and Minnesota HSIS files and the file maintained
by Caltrans. However, these files need to be fully investigated.

Recommended approaches for the development of predictive models for
roadway sections have been presented in the conceptual plan for the IHSD model.
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Research Problem Statement 5
Title: Development of Predictive Models for Intersections

Description of Probiem

Accident predictive models for at-grade intersections should be developed in
accordance with the experimental plan developed in Research Problem Statement 4.
Research Objectives

The preliminary research objectives are identified in Research Problem
Statement 4. These may be revised in the experimental plan.
Specific Tasks to be Performed

The specific tasks to be performed will be determined in the development of the

experimental plan. A preliminary discussion of the tasks to be performed is presented
in Research Problem Statement 4.
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Research Problem Statement 6
Title: Preliminary Demonstration of the IHSD model

Description of Problem

A demonstration of the IHSD model is recommended as early as possible in the
development process. A prototype version of the IHSD accident predictive model
should be developed to demonstrate the capabilities of the model. This will be useful
to test concepts in the model and to demonstrate the mode| to potential users,
including highway agencies, consuiting firms, and researchers.

It is recommended that a prototype version of the accident predictive portion of
the IHSD model be developed including the safety relationships developed for road-
way sections and at-grade intersections. In other words, this prototype could be
developed at the conclusion of the work described in Research Problem Statement 5.
It is recommended that safety relationships for ramps and speed-change lanes not be
included in the demonstration version; this would be an unnecessary complication that
is not essential to the demonstration of the model capabilities. Roadside accidents
could be addressed with a generalized roadside rating system or with the existing
version of the ROADSIDE model without waiting for the necessary improvements
described in Research Problem Statements 9 and 10. The prototype version of the
IHSD model should be capable of performing a level 1 analysis, as defined in
section i of this plan, and should be capable of illustrating how a level 2 analysis
would be performed. Based on the priorities established by an expert panel (see
table 2 in this report}, accident predictive models for rural two-lane highways would
appear to be most appropriate for the prototype version cof the IHSD model.

Any operational problems with the IHSD model identified during development of
the prototype version or identified by its users should be fuily evaluated in subsequent
development of the model.

Research Objectives

The objectives for development of a preliminary demonstration version of the
IHSD model are as follows:

. Test concepts for potential use in the final version of the IHSD model.

. Test user interfaces (input formafs, screen displays, printout formats,
etc.) for future software development.

. Obtain user comments on the applicability and practicality of the
IHSD model.

85



The development of a prototype version of the IHSD model should be an excellent
means of gaining user support for future development of the model.
Specific Tasks to be Performed

Specific tasks to be performed under this research problem statement are as
follows:

. Develop computer software for a prototype of the IHSD accident
predictive model.

. Test the prototype version of the accident predictive model by applying it
to a series of realistic design problems.

. Test the prototype version of the accident predictive model by asking
potential users to exercise it and provide comments.

= - Prepare a report with recommendations for future development of the
IHSD model. :
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Research Problem Statement 7

Title: Experimental Plan for Predictive Models for Ramps and Speed-Change
Lanes

Description of Problem

The IHSD model should include separate submodels containing predictive
relationships for estimating the safety performance of roadway sections, intersections,
ramps and speed-change lanes, and roadside areas. This problem statement
addresses the development of predictive models for ramps and speed-change lanes.

Predictive relationships based on a valid statistical analysis results are needed
for use in estimating the safety performance of interchange ramps and speed-change
ilanes. There has been only limited safety research concerning ramps and speed-
change lanes and none that is appropriate for direct application in the IHSD model.
The first step in the development of such predictive relationships should be the

. preparation of an experimental plan.

Research Objective
The research objective under this problem statement would be to:

. Prepare an experimental plan for development of statistical predictive
relationships for ramps and speed-change lanes that represent the effect
of roadway geometrics and traffic volumes and characteristics on
accident experience (i.e., accident rate, accident severity distribution,
accident type distribution).

The predictive relationships must be developed based on the accident definitions
presented in this conceptual plan, so that the relationships will be compatible with the
other portions of the IHSD model. The data used in modeling must be of sufficient
quality for use in this effort, as verified in the manner described in Research Problem
Statement 1. :

Specific Tasks to be Performed

The experimental plan developed for interchange ramps and speed-change
lanes should specify the following activities:

. Obtain data files from at least two States containing accident, geometric,
and traffic volume data of sufficient quality for use in use in modeling
ramp and speed-change lane accidents.
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Supplement these data files with additional geometric variables collected
in the field or from photologs.

Develop statistical models of the effects of geometric design and traffic
variables on accident experience using several candidate functional
forms and/or statistical technigques.

Examine state-to-state differences between the models developed.
Determine the most generally applicable models obtained and/or the
best method of accounting for or adjusting for these differences.

Select the best predictive model(s) for use in the IHSD model. The best
model(s) will probably be those with a functional form or modeling
approach that works satisfactorily for the data from more than one State,
even if the numerical values obtained from different States differ to some
extent.

Validate the predictive model(s) using data that are independent of the
data used in their development. In addition, model validation by
methods other than statistical analysis of accident data shouid be
considered.

The dependent variables that should be used as measures of effectiveness in this
modeling activity should be:

Accident rate (per miliion vehicles traversing the ramp or speed-change
lane). :

Accident severity distribution.

Accident type distribution.

The independent variables that should be considered include:

Ramp type:

- freeway/ireeway.

- freeway/arterial off-ramp.
- freeway/arterial on-ramp.

— arterial/arterial.

Ramp configuration:
— diamond.

—_ parcio loop.
- full loop.

- directional.
—_ buttonhook.
—_ slip.

Ramp length.
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Number of lanes on ramp.
Urban/suburban/rural.
Horizontal curves.

Type of speed-change lane.
Length of speed-change lane.
Traffic volume traversing ramp.
Percent trucks.

Advisory speed.

Design speed.

Operating speed.

e e & o & o O & ° 9

Many of these variables are not typically included in computerized State data files and
supplementary data collection in the field or from photologs will probably be required.
For example, existing ramp files do not typlcally contain geometric data on speed-
change lanes or horizontal curves.

In addition to the ADT traversing the ramp, it would be desirable to include
variables, such as peak hour volumes, representing the level and duration of conges-
tion on the ramp. However, congestion measures are much more difficult to define for
ramps than for roadway sections or intersections because congestion is usually
controlled more by ramp terminal operations than by the capacity of the ramp proper.

The most promising data file for analysis of ramps and speed-change Ianes is
the ramp file maintained by the Caltrans. However this file has not yet been fuily
investigated.

‘Recommended approaches for the development of predictive models for
roadway sections have been presented in the conceptua!l plan for the IHSD model.
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Research Problem Statement 8
Title: Development of Predictive Models for Ramps and Speed-Change Lanes

Description of Problem

Accident predictive models for interchange ramps and speed-change lanes
should be developed in accordance with the experimental plan developed in Research
Problem Statement 7.
Research Objectives

~ The preliminary research objectives are identified in Research Problem

Statement 7. These may be revised in the experimental plan.
Specific Tasks to be Performed

The specific tasks to be performed will be determined in the development of the

experimental plan. A preliminary discussion of the tasks to be performed is presented
in Research Problem Statement 7.
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Research Problem Statement 9
Title: Experimental Plan for Predictive Models for Roadside Areas

Description of Problem

Modeling of roadside accidents must be approached in a very different way
than modeling of on-roadway accidents. Many roadside accidents are not reported
because, if the roadside design is good, a vehicle leaving the roadway may not suffer
consequences serious enough to create a reportable accident. In addition, many
roadside accidents involve only a single vehicle; reporting levels are generally lower
for single-vehicle accidents than for muitiple-vehicle accidents.

The most widely used model for predicting roadside accidents has been
developed in a sequence of past and present research efforts that has been carried
on over a period of more than 20 years.®'>'® The model is currently being improved
in NCHRP Projects 22-8 and 22-9."'® A recent FHWA report has recommended a
plan for collection of roadside safety data to further improve the roadside accident
prediction model; execution of this plan would begin with the improved version of the
model that is developed in NCHRP Project 22-9.

The roadside data collection plan developed for FHWA recommends five
specific studies that should be conducted to improve the roadside safety model.®
These are:

. Validation of encroachment frequency/kate (Study 1).

. Determination of encroachment frequency/rate adjustment factors
(Study 2).
»  Determination of the effect of roadside conditions on impact probability

and severity (Study 3).
. Determination of distributions of impact conditions (Study 4).

. Development of relationships between impact conditions, performance
fimits, and injury probability and severity (Study 5).

Detailed descriptions of the work needed to address each of these probiems are

presented in the FHWA report, including estimates of the required time and cost to
accomplish this work.
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A detailed experimental plan should be developed to indicate which portions of
this FHWA plan must be accomplished to create an roadside accident predictive
model that is acceptable for use in the IHSD model. The development of this experi-
mental plan should include pilot studies to test the recommended data collection
activities and, where appropriate, to choose between alternative research approaches.

The experimental plan to be developed should address predictive models for
use in both level 1 and level 2 analyses. Level 1 analyses should be based on safety
relationships incorporating the generalized roadside rating scheme (i.e., 1 to 7 scale)
developed by Zegeer et al. and/or the concepts in the existing ROADSIDE model.”
Level 2 analyses should be based on a revised version of the ROADSIDE model
developed in accordance with the research approach described above.

Research Objectives

The research objectives to be addressed in the experimental plan should
include:

. Develop a simplified approach for predicting roadside accidents that can
be employed in level 1 analyses.

. Obtain new data on encroachment rates for freeways, muitilane
nonfreeways, and two-lane highways and new data on accident severi-
ties associated with roadside collisions in accordance with the plan
developed for FHWA.®

. Develop a revised version of the roadside safety model based on new
data concerning encroachments and accident severities. -

Specific Tasks to be Performed

The experimental plan developed for interchange ramps and speed-change
lanes should specify the following activities:

. Adapt either the generalized roadside rating scheme (i.e., 1 to 7 scale)
developed by Zegeer et al. and/or the concepts in the existing roadside
safety model discussed above to provide a simplified model for predict-
ing roadside accidents that can be employed in level 1 analyses.®

. Improve the existing roadside safety model using the data collection
approaches recommended in an FHWA plan to obtain a model appropri-
ate for appilication to detailed roadside design issues in level 2 analyses
ir the IHSD model.
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Validate the roadside safety model using data that are independent of
the data used in its development. In addition, model validation by
methods other than probabilistic modeling based on encroachment and
accident severity data should be considered. '
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Research Problen: Statement 10
Title: Development of Predictive Models for Roadside Areas

Description of Problem

Accident predictive models for roadsfde areas will be developed in accordance
with the experimental pian developed in Research Problem Statement 9.
Research Objectives

The preliminary research objectives are identified in Research Problem
Statement 9. These may be revised in the experimental plan.
Specific Tasks to be Performed

The specific tasks to be performed will be determined in the development of the

experimental plan. A preliminary discussion of the tasks to be performed is presented
in Research Problem Statement 9.
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Research Problem Statement 11
Title: Validation and Revision of Accident Predictive Models
Description of Problem

A major emphasis has been placed on model validation efforts throughout the
description of Research Problem Statements 2 through 10. These validation efforts
focus on the individual pieces of the accident predictive model.

When the work under Research Problem Statements 2 through 10 is complete,
a major effort is needed to validate the accident predictive portion of the {HSD model
as a whole, and make any necessary revisions. This will require that the accident
predictive mode! be assembiled as a whole and that its overall predictions be com-
pared to the actual safety performance of specific sites or highway types. This
comparison should be made using safety data other than the data used in the mode/
development. For example, the data used in validation of the accident predictive
models could consist of either portions of the data bases used in development that
are specifically held aside for validation purposes or could consist of a later year of
data from the same State(s). A key issue to be addressed in this validation effort is
the accuracy of accident prediction for the combined on-roadway and roadside
portions of the model.

One possible validation methodology might be a case study approach. A case
study analysis could address accidents associated with various classes of highway to
determine which geometric features wouid have been most effective in preventing or
reducing the severity of an accident. One might, for example, analyze a sample of
150 to 200 accident reports from a wide variety of locations on rural highway curves.
There will be a variety of accident causes discernable from the accident reports
(including the narrative description): driving too fast with loss of control, falling asieep,
improper passing, rear-end collisions because of large speed differentials, etc. In
some cases, follow-up interviews with the investigating officer or the involved parties
might be necessary to clarify accident causation. Each of the accident types identified
above is affected differently by the various geometric features. A case study analysis
would determine which features have the greatest safety impacts and which types of
geometric or traffic control improvements (increasing curve radii, widening lanes,
adding rumble strips, improving signing and delineation, clearing roadsides, etc.)
might be most effective. If the case study analysis confirms the importance of the
same geometric features as the quantitative statistical relationships, this will confirm
the validity of those relationships. [f the case study analysis indicates the importance
of different geometric features than the quantitative statistical relationships, this may
indicate that the statistical relationships are not valid because of the inherent limitations
in the quality and completeness of the available accident data. Consideration should
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then be given to acquiring better accident data and/or using alternative statistical
modeling techniques.

While the validation work under Research Problem Statement 11 may be
performed using a simple, computerized version of the accident predictive model
developed for testing purposes, this activity is intended as a validation of the accuracy
of the predictive model and not as a test of a user-oriented software package. ltis
recommended that any necessary changes to the predictive model be made before
the major software development effort begins.

Research Objectives

The objectives of the research under this problem statement are to:

Validate the predictive relationships developed for the accident predictive
portion of the IMSD model. :

Make appropriate revisions to improve the predictive ability of these
relationships. '

Specific Tasks to be Performed

The specific tasks to be performed in the research under this problem
statement are:

Assemble the accident predictive models for roadway sections, at-grade
intersections, ramps and speed-change lanes and roadside areas into a
combined predictive model.

Validate the combined predictive models against actual safety
performance data other than the data that was used in the mode!
development.

Assess the predictive ability of the combined accident predictive modet.
Make any necessary adjustments to the submodels for specific portions
of the highway system (roadway sections, intersections, ramps and
speed-change lanes, and roadside areas) to improve their respective
predictive abilities and the predictive ability of the combined model.

Prepare the accident predictive model in final form for use in software
development in Research Problem Statement 12.
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Research Problem Statement 12
Title: Software Development to Implement Accident Predictive Models

Description of Problem

Once the accident predictive procedures for use in the IHSD model have been
finalized, as described in Research Problem Statement 11, the primary scftware
development for implementing these procedures will begin. This work is intended to
developed a high-quality, professional software package that applies the accident
predictive procedures. Section lli of this plan presents a preliminary flow diagram for
the accident predictive portion of the model. This software development work could
be performed independently or could be combined with the software development
activity for the design policy review, design consistency review, and benefit-cost
analyses described in Research Problem Statement 17.

No determination has yet been made as to whether the software for the
IHSD model should be developed as a stand-alone package or as an integral part of
a highway agency’s CADD software. Such a decision would be premature at this
time, given the rapid developments of computer hardware and software currently
underway. However, it is clear that the software for level 2 analyses using the
accident prediction model must be capable of interfacing with a CADD system.

Human factors experts on human-computer intersection shouid be involved in
the software development from its inception to help determine software requirements
based on user needs.

Research Objectives

The objectives of the research under this problem statement are to:

. Develop high-quality, professional software for the accident predictive
portion of the IHSD model.

. Conduct an Alpha test of the software to the point that it is ready for
application and assessment by users.

It should be noted that an Alpha test is an inhouse test of a software package by its

development team, in contrast to a Beta test which is a test performed by
knowledgeable outsiders.
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Specific Tasks to be Performed

The specific tasks to be performed under this research problem statement are:

Develop a final software development plan for the accident predictive

portion of the IHSD model.

Execute the plan and develop high-quality, professional software for the
accident predictive portion of the IHSD model.

Conduct an Alpha test of the software and make appropriate revisions to
remove bugs and identify improvements to make the software more user
friendly.

Prepare the software in final form for combination with the accident
predictive model component of the model and for Beta testing by
potential users. : "

Develop a draft users manual for the software.
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Research Problem Statement 13
Title: Development of Procedures for Design Policy Review

Description of Problem

Not all highway design decisions can be addressed with a formal accident
predictive model iike that developed under Research Problem Statements 1 through
12. Therefore, the IHSD model should provide the user with other approaches to
review the adequacy of specific design alternatives. One appropriate approach to
supplement the accident predictive model is the inclusion in the IHSD model of a
module intended to review a specific design alternative to identify and “flag" any
design elements that do not comply with accepted design policies such as the
AASHTO Green Book and applicable State or local highway agency design policies.
Section V of this plan presents a candidate list of geometric design elements that
could be addressed in the design policy review. ‘

The identification of a design element as not in compliance with established
design policies does not necessarily mean that the design should be ¢changed.
Exceptions to policies are often granted when it appears that full compliance with
established design policies would not be cost effective. However, a design policy
review module as part of the IHSD model would provide a means for ensuring that
such decisions are made explicitly and are well documented.

i A specific approach for this design policy review should be developed as part
of the recommended research.
Research Objectives
The objective of the recommended research under this problem statement is to:
. Develop an automated method for identifying specific design features
that do not comply with AASHTO, or specific State or local highway
agency, design policies.
Specific Tasks to be Performed

The specific tasks to be performed as part of this research are:

. Identify specific design elements and design policies that should be
included in the design policy review module.

109



Provide a method for highway agencies to supplement any AASHTO
" numerical values or procedures with numerical values or procedures
based on State or local highway agency design policies.

Develop a procedure to implement the design policy review as part of
the IHSD model. This procedure should be specified in sufficient detail
to permit the development of design policy review software as described
in Research Problem Statement 17.
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Research Probiem Statement 14
Title: Development of Procedures for Design Consistency Review

Description of Problem

Not all highway design decisions can be addressed with a formal accident
predictive model like that developed under Research Problem Statements 1 through
12. Therefore, the IHSD model should provide the user with other approaches to
review the adequacy of specific design alternatives. One appropriate approach to
supplement the accident predictive model is the inclusion in the IHSD model of a
module intended to review a specific design alternative to identify and “flag" any
design elements that are inconsistent with driver expectancy. Such inconsistencies
often arise from differences in geometrics between adjacent roadway elements (e.g.,
inappropriate cross-section transitions between adjacent roadway sections or between
tangents and horizontal curves). Section V of this plan presents a tentative list of
geometric design elements that could be addressed in the design consistency review.

The identification of a design element as inconsistent with adjacent sections
does not necessarily mean that the design should be changed. it may not be cost
effective to eliminate all design inconsistencies. For example, signing can be used in
some cases to change driver expectancy and make an apparently inconsistent design
more consistent. However, a design consistency review module as part of the
IHSD model would provide a means of ensuring that such decisions are made
explicitly and are well documented.

A specific approach for this design consistency review should be developed as
part of the recommended research. In order 10 use an automated approach to design
consistency review, design consistency must be transformed from a generalized
concept to a specific concept to which quantitative definitions and procedures can be
applied. Initial development of design consistency review procedures should be
based on expert opinion. A panel of experienced geometric designers, traffic safety
engineers, and human factors specialists should be established to formulate design
consistency guidelines. Other design consistency concepts that are more quantitative,
including those from current FHWA design consistency research, should be
introduced at a later date.

The design consistency module should include a procedure to calculate, for
each horizontal curve, the speed at which a specified vehicle types (probably a large
truck) would skid or roll over, based on a point mass representation of the vehicle.
This procedure would warn the user if the margin of safety between the skidding or
rollover speed and the design speed of the curve appears to be too small. The
vehicle operating speed used in this analysis would be estimated from the design
speed of the horizontal curve itself and the design speed of the geometric element(s)
upstream of the curve. The driver/vehicle dynamics model (see Research Problem
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Statements 18 through 20) could be applied where a more sophisticated analysis tool
is needed.
Research Objectives
The objective of the recommended research under this problem statement is to:
. Develop an automated method for identifying specific features of a
design that are not inconsistent with driver expectancy.
Specific Tasks to be Performed
The specific tasks to be performed as part of this research are:

e Develop quantitative definitions of consistent ‘and inconsistent design
practices that implement valid research concerning design expectancy.

. Develop a procedure to implement a design consistency review as part
of the IHSD model. This procedure should be specified in sufficient
detail to permit the development of design consistency review software
as described in Research Problem Statement 17.
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Research Problem Statement 15
Title: Development of Procedures for Benefit-Cost Analysis

Description of Problem

The IHSD model should include benefit-cost procedures to allow users to
determine whether a proposed design modification that involves an additional
expenditure in construction cost is economically justified on the basis of improved
safety. The benefit-cost procedures would not address nonsafety benefits such as
traffic operational or environmental benefits. However, the benefit-cost module should
inciude the capability for the user to supply data on monetary benefits and costs not
related to safety if the user has such data available from other sources. A recom-
mended method for computing the benefit-cost ratio and the annualized cost per
accident reduced for a proposed design modification is presented in section V of this
plan.

Research Obijectives

The objectives of the research under this problem statement are to:

. Develop a procedure for benefit-cost analysis that can be used to
determine whether proposed design modifications that increase
construction costs are justified on the basis of safety. The procedure’
shouid determine values for the safety benefit-cost ratio and the
annualized cost per accident reduced.

Specific Tasks to be Performed

The specific tasks to be performed as part of this research are:

. Develop a procedure to implement benefit-cost analysis as pért of the
IHSD model. This procedure should be specified in sufficient detail to

‘permit the development of benefit-cost analysis software as described in
Research Problem Statement 17.
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Research Problem Statement 16
Title: Development of a Graphics Package

Description of Problem

The IHSD model should include a graphics package that allows designers to
' review the geometrics of each design alternative before assessing its safety perfor-
mance and to review the geometrics again following the safety assessment as part of
deciding what geometric changes might be appropriate to improve safety. The
graphics package should include the capability to generate the following screen
displays selected by the user:

. Plan view of the roadway geometrics centered on any station (i. e.,
location).

. Profile view of the roadway geometrics centered on any station.

¢ Plan view in the upper half of the screen and a profile view in the lower

half .of the screen centered on any station.

. View of the roadway geometrics from the driver’s perspective or an
elevated perspective, looking in either direction of travel from any station.

A number of highway agencies have developed graphics packages for use with
their CADD systems that have some or all of the capabilities described above. Such
existing packages should be reviewed to determine if one or more of them mlght be
appropriate for use with the IHSD model.

Research Objectives

The objectives of the research under this problem statement are to:

. Develop detailed pians for a graphics package to generate screen
displays of the geometrics of design alternatives including plan views,
centerline profiles and perspective views.

Specific Tasks to be Performed

The specific tasks t0 be performed as part of this research are:

. Develop detailed plans for a graphics package to generate screen
displays of the geometrics of design alternatives including plan views,
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centerline profiles and perspective views. This plan should be developed
in sufficient detail to permit the subsequent development of the graphics
package in Research Problem Statement 17.

115



Research Problem Statement 17

Title: Software Development to Implement Design Policy Review, Design
Consistency Review, Benefit-Cost Analysis, and the Graphics Package

Description of Problem

Once the design policy review, design consistency review, and benefit-cost
analysis procedures and the plans for the graphics package for use in the
IHSD model have been finalized, as described in Research Problem Statements 13
through 16, the primary software development for implementing these procedures will
begin. This work is intended to develop a high-quality, professional software package
that applies each of the design review procedures and can graphically create and
display the geometric features for each design afternative. Separate modules for
design policy compliance review, design consistency review, and benefit-cost analysis
are envisioned so that the IHSD model user can choose to perform any of these
reviews or all of them. This software development work could be performed
independently or could be combined with the software development activity for the
accident predictive module described in Research Problem Statement 12.

No determination has yet been made as to whether the software for the
IHSD model should be developed as a stand-alone package or as an integral part of
a highway agency’s CADD software. Such a decision would be premature at this
time, given the rapid developments of computer hardware and software currently
underway. However, the potential benefits of integrating the design review modules
directly with a highway agency’s CADD software package are obvious.

Human factors experts on human-computer interaction should be invoived in
the software development from its inception to help determine software requirements
based on user needs.

Research Objectives

The objectives of the research under this problem statement are to:

. Develop high-quality, professional software for the design policy review,

design consistency review, benefit-cost analysis modules of the

IHSD model, and the graphics package.

. Conduct an Alpha test of the software to the point that it is ready for
application and assessment by users.
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it should be noted that an Alpha test is an inhouse test of a software package by its
development team, in contrast to a Beta test which is a test performed by
knowledgeable outsiders.

Specific Tasks to be Performed

The specific tasks to be performed under this research problem statement are:

Prepare a final software development plan for the design policy
compliance review, design consistency review, and benefit-cost analysis
modules of the IHSD model and the graphics package.

Execute the plah and develop high-quality, professional software for the
design review portion of the IHSD model.

Conduct an Alpha test of the software and make appropriate revisions to
remove bugs and identify improvements to make the software more user
friendly.

Prepare the software in final form for combination with the accident
predictive model component of the modei and for Beta testing by
potential users.

Develop a draft users manual for the software.
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Research Problem Statement 18
Title: Detailed Plan for Development of a Driver/Vehicle Dynamics Model

Description of Problem

The IHSD model should include a driver/vehicle dynamics model capable of
simulating vehicle operation as influenced by roadway geometry, driver preferences
and performance limitations, and vehicle performance limitations. This dynamics
model wouid provide an indication of the loss-of-control potential for specific vehicle
types traversing the geometric alternatives being considered by the designer. The
driver/vehicle dynamics model would provide IHSD mode! users with a tool that is
more accurate than the procedures in the design consistency module (based on the
point mass representation of the vehicle) that could be applied to the analysis of
horizontal curves flagged by the design consistency module, compound horizontal
curves, and transitions between curves and tangents.

The driver/vehicle dynamics model should be capable of running a vehicie
through the geometrics of any given design alternative and generating plots of (1) the
lateral position of the vehicle (relative to centerlines, lane lines, and edgelines), and
(2) the lateral accelerations experienced by the vehicle. Color should be used to
highlight these plots. For example, the lateral position plot could be colored yellow if
any portion of the vehicle approached within 0.3 m (1 ft) of a centerline, lane line, or
edge line, and could be colored red if any portion of the vehicle crossed the center-
line, lane line, or edge line. The lateral acceleration piot could be colored yellow when
the vehicle approached within a specified margin of safety of its skidding or rollover
point and could be colored red if a skid or roliover occurred.

Realistic driver behavior must be included in any vehicle dynamics model to
make it a useful part of the IHSD model. It is for this reason that we have named the
required model a driver/vehicle dynamics model, rather than simply a vehicle dynam-
ics model, as its predecessors have been known. Research should be conducted to
develop an improved driver model that includes not only driver path following, but also
driver speed selection based on realistic driver reactions to the highway geometrics
and to traffic control devices such as advisory speed signing. It may be necessary to
include a user-selected driver aggressiveness factor or to make a safety-conservative
choice and pre-select a relatively aggressive driver. The revised driver model should
be developed from existing driver speed-selection logic in iraffic operational simulation
models, from new driver research, or from some combination of the two. A specific
plan for this research should be developed; this plan should recommend the appro-
priate applications of specific data collection approaches, such as field data collection
and driving simulators in this research. '

The driver/vehicle dynamics model should allow the user to select a passenger
car, a single-unit truck, or an articulated combination truck, as the vehicle to be
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simulated. Consideration should be given to including an option for the model to

simulate the larger path deviations that might be representative of an impaired driver

or the total lack of path following that might result from a driver falling asleep.
Because of recent advances in the technology for generating the equations of

motion for vehicle dynamics models, the development of a new model is recom-
mended, because this should be at least as efficient as developing a new model.

Research Objectives
The objectives of the research under this problem statement are to:

. Prepare a detailed experimental plan for development of a driver/vehicle
dynamics model.

Specific Tasks to be Performed

The specific issues to be addressed in preparation of the experimental plan for
the driver/vehicle dynamics model are:

. The approach to be used for developing the vehicle dynamics'portion of
the model.
o The types of vehicles to be considered and the determination of the

specific characteristics of those vehicles needed as input data.

. The driver research needed for development of the driver portion of the
model, including decisions as to the research approaches to be
employed (i.e., field studies, driving simulation, etc.).

. A plan for the interface by which the driver/vehicle dynamics model will
obtain input data on the geometrics of specific design alternatives.

. The types of output data to be provided and how those outputs will be
displayed to the user.
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Research Problem Statement 19
Title: Déilelopment of Driver Model for the Driver/Vehicle Dynamics Model

Description of Problem

The plan for development of the driver model that is developed in the work
under Research Problem Statement 18 will be executed in the work performed under
Research Problem Statement 19.

Research Objectives

The objective of the research under this problem statement is to develop the
driver portion for the driverfvehicle dynamics model. This will require research on
driver path following and driver speed selection as influenced by roadway geometrics
and fraffic.control devices. The research plan developed under Research Problem
Statement 18 will indicate the types of data collection activities to be undertaken as
part of this research (e.g., field data coliection, driving simulation, etc.).

Specific Tasks to be Performed

The specific tasks to be performed will be determined in the development of the
experimental plan in Research Problem Statement 18.
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Research Problem Statement 20
Title: Software Development for Driver/Vehicle Dynamics Model

Specific Tasks to be Performed

Once the plan for the driver/vehicle dynamics mode! is deveioped and the
necessary research leading to a new driver model is complete, the primary software
development for the driver/vehicie dynamics model can begin. This work is intended
to develop a high-quality, professional software package that can simulate a specific
vehicle traveling through the geometrics of a specific design alternative. The model
will incorporate realistic vehicle operations as influenced by roadway geometry, driver
preferences and performance limitations, and vehicle performance limitations. The
driver/vehicle dynamics model should be capable of operating both as a stand-alone
model and as part of the IHSD model.

Research Objectives

The objectives of the research under this problem statement are to:

. Develop a high-quality, professional software package for the driver/
vehicle dynamics model.

. Conduct Alpha and Beta tests of the software to the point that it is ready
for application by users.

It should be noted that an Alpha test is an inhouse test of a software package by its
development team, in contrast to a Beta test which is a test performed by
knowledgeable outsiders.

Specific Tasks to be Performed

The specific tasks to be performed under this research problem statement are:

. Prepare a final software development plan for the driver/vehicle dynamics
model.

. Execute the plan and develop high-quality, professional software for the
model. .

. Conduct an Alpha test of the software and make appropriate revisions to
the mode! to remove bugs and identify improvements to make the
software more user friendly.
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Conduct a Beta test of the software by potential users as a stand-alone
model and make appropriate revisions.

Prepare the software for a Beta test as part of the IHSD model as a
whole (i.e., linked to the accident predictive model and the design and
benefit-cost analysis modules).

Develop a draft users manual for the software.
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Research Problem Statement 21
Title: User Evaluation of the IHSD Model

Statement of Problem

Once the initial development and testing of the software for the IHSD model is
complete, there is a need for a thorough evaluation, or Beta test, by potential users. A
Beta test of software is conducted in final or near final form, before the software is
released for general use. Beta testing is conducted by knowledgeable outsiders after
complete debugging of the software by its developers, although some unsuspected
bugs may be uncovered during the test.

The users selected for participation in this test shou!d be highway design
engineers in State or local highway agencies and/or design consulting firms. The
users selected for the Beta test should be both computer literate and experienced in
the highway design process. Their evaluation will be essential both for determining
whether the software is user friendly and whether the software can be used effectively
in the highway design process. There is still an opportunity for further revisions to the
software based on the results of the Beta test before the software is released for
general use.

The user evaluation should address éll aspects of the software including the
accident predictive module, the design policy review module, and the design
consistency review module.

Research Objectives

The objectives of the research under this problem statement are to conduct a
user evaluation in order to:

. Identify any remaining bugs in the IHSD software.
. Assess the user friendiiness of the IHSD software.

*  Assess the précticality of incorporating the IHSD software in the existing
highway design process.

Revisions to the IHSD model software can still be made as part of the work described
in Research Problem Statement 22.

123



Specific Tasks to be Performed

The specific tasks to be performed under this research problem statement are

as follows:

Identify a group of highway design engineers in State and local highway
agencies and/or design consulting firms who are willing to participate in
evaluation of the IHSD model software.

Provide a copy of the software developed under Research Problem
Statements 12, 17, and 20 to each evaluator along with a copy of the
draft users manual.

Provide each evaluator with a form on which to evaluate the software and
provide comments concerning the need for further revisions to the
software and the users manual.

Compile the evaluation results and prepare specific recommendations

concerning the need for revisions to the IHSD model software and users
manual. :
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Research Problem Statement 22
Title: 1HSD Model Revisio'ns' and Development of Final Implementation Package

Statement of Problem

Following the user evaluation of the model, the recommendations concerning
further revisions to the IHSD model software and users manual that were developed
under Research Problem Statement 21 must be implemented. This will be accom-
plished under Research Problem Statement 22 and a final impiementation package for
distribution to users will be prepared.

Research Objectives
The objectives of the research under this problem statement is to:
. Make revisions t{o the IHSD model software and users manual in
accordance with the recommendations developed under Research
Problem Statement 14.
. Prepare a final implementation package containing the software and
documentation for distribution to users.

Specific Tasks to be Performed

The specific tasks to be performed under this research problem statement
correspond directly to the objectives stated above. These tasks are to:

. Make revisions to the IHSD model software and users manual in
accordance with the recommendations developed under Research
Problem Statement 14. :

. Prepare a final implementation package containing the software and
documentation for distribution to users.
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INTRODUOCTION

Since 1972, environmental impact assessments have been a required part of the
planning process for all major highway projects supported by Federal Aid high-
way funds. 1In that year, the Federal Highway Administration (FHWA) published
initial guidelines for iwmplementing the transportation component of the Na-
tional Environmental Policy Act (NEPA) of 1969. Over the past 10 years, these
guidelines have been elgporated by FHWA (most notably in the Process Guide-
lines published in(igzz)fand adopted by many States.

Existing Federal and State guideiines provide general criteria and standards
on (1) what impacts to look for when performing an assessmeunt, and (2) the
information to be assembled, analyzed, and presented in environmental docu-
ments which show assessment results. Road coustruction and improvement pro-—
jects are normally planned and implemented at the State level. Therefore,
State highway agency pe;sonnel are normally responsible for applying existing

guidelines in the performance of assessments.
PURPOSE

This(ggiggi)is designed to be used by State highway personnel who are respon-
sible for assessing the potential impacts of new highway projects and report-—-
ing the results in environmental documents. It focuses on the systematic as-
sessment of site-specific displacement and proximity effects, and the use of
findings to plan projects which stimulate positive socio-economic development

and minimize adverse effects.

The{Manual) provides a set of checklists, procedures, and analytic techniques

which State practitioners may use to:

° Define the information required to investigate impacts in study areas

_subject to displacement and proximity effects,
Locate and collect this information, and
Organize the information in formats which profile the areas subject to

impacts and provide a basis for analyzing and documenting assessment
findings.



The emphasis on performance of these basic activities is intended to simplify
the assessment process, make it more cost—effective, and improve the quality

of results,

COVERAGE

The Manual covers the assessment of socisal and economic impacts. Physical im—
pacts, which are alsc examined in the enviroomental assessment process, are

not covered.

The three socizl impacts examined are:

=]

Impacts on the accessibility of intra—-community and outside destina-
tion points to community residents,

Impacts on community and neighborhood cohesion, and

Impacts on local resideots caused by the displacement and forced relo-
cation of households, local businesses, and community institutions
within the right-of-way (ROW).

The feour economic impacts examined are:

? Impacts on employment, income, and business activity caused by ROW ac-

gquisition and changes in accessibility,

Twpacts on residential activity, including changes in the cost and
availability of existing housing, and the need for and rate of new
construction in the study area,

Fiscal impacts on local governments, including highway-induced changes
in the local tax base and revenues, and in expenditures required to
provide local government services, and

Impacts ou lecal land use and development plans.*

The Manual also covers techniques for profiling the attitudes and perceptions

of local leaders, interest groups, businesspersons, and residents. Data of

#The categorization of social and economic impacts used here and through-
out the Manual was developed by Skidmore, Owings and Merrill and presented in
the Envirounmental Assessment Notebook Series (Washington: U.S5, Department of
Transportation, 1973). This work was a pioneering effort to codify the FHWA's
guidelines and systemize the assessment activities needed to satisfy the es-
tablished requirements.




special interest in this area include:

o

The attitudes of respoundents toward the proposed project,
Thelr preferences on route location and design features, aand
Their perceptions concerning possible effects of the project

on the sccial and economic life of affected communities.

The Manual provides guidance on the identification, collection, and presen-
tation of data needed to explore the seven impact areas listed above, and to

profile the attitudes and perceptions of potentially affected populations.

Assessment activities are normally conducted in two stages, referred to in

the(ﬁﬁﬁiﬁgas preliminary and detailed assessment. In preliminary assessment,

practitioners identify concentrations of local residents and economic activi-
ties subject to project impacts and screen for indicators of special sensitiv-

ity to negative impacts. In detailed assessment, practitioners conduct an in-

depth examination of the corridors defined by alternative aligunments to deter-

mine the scope, magnitude, and duration of possible impacts.

ORGANIZATION

The Manual consists of two volumes. Volume I focuses on the three major steps
in the assessment process: (1) identification of information requirements,
{(2) collection of data, and (3) presentation of findings. Volume II provides
resource materials which can be used, as needed, to support the assessment and

documentation activities desecribed in the first volume.
The waterials presented are designed for use with different types of highway
proiects in a variety of settings. Hence, users are free to select and use

those sections of the Manual which satisfy their special needs.

Volume I: The Impact Assessment Process. The opening section of Volume T,

The Context of Socio-Economic Impact Assessment, provides information which
can be used to classify highway construction and improvement projects. It

specifies the assessment activities and documentation reguirements associated



with each project category, and shows how these activities fit into the over-

all project planning process.

This sectien also discusses the seveun major socio—economic impact areas exam-—
ined in the assessment process. It covers the types of impacts to look for io
each of these areas, and the information needed to screen for potential im—
pacts and estimate their scope, magnitude, and duration. The discussion con-
cludes with a description of information needed to profile the attitudes of
affected populations towards the project and their perceptions concerning its

possible effects.

The three main sections of Volume I focus on the mechanics of the assessment
process. Part [, Information Requirements, specifies the data needed to (1)
define local study areas, (2) assess potential socio-economic impacts, and
{3) profile public attitudes and perceptions. Core information requirements
for completing both preliminary and detailed assessment activities are pre-—
sented in a series of data fields. These fields are a checklist of the infor-
mation potentially needed to conduct assessment under each of the impact areas

treated in the Manual,

Part 2, Data Collection, examines the use of (1) maps, (2) records, and (3)
surveys to collect socio-economic data. It identifies and discusses 9 map
types, 21 record scurces, and 7 survey techniques which are potentizl sources

of the information requirements specified in Part 1.

A set of matrices is used to correlate individual data elements specified in
the Part 1 data fields with the sources of these data. Since data collection
activities are normally conducted by topic (e.g., population), rather than by
type of ilmpact {e.g., cohesion), the data/source matrices in Part 2 are organ-

ized in nine topical categories:

Land use Employment

Community facilities Agriculture

Papulation Local government finance
Housiug Attitudes and perceptions

Busimess activity

o



Part 2 concludes with a discussion of the trade-offs involved in using maps,
records, and surveys as data sources, These sources are evaluated using the
following criteria: (1) information available, (2) geographic units covered,
(3) currency of data, (4) resources required to collect the data, and (5) re-

liability and walidity of the data.

Part 3, Display and Analysis of Data, focuses on the use of {l) maps, (2) ta-
bles, (3) graphics, and (4) narrative formats to organize and present assess-—
ment data. These formats are used both to identify potentially adverse im-
pacts and to present findings which meet Federal and State documentation re-
quirements. Numerous examples are provided on the use of maps and mapping
techniques, statistical and analytic tables, graphs, and narrative summaries
for these purposes. Most of the examples are excerpted from environmental

documents prepared by State highway agencies.

In summary, Volume I presents checklists, matrices, and procedures which can

be used to complete the following assessment activities:

ACTIVITY COMTENTS OF MANUAL PERTINENT DISPLAYS
Define informacion Part | specifies potential in- Data flelds are presented in
requirements. formation requirements for each Figures 3 - 1.

impact area.

Locate sources aud Part 2 links individual daca Topical matrices are pre-
collect data. elements with their sources. sented in Figures 13 -~ 21.
Analyze and present Part 3 shows organizing mechan- Sample maps, tables, graphs,

findings. isms coamonly uaed by practi- and narratives for ovganlzing
tioners to identify and estimate data are presented in Flgures
impaces and document findinga. 22 - 59 and Tablez 1 - 28,
Volume II: Resource Materials. Volume II provides backup materials -- de-

tailed information on available data sources, sampling approaches, and ana-
lytic tools -- which may be used, as needed, to support the assessment activ-

ities described in Volume I,

Part 1, Information Sources, consists of an alphabetical listing and critical
evaluation of the 9 map and 21 record sources covered in the Manual. The map

sources which receive individual treatment are:



Aerial photographs Soil maps

Census maps Statewide highway maps
Comprehensive plan maps USGS topographic maps
Land use maps Zoning maps

Plat maps

The record sources examined are:

Agricultural statisties Employment statistics

Annual operating budgets Farm record cards

Building permit files Health facilities directories
Business directories Library facilities directories
Business licenses Multiple listing services
Capital Improvement Programs Population statistics

Census reports * Property assessmeunt records
Classified ads Public property inventories
Community facility registers School directories
Comprehensive plans Zoning ordinances

Criss—cross area directories

Part 2, Survey Techmiques, provides a listing and critical evaluation of the
seven survey techniques covered in the Maanual. These are:

Windshield surveys

Walk-through recoanaissance

Purposive surveys of area elites

Mini-surveys of area residents and businesses

Surveys of local facility managers

Surveys of area residents and businesses
Trip activity surveys

The description and evaluation of these survey approaches are followed by a
series of questions and response categories which can be used to collect data

using each technique.

Part 3, Sampling Procedures, describes state-of-the-art sampling methodolo-
gies. It focuses on the utility and limitations of different sampling plans
in solving problems encountered in generating reliable survey results, while

minimizing the cost of data collection.

*Census reports covered include:

Block Statistics Economic Census Reports
County Business Patterus Tract Reports
Current Business Reports Urban Transportation Planning Package




Part 4, Analytic Techniques, describes state—of-the-art analytic methodologies
which can be applied in the assessment process. FEach methodoleogy is discussed
in terms of its particular utility in identifying significant relatiomships
among available socio-economic data and developing reliable measures of poten-

tial effects.

Volume IIX may be used in conjunction with Volume I, or read independently as
a compendium of scurces and techniques. The relationship between activities

covered in the two volumes is shown below:

ACTIVITY VOLUME I VOLUME 11
Define information fart 1 specifies potential fo-
requirements. formation requirements for each

impacrC area.
Part 1 examines the utilicy of
apecific map and record sources.
Part 2 evaluates individual survey

Locate sources and Part 2 links individual daca techniques, and includes questions
collect data. elements with their sources. and sample response categories.

Part 3 provides technical cover-
age of random and non-random
sampling methodolougles.

Analyze and present Part 3 shows crganizing mechan- Part 4 covers advanced analytie
findings. isma commounly vsed by practi- techniques.

tioners to identify and eatimate
iopaces and document findings.

The Manual is predicated on the belief that assessment activities can fre-
quently be simplified, and the results improved, when practitioners concen-—
trate on a limited number of clearly stated data requirements and widely
available information sources. 1In this context, the informatioan requirements
covered serve as a checklist of the core sccio-economic data needed to conduct
impact assessments. The sources identified are those most commonly available.
The presentational formats offered are those widely used in current documen-

taticn.



THE CONTEXT OF SOCIO-ECONOMIC IMPACT ASSESSMENT

Assessment activities and documentation required to meet Federal and State
guidelines vary depending on the type of highway project proposed and the sta-
tus of the project in the planning process.

Chapter 1 describes the project classifieation typology currently used by Fed-
eral and State agencies. It provides examples of each projeet type and de-
geriptions of the environmental impact assessment activities and docwnenta-
tion required for each. PFigure 1 summarizes these requirements for (Class I,
IT and IIT projects.

The required assessment activities are then correlated with the stages in the
overall highway planning process when they are normally completed, and with
the decistion points where the results are used to help determine the future
evolution of the project. Figure 2 provides a swmmary schematic of the rela-
tionship between the planning and environmental assessment processes.

Chapter 2 describes the three social and four ecomomic impact areas that are
normally examined during the assessment process and addressed in formal en-
virpnmental documents. This description covers the dimensions of each impact
area which should be examined, and the kind of data required to complete the
aseessment and document findings.

The public attitudes and perceptions about a proposed project which should
be examined and docwnented in the course of impact assessment are also dis-
cussed in terms of what information is needed and its utility in meeting the
the goals of the assessment process.

This opening section provides a framework for the three major parts of Volume
I which treat (1) information requirements, (2) sources, and (3) presenta-
tional formats for organizing and documenting findings.



Chapter 1. ASSESSMENT REQUIREMENTS BY PROJECT
TYPE AND STAGE IN THE PLANNING PROCESS

The levels of effort and information required to examine and document the so-
cial and economic impacts of a Federally-funded highway project are determined
by FHWA's classification of the project and the stage in the planning process

during which assessment is conducted.*

1,1 REQUIREMENTS BY PROJECT TYPE

Projects are classified as Class I, II, or III based on their scope, complex-
ity, rescurce utilization, and their foreseeable impacts on the area where
they are built., Class I and Class III actions are considered to be major,
and require exploration of impacts and documentation of findings. Class II
actions are regarded as winor, and are usually excluded from formal assess—
ment requirements. Figure 1 (p.l0) shows the assessment activities and docu-—

mentation required for each of the three project types.

1.1.1 Class I Major Actions

Class I major actions involve the taking of an extensive amount of ROW, They
are expected to have significant impacts on the physical enviroument, and on
soclal and economic life in the area where they are built. For example, major
actions may alter accessibility and land use patterns; stimulate, direct, or
limit economic development; and disrupt social ties in local communities and

neighborhoods. Actions in this category include:

®  Any new controlled access freeway;

Any highway project of 4 or more lanes at a new location; and
Any major highway development where construction inveolves a large a-

mount of demolition, displacement of individuals or businesses, or
disruption of local traffic patterns.

*#The classification scheme used by the Department of Tramsportation is a-—
dapted from Council om Environmental Quality (CEQ) regulations for implement-
ing the procedural provisions of the National Environmental Policy Act of 1969.
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Figure 1. FHWA environmental classification of highway projects.,
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Class 1 actions require a detailed environmental study of alternative route
locations and of the preferred route, Enviroanmental studies are conducted in
two stages, In the first stage, referred to throughout this Manual as prelim-

inary assessment, planners screen for potential negative sccial and econcmic

impacts. That is, they identify conceutrations of residents and economic ac-—
tivity subject to negative impacts and screen for iandicators of special sen-
sitivity to these impacts. In the second stage, referred to here as detailed
assessment, alternative routes are thoroughly evaluated to determine the
scope, magnitude, and duration of possible impacts in the corridors defined
by each ROW., During both preliminary and detailed assessment, planners are
encouraged to disseminate information about the proposed project and solicit

the views of potentially affected parties in the study area.

The findings of environmental studies are documented in the draft environmen-
tal impact statement (DEIS). The DEIS provides a profile of the study area,
describes alternative toutes being considered, and analyzes and compares the
anticipated social, economic, and physical effects of each.* It also discus-
gses procedures that could be implemented to mitigate impacts. This draft doc—
ument thus addresses all of the environmental issues and is meant to satisfy
as many of the requiremeunts of the final environmental impact statement (FEIS)

as possible at the time of preparation.

Following preparation and dissemination of the DEIS, a route-location public
hearing is held.** At the hearing, interested parties are invited to give
testimony regarding the proposed route locations and the possible impacts of
each on their community. Comments made at the hearing, and by review agen-
cies, along with the findings of preliminary and detailed assessment and other

public input, are used to select a preferred route.

The FEIS, which is based on updated information from the DEIS, identifies the

preferred alternative, and discusses why it was selected over the other routes

*Based on CEQ's 1980 re-evaluation of guidelines for preparing emnvironmen-
tal documentation, a preferred route may be specified in the DEIS.

**The CEQ re-evaluation also authorizes combined location-design hearings.

11



considered. Possible negative impacts of the preferred alternative are de-
scribed and procedures to wmitigate harms associated with these negative im—
pacts are identified. The FEIS alsoc incorporates comments received on the

draft document and summarizes the results of the public participation process.

Data developed during socio-economic impact assessments, and through public

participation, generally appear in the sections of the FEIS described below.*

°® Alternative Routes. Here the results of social and economic assess-—
ment aciivities are used to compare alternative routes. Subsections
on each of the routes discuss key indicaters in the seven impact areas
investigated and public perceptions and preferences concerning each
alternative, The preferred route 1is highlighted in this section.

Affected Environment. In this section, aggregate socio—economic data,
collected during preliminary assessment, are used to profile the study
area. This profile shows the existing conditions against which all
impacts are considered.

Environmental Consequences. This section contains detailed data on
the results of all impact assessment activities, including those cov-
ered in this Manuwal. For each impact area, it shows what data were
collected and applied to make determinations regarding the incidence
and magnitude of the impact. Subsections on social impacts are: ac-
cessibility, cohesion, and displacement. Economic impacts are covered
in subsections on: employment, income, and business activity; resi-
dential activity; £fiscal impacts; and local land use and development
plans.

Public Participation. This section describes efforts made through
public meetings and hearings, surveys, and the use of other techniques
to determine citizens' attitudes toward the project, their preferences
on route location and design features, and their perceptions of pos—
sible negative effects.

The preferred route must then be approved by FHWA -- based on the contents of

the FEIS -- before the proposed project can enter the design stage.

This generally marks the end of the formal assessment process. However, addi-
tional studies may be undertaken and completed when special circumstances make
this necessary. Examples are: instances when significant changes occur in

the area subject to impact during the time lapse between the completion of the

*These sections alsoc contain the findings of physical impact assessments
which are not addressed in this Manual.

12



assessment and the beginning of construction which require an update of exist-
ing information; cases where the preferred route is significantly altered; and
instances where other new data about the project and its ROW requirements he-
come available which suggest that its socio—economic impacts will be different

from those expected.

1.1.2 Class II Minor Actions

Class II minor actions normally require very little right—-of-way and are not
expected, individually or cumulacively, to have a significant effect on the
environment. Examples of Class II actions are:

L

Improvement of an existing highway by resurfacing, restoration, widen-
ing by less than one lane width, adding shoulders or auxiliary lanes
for localized purposes, or correcting substandard curves and intersec-
tions;

Highway safety or traffic improvement projects, including the correc—
tion or improvement of a hazardous location, elimination of a roadside
obstacle, and the placement of highway signs, pavement markings, or
traffic control devices; and

Reconstruction or modification of an existing bridge on essentially
the same alignment or location, including widening by less than a sin-
gle travel lane, and adding shoulders, safety lanes, or walkways.

Minor actions are usually considered categorical exclusions. They do not re-
quire formal environmental assessment, public hearings or documentation, al-

though limited studies may be conducted.

This classification is not applicable, however, when the proposed action re-
quires acquisition of more than minor amounts of ROW or causes citizen con-
flict. When these exceptiocns occur, the project is usually designated a Class

III action.

1.1.3 Class III Environmental Assessments

Class III environmental assessments are those for which the expected signifi-
cance of impacts on the environment is not clearly established. They differ

from Class I actions in that the length of the new facility is often shorter,

13



and the ROW used follows that of an existing roadway for at least part of its

length. Projects in this category include:

° Expansion or realignment of an existing facility, and

o

Recoustruction of a multi-lame bridge or interchange arvea.

Actions in this class require at least a limited environmental study and the
preparation of an Environmental Assessment (EA) document. If the EA identi-
fies potentially significant impacts, route alternatives must be studied in
greater depth and an EIS must be prepared. Otherwise, a finding of no signi-
ficant impact (FONSI) is issued by FHWA, marking the completion of the route

location assessment process.

The EA iz similar to the EIS in terms of issues covered. However, the EA is
developed earlier in the assessment process. It contains data used during
preliminary assessment —- and, in some cases, limited detailed data on alter-
native routes —- to describe the study area and identify potential social and
economic impacts. It need not, however, recommend a preferred route since
none of those being considered may have siguificant negative impact on the eun—

vironment.

As stated earlier, this Manual has been developed for users conducting assess-
ments for Class I major actioms that require preparation of EISs. However, the
assessment procedures covered —-- particularly those described in the sections
on preliminary assessment —— can also be used as a guideline for development

of Eas for Class II1I environmental assessments, and for minor actions.

1.2 REQUIREMENTS BY STAGE IN THE PLANNING PROCESS

FHWA guidelines stress identification of potential social, economic, and phys-
ical effects of proposed Class I major actions as early in the highway devel-
opment process as possible. The sequence of assessment activities is reflec-
ted in the flowchart in Figure 2 (p.l5) which shows socio—economic impact as-

sessment requirements at each stage in the highway planning process.
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SOCIO-ECONOMIC ASSESSMENT ACTIVITIES

Ho formal assessment of enviroomental impacts
e ] is required at this point in systems plancing.
dentificatian of
Needed Impr