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NATIONAL COOPERATIVE HIGHWAY RESEARCH
PROGRAM

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

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

The Transportation Research Board of the National Academies
was requested by the Association to administer the research
program because of the Board’'s recognized objectivity and
understanding of modern research practices. The Board is uniquely
suited for this purpose as it maintains an extensive committee
structure from which authorities on any highway transportation
subject may be drawn; it possesses avenues of communications and
cooperation with federal, state and local governmental agencies,
universities, and industry; its relationship to the National Research
Council is an insurance of objectivity; it maintains a full-time
research correlation staff of specialists in highway transportation
mattersto bring the findings of research directly to thosewho arein
aposition to use them.

The program is developed on the basis of research needs
identified by chief administrators of the highway and transportation
departments and by committees of AASHTO. Each year, specific
areas of research needs to be included in the program are proposed
to the National Research Council and the Board by the American
Association of State Highway and Transportation Officials.
Research projectsto fulfill these needs are defined by the Board, and
qualified research agencies are selected from those that have
submitted proposals. Administration and surveillance of research
contracts are the responsibilities of the National Research Council
and the Transportation Research Board.

The needs for highway research are many, and the National
Cooperative Highway Research Program can make significant
contributions to the solution of highway transportation problems of
mutual concern to many responsible groups. The program,
however, isintended to complement rather than to substitute for or
duplicate other highway research programs.

Note: The Transportation Research Board of the National Academies, the
National Research Council, the Federal Highway Administration, the American
Association of State Highway and Transportation Officials, and the individual
states participating in the National Cooperative Highway Research Program do
not endorse products or manufacturers. Trade or manufacturers’ names appear
herein solely because they are considered essential to the object of this report.
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FOREWORD

By Charles W. Niessner
Saff Officer
Transportation Research
Board

Thisreport presents the findings of aresearch project to develop an improved cost-
effective analysis procedure for assessing roadside safety improvements. The project
objective has been accomplished with the development of the Roadside Safety Analy-
sis Program (RSAP). The report will be of particular interest to roadside safety engi-
neers with responsibility for evaluating the impacts of roadside safety improvements.

Highways are designed to provide motorists with reasonable levels of protection
against serious ran-off-road crashes. The clear zone concept has been the cornerstone
of this protection philosophy for many years. Under this philosophy, roadside hazards
within the clear zone are either eliminated or moved. When hazards cannot be removed
or rel ocated, adetermination needsto be madeif asafety device (e.g., guardrail or crash
cushion) is warranted to protect motorists from the roadside obstacle.

When determining locations and the types of roadside safety devicesto be used, it
is necessary to weigh the risk of death or injury to the motoring public against the ini-
tial cost of installing and maintaining the safety improvement. Many decisions are rel-
atively straightforward and covered under established guidelines and warrants. How-
ever, there are instances where the choice of safety treatment is not readily apparent.

Incremental benefit/cost analysis has been widely accepted as the most appropri-
ate method for evaluating safety alternatives. Benefits are measured in terms of the
reduction in crash or societal costs associated with a safety improvement while costs
are defined as the increase in direct highway agency expenditures associated with the
improvement. Benefit/cost analysis compares a safety treatment with the existing or
baseline condition or alternative safety treatments. The basic concept is that public
funds should be invested only in projects where the expected benefits exceed the
expected direct costs of the project. Benefit/cost analysis procedures can be used to
study individual sites or to develop general guidelines.

Under NCHRP Projects 22-9 and 22-9(2), “Improved Procedures for Cost-
Effectiveness Analysis of Roadside Safety Features’ and “Roadside Safety Analysis
Program (RSAP) Enhancement, Update, and Testing,” respectively, the Texas Trans-
portation Institute and Mr. King Mak undertook research to devel op an improved cost-
effectiveness analysis procedure for assessing roadside safety improvements. The
product of these research effortsis the Roadside Safety Analysis Program (RSAP).

RSAP is based on the encroachment probability approach and incorporates two
integrated programs: the Main Analysis Program, which contains the cost-effective-
ness procedure and algorithms; and the User Interface Program, which provides a
user-friendly environment for data input and review of program results. The cost-
effectiveness procedure incorporated into RSAP is based on the concept of incre-
mental benefit/cost analysis. The encroachment model uses roadway and traffic infor-
mation to estimate the expected encroachment frequency along a highway segment.



This report describes the inner workings of the cost-effective analysis procedure and
the various algorithms and data sources built into the procedure. A separate User’s
Manual describing the User Interface Program (including the data input process and
the program reports) and the RSAP software are on CRP-CD-33, which is included
with this report.
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

Modern highways are designed to provide motorists with
reasonable levels of protection against serious ran-off-road
crashes. The clear zone concept has been acornerstone of this
protection philosophy for many years. Under this philosophy,
roadside hazards within the clear zone are either eliminated
or moved away from thetravelway whenever possible. When
hazards cannot be removed or relocated, designers need to
determine if a safety device, such as a guardrail or a crash
cushion, is warranted to protect motorists from the roadside
obstacle. The recent introduction of multiple performance or
test level sfor roadside safety devices has further complicated
the safety decision process.

When determining locations and types of roadside safety
devicesto beused, an engineer needsto weigh therisk of death
or injury to the motoring public against the initial cost of
installing and maintaining safety improvements. Many deci-
sions are relatively straightforward and are covered under
established guidelines and warrants. For example, the need
for breakaway sign and luminaire supports along high-speed
facilities iswell known, as is the importance of appropriate
approach guardrails and transition sectionsfor bridge railings.
Genera guidance for use of breakaway devices, longitudinal
barriers, and other safety features, are presented in various
places, most recently in the 2002 edition of the AASHTO
Roadside Design Guide'.

However, sometimes the choice of safety treatment is not
asreadily apparent, such asfor low-volume and/or low-speed
roadways. Further, with the advent of multiple performance
levels, the decision has become more complicated. Highway
engineers have to determine whether or not to use a safety
treatment, and they also have to select the appropriate per-
formancelevel for each situation. Rehabilitation projects pre-
sent unique problemsin that the existing safety hardware may
be outdated and not meeting current performance standards,
but still offer some level of protection. In these situations,
engineers need an analytical technique to determine what spe-
cific safety treatment isthe most appropriatefor the given site
conditions.

Incremental benefit/cost analysis has been widely accepted
as the most appropriate method for evaluating safety alterna-
tives. Benefits are measured interms of thereductionin crash

or societal costs associated with a safety improvement while
the cost is defined as the increase in direct highway agency
expenditures associated with the improvement. Benefit/cost
analysis compares a saf ety treatment with the existing or base-
line conditions (i.e., the do-nothing option) and/or aternative
safety treatments. The basic concept isthat public fundsshould
beinvested only in projectswhere the expected benefitswould
exceed the expected direct costs of the project. Benefit/cost
analysis procedures can be used to study individual sites or
they can be used to develop general guidelines. For exam-
ple, the ROADSIDE program, presented in Appendix A of
the 1988 and 1996 versions of the Roadside Design Guide,
isabenefit/cost analysis program intended for use with site-
specific decision-making processes. Another benefit/cost
analysis program, called the Benefit/Cost Analysis Program
(BCAP), was used to develop the bridgerrail selection guide-
lines contained in the 1989 AASHTO Guide Specifications
for Bridge Railings.?

Another consideration is the current trend toward tailor-
ing the use of roadside safety appurtenances to the specific
highway and site conditions by providing various perfor-
mance or test levels. The 1989 AASHTO Guide Specifica-
tionsfor Bridge Railings established three performance lev-
els for bridge railings. NCHRP Report 350: Recommended
Proceduresfor the Safety Performance Eval uation of Highway
Features®, outlines six test (performance) levels for roadside
safety features, including work zone traffic control devices.
Currently, no guiddlines have been established for field appli-
cation of these test levels. A research study, NCHRP Project
22-12, “Guidelines for the Selection, Installation, and Main-
tenance of Highway-Safety Features,” is underway to develop
guidelines for the various test levels using the benefit/cost
analysis technique.

Existing procedures for benefit/cost analysis of roadside
conditions have varying degrees of usefulness.*2 Several of
these procedures are for specific roadside objects or features,
such as utility poles or luminaire supports, and are of little
genera use. Other procedures are either obsolete or have out-
dated supporting data. A notable exampleisthe procedurein
the 1977 AASHTO Guide for Selecting, Locating, and
Designing Traffic Barriers’, which was state-of -the-artin the
mid-1970s. Also, some of the procedures are not computerized
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and require extensive manual computations. The result is a
time-consuming and sometimes inaccurate mix of tools for
making decisions about roadside safety.

1.2 STUDY OBJECTIVES AND SCOPE

The objective of thisstudy isto develop animproved cost-
effectiveness analysis procedure for use in assessing road-
side safety improvements. The new procedure will do the
following:

* Incorporate new or improved data and algorithmswher-
ever available;

+ Becapableof evaluating alternative roadside safety treat-
ments at spot locations and over sections of roadway;

+ Beapplicablefor development of warrantsand guidelines
of safety features with different performance levels;

* Provide a framework that will allow rapid incorpora-
tion of new data, such asthe driver responsesto ran-off-
road situations to be developed under NCHRP Project
17-11; and

+ Becomputerized and easy to use (i.e., be user-friendly).

The result of this research effort is the development of a
new improved cost-effectiveness procedure, known as the
Roadside Safety Analysis Program (RSAP). RSAP is based
on the encroachment probability approach and incorporates
two integrated programs: the Main Analysis Program, which
containsthe cost-effectiveness procedure and algorithms, and
the User Interface Program, which provides a user-friendly
environment for datainput and review of the program results.
Thisreport, the Engineer’sManual, describestheinner work-
ings of the cost-effectiveness analysis procedure and the var-
ious algorithms and data sources built into the procedure. A
separate User’ sManual describesthe User Interface Program,
including the data input process and the program reports.
ThisUser's Manual and the RSAP software are provided on
the accompanying CD-ROM.

Chapter 2 summarizes the various existing cost-effective-
ness analysis procedures. An overview of RSAPis presented
in Chapter 3. The major components of RSAP are described
in Chapters4 through 8: Chapter 4—M onte Carlo Simulation
Technique; Chapter 5—Encroachment Module; Chapter 6—
Crash Prediction Module; Chapter 7—Crash Severity Predic-
tion Module; and Chapter 8—Benefit/Cost AnalysisModule.
Thevalidation effort for RSAPis presented in Chapter 9, and
the summary of findings and conclusions are presented in
Chapter 10.




CHAPTER 2
LITERATURE REVIEW

Several benefit/cost (and/or cost-effectiveness) analysis
procedures have been developed over the past 30 years.
These procedures can be grouped into two general categories:
encroachment probability based or crash data based. These
two categories of procedures vary in the analysis methodol-
ogy, the source of data used, and in their predictive power
and general usefulness. Brief descriptions of existing cost-
effectiveness analysis procedures and their limitations are
presented in this chapter.

2.1 ENCROACHMENT PROBABILITY BASED
PROCEDURES

The underlying assumption of an encroachment probabil-
ity based model is that crash frequency is proportional to
encroachment frequency, which is a function of the highway
type or functional class and average daily traffic. Encroach-
ments are assumed to occur randomly and uniformly along any
length of straight and level roadway. In other words, avehicle
has an equal probability of encroaching at any point along a
straight and level roadway. However, crash data have shown
that crash frequencies are higher at certain locations, such
as at horizonta curves and on vertical grades. Thus, it can be
expected that encroachment frequencies would also be higher
at such locations. The first major element of an encroachment
probability based model is, therefore, the determination of a
base or average encroachment frequency for the highway
type and average daily traffic under evaluation. The base
encroachment frequency is then adjusted for parameters that
may affect the encroachment rate.

The second major element of an encroachment probability
model involveslinking encroachment frequency to crash fre-
quency. This link is established by determining the region,
known as the hazard envelope, along the travelway wherein
an encroaching vehicle would impact the roadside feature
under consideration. As shown in Figure 1, the hazard enve-
lopeis constructed assuming that the vehicle encroaches along
astraight path. This straight vehicle path assumption is neces-
sitated by the lack of quantitative information on vehicle and
driver behavior after encroaching into the roadside and the
complexity of modeling a curvilinear vehicle path.

The hazard envelopeisafunction of thesizeand orientation
of the vehicle, the size and lateral offset of the hazard, and the
encroachment angle. For a given vehicle of size w, encroach-
ment speed v, encroachment angle 6, and orientation , the
vehiclewill strikethe hazard if it leavesthe road within the
envelope and does not stop before it reaches the hazard.
The probability, P(HYS | EYS), that an encroaching vehicleis
within the hazard envelope (HY'}), given that the vehicleis of
size w and encroaches with speed v, angle 6, and orientation
P (E¥3), is shown in the following equation:

P(HYS | EYS) = (1/5280) O[Ly, + (We/Sin 6) + W, cot 8] (1)
where

L, = Length of hazard (m)

W, = Effective width of vehicle(m) =L, siny + W, cos
L, = Length of vehicle (m)

W, = Width of vehicle (m)

W, =Width of hazard (m)

The probability of collision is then calculated by incor-
porating the probability that the vehicle will encroach far
enough laterally to reach the hazard in question. As shown
in Figure 1, given that the face of the hazard (Zone 3), the
upstream corner of the hazard (Zone 2), and the end or
width of the hazard (Zone 1) al have different lateral off-
sets from the edge of the travelway, the equation has to
incorporate the differing probabilities of reaching differ-
ent lateral offsets. Thus, the probability, P(CY§ | E%), that
a vehicle—of size w, encroaching with a given speed v,
angle 6, and orientation Yy—is within the hazard envelope
and encroaching far enough to impact the hazard is given
by Equation 2:

P(Cus|Exe) = (1/5280) DS_hD P(Le A
0

W cosB
+ secB Cesc 60 ZD WP(Lz B) (2
J:

t 0 D\M P(L (:)D
+ co o
2 q
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Figurel. Hazard envelope.’®

where

B = Lateral offset to upstream corner of hazard (Zone 2)
=(A+]j-2),wherejisavariablefrom 1 to W, cos 6

C = Laterd offset to end or width of hazard (Zone 1)
=(A+W,cos 0 +j — 2) wherej isavariablefrom 1 to W..

The probability of an impact on a hazard, P(C|E), given
an encroachment per kilometer of roadway is, therefore, the
probability of the encroachment with a given vehicle size
w, encroachment speed v, encroachment angle 6, and vehi-
cle orientation g, P(EY$ |E), multiplied by the probability
of collision, P(CY¥§ |E¥$), and summed over all vehicle size,
encroachment speed, encroachment angle, and vehicle ori-
entation, as shown in Equation 3:

PCE)=S ¥ Z % P(EuSIE) OP(Cus|EYS) ©)

where

P(C|E) = Probability of a crash given an encroach-
ment
P(EY$ |E) = Probability of an encroachment with a
given vehicle typew, speed v, angle 6, and
vehicle orientation .
P(CY§ |EWS) = Probability of a collision for an encroach-
ment with given vehicle type w, speed v,
angle 6, and vehicle orientation .

The third major component of the encroachment probabil-
ity model is the estimation of crash severity. Thisis done by
determining the probability of eachinjury level (i.e., property-
damage-only [PDQ], possible injury, moderate injury, severe
injury, and fatal injury) for each impact with the given condi-
tions, (i.e., vehicle type, speed, angle, and so forth). The
method of estimating the crash severity varies from model to
model.

Thefourth major element of the encroachment probability
model involves calculations of the crash costs and the result-
ing benefit/cost ratios. Crash costs are estimated by multiply-
ing the probability of each injury level by the cost associated
with each injury level. The expected cost of a crash, multi-
plied by the probability of that crash, yieldsthe expected cost
of the encroachment. Multiplying the cost per encroachment
by the encroachment frequency givesan estimate of the annual
crash cost. Finally, the benefit/cost ratios are determined.
Benefits are expressed in terms of reduction in crash costs
while costs are expressed in terms of the differencein direct
costs to the agency.

The following sections describe the historical develop-
ment of the relevant encroachment probability models and
real-world crash data models, respectively.

2.1.1 Encroachment Data

Thereareonly three previous studies on encroachment data:
Hutchinson and K ennedy?®, Cooper®, and Cacote et a3 The
Hutchinson and Kennedy study involved observation of
wheel tracks on medians of rural interstate highwaysin Illi-
nois in the mid 1960s.% The encroachment frequency as a
function of traffic volume is shown in Figure 2.

In general, the encroachment frequency increases propor-
tionally to the traffic volume. However, between traffic vol-
umes of 3,000 to 6,000 vehicles per day, the encroachment
frequency exhibitsadecrease with increasein traffic volume.
Thisunusual shape of the curve can be explained when driver
behavior is taken into consideration. At low traffic volumes,
drivershavelittle contact with other vehiclesand tend to drive
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Figure2. Hutchinson and Kennedy encroachment frequency.?

faster and be less attentive to the driving task. This combina
tion of factors could lead to ahigher incidence of driver error,
such as drowsiness or excessive speed, thus resulting in a
higher encroachment rate. Astraffic volumesincrease, driv-
ers begin to have more interaction with other traffic, which
tends to better define the roadway and reduce the monotony,
resulting in the driver paying more attention to the driving
task and less driver error. Above traffic volumes of 6,000
vehicles per day, the encroachment rate begins to rise again
because of increased vehicle-to-vehicle interactions.

The Hutchinson and Kennedy study has some limitations,
however. First, determining whether avehiclewas under con-
trol or not by observing whed tracksis an unreliable method.
Although snow in the median is believed to be a significant
deterrent to vehiclesintentionally leaving the roadway (i.e.,
a controlled encroachment), some of the tracks observed
reportedly involved vehiclesmaking U-turnsin snow-covered,
paved medians. Another problem with the wintertime obser-
vation period isincreased adverse weather conditions, which
could cause an increase in uncontrolled encroachments.
Another problem isthat the encroachment data were collected
only on interstate highways, and it may be argued that the data
could not and should not be extrapolated to other functional
classes. Finally, the encroachment data were collected on rel-
atively straight and flat sections of highways with little infor-
mation on horizontal curves and vertical grades to determine
what effects these parameters had on encroachment rates. The

combination of higher operating speeds oninterstate highways
and adverse weather conditions would suggest that the proba-
bility of encroachment is likely to be overestimated by the
Hutchinson and Kennedy encroachment data.

Cooper conducted asimilar encroachment study in Canada
in the late 1970s.% This research involved weekly observa-
tions of wheel tracks on grass-covered roadsides of rural
highways of various functional classes. The data collection
periodswere during summer months on highwayswith speed
limits between 80 to 100 km/h. As aresult, adverse weather
conditionswere under-represented, and the speeds were con-
siderably lower than those found on interstate highways. The
encroachment frequencies observed by Cooper are shown in
Figure 3.

The Cooper study suffers from the same problem of not
being able to distinguish between controlled and uncontrolled
encroachments. Summertime is also a period of increased
roadway maintenance and farm activity with sow-moving
equipment and vehicles occasionally using the grassy areason
the roadsides. The inclusion of controlled encroachments is
believed to have more than offset any reduction in encroach-
ment rates caused by better weather and lower speeds. Also,
the encroachment rates observed by Cooper are somewhat
lower than those observed by Hutchinson and Kennedy, which
isnot surprising given the better weather conditionsand lower
traffic speeds. A similar hump in the curve at traffic volumes
of 3,000 to 6,000 vehicles per day is also present for the
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Cooper data. Furthermore, because of the presence of paved
shoulders, encroachments within or just beyond the shoul der
areawould be difficult to detect. Thus, it is believed that the
Cooper encroachment data are under-reported for encroach-
mentswith small lateral extent, perhapsinthe0to 4 mregion.

Calcote et a.*! attempted to overcome the major problems
with both the Cooper and Hutchinson and Kennedy studies
(i.e., some encroachments are not detected because of paved
shouldersand controlled and uncontrolled encroachments are
indistinguishable by observing whedl tracks). This research
effort used electronic monitoring along rural highways and
time-lapse video photography al ong urban freeways. The elec-
tronic monitoring approach was unsuccessful because of tech-
nical problems.

The time-lapse video approach recorded numerous
encroachments, but still did not offer an effective method to
distinguish between controlled and uncontrolled encroach-
ments. An overwhelming majority of the encroachments
recorded involved vehicles moving slowly off the roadway
for some distance and then returning into the traffic stream
without any sudden changesin trajectory. A fatigued or dis-
tracted driver drifting off the roadway, or acontrolled driver
responding to roadway or traffic conditions, could both cause
this type of encroachment. By restricting the definition of
uncontrolled encroachments to sudden changes in vehicle
trgjectory or hard braking, only 14 of the approximately 7,000
recorded encroachments were considered to be uncontrolled,
which gives aratio of about 500 controlled encroachments
for every uncontrolled encroachment. Also, video monitor-

ing could only be used on relatively short sections of road-
way, thus limiting the amount of datathat could be obtained.
As aresult, the findings of this study are not very useful.

The encroachment frequency distributions described above
are mostly from straight and level roadway sections. Find-
ings from several crash data analysis studies have shown
that highway alignment and profile have significant effects
on crash rates. It is reasonable to assume that highway align-
ment and profile would also have similar effects on encroach-
ments. Thus, the encroachment frequencies should be adjusted
accordingly.

The most widely used source of information for adjusting
encroachment rates at horizontal curves and vertical grades
isthe study by Wright and Robertson.®? This study analyzed
300 single-vehicle, fixed-object fatal crashesin Georgiainan
effort to identify roadway and roadside characteristics that
could have contributed to the crashes. The researchers com-
pared the characteristics of the fatal crash sites with control
sites, 1.6 km upstream of the crash sites. Horizontal curves
were significantly over-represented at the fatal crash sites,
with the outside of the curve accounting for 70% of the fatal
crashes on curves. Downgrades of 2% or morewereaso found
to have some effect, but upgrades were not over-represented.

There are several drawbacks to this study, however. First,
the sample size of 300 isrelatively small. Second, the study
included only fatal crashes, which are extremely rare events
and not necessarily representative of crashes of lower sever-
ity. Thus, the effects of horizontal curves and vertical grades
at crash rates are probably overstated. Third, there was no



control for other influential factors, such ashighway type and
traffic volume. For example, the highway types varied from
urban freeways to unpaved rural local roads with wide vari-
ationsin traffic volumes. Furthermore, the effect of thesefac-
torson fatal crashes may or may not be directly applicableto
changes in the encroachment rates.

Perchonok et al.* also investigated the effects of roadway
curvature and grade on vehicle crashes as part of amore exten-
sive study of single-vehicle ran-off-road crashes. Crashes
from six states were investigated with a sample size of 7,972
crashes. This study also found that crashes occur more fre-
guently on horizontal curves and downgrades. However, the
authorswere not ableto quantify this effect. Although the data
do not provide complete verification, the study results tend to
confirm the Wright and Robertson® findings.

Perchonok et a.* al so compared crashesthat ran off the left
sideversustheright side of the roadways. The study concluded
that the ratio of right-side crashesto left-side crashes on two-
lane, two-way highways was approximately 2: 1. The median
lateral offset of the struck object at crash locationsinvestigated
was about 3.7 m from the edge of the travelway, which is the
same as the width of atypical lane. For aleft-hand encroach-
ment, the vehi clewould haveto crossthe opposing lane of traf-
fic prior to departing the travelway. Because the probability of
encroaching alateral distance of 3.7 misabout 50%, thisindi-
cates that the actual ratio of left-side encroachments to right-
side encroachments is approximately the same, which is
consistent with the assumptions made in most encroachment
probability models.

The Perchonok et al. study® also investigated the effect of
multiple lanes on crash rates. In this case, many more |eft-
hand crashes were observed from the inside (left) lane of a
four-lane facility than from the outside (right or shoulder)
lane. Again, thisisto be expected because avehicle encroach-
ing from the outside lane would have to first cross the inside
lane before encroaching to the left. However, the number of
left-hand crashes from the inside lane does not equal the
number of right-hand crashes from the outside lane. Thiscan
be explained by thefact that, on afour-lane divided highway,
the traffic volume on the outside lane is typically much
higher than the traffic volume on the inside lane.

One interesting result is that impact speeds vary only
moderately, adifference of 11 to 16 km/h over thefirst 30m
of lateral encroachment distance. The study also investi-
gated the effects of various geometric conditions on vehicle
tracking (i.e., whether the rear wheels follow the front
wheels during an encroachment), lateral offset of vehicles,
vehicle behavior by object contacted, severity of crashes,
and a variety of covariates on these and other conditions.
Unfortunately, the results are generally not useful in quanti-
tative terms, and the severity estimates are probably not rep-
resentative. The use of specially trained police officers for
data collection possibly biased the study toward more severe
crashes, although the researchers made efforts to include
lower severity crashes.

7

Mak performed an analysis to estimate real-world impact
conditions using reconstructed crashesin the mid-1980s.2434-%
Impact speed and angle distributions for five different
functional classes, including freeways, rural arterials, rura
collectors/local roads, urban arterials, and urban collectors/
local roads, were developed by fitting gamma functions to
the crash data. These distributions are used in some of the
procedures to describe the probability of impact conditions.

2.1.2 NCHRP Report 77

The first encroachment probability based model was devel-
oped by McFarland et al. and presented in NCHRP Report
77.4This model was designed to analyze impacts with lumi-
naire supports and contained all of the essential elements of
an encroachment probability based model. The Hutchinson
and Kennedy encroachment data?®, which was the only data
source available at that time, were used for the encroach-
ment frequency and the probability of lateral extent of vehi-
cle encroachment. McFarland et al. redistributed the lateral
extent of encroachment data using normal distributions for
use in the model.

The encroachment model assumed an average encroach-
ment angle of 11 deg. The width of the vehicle for the pur-
poses of the model was assumed to be the average of its
length and width. Presumably, this approximation wasincor-
porated to account for non-tracking crashes. This creates a
vehicle path as shown in Figure 4. The ratio between L, the
width of the vehicle's path parallel to the roadway, and L,
the pole spacing, isthe probability that an encroaching vehi-
cle's path will impact a pole. This probability, when mul-
tiplied by the probability of reaching the line of poles and
encroachment frequency, yields the predicted impact fre-
guency. The purpose of the model was to provide estimates
of average crash frequencies without accounting for specific
site conditions. Results of the model’s predictions for three
case studies are shown in Table 1.

Although the predicted impact frequencies do not match
thefrequenciesobserved for theindividual sites, the averages
of the predicted and actual impact frequencies are similar.
Variations for the individual sites may be the result of spe-
cific site conditions not accounted for in the model, such as
horizontal curvature, vertical grade, presence and density of
weaving sections and entrance and exit ramps, pavement
conditions, vehicle-to-vehicle interactions, and driver demo-
graphics. The actual impact frequenciesincluded both crashes
reported by law enforcement agencies and unreported impacts
based on maintenance records.

For the crash severity component, costs from crash data
were used to determine the direct (i.e., repair) costs and the
indirect (i.e., occupant injury and vehicle damage) costs for
each type of luminaire support. These costs were then multi-
plied by the estimated impact frequency to get an average



EDGE OF |
PAVEMENT

Lo

Figure4. NCHRP Report 77 encroachment path.*

cost per year. Safety alternatives were evaluated by compar-
ing the predicted costs for each option.

Themodel requiresalimited amount of user input (i.e., traf-
fic volume, spacing between supports, lateral offset, average
vehiclewidth, and average angle of encroachment), and incor-
porated many simplifying assumptions, such asastraight-line
encroachment path, a single vehicle type, and an average
encroachment angle. Assuch, the versatility of themodel is
limited and it does not account for some of theimportant para-
meters, such as highway type, horizontal curvature, vertical
grade, and roadside dope. Also, the model is specific to point
objects, such as poles and luminaire supports, and cannot be
applied to other types of objects, such aslongitudina barriers.

2.1.3 NCHRP Report 148

Glennon expanded the model from NCHRP Report 77 so
that it can be used with any type of object.’® Thiswas done
by using the hazard envelope concept, as shown in Figure 1,
which allowed thelength and width of the hazard to beincluded
in the determination of impact probability. However, all of
the other limiting assumptions associated with the NCHRP
Report 77 model still apply, particularly the use of asingle
vehicletype, an average encroachment angle, and the straight-
line encroachment path assumption.

2.1.4 1977 AASHTO Guide for Selecting,
Locating, and Designing Traffic Barriers

Thefirst generalized encroachment probability based pro-
cedure to be widely used appeared in the 1977 AASHTO
Guidefor Sdlecting, Locating, and Designing Traffic Barriers,
aso known as the 1977 Barrier Guide or the Yellow Book.*
The model was intended for use in determining whether a
particular type of barrier protection is cost-effective or not. It
used a graphical solution technique to avoid the extensive
calculations, but is otherwise similar to Glennon’s model,
with all of the attendant shortcomings. However, the graph-
ical solution was too cumbersome and the model was not
widely used until computerized versions of the procedure
became available some years later.

The severity index (SI) concept wasintroduced asameans
to estimate crash severity, which was a major change from
previous models. The S| definesthe severity of acrash using
anordinal scale of 0to 10, whichinturnislinked to the prob-
ability or percentages of injury for different injury levels—
PDO, injury, and fatality—as shown in Table 2.

Theinjury levelshave been expanded inthe 1996 AASHTO
Roadside Design Guide to include six severity levels: PDO
Level 1, PDO Level 2, Slight Injury, Moderate I njury, Severe
Injury, and Fatality. Crash costs associated with a given S|
can be determined by multiplying the cost of each injury
severity level by the associated probability or percentagesfor
that severity level and summing over all severity levels. This
approach provides a general, easy-to-use method for deter-
mining crash costs.

TABLE 1 Resultsof NCHRP Report 77 case studies

) Crash Frequency
Section No. Of Y ears of
Case No. ADT Length (mi) Crashes Record Actual Predicted
1 6000 11.6 35 217 1.39 0.83
2 9300 4.7 8 6 0.28 1.89
3 8500 5.1 22 6 0.72 1.15
Average N/A N/A N/A N/A 0.80 0.96




TABLE 2 Yeélow Book Sl table

Severity Index (SI) % PDO % Injury % Fatal
0 100 0 0
1 85 15 0
2 70 30 0
3 55 45 0
4 40 59 1
5 30 65 5
6 20 68 12
7 10 60 30
8 0 40 60
9 0 21 79

10 0 5 95

The 1977 Barrier Guide included a suggested list of sever-
ity indicesfor various roadside features, based on resultsfrom
a survey of highway safety and law enforcement experts.
Because of the way the survey was conducted, respondents
tended to consider only high-speed crashes and, consequently,
itisbelieved that the relative severity of impactsand theresult-
ing Sl values were overestimated. Take crashes involving
bridge piers and abutments as an example. Table 3 compares
the injury probabilities as indicated by the assigned Sl values
of 9.3 for bridge piers and abutments to the severity distribu-
tion from crash datain Michigan for the years 1985 to 1991. It
isevident that the severity as estimated by the assigned Sl val-
uesisgreatly overestimated, particularly for severeinjury and
fatal crashes. This overestimation of severity would, in turn,
overestimate the benefits and cost-effectiveness associated
with most safety improvements.

The Sl table has some other problems aswell, most notably
a fixed distribution of injury levels. This fixed distribution
means that hazards with unusual severity distributions can-
not be modeled well by the Sl approach. For example, bridge
rails over deep bodies of water would be expected to have a
low proportion of severeinjury and fatal crasheswhen vehi-
cles are successfully redirected, but a nearly 100% fatality
rate when vehicles go through or over the bridge railing.

The model aso overestimates the effectiveness of longitu-
dinal barriers and crash cushions because it does not account
for penetration or the probability for the vehiclesto run behind
or around the safety treatments and impact with the shielded
hazards.

2.1.5 Studies for Nebraska Department
of Roads

A series of studies conducted by Post et al., at the Univer-
sity of Nebraska for the Nebraska Department of Roads**2
are noteworthy because the studies attempted to overcome
some of the shortcomings of previous procedures by using
computer simulation of vehiclebehavior. Rather than relying
on the traditional assumptions about off-road vehicle behav-
ior, the research approach was to directly model a vehicle
during impacts with different roadside features, including
guardrails, guardrail to rigid barrier transitions, bridge pier
protection, and driveway slopes. The general procedure is
illustrated by the study on driveway s opes, asdescribed below.

Encroachment frequency and lateral extent of encroach-
ment distributions were estimated from the Hutchinson and
Kennedy? data. However, instead of assuming a hazard
geometry and location, the researchers defined the various
roadside slopes and dimensions of an actual driveway, vary-
ing only the slopes on the sides of the driveway, as shownin
Figure 5. The Highway-Vehicle-Object Simulation Model
(HVOSM)®" % 3 was used for the simulation effort. The
HVOSM program idealizes avehicle asfour isolated masses
(i.e., vehicle sprung mass, left and right front wheels, and a
solid rear axle) with 11 deg of freedom.

A mid-size (1724-kg) passenger car was sdlected for this
study, and it was assumed that there was no steering or brak-
ing during any of ssimulated encroachments to represent an
inattentive driver. Simulationswere run for two-lane, two-way
highways with different driveway dopes: 1:3,1:4, 1:6, 1:8,
and 1: 10. Severa runswere made for each slopeto determine
the effects of traversing different parts of the driveway sope.
All the runs were made at 88.5 km/h with an encroachment
angle of 10 deg.

Crash severity was estimated based on the lateral acceler-
ation of the vehicle during impact. The lateral acceleration
was related to a severity index (different from the SI defined
inthe 1997 AASHTO Barrier Guide) based on tolerable lat-
era and longitudinal acceleration of the vehicle®® The
“severity index” wasrelated to aprobability of injury based on
results from the Ol sen study in which damagesto vehiclesin

TABLE 3 1977 Barrier Guide Sl versusMichigan HSI S data

Source Severity Injury Levels*
Index (S1) %(K) 9%(K+A) 9%(K+A+B) 9%(K+A+B+C)
1977 AASHTO 93 825 95.6 100.0 100.0
Barrier Guide
Michigan Data** N/A 21 15.3 17.6 35.6
* K = fatal injury, A = incapacitating injury, B = moderate injury, and C = possible injury.

** Data presented are average for all functional classes.
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crash tests were compared with those of real-world crashes  where
involving longitudinal barriers.** The severity index, SI, for

. = Av I ion
agiven crash was calculated as follows: Gia erage laterdl acceleratio

Giong = Average longitudinal accelerations = UGy
/ G,; = Tolerable longitudinal acceleration (assumed to
|j3long ﬁ m—-'t‘lat be 7g)

Sl = 4
\ EGx1 H ﬁH G,; = Tolerable lateral acceleration (assumed to be 50)




Six severity levelswere defined as afunction of the sever-
ity index with corresponding probabilities of injury as shown
in Table 4.

Finally, the crash frequency for each vehicletrajectory was
calculated as the product of the encroachment frequency and
the length of the paths projected aong the travelway mea
sured in miles. Each slope in question would be hit at a dif-
ferent lateral offset for each path, and the probability of reach-
ing that lateral offset affected the likelihood of encountering
each slope. The number of injury crashes per year was then
obtained by multiplying the crash frequency by the probabil-
ity of reaching the appropriate lateral offset. The crash costs
werethen compared with the costs of installing different drive-
way configurationsto determine the cost-effectiveness of flat-
tening driveway slopes.

Thelater studiesimproved on thistechnique by using three
encroachment angles and three speedsinstead of one of each,
which produced a range of results for each study. Also, the
later studies used both cost-effectiveness and benefit/cost
analysis. The guardrail studies used the BARRIER VII com-
puter program® to determine the dynamic effect of a car
striking alongitudinal barrier.

Despite these improvements, some problems remained.
Only one vehicle type was selected for analysis, probably
because of therelatively extensive input and computational
requirements. The encroachment speeds and angles were
selected arbitrarily and may or may not represent average
real-world encroachment or crash conditions. Collisionswith
multiple hazards were not considered. Also, these studies
were conducted for specific applications and have little gen-
eral applicability.

2.1.6 TTI ABC Model

The ABC computer program was developed by the Texas
Transportation Institute (TTI), Texas A&M University, in
the mid-1980s, and represented a significant advance in
the complexity and accuracy of encroachment probability
based models. Several drawbacks to previous methods were
addressed and, to some extent, rectified. However, the com-
plexity of the program and the lack of a user-friendly inter-

TABLE 4 Severity levels

Severity Index (SI) Probability of Injury

SI <05 0.1
05<8<10 0.3
10<SI<15 0.5
15<8I<20 0.7
25<58 1.0

Tolerable Accelerations:  Longitudinal =7g's
Lateral =59's

Vertical =6g's.
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face and documentation prevented the program from gaining
wide acceptance.

All previous models used encroachment frequency and
lateral extent of encroachment distributions based on data
from the Hutchinson and Kennedy study.? The TTI ABC
model incorporated data from the Cooper encroachment
study, as shown in Figure 3.% It was thought that the Cooper
encroachment data were better and more representative of
highwaysin the United States at that time than the Hutchinson
and Kennedy data, particularly in light of the national speed
limit of 88.5 km/h (55 mph).

The TTI ABC mode adjusted the Cooper encroachment
data by assuming that approximately 60% of all observed
encroachments were uncontrolled. This adjustment is based
onthe 1:1.7 controlled-to-uncontrolled ratio found in astudy
of barrier impacts.* This ratio of 1:1.7 between controlled
and uncontrolled encroachmentsisthelowest estimate found
among several studies. For example, recall the results of the
encroachment study by Calcote et al.®, which suggested a
ratio of 1:500. The lowest reasonable value was chosen for
useinthe TTI ABC mode so that the analysis would be on
the conservative side. Lower ratios between controlled and
uncontrolled encroachments lead to higher predicted crash
rates and hence a more conservative analysis.

The ABC model modifies the base encroachment rate for
horizontal curvature and vertical grade using adjustment fac-
tors developed from the Wright and Robertson study of 300
fatal, single-vehicle crashesin Georgia.® The adjustment fac-
tors were incorporated as step functions as shown in Table 5.

Thedistributions of lateral extent of encroachment are also
based on the Cooper encroachment data, which suffers from
the same problems as the Hutchinson and Kennedy data (in
terms of under-reporting of encroachments that remained
within or just went beyond the paved shoulder areas because
tire tracks would be difficult to detect on paved surfaces).
The TTI ABC modd adjusts for the effects of paved shoulders
on encroachment frequency and lateral extent of encroach-
ment distributions by fitting the Cooper lateral extent of
encroachment datato the curve form developed in the Skeels
study.*

Another important feature of the TTI ABC model is the
incorporation of ahazard imaging system that analyzes mul-
tiple hazards simultaneously. Asshown in Figure 6, the road-
side is divided into several impact regions that define the
order of impact with multiple hazards. In this way, the prob-
ability that a vehicle going around the end of a barrier or
going through or over abarrier to impact the hazard shielded
by the barrier is accounted for. It is assumed that, if a vehi-
cle penetrates a barrier or a breakaway object, the vehicle
will continue on its straight line path without any change to
its course or heading. Again, the assumption was necessi-
tated by limitations of the hazard imaging technique and the
lack of available data.

The TTI ABC model was designed to consider four vehi-
cle types and an array of speed and angle distributions cre-
ated from reconstructed crash data.* The hazard images
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TABLE5 ABC encroachment frequency modifiers

Encroachment Location with Respect to Curve

Figure6. Multiple hazard envel opes.?*
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Downgrade <2% Downgrade >2% Downgrade <2% Downgrade >2%
0.0-3.0 1.000 0.800 1.000 0.800
3.1-6.0 1.240 0.960 2.760 1.656
>6.0 1.984 5.200 4.416 7.800
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shown in Figure 6 are a function of both vehicle size and
encroachment or impact angle. Incorporating multiple vehi-
cletypesand speed and angle combinations also allowed the
TTI ABC model to estimate the distribution of crash out-
comes. For example, the performance of alongitudinal bar-
rier isgreatly affected by the vehicle size, impact speed, and
impact angle.

The performance of safety hardware and impact severities
are then linked to impact conditions in a two-step process.
First, the impact conditions are compared with measures of
the hardware’ s performance limit to determine if the system
would perform asintended. For longitudinal barriers, perfor-
mance limits were generally defined in terms of redirection
or penetration. The TTI ABC model used Impact Severity
(IS) as the primary measure of a barrier’s performance or
containment limit. The |Sisameasure of the vehicle skinetic
energy associated with the lateral component of velocity as
shown in Equation 5:

IS=% 0Om(V OsinB)? (5)

where
IS = Impact Severity (N-m)
m= Vehicle mass (kg)
V = Impact speed (m/s)
0 = Impact angle
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When the IS value for a given set of impact conditionsis at
or below the capacity or performance limit of the barrier, the
impacting vehicle is considered to be successfully redirected.
The program would then proceed to estimate the severity asso-
ciated with the redirective impact. The impact severity is
expressed in terms of the severity index (SI) as a function of
vehicle size, impact speed, and impact angle. Figure 7 shows
the relationships between S| and impact speed for five differ-
ent impact angles for a full-size automobile impacting a lon-
gitudinal barrier. A linear relationship is assumed between Sl
and impact speed.

When the IS values for a given set of impact conditions
exceed the capacity or performance limit of the barrier, the
impacting vehicle is considered to have penetrated the bar-
rier and aminimum severity, termed the penetration severity,
is assigned to the penetration event. The penetration severity
reflects the average severity for vehicles penetrating through
barriers without impacting the hazards beyond. The model
then checks for subsequent impact(s) with another hazard.
The severity of the subsequent impact(s) is compared with
the penetration severity and the higher (or highest) severity
is assigned as the impact severity for that crash.

Asdescribed above, the distributions of impact speedsand
angles were an important component of the crash severity
prediction process for the TTI ABC program. The program
incorporated impact speeds and angle distributions devel-
oped by Mak using data from reconstructed ran-off-road

9 Impact Angle

35

8 //’4
7 45

Severity Index
[4)] [}
X\

2 15 D///“
1 5
0

0 10 20 30 40 50 60

Impact Speed (mph)

Figure7. TTI ABC impact severity model for longitudinal barriers.2*
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crashes.?* By using real-world crash conditions, the TTI
ABC model obtained the best possible estimate of impact
conditions, provided the data are representative of all crashes
and incorporate a wide range of crash types and location.

Unfortunately, there are some limitations to the crash data
used for estimating impact conditions. The data were col-
lected from studies of utility pole and bridge rail crashes.
Given that the crashes were sampled from crashes reported
by police, unreported crashes were not accounted for (how-
ever, it is reasonable to assume that the severities of unre-
ported crashes aretypically low). Further, because both bridge
railsand utility polestend to belocated closeto the edge of the
travelway, the crash data may not be representative of crashes
with lateral offsets of more than 7.5 m. These factors should
have the effect of overestimating the impact severities (how-
ever, given that the unreported crash rate for utility polesis
believed to be low and there did not appear to be significant
variations in impact speeds for differing lateral offsets, the
magnitude of this overestimation may not be too grest).

Although a significant improvement, the TTI ABC model
has a few drawbacks that limit its acceptance. The single
biggest problem is the lack of a user-friendly interface. The
input files contain large amounts of datathat must be entered
inthe correct fieldswith the proper format. Creating theinput
files can be a difficult and time-consuming process, and few
users were willing to invest the large amount of time neces-
sary to learn and use the required input procedures. The pro-
gram was not well documented, which further increased the
effort required to learn the program’ s operation.

2.1.7 Benefit/Cost Analysis Program (BCAP)

The FHWA modified the TTI ABC model in 1988 to cre-
ate the Benefit/Cost Analysis Program (BCAP).»2 BCAP
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attempted to add featuresto the crash prediction and severity
estimation procedure and incorporate a user interface that
would the make the program easier to use. Unfortunately,
some of the added features to the crash and severity predic-
tionroutinesrelied heavily on engineering judgment and were
not well received. Nevertheless, BCAP was used to generate
the performance level selection guidelines contained in the
1989 AASHTO Guide Specifications for Bridge Railings.?

The BCAP model used a completely different encroach-
ment probability distribution than previous methods. The
BCAP model incorporated abase encroachment rate of 0.0003
encroachments per km per year per average daily traffic
(ADT), which in turn assumes that encroachment frequency
is directly proportiona to traffic volume. As shown in Fig-
ure 8, the encroachment frequencies used by the BCAP model
were considerably higher than those found by Hutchinson and
Kennedy? or Cooper®. Furthermore, the linear relationship
between encroachment rate and traffic volume assumed by
the BCAP model contradicted the findings from these two
encroachment studies. Although not well documented in the
BCAP report, this higher encroachment rate appears to be
based on reported crash rates for longitudinal barriers that
have been adjusted upward to account for unreported crashes.
It is believed that the encroachment rates used by the BCAP
model aretoo high.

Like the TTI ABC model, the BCAP model also adjusts
the base encroachment rates to account for the effects of hor-
izontal curves and vertical grades, using the results from the
Wright and Robertson study.®* However, as shown in Figure
9, instead of using step functions, linear functionsare used in
between the data points.

Also, in developing the 1989 AASHTO Guide Specifica-
tions for Bridge Railings,? the encroachment frequency was
adjusted for increasing water depth below abridge. The intent

Encroachment Rate (encr/kmiyr)

Hutchinson & Kennedy

Cooper, Divided

Cooper, Undivided

5000 10000

15000 20000 25000

Average Daily Traffic

Figure8. BCAP encroachment frequency compared with Cooper ¥

and Hutchinson and Kennedy.®
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Figure9. BCAP encroachment frequency adjustment
factors.®

of this adjustment factor was to increase the frequency of
bridgerail penetrations and rollovers, thereby increasing the
total crash costs. Unfortunately, increasing encroachment
rates also increases the frequency of al types of crashes, not
just barrier penetration crashes, and was shown to have dis-
torted the results of the overall cost-effectiveness analysis.
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BCAP made severa significant changes to how the distrib-
utions of encroachment conditions were estimated. | nstead
of using real-world crash data as does the TTI ABC moddl,
BCAP usesahypothetical speed distribution, asshownin Fig-
ure 10. Thisencroachment speed distribution, based largely on
engineering judgment, is related to the design speed of the
highway and then segmented into 10 cells. The area of each
cell, divided by the total areaof all cells, isthe probability of
occurrence of the mid-point speed of that cell. The average
and maximum encroachment velacities using this speed dis-
tribution for the five different design speeds are shown in
Table 6.

To estimate impact speed, BCAP assumes a constant decel-
eration rate of 0.4 g'sto account for the reduction in vehicle
velocity asit traveled farther from the roadway.

Distributions of encroachment angles, showninFigure 11,
were also estimated based mainly on engineering judgment.
BCAP uses a point-mass model to generate a link between
impact speed and angle distributions. Asshownin Figure 12,
the point-mass model is used to determine the maximum
encroachment angle that can be attained for a given roadside
offset for any combination of vehicle size and speed. The
impact angle distribution isthen adjusted for that vehicleand
speed combination by uniformly redistributing all of the area
above the limiting angle as shown in Figure 11.

BCAP has some serious limitations. Encroachment angle
distributionsfrom crash data have been found to have amuch
more different shape than the assumed distribution shownin
this Figure 11.>* Furthermore, maximum encroachment
angles are based on the assumption that vehicles areinitially
traveling in their lanes and then steered rapidly toward the
roadside. This does not account for situationsin which the
vehicles are steered first in one direction and then over-
corrected in the opposite direction. Consequently, impact
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Figure 10. BCAP encroachment speed distribution.
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TABLE 6 BCAP encroachment speed distribution

Design Speed Average
(kmvh) Encroachment Speed (km/h)
48 374
64 47.4
80 57.1
96 66.9
112 76.6

Maximum
Encroachment Speed (km/h)
64.5
78.9
93.3
107.7
122.1

ool—

PDF

PDF

Figure1l. BCAP encroachment angle distribution.
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R.=V./gf,= S, (1-cosB,)
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= Maximum encroachment angle
V. = Encroachment Speed = Initial speed of vehicle
S, = Vehicle offset from edge of pavement
f.. = Maximum available friction coefficient
R, = Minimum radius of curvature

g = Acceleration of gravity

Figure 12. Point-mass cornering model.

angledistributionsfrom real-world crash data are much higher
than those estimated using the point-mass model. These fac-
tors are believed to be the primary reasons that impact speed
and angle distributions generated by BCAP do not correlate
well with real-world crash data. Because impact conditions
have an important effect on both the predicted performance
of safety hardware and impact severities, these problems are
viewed as major limitations of BCAP.

BCAP greatly improved procedures for predicting the
outcome of crashes involving impacts with roadside safety
hardware. The program incorporates algorithms that predict
vehiclesrolling over the barrier and rolling over in front of
the barrier. Also, the number of options for estimating hard-
ware capacity was significantly increased. Another impor-
tant improvement involved expanding the vehicle mix to 13
vehicletypes: 4 sizes of automobiles, 3 sizes of light trucks,
3 single-unit trucks, and 3 combination trucks.

Crash severity estimation procedures were also revised
in BCAP. The program retains the speed and angle rela-
tionship to Sl used in the TTI ABC model and adds several
others, including speed loss (for breakaway objects) and
kinetic energy. These added features allow users to select
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the type of model they want to use, but increases the input
data requirements.

BCAP has a user-friendly interface, known as BCAP's
Data Input Manager (BDIM), but this interface turned out to
be problematic. Data has to be entered correctly the first
time—There is no allowance to edit any previously entered
input without starting the process all over again. Also, the
interface has atendency to “hang” unexpectedly if incorrect
dataare entered, resulting inloss of al input data. BCAP has
not been widely accepted because of the problems with the
BDIM and the massive amount of input data required.

2.1.8 ROADSIDE Program

In an effort to provide a simplified benefit/cost analysis
program that could gain wider acceptance by practicing engi-
neers, FHWA developed agreatly simplified version of BCAP
with far fewer datainput requirements, known asthe ROAD-
SIDE program.?® Documentation for the ROADSIDE pro-
gram isincluded as Appendix A of the AASHTO Roadside
Design Guide.! The ROADSIDE program essentially uses
the same procedures as BCAP, but with some important and
limiting differences; these differences are described below.

In order to reduce the program running time, the arrays
of vehicle sizes, impact speeds, and impact angle distribu-
tions used by BCAP were reduced to asingle vehicle, speed,
and angle combination. The encroachment angle used in the
ROADSIDE program is the average angle calculated using
the point-mass model for a given speed. Also dropped were
the provisions for multiple impacts and multiple hazards.
These changes eliminate the computationally intensive haz-
ard imaging system and force the program to analyze only
one hazard at atime. As aresult, the ROADSIDE program
cannot consider the effect of one hazard, such as alongitudi-
nal barrier, shielding traffic from another hazard. I nstead, the
ROADSIDE program assumesthat vehicles cannot penetrate
or travel behind abarrier toimpact another hazard and, there-
fore, al longitudinal barrier configurations are 100% effec-
tive. Further, when several hazards are located on the road-
side, the program must be run multiple times for each safety
treatment aternative.

Because of the single speed and angle combination incor-
porated into the ROADSIDE program, it isno longer possible
to use the crash severity estimation agorithms from the TTI
ABC or the BCAP models, where severity is estimated as a
function of impact speed and angle. The ROADSIDE pro-
gram, therefore, revertsto an average severity for al impacts
on ahazard. The origina version of the ROADSIDE program
provided a very incomplete list of roadside objects.* The list
of roadside objects has since been expanded exhaustively in
the latest edition of the Roadside Design Guide! with esti-
mates of Sls for various object types, impact points on the
object, and design speeds. Although most of these severities
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appear to be reasonable, they were based largely on engineer-
ing judgment, with only modest objective basis. As aresullt,
a high degree of uncertainty still exists regarding the appro-
priate severity indices used in the model. When compared
with severities of real-world crash data, many of these Sls
still appear to be too high. Furthermore, the new Sl list has
someinconsistencies and eccentricities, such aslisting sever-
ities for corner impacts on round objects.

The documentation for the ROADSIDE program also
includes several other features, such as adjustment to the lat-
eral extent of encroachment to account for the effects of
sideslopesand sloperounding. These provisionsare based on
an assumed point-mass trajectory for vehicles traversing a
slope break point and alinear approximation to the effects of
dopes on a driver’s ability to steer back toward the travel-
way. These procedures have not been adequately validated
and are not included in the program itself. The users are
required to perform manual cal culationsfor these adjustments.
Because the ROADSIDE program often requires many runs
to fully analyze asingle safety treatment alternative, the addi-
tiona hand calculations for each run make the use of these
adjustments agreat burden for most practicing engineers. As
aresult, most users do not incorporate these additional fea-
tures when using the program.

2.2 CRASH DATA BASED MODELS

Crash databased procedures use statistical models, typically
regression models, developed from analysis of police-level
crash datato predict crash frequencies and severity. The crash
data based approach has one important advantage over the
encroachment probability based approach in that actua crash
dataare used. The crash data based proceduresfall into one of
two general categories: site specific and feature specific. Site-
specific analysisinvolves using the crash history for a specific
siteto estimate the expected number and severity of crashes
at that site in the future. Feature-specific crash data studies
involveanalyzing large databases of crashesinvolving thefea
ture under consideration. Both of these techniques have some
advantages and disadvantages as described below.

As mentioned above, site-specific techniques use the crash
history at a specific Site to predict future crash occurrences.
This is the most common method for evaluating the benefits
and costs of implementing safety improvements at high crash
locations. Use of such site-specific techniquesinvolvesidenti-
fying all crashes that occur at a given site and then devising a
plan to mitigate the situation. The benefits of the proposed
safety improvement are estimated by multiplying the number
of historical crashes by an accident reduction factor to account
for the reduction in crash frequency or severity associated
with that particular improvement. For example, installing a
guardrail to shield bridge pierswould be expected to increase
the crash frequency, but decrease the crash severity. The acci-
dent reduction factor for installing a guardrail to shield the
bridge piers would be calculated as the proportional change

incrash costsfor crashesinvolving thebridge pier in the before
period and crashesinvolving the guardrail and the bridge pier
in the after period. Accident reduction factors are typically
developed for awide variety of safety improvementsand are
calculated on a statewide basis from before-and-after studies
of roadside improvement projects.

One problem with this accident reduction factor approach
isthat before-and-after studies are subject to the regression-
to-the-mean phenomenon. Regression to the mean describes
asituation wherein crash rates are artificially high during the
before period of the study due, in large part, to random vari-
ations. The crash rates would have been reduced to a lower
level (i.e., the mean or average) even if nothing was done to
the site. Thus, if a safety improvement isimplemented and a
lower crash rateisfound during the after period of the study,
the reduction in crash rates may or may not result from the
safety improvement. Thus, accident reduction factors devel-
oped from before-and-after studies may overestimate the
actual effect of the safety improvement. This regression-to-
the-mean phenomenon can be properly evaluated by using
control sitesto determine what portion of the crash reduction
results from the safety improvement.

Site-specific crash data analysis, when properly conducted,
is a good approach for evaluating safety improvements at
sites where crash records are available in significant quanti-
ties; however, thereis generally little or no crash history at a
site with which to evaluate the potential merits of implement-
ing a safety improvement. For example, the average crash
rate for arural two-lane highway is less than one crash per
km per year. With such asmall number of crashesat agiven
site, it would be most difficult to assess the benefits of imple-
menting a safety improvement properly. Thus, site-specific
crash data analysis procedures are recommended only when
significant crash data are available.

Feature-specific crash analysis involves using large crash
databases to predict crash frequency and severity for a spe-
cific roadside feature under consideration. The best example
of this type of analysisis a study of utility pole crashes by
Zegeer and Parker.” This study involved collecting police-
reported crash dataand exposure dataon utility poles, aswell
as some roadway geometric and traffic data along many sec-
tions of highway. A regression model was then developed
relating utility pole crash frequencies to various traffic and
roadside parameters, including traffic volume, pole offset,
and pole spacing.

The primary advantage of this approach isthat it relies on
historical crash datato predict crashes. The approachisrela
tively smpleand intuitively appealing; however, thisapproach
hasmajor limitations. First, police-level crash dataare some-
what unreliable because of the extent of unreported crashes
(i.e., crashes that are not reported to law enforcement agen-
cies for whatever reasons). In terms of severity, it is reason-
able to assume that the severity of unreported crashesis gen-
erally very low and of minor consequences to the severity
estimation. On the other hand, unreported crashes also mean



that it is virtually impossible to use crash prediction algo-
rithms from one roadside feature to predict crash frequency
for another feature. Some roadside features, such as break-
away sign and luminaire supports, have avery highincidence
of unreported crashes while other hazards, such as utility
poles, have arelatively low rate of unreported crashes. Asa
result, crash prediction agorithms must be devel oped sepa-
rately for each roadside hazard or feature type, which is cost
prohibitive and greatly complicates the process of developing
the general crash prediction routines necessary for a benefit/
cost analysis model for use in evaluating roadside safety
improvements.

Other problems associated with police-level crash data
include inaccurate and improper coding by the reporting
officers, incorrect use of nomenclature, lack of detail onthe
reported variables, and inaccurate location coding of crashes.

The extremevariability in crash rates and thelarge numbers
of highway variables that could affect ran-off-road crash fre-
guencies also present major problems when devel oping crash
prediction algorithms. Ran-off-road crash rates are affected by
numerous factors (e.g., driver demographics, drinking estab-
lishment | ocations, and the economic vitdity of thelocal econ-
omy), many of which are unrelated to roadway, roadside, and
traffic conditions, and cannot be properly considered inacrash
data regression analysis. As aresult, even the best crash data
based prediction models can seldom account for more than
50% of the variationsin crash frequencies or rates based on
roadway, roadside, and traffic variables. Exposure, or the
opportunitiesfor a crash to occur, typically accounts for most
of thiscorrelation obtained in the regressions equations. When
theeffect of exposureistaken into account, such asusing crash
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rate (i.e., crashes per million vehicle miles of travel) as the
dependent variable, the resulting prediction models generally
explain less than 25% of the observed variations.

Further, the number of roadway, roadside, and traffic vari-
ables found in regression models to have a significant effect
on crash frequency or rate are typically very small (e.g., 5 or
less), and most of these variablesare exposurerelated. Beyond
this handful of significant variables, the other variableswould
have very little effect on crash frequency or rate and are sta-
tistically insignificant. Variables of interest are often forced
into the regression equations, even though they are not signif-
icant, in order to beincluded in the model. For example, inthe
Zegeer and Parker study to develop procedures for predicting
utility pole crash frequency, the researchers found that only
traffic volume, pole density, and pole offset had any signifi-
cant effect on utility pole crash frequency.” All of these vari-
ablesareclosely related to exposure. Traffic volumeand pole
density arethetwo variablesthat control the number of times
that avehicle passes by a utility pole and has the opportunity
for a crash. Pole offset can also be considered an exposure
factor because it strongly affects the chances that an errant
vehiclewill encroach far enough onto the roadside to cause
acrash.

The computer program UPACE was developed on the
basis of this crash prediction model to help engineers deter-
minewhen utility pole countermeasures should betaken. The
program has gained some distribution, but has not been widely
implemented. The specificity of the program has tended to
limit its usefulness. Most highway engineers do not encounter
autility pole safety analysiswith enough regularity to develop
awidespread interest in this code.
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CHAPTER 3
PROGRAM OVERVIEW

An overview of the cost-effectiveness analysis procedure
incorporated into RSAP is presented in this chapter. More
detailed descriptions of the major components of the proce-
dure are presented in Chapters 4 through 8.

3.1 GENERAL FORMULATION

The cost-effectiveness procedure incorporated into RSAP
is based on the concept of incremental benefit/cost (B/C)
ratio, similar to that used in the cost-effectiveness procedures
described in Chapter 2. The genera formulation for the incre-
mental B/C ratio is asfollows:

B/C Ratio, , = % ©6)

where

B/C Ratio,_; =Incremental B/C ratio of Alternative 2 to
Alternative 1
CC,, CC, = Annualized crash cost for Alternatives 1
and 2
DC,, DC, = Annualized direct cost for Alternatives 1
and 2

The basic concept is that public funds should be invested
only in projects where the expected benefits would exceed
the expected direct costs of the project. Benefitsare measured
in terms of reductionsin crash or societal costs as aresult of
decreases in the number or severity of crashes. Direct high-
waly agency costscomprise of initial installation, maintenance,
and repair costs for the safety treatment.

The incremental B/C ratio, as shown in the equation above,
istheratio of the benefit (i.e., reduction in crash costs) to the
increase in direct costs between the aternatives. The direct
cost for Alternative 2 is assumed to be higher than that for
Alternative 1, thusthe differenceis calculated as (DC, — DC,)
to ensure that the denominator is always positive.

The cost-effectiveness procedure incorporated in RSAPis
based on the encroachment probability model, which is built
on aseries of conditional probabilities. The general formula-
tion for the encroachment probability model is as follows:

E(C) =V OP(E) OP(C|E) OP(1|C) OC(1) @

where

E(C) = Estimated crash cost
V = Traffic volume
P(E) = Probahility of encroachment (encroachment rate)
P(C| E) = Probahility of crash given encroachment
P(I|C) = Probahility of injury given crash
C(l) = Cost of injury

There are four basic modules associated with the cost-
effectiveness procedure:

* The Encroachment Module,

* The Crash Prediction Module,

* The Severity Prediction Module, and
* The Benefit/Cost Analysis Maodule.

Brief overviews of these four modules are presented in the
following sections.

3.1.1 Encroachment Module

The encroachment modul e uses roadway and traffic infor-
mation to estimate the expected encroachment frequency,
V OP(E), dong a highway segment. A two-step process is
used to estimate encroachment frequencies. The first step
involves estimating a base or average encroachment rate
(based on highway type), and then muiltiplying the encroach-
ment rate with the traffic volume to estimate encroachment
frequency.

Thetwo available sources of encroachment dataresult from
studies by Hutchinson and Kennedy? in the mid 1960s and
Cooper ® in the late 1970s. Both studies involved observation
of tire tracks in the medians or on roadsides. The Cooper
encroachment data were selected for use in RSAP for the
encroachment rate-traffic volume relationships. The Cooper
data are more recent, constitute alarger sample size, and are
believed to be of better quality than the Hutchinson and
Kennedy data.

The next step is to adjust the base encroachment frequen-
ciesto account for specific highway characteristicsthat affect
the encroachment rates. For example, previous studies found
that vehicle encroachments are more likely on the outside of
horizontal curves and the encroachment rate should thus be



increased to account for the presence and the degree of cur-
vature. The encroachment module then combines the base
encroachment frequencies and adjustment factors to deter-
mine encroachment frequencies for the highway segments
under study. The adjustment factors used in RSAP include
horizontal curvature and vertical grade, traffic growth factor,
and a user-defined adjustment factor.

Detailed descriptions of the encroachment module are pre-
sented in Chapter 5.

3.1.2 Crash Prediction Module

Given an encroachment, the crash prediction module then
assessesif the encroachment would result in acrash, P(C| E).
The first step is to determine the path of the encroaching
vehicle. The vehicle path, sometimes called the impact enve-
lope or hazard image, isafunction of the encroachment angle,
vehicle size, and the vehicle orientation (i.e., yaw angle). A
straight path with no steering or braking is assumed in the
current version of RSAP because (1) thereis no information
available on driver inputs subsequent to encroachment, and
(2) this assumption simplifies the formulation and calcula-
tions. However, RSAP can be easily modified to take into
account steering and braking when data become availablein
the future.

The vehicle path is then checked against the locations or
coordinates of the roadside features to determine if one or
more roadside features are in the path of the vehicle. If no fea
tures are in the path of the vehicle, the encroachment would
not resultin acrash. If one or moreroadside festuresarein the
path of the vehicle, a crash is predicted to occur. To account
for the possibility that the vehicle may return to the travel-
way or come to a stop before reaching the roadside feature,
the resulting crash cost is multiplied by the probability that
the vehiclewould encroach far enough laterally toimpact the
roadside feature.

If the encroachment is predicted to result in a crash, the
impact conditions (i.e., speed, angle, and vehicle orientation)
will then be estimated. Impact speed isincluded in the crash
prediction module primarily as input for severity estimation
in the severity prediction module. Also, under the straight-
line vehicle path assumption, the angle and vehicle orienta-
tion at encroachment are assumed to be the same asthe angle
and vehicle orientation at impact.

For each predicted impact with a roadside safety device
(e.g., guardrail or crash cushion), the program will check for
penetration of the feature and subsequent impacts. If the
impact conditions are beyond the performance limit of the
safety device, penetration of the device is assumed to result.
For example, penetration of alongitudinal barrier is predicted
if the impact severity isgreater than the structural capacity of
the barrier. For breakaway support structures, the perfor-
mance limit would be the force or energy level required to
activate the breakaway mechanism. Oncetheforce or energy
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level isreached, the support structure would be considered to
have broken away and the vehicle would be alowed to pro-
ceed behind the support.

If penetration of the feature is predicted, the program will
adjust the speed of the vehicle and then check the vehicle path
against other roadside features for subsequent impacts. This
process will be repeated until no penetration ispredicted (i.e.,
the vehicle comes to a stop or there are no more roadside
features in the path of the vehicle). In the case of multiple
impacts, the severity for the most severeimpact will be used.

For impacts with longitudinal barriers, the program also
checks for vehicle stability in terms of the impacting vehicle
rolling over the barrier or in front of the barrier on the traffic
side. Asmay be expected, the severity of animpact involving
alongitudinal barrier ismuch higher if the vehiclerolls over.

Detailed descriptions of the crash prediction module are
presented in Chapter 6.

3.1.3 Severity Prediction Module

For each crash predicted, the severity of the crash, P(1|C),
is estimated in the severity prediction module. A traditional
severity index (SI) approach is incorporated into RSAP for
severity estimation, similar to that used in the ROADSIDE
program. Severity index/impact speed relationships are devel -
oped for each roadside feature or hazard, (i.e., severity esti-
mation is afunction of the impact speed).

A more sophisticated methodology for estimating severity
of impacts, termed the probability of injury (POI) approach,
was devel oped as part of the NCHRP 22-9(2) study. The POI
approach establishes crash severity based on police-reported
crash data. In comparison, the Sl approach is based on sub-
jective judgment using an ordinal scale of 0to 10, whichin
turn represents a fixed scale of percentages of fatal, injury,
and PDO crashes. The POI approach also takes into account
the type of roadside object or feature, vehicle type, and
impact conditions (i.e., speed, angle, and vehicle orienta-
tion) in the estimation of impact severity. Unfortunately, the
effort required to establish the severity estimates using the
POI approach was much greater than allowed by the available
funding; therefore, the Sl approach was eventually adopted
for use with the current version of RSAP; however, devel op-
ment of the POI approach is continuing under NCHRP Proj-
ect 22-12, “Guidelines for the Selection, Installation, and
Maintenance of Highway Safety Features.” "

Detailed descriptions of the severity prediction module are
presented in Chapter 7.

3.1.4 Bengefit/Cost Analysis Module

The severity estimate of the crash is converted to crash cost
using accident cost figures. The two most commonly used
accident cost figures are (1) those contained in the AASHTO
Roadside Design Guide and (2) the FHWA comprehensive
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cost figures based on the willingness-to-pay concept. RSAP
offers users the choice of which set of accident cost figures
to use. In addition, users may input customized accident cost
values to suit their particular needs.

For each aternative, the average annual crash cost is calcu-
lated by summing the crash costs for al the predicted crashes
and then normalized to an annua basis. Thedirect costs, which
include the costs for initial installation, normal maintenance,
and repair of damages from crashes, are also normalized to an
annua basisusing the project life and the discount rate. A zero
(0) salvage value is assumed for al projects because the sal-
vage valuetypically isinsignificant when compared with the
other direct cost itemsand haslittle or no effect on the analy-
sisresults.

The installation and maintenance costs are user-defined
inputs. The cost of repairing roadside safety hardwareis esti-
mated by correlating repair costs with impact energy terms.
For example, results from full-scale crash testing and com-
puter simulations can be used to determine the relationship
between impact energy terms and length of guardrail dam-
age. The unit repair cost for a standard guardrail isfirst esti-
mated. The total repair cost is then the product of the length
of damaged rail and the unit cost for repair. Procedures for
estimating the extent of hardware damage are developed for
each longitudinal barrier design, as well as most common
crash cushions, barrier terminals, and other roadside safety
devices.

After the total crash and direct costs are determined for
each alternative, the incremental B/C ratios between each
pair of safety aternatives are then calculated using Equation
6 shown previously. Computation of the incremental B/C
ratiosis very straightforward once the benefits and costs are
determined.

Detailed descriptions of the benefit/cost analysis module
are presented in Chapter 8.

3.2 STOCHASTIC SOLUTION METHOD

One of the most significant improvements made to the cost-
effectiveness analysis procedure in RSAP is perhaps the
incorporation of astochastic solution method using the Monte
Carlo simulation technique. Vehicle encroachments are sim-
ulated one at atime to (1) determine if a crash would occur
and the resulting severity and (2) calculate the associated
crash costs. A stochastic solution method providesarelatively
easy means of updating or modifying the procedure to incor-
porate important new or improved data or algorithms (e.g.,
curved vehicle trajectories) whenever they become available,
which is one of the objectives of NCHRP Project 22-9(2).

All previous cost-effectiveness analysis procedures are
deterministic models (i.e., the procedure uses a fixed set of
algorithmsto calculate the solution). A deterministic model
renders the procedure difficult to update when new and
improved data or algorithms become available. In most

instances, the entire procedure and program will have to be
rewritten to incorporate the updated or new features.

To illustrate the differences between stochastic and deter-
ministic procedures, and where these differences are impor-
tant, consider a simple example of coin tosses. Tossing acoin
hastwo possible outcomes: “ heads’ or “tails.” Assumethat the
result of heads has avalue of 1 and tails avalue of zero. The
ultimate goal is to determine the average value of a coin toss.

There are two ways to determine the average value of an
individual cointoss. Thefirst and the easiest solution isadeter-
ministic approach. This procedure involves first identifying
the probability of each possible occurrence. For an unbiased
coin, the probability of coming up either heads or tailsis 0.5.
Theaveragevalue of acointossisthen cal culated by summing
the product of the probability of occurrence and the associated
valuefor all possible outcomes. Inthisexample of an unbiased
coin, the average valueis[(0.5 x 1) + (0.5 x 0)], or 0.5.

The second approach isto use a stochastic solution, which
involvestaking a number of samples (say, 1,000 coin tosses)
and counting the actual results. For example, assume the
results of 1,000 coin tosses (of an unbiased coin) were 583
heads and 417 tails. Also, assume that the value of headsis 1
and the value of tailsis 0, the total value of all 1,000 tosses
would be [(583 x 1) + (417 x 0)], or 583. Dividing this value
by the number of tosses yields an average value of 0.583.
Obvioudly, thisisnot the correct solution. However, if enough
tosseswere made, the average value would approach (or con-
verge to) 0.5. In other words, if the sample size were large
enough, the stochastic solution would approach the value of
the deterministic solution.

The stochastic solution will not necessarily arrive at exactly
the same answer every time. In other words, if 1,000 coin
tosses are made twice, the answers may or may not be exactly
the same. Also, the solution may not provide the exact answer
(i.e., an average vaue of 0.5), unlessthe number of heads and
tails happened to have occurred the same number of times
when a convergence check was made. However, increasing
the number of samples and tightening the convergence criteria
can increase the accuracy of the solution to the desired level.

It may appear from this simple example that the stochas-
tic solution creates morework while arriving at asomewhat
less accurate answer. This assessment may even hold true
to some extent for the current version of RSAP. However,
the stochastic solution is a better choice in the long run
because it provides the needed flexibility for future update
and refinement of the procedure. (A discussion of the advan-
tages and limitations of the stochastic approach is presented
in Section 3.2.1.) Furthermore, the deterministic approach
of summing all the probabilitiesis not as ssmple as might be
expected initially. The summation procedure requires that
crash probabilities be summed over al impact speeds, impact
angles, vehicle orientation, vehicle types, and all hazard
image surfaces, or fragments thereof. When reasonable array
sizes are used, more than 5 million crash probabilities must
be summed.



As a result of the stochastic solution method, the logic
incorporated into RSAP is somewhat different than the other
encroachment probability based models. The Monte Carlo
technique simulates one encroachment at atime. The condi-
tions associated with each encroachment, including speed,
angle, vehicle type, vehicle orientation, and encroachment
location, are randomly generated from built-in distributions
of encroachment scenarios for these parameters. The pro-
gram then determines if an encroaching vehicle's path will
lead to an impact with aroadside feature. If animpact ispre-
dicted, thetype and severity of impact isidentified, and crash
costs, including societal and highway agency costs, are esti-
mated. The probability that the vehiclewill stop or be steered
back toward the roadway before reaching a hazard is also
estimated, and the estimated crash costs are reduced accord-
ingly. Another encroachment event will then be randomly
generated, and the process will be repeated.

This process continues until a stable “average” encroach-
ment cost or convergence is reached. The average encroach-
ment cost ismultiplied by theencroachment frequency for each
segment of highway to determine the average annual crash
costsfor each segment and then summed over al the segments.
The entire process is repeated for each of the safety improve-
ment alternatives under consideration. The resulting annual
crash costs and direct costsfor the alternatives are then used to
calculate the incrementa B/C ratios among the alternatives.

3.2.1 Advantages of Stochastic Solution
Method

The stochastic solution method has severa advantagesover
the deterministic models, including the following:

* Modular design. TheMonte Carlo techniqueallowsfor
amodular design so that additions and revisions to the
model can be made without major structural changesto
the program. Previous procedures required major pro-
gramming changes when any substantial changes were
made to incorporate additional encroachment parame-
ters. This use of amodular design greatly enhances the
capability and flexibility of the program.

» Updates and revisions. In addition to the flexibility
offered by the modular design, the stochastic approach of
simulating one encroachment at a time allows the proce-
dure to handle many of the needed updates and revisions
to the program in the future when data become available
(e.g., curvilinear vehicle path and incorporation of vehi-
cle orientation into the severity estimate). For example,
one of the major weaknesses with the current procedure
is the assumption of a straight vehicle path. The Monte
Carlo simulation technique workswith encroaching vehi-
clesin arepetitive series of eventsthat arerdatively sim-
ple to code and can be easily adapted to include curvi-
linear vehicle paths. Previous techniques rely on the
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calculation of an “impact envelope” for each possible
combination of vehicle size and angle of encroachment,
based on the assumption that all vehiclesfollow astraight
path after leaving the travelway. Development of asimi-
lar “impact envelope” for most scenariosinvolving curvi-
linear vehicle pathsis extremely difficult.

» Vehicle orientation. Non-tracking encroachments (i.e.,
where the rear wheels of the encroaching vehicle do not
follow the front wheels) constitute approximately one-
half of all real-world crashes, and vehicle orientation has
been shown to have an important effect on crash sever-
ity for some safety devices such asterminals, crash cush-
ions, and breakaway structures. The Monte Carlo sim-
ulation technique allows for addition of non-tracking
impacts to the analysis; such additions would be diffi-
cult to incorporate with the deterministic approach. The
vehicle orientation is currently used only in the deter-
mination of the vehicle path and not in the estimation of
impact severity because the severity index approach is
used with the current version of RSAP. Nevertheless,
the vehicle orientation will be needed when a more
sophisticated severity prediction model (e.g., the POI
approach) isfor estimating impact severity.

» Versatility. The stochastic approach alows for analysis
of both sides of aroadway, and both directions of travel,
simultaneoudly. Thisfeature eliminates the need for mul-
tiple runs in complex situations on a two-way roadway,
thereby eliminating the difference in computational costs
between the two procedures for these situations.

3.2.2 Limitations of Stochastic Solution Method

Although the stochastic solution has many advantages, it
also has some limitations as follows:

» Computational time. Although coding requirementsfor
the Monte Carlo simulation technique are less than those
for a deterministic model, the computational require-
ments for this technique were found to be higher because
of itshighly repetitive nature. Given the rapid advances
inthe computing capability and speed of computers, this
limitation will be of less concern with the newer gener-
ations of computers.

+ Multiple solutions. Because of the nature of the stochas-
tic process, the answers may vary from run to run within
a range as determined by the convergence criteria. In
other words, when the same applicationsis run multiple
times, some variations in crash costs and B/C ratios can
be expected. For the purpose of most evaluations, dight
variations in the answers should not pose any significant
problem. The variations are the result of random seed
numbers, which determine how the encroachments are
sampled as well as the associated encroachment charac-
teristics. Thus, using the same seed number could elim-
inate variations between runs of the same application.
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More discussions on the seed number and its effect on
the simulation results are presented in Chapter 4.

« Convergence. A stochastic solution must have a conver-
gence level tight enough to achieve an accurate solution,
but not so tight as to increase the processing time for the
program significantly. The tightness of the convergence
level is of particular importance to RSAP because of the
high crash costs associated with some extremely rare
crash scenarios (e.g., fatalities). The accuracy of the
Monte Carlo procedure is directly related to the sample
size or the number of simulation runs. RSAP currently
providesthreelevelsof convergence: low, medium, and
high, which correspond to variations of 10%, 5%, and
1%, respectively, between the simulated and actual dis-
tributions. The convergence criteriacan befurther tight-
ened to improve the accuracy of the results if deemed
necessary. Unfortunately, tightening the acceptablerange
for the convergence criteriawould increase the compu-
tational time significantly.

3.3 PROGRAM CAPABILITIES, ADVANTAGES,
AND LIMITATIONS

3.3.1 Program Capabilities

RSAP can handle evaluations of projectswith amaximum
of 20 different safety improvement alternatives; 20 consecu-
tive roadway segments for roadways of up to 16 lanes; and
1,000 roadside features. The program is capable of analyzing
hazards on either or both sides of the roadway aswell asin
the median for a divided roadway simultaneously.

Despite the considerable capabilities built into RSAP, itis
recommended that the formulation of the project for analysis
be kept as simple as possible. An overly complex formula
tion with alarge number of improvement alternatives, road-
way segments, and roadside features makes it very difficult
to check for errorsin theinput data or to review theresultsto
make sure that the answers are reasonable. The processing
time will also be excessively long.

3.3.2 Comparison with ROADSIDE Program

The ROADSIDE program, presented in the 1989 and 1996
versionsof the AASHTO Roadside Design Guide, is perhaps
the most commonly used cost-effectiveness analysis proce-
dure. RSAPisintended asareplacement for the ROADSIDE
program and provides some significant improvements. First,
RSAP provides a more user-friendly interface, rendering it
much easier to use than the ROADSIDE program. In addi-
tion, there are many technical improvements, as summarized
in Table 7 and discussed below.

The ROADSIDE program uses a constant encroachment
rate of 0.0003 encroachments per km per year per ADT. The
lateral extent of encroachment distribution is based on acon-

stant deceleration rate of 3.7 m/sec/sec (0.4 g) and a sine
curve density function for steer back. In comparison, RSAP
uses the Cooper encroachment data, which is considered to
be the best encroachment data currently available. Adjust-
ments were made to account for encroachments with 4 m or
less of lateral extent that might not have been detected dueto
presence of paved shoulders

The ROADSIDE program uses a hypothetical distribution
for encroachment speed based on design speed and an aver-
age encroachment angle based on the point-mass model. A
constant deceleration rate of 3.7 m/sec/sec (0.4 g) isassumed
for calculating the impact speed from the encroachment
speed. A straight path is assumed so that the impact angleis
the same as the encroachment angle. In comparison, RSAP
uses impact speed and angle distributions derived from real -
world crash data. A straight path with no braking is assumed
so that the encroachment speed and angle are the same asthe
impact speed and angle.

The ROADSIDE program uses only a single vehicle type
and an average encroachment angle for the hazard imaging
and vehicle orientation is not taken into account. The pro-
gram can handle only one hazard at a time and shielding of
one hazard by another is not taken into account. For multiple
hazards, each hazard hasto be analyzed individually and the
crash costs summed manually. In comparison, RSAP alows
for 12 vehicle types. Vehicle orientation isincorporated into
the program based on real-world crash data. Hazard imaging
isbased on size of the vehicle, encroachment angle, and vehi-
cle orientation. The program can handle multiple hazards with
algorithms to account for shielding of one hazard by another
and multiple impacts.

The ROADSIDE program uses an average S| with no
account for speed. RSAP estimates severity as afunction of
impact speed instead of an average value. These improve-
ments incorporated into RSAP provide better severity esti-
mates, which is perhaps the most critical element for estimat-
ing crash costs. Further, the ROADSIDE program assumes
that all impacts with a hazard shielded by a barrier are elim-
inated regardless of barrier length while RSAP allows for
impact with hazard shielded by barrier if the vehicle
encroaches upstream of the barrier.

For analysis with multiple alternatives, the ROADSIDE
program requires manual calculations for the incremental
benefit/cost ratioswhile RSAP calcul atestheratiosinternaly.
Finally, the ROADSIDE program is a deterministic model
while RSAPisastochastic model using the Monte Carlo Sim-
ulation technique. The stochastic approach allows for future
updates to the program, such as incorporation of curvilinear
vehicle path and severity estimates for side impacts, without
major rewrite of the program.

3.3.3 Limitations of RSAP

Although RSAP is an improvement over existing proce-
dures, it also has drawbacks and limitations, most of which



TABLE 7 Comparisonsof RSAP and the ROADSIDE program

Parameter

ROADSIDE

RSAP

Encroachment Rate

A constant of 0.0003 encroachments per
km per year per vehicle per day.

Cooper encroachment data, adjusted for
encroachmentswith lateral extent <=4
m.

Encroachment Speed

Function of design speed.

Same as impact speed.

Encroachment Angle

Average angle based on point-mass
model.

Same as impact angle.

Impact Speed = Encroachment speed - speed loss with | Based on real-world crash data.
3.7 m/sec/sec (0.4 g) deceleration rate.
Impact Angle Same as encroachment angle. Based on real-world crash data.

Lateral Extent of Assumes 3.7 m/sec/sec (0.4 g) Cooper encroachment data, adjusted for

Encroachment deceleration rate and sine curve density | encroachmentswith lateral extent <=4
function for steer back. m.

Vehicle Type Single vehicle type. 12 vehicle types, based on nominal

percent truck.
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manually.

Vehicle Orientation None. Based on real-world crash data.
Shielding of One Hazard | No. Yes.

by Another

Multiple Hazards Each hazard has to be analyzed Yes.

individually and the crash costs summed

Effect of Barrier All impacts with hazard shielded by

Vehicles encroaching upstream of barrier

Protection barrier eliminated, regardless of barrier could impact hazard shielded by barrier.
length.
Severity (SI) Average values only. Function of impact speed.

Incremental B/C Ratios
for Multiple Alternatives

Have to be calculated manually.

Yes.

Solution Method Deterministic. Stochastic, using the Monte Carlo
simulation technique.
are the result of lack of available data or requiring level of » Vehicle path. RSAP does not take into account vehicle

effort beyond that available for this study. Brief discussions
on these limitations and future modifications and refinements
are presented in the following:

» Encroachment data. The Cooper encroachment data,
collected in the late 1970s, are more than 20 years old.
Many changes have occurred in the interim (e.g.,
improved highway and roadside designs, higher speed
limits, higher traffic volumes, and better vehicle safety
equipment). Unfortunately, no newer or better encroach-
ment data are available. Effortsto collect encroachment
data with videotape surveillance and electronic mon-
itoring system in the 1980s were not successful.®
There have also been exploratory efforts to estimate
encroachment rates from police-level crash data and
statistical modeling, some of which are still ongoing.®
The encroachment probability model can greatly bene-
fit from better encroachment data.

and driver behavior during encroachments because lit-
tle dataon thesefactorsare available. Thesefactors could
have affect crash prediction and impact severity signif-
icantly. Vehicle and driver behavior would modify the
hazard swath calculations by alowing curvilinear tra-
jectories and changing vehicle orientation along the path
of the encroachment and could affect the probability of
an encroaching vehicleimpacting ahazard with itsside.
Accounting for vehicle behavior resulting from the envi-
ronment (e.g., slope effects) would require additional
information about slope and soil friction conditions,
aswell as vehicle tire wear, pavement conditions, and
shoulder type and condition.

Under the ongoing NCHRP Project 17-11, single-
vehicle, ran-off-road crashesinvestigated in depth under
the National Automotive Sampling System (NASS)
Crashworthiness Data System (CDS) were manually
reviewed and reconstructed. The resulting data may
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provide more insights into driver avoidance maneu-
vers and the off-road trajectories of vehicles during
encroachments and thus allow the vehicle path to be
better modeled.

Extent of lateral encroachment. Under the ongoing
NCHRP Project 17-11 mentioned above, more informa:
tion may also become available on the distributions for
the extent of |lateral encroachment and their relationships
to roadside slopes and geometrics. RSAP has algorithms
similar to thosein the ROADSIDE program to adjust the
extent of lateral encroachment for roadside slopes and
horizontal curvature. The new information will be most
helpful to update and refine the distributions for the
extent of lateral encroachment and the adjustment algo-
rithms for roadside slopes and geometrics.

Crash severity estimates. One of the original goals of
this study was to replace the Sl with another measure
to better estimate crash severity. As may be expected,
severity estimation is one of the most critical compo-
nents of the cost-effectiveness analysis procedure
because it directly affects the crash cost calculations.
The S| scale has afixed relationship to injury severity
(i.e., agiven Sl value is associated with specific per-
centages of fatal, injury, and PDO, and is not flexible
or sensitive enough to account for different hazard
types. The Sl estimates were based on engineering
judgment and are believed to be higher than the actual
severity.

A POI approach was developed to replace the Sl
approach. Under the POI approach, the probability of
injury by severity level would be estimated as afunction
of hazard type and impact conditions and calibrated

against real-world crash data. Unfortunately, the level of
effort required under the POI approach was much greater
than the available funding and it was decided that the Sl
approach would be adopted for the current version of
RSAP. However, there remainsthe need for abetter pro-
cedure to estimate the crash severity. The POI approach
is used to develop severity estimates for selected road-
side features under the ongoing NCHRP Project 22-12
initseffortsto devel op selection guidelinesfor roadside
features.

Detailed impact models. The impact models incorpo-
rated into RSAP are merits of each individual impact
model. Those models found to berelatively effectivein
identifying impact results can then be incorporated into
the cost-effectiveness evaluation procedure.

Median barrier warrants. RSAPisintended for single-
vehicle ran-off-road relatively smplistic. Although more
sophisticated model s can be developed and incorporated,
there is some question regarding the validity of these
models. Additional research isneeded, whichwasbeyond
the scope of this project, to evaluate the type crashes
and cannot handle cross-median, vehicle-to-vehicle type
crashes. Thus, RSAP isnot suitable for usein ng
the need for a median barrier directly. As discussed in
Appendix D of the User's Manual, the situation may be
modeled indirectly to approximate cross-median crashes
for the evaluation. Also, atheoretical model was devel-
oped under NCHRP Project 22-12 to evaluate cross-
median type crashes, but the model was not tested or
validated. The addition of such amodel to RSAPwould
allow for evaluation of median barrier warrants and
should be considered in enhancements to RSAP.
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MONTE CARLO SIMULATION TECHNIQUE

Asdiscussed previously under Chapter 3, “ Program Over-
view,” a stochastic approach using the Monte Carlo simula-
tion technique wasincorporated into RSAP. The Monte Carlo
technique simulates one encroachment at atime. The condi-
tions associated with each encroachment are randomly gen-
erated from built-in distributions of encroachment scenarios
for these parameters, including the following:

» Encroachment location, including segment, location
within segment, travel direction, departure lane, and
encroachment direction (right or left);

+ Encroachment speed and angle combination;

* Vehicletype; and

* Vehicle orientation.

This chapter describes the process of generating the sam-
ples of encroachments and the associated encroachment con-
ditions as defined by these parameters.

4.1 GENERAL

Some of the encroachment parameters are generated indi-
vidually and others are generated in combination. When two
or more encroachment parameters are correlated, the sample
generation procedure must take this dependency into account.
Independent parameters can be sel ected using separate random
processes while dependent parameters must be lumped into a
common random process. Parametersthat are selected in com-
bination include (1) encroachment location and (2) encroach-
ment speed and angle. Encroachment speed and angle are
clearly correlated through physical limitations on the corner-
ing ability and should, therefore, be selected in combination.

Encroachment location consists of five parameters:

» Segment in which the encroachment occurs,

+ Location within the segment,

* Direction of travel,

+ Lane in which the encroachment originates, and
« Direction of encroachment (i.e., right or left).

Some segments have higher encroachment rates than oth-
ers because of adjustmentsfor factors such as horizontal cur-
vature, vertical grade, and user-defined adjustment factors.

The sampling of encroachments should, therefore, take the
varying encroachment rates among the segmentsinto account.
For a given segment, the encroachment location within the
segment is independent of other parameters. The encroach-
ment rate by direction of travel has to be adjusted for hori-
zontal curvature and vertical grade. The lane of origination
is a function of the number of lanes and traffic distribution
among thelanes. As mentioned in Chapter 2, crash data stud-
iessuggest that the direction of departure from alane appears
to be uniform and relatively insensitive to the lane of origi-
nation.®® Thus, the encroachment direction needs to account
for only the horizontal curvature. Nevertheless, the selection
of departure lane and encroachment direction was combined
for convenience.

As for vehicle type, athough there is clear evidence that
some subclasses of vehiclesare morelikely to beinvolved in
ran-off-road crashes than others, there isinsufficient datato
develop general relationships between vehicle type and like-
lihood of an encroachment. Thus, vehicle type is sampled
independently. Lack of data is also the primary reason that
vehicle orientation is not linked to vehicle type, even though
research on vehicle handling clearly indicates alink between
wheelbase and spinout crashes.

Probability distributions were developed for these param-
eters, either individually or in combination. These probability
distributions were stored in the program as look-up tables
that can be used in conjunction with a random number to
specify the appropriate cell for each encroachment. For
example, the encroachment speed and angle distribution has
49 cells or possible combinations and each cell has an asso-
ciated probability. Each cell will then be assigned a unique
probability rangethat correlateswith its probability of occur-
rence. For instance, if acell hasaprobability of 0.04, it might
be assigned the range from 0.91 to 0.95. Whenever the gen-
erated random number (between 0 and 1) iswithin the range
of 0.91t0 0.95, that cell or that combination of encroachment
speed and angle will be selected.

4.1.1 Random Number Generation

A random number generator is used to generate the
encroachment samples. The random number generator actu-
ally produces a sequence of pseudo-random numbersusing a
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linear congruent generator. That is, a specific sequence of
“random” numbers (random uniform deviates) is generated
from a certain starting point or “seed number.” If the same
seed number is used, the same sequence of “random num-
bers’ will be generated. These random numbers have a spec-
ified range, typically from O to 1. More information on linear
congruent generators is provided in Park and Miller* and
Schage.#

Given that the linear congruent generator produces a
sequence of numbers, it has a period after which the numbers
are no longer acceptably random. Therefore, L’ Ecuyer® sug-
gested combining two random number generators into one,
thereby increasing the period tremendously. Because of the
large number of encroachments generated by RSAP in atyp-
ical analysisbefore arriving at a solution, this method of dual
random number generator was used. Additionally, to break up
any serial correlations, ashuffling procedure by Bays-Durham
is used.® With this shuffling procedure, the (i)th random
number generated in the sequenceisnot used asthe (i)th num-
ber output. Instead, it is used later as the (i+32)th call on the
average. The statistical tests for randomness of this generator
are presented in L’ Ecuyer and will not be repeated here.

As mentioned previously, one drawback with this sto-
chastic approach using random number generation isthat the
answers will vary from run to run within a range as deter-
mined by the convergence criteria. In other words, when the
same application is run multiple times, some variations in
crash costs and benefit/cost ratios can be expected. For the
purpose of most evaluations, dlight variations in the answers
should not pose any significant problem. However, variations
in the results may cause concern for some users who are used
to a deterministic approach with asingle answer. Thus, there
isaneed for ensuring randomnessin the simulationsand min-
imizing variations between runs of a given application.

Thevariationsaretheresult of random seed numbers, which
determine how the encroachments are sampled aswell asthe
associated encroachment characteristics. To ensure random-
ness, it is recommended that the seed number be randomly
selected for each new application; it isrecommended that the
same seed number be used for a given application to elimi-
nate variations between runs.

4.1.2 PROBABILITY DISTRIBUTIONS
AND SCALING

The simplest procedure for developing a representative
sample of encroachments is to randomly select the parame-
ters. However, most probability density functions have some
regions where the probability of occurrence is very low. If
these rare events have a significant effect on the overall out-
come, it is critica that they are sampled with sufficient fre-
quency in order not to bias the results. For example, the com-
bination of high speed and high angle for any given crash has
avery low probability of occurrence, but it is most likely to

result in fatal or severe injuries. Given that fatal or severe
injuries have high associated crash costs, the frequency in
which the combination of high speed and high angleis selected
will have asignificant effect on the overall average crash cost.

To further illustrate this point, consider Table 8 which
offersahypothetical examplewith four possible events, each
associated with a certain probability of occurrence and resul-
tant crash costs.

For the purpose of illustration, assume that atotal of 1,000
samples are selected with the Monte Carlo simulation. The
expected frequencies of occurrence for each of the four
eventsare cal culated by multiplying the probability of occur-
rence with the number of samples, such as 1,000 x 0.8 = 800
for Event A, 1,000 x 0.1 = 1000 for Event B, and so forth, as
shown in Table 9.

Event D isexpected to occur only once per 1,000 samples.
However, because of the randomness of the selections, the
actual number of event D sampled may rangefromOto 1, or
2, or possibly more times. Table 10 shows the average costs
for three possible selection scenarios in which event D is
sampled 0, 1, or 2 times. The average cost is calculated by
summing the product of the expected frequency of occur-
rence and the resultant crash cost for the four events and then
dividing the total cost by the sample size of 1,000.

It is evident from the hypothetical example that the pres-
ence or absence of one or two rare events with high associ-
ated costs could dramatically alter the results of the simula-
tion. The effect of such rare eventswould lessen asthe sample
size increases and eventually approach or converge to the
average cost based on probability. Depending on the proba-
bility of the rare event, selection of a sufficient number of
samples could be computationally prohibitive. To overcome
this problem, a scaling procedure isincorporated into RSAP
to over-samplerare events and thereby ensure that these acci-
dents are adequately represented in the sample of predicted
crashes.

The scaling procedure involves converting the cell proba-
bilities for each look-up table so that al the cells have the
same probability of occurrence (i.e., auniform distribution).
The sample generation process now becomes an unbiased
selection procedure because each cell has an equal probability
of occurrence. The scaling factor to convert the probability of
any given cell to a value reflecting a uniform distribution is
determined by Equation 8:

SFi = 1/(N: OP(1)) ©)

TABLE 8 Hypothetical example

Event A B C D
Probability 0.8 0.1 0.099 0.001
Cost ($) 10 25 500 100000
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TABLE 9 Expected frequencies of occurrence

Event A B C D
Expected Frequency of Occurrence 800 100 99 1
TABLE 10 Average costsfor different selection scenarios
Event A B C D Average Cost
Event D Not Selected 800 100 100 0 $ 60.50
Event D Selected Once 800 100 99 1 $160.00
Event D Selected Twice 800 100 98 2 $260.00

where

S = Scaling factor for cell i,
N, = Total number of cells,
P(1) = Probability associated with cell i.

The cell probability is then multiplied by the scaling fac-
tor to produce a uniform distribution. As shown in Table 11,
the scaling factorsarelessthan 1.0 for cellswith higher-than-
average probability (i.e., cell probability for auniform distrib-
ution) and greater than 1.0 for cells with lower-than-average
probability. The scaling factor can become very large for cells
with low probability or “rare events.”

With this scaling of cell probabilities to a uniform distribu-
tion, the sample encroachments are no longer representative of
the population. Thus, the resulting crash costs are also not rep-
resentative of average encroachment conditions. It is, there-
fore, necessary to “weight” the estimated crash coststo reflect
theactual likelihood of acrash occurring. Thisisaccomplished
by dividing the estimated crash cost for each cell by the
weighting factor for that cell as shown in Equation 9:

ACC, = CC/SF; €)
where
TABLE 11 Scalingfactors
Event A B c D
Original Probability 0.8 0.1 0.099 0.001
Scaling Factor 0.3125 25 2.525 250
Adjusted Probability 0.25 0.25 0.25 0.25

ACC; = Weighted crash cost for cell i,
CC,; = Crash cost for cell i, and
S = Scaling factor for cell i.

The weighted crash costs are summed over all the cellsto
determine the total crash cost, which is then divided by the
number of sampled encroachments to determine the average
encroachment cost.

To illustrate this scaling and weighting process, consider
the previous hypothetical example with four eventsin which
event D hasavery low probability of occurrence, but avery
high associated cost. Again assume a total sample size of
1,000 selections. Because the probability distribution is now
uniform, each event would have the same probability of 0.25
and the same expected frequency of occurrence of 250, as
shown in Table 12.

Although the number of occurrences of event D would still
vary, the average cost would not be affected dramatically, as
illustrated in Table 13.

As can be seen from Table 13, the effect on average cost
when event D is undersampled or over sampled is greatly
reduced. Further, the average cost is not affected by the scal-
ing procedure asillustrated by the average sample situation.
It is much easier to get arepresentative sample of auniform
distribution than a non-uniform distribution where some cells
have very low probability of occurrence. Note that one of
the five sampling parameters, encroachment location, is not

TABLE 12 Expected frequencies of occurrence after
weighting

Event

Adjusted Probability 025 025 025 025

Expected Frequency of Occurrence 250 250 250 250
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TABLE 13 Average costsfor different selection scenarios after weighting

Event A
Event D Under-Sampled 250
Event D with Average Sample 250
Event D Over-Sampled 250

B C D Average Cost
275 275 200 $145.21
250 250 250 $160.00
225 225 300 $174.75

scaled because the location is continuous along each roadway
segment. Only discrete parameters can be scaled because the
probability of each event in a continuous distribution is zero
and the scaling factor would beinfinity. Also notethat, in addi-
tion to the determination of average crash cogt, the weighting
factors are also used in the determination of expected impact
frequency and average severity for each alternative and each
roadside feature.

4.2 SAMPLE GENERATION

This section describes the processes for randomly gener-
ating the valuesfor the following parameters associated with
an encroachment:

+ Encroachment location,

» Encroachment speed and angle combination,
» Vehicletype, and

* Vehicle orientation.

4.2.1 Encroachment Location

As mentioned previoudly, encroachment |ocation consists
of the following five parameters:

+ Segment in which the encroachment occurs,

+ Location within the segment,

+ Travel direction,

 Lane in which the encroachment originates, and
« Direction of encroachment (i.e., right or left).

How each of these parametersis selected are described in the
following sections.

4.2.1.1 Encroachment Segment

The probability of encroaching from agiven roadway seg-
ment depends on the length of the segment and the encroach-
ment rate for the segment after adjusting for horizontal cur-
vature, vertical grade, traffic growth factor, and user-defined
encroachment rate adjustment factor. The expected annual

number of encroaching vehiclesfor agiven segment isdeter-
mined by multiplying the adjusted encroachment rate for the
segment by thelength of the segment. Therelativelikelihood
that an encroachment will occur in any given segment isthen
the encroachment frequency for that segment divided by the
total encroachment frequency for all segments. Note that the
segments are defined so that each segment would have arel-
atively uniform encroachment rate.

4.2.1.2 Encroachment Location Within a Segment

Encroachment location within asegment is determined by
generating a random number (between 0 and 1) and then
multiplying the random number by the length of the segment
in which the encroachment occurs. If the vehicle istraveling
in the primary travel direction, the location is appropriate
because the reference point is the beginning of the segment.
However, if thevehicleistraveling in the opposing direction,
thelocation of encroachment is subtracted from the length of
the segment because the reference point is now the end of the
segment.

For example, an encroachment occurs in a 1,000-m long
segment and the random number generated is 0.397. If the
encroaching vehicle is traveling in the primary travel direc-
tion, the encroachment occursat 1,000 x 0.397 or 397 mfrom
the beginning of the segment. If thevehicleistravelinginthe
opposing direction, the encroachment occurs at 1,000 — 397
or 603 m from the end of the segment. This changein the ref-
erence system is needed for the opposing travel direction so
that the hazards and features are located properly in relation
to the direction of travel of the encroaching vehicle.

4.2.1.3 Travel Direction

Thetravel direction isdetermined by comparing arandom
number between 0 and 1 with the probability of a vehicle
traveling in a given direction, assumed to be 0.5. If the ran-
dom number is less than 0.5, the vehicle is traveling in the
primary travel direction; if greater than or equal to 0.5, the
vehicleistraveling in the opposing direction. Note that there
is no opposing direction for one-way roads.



4.2.1.4 Laneof Origination

The encroachment rate is assumed to be the same for all
lanes. This assumption is not necessarily true because the
operating speed on the inner lanesis usually higher than that
of the outer lanes. The increased operating speed may result
in higher encroachment rates. On the other hand, higher traf-
fic volumes on the outer lanes could result in more traffic
conflicts and possibly higher encroachment rates. There is
simply insufficient data available at this time to determine
the differencesin encroachment rates from laneto lane. Thus,
encroachment rate is assumed to be the same for all lanes.
However, RSAP is designed to incorporate this information
when it becomes available.

Notethat, although the encroachment rateis assumed to be
the same for all lanes, the lane of origination affects the lat-
eral distance that a vehicle would travel after leaving the
travelway. Therefore, the lane of origination is an important
parameter.

Assignment of traffic to each lane is done by simple pro-
portion. It is assumed that the rightmost travel lane in each
direction carries twice as many vehicles as any other lane
until it reaches capacity. Then, any traffic above this capac-
ity isapportioned to the other lanes until all lanes reach capac-
ity. Note that, because RSAP calculates annua crash costs,
the normal hourly, daily, weekly, and seasonal fluctuations
in traffic volumes and the actual capacity of the roadway are
not important to the evaluation.

For simplicity, the capacity of asingle lane of amultilane
roadway is assumed to be 2,000 vehicles per hour, which is
the capacity of afreeway lane under ideal conditions.®® Given
that roadways generally reach capacity only once or twice a
day, RSAP would tend to allow more encroachments from
the outermost lanes than would be expected. Because these
encroachments are closer to hazards on the right-hand (or
left-hand, for the opposing direction) side of the road,
RSAP will produce more predicted impacts and, therefore,
provide a more conservative solution.

The probability for an encroachment to originate from a
particular lane is the assigned traffic volume to that lane
divided by the total traffic volumefor all lanes. Each laneis
then assigned a unique probability range that correlates with
its probability of occurrence. Whenever the generated ran-
dom number (between 0 and 1) iswithin the unique rangefor
aparticular lane, that laneis then selected asthelane of orig-
ination for that encroachment.

4.2.1.5 Encroachment Direction

There are two possible encroachment directions, right
and left. For atangent roadway section, the probability for
encroachment in either direction is assumed to be the same,
that is 0.5. For a curved roadway section, the probability of
encroaching to the outside of the curve is higher than that to
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theinside of the curve. Each encroachment direction is then
assigned a unique probability range that correlates with its
probability of occurrence. Whenever the generated random
number (between 0 and 1) iswithinthe unique rangefor apar-
ticular direction, that encroachment direction isthen selected.

4.2.2 Encroachment Speed
and Angle Selection

RSAP usesa7 by 7 matrix for atotal of 49 cells or speed
and angle combinations to describe possible encroachment
conditions for each of five functional classes. Each cell or
speed and angle combination is assigned a unique probabil-
ity range that correlates with its probability of occurrence.
Whenever the generated random number (between 0 and 1)
is within the unique range for a particular speed and angle
combination, that speed and angle combination is selected.

4.2.3 Vehicle Type Selection

RSAP uses 12 different vehicle types in the evaluation.
Thevehicletypedistributioniscalculated from theinput data
item, “nominal truck percent,” which was based on published
vehicle sales information.® Note that this distribution does
not currently account for differences in the actual usage or
mileage for the various vehicle types or the variations in
vehicle mix by functional class or highway type. However,
RSAP does allow users to change the built-in vehicle type
distribution.

RSAP selects a vehicle type and size for each encroach-
ment by generating a random number, multiplying it by 12,
truncating it to an integer, and then adding 1. This provides
arange of 1 to 12, each corresponding with one of the 12
vehicle types. Recall that the cell probabilities have been
scaled to auniform distribution. A particular vehicle typeis
selected when the adjusted random number fallsin the range
corresponding with that vehicletype. For example, the small-
est passenger car is selected when the adjusted random num-
ber equals 1.

4.2.4 Vehicle Orientation Selection

Asdiscussed previoudly, vehicleorientation at impact could
have an important effect on the severity of many types of ran-
off-road crashes, including those involving breakaway sup-
ports, guardrail terminals, and crash cushions. Although vehi-
cle orientation is not yet included in the severity estimation
in the current version of RSAP, vehicle orientation is incor-
porated into the procedure to accommodate future update and
improvements. A total of 12 possible vehicle orientationsare
based on clock directions. RSAP uses the same process as it
does for vehicle typesto select one of the 12 possible vehicle
orientations.



32

4.3 CONVERGENCE CRITERIA

A basic premise behind the Monte Carlo simulation pro-
cedure is that, when a sufficiently large sample of random
encroachmentsisgenerated, the average costs of those samples
will become representative of the actual average encroach-
ment costs. The question then becomes when the sample size
is“sufficiently large.” Given that thereisno method for iden-
tifying the correct solution, this process generally involves
testing the solution for stability or convergence. A stochas-
tic solution becomes stable or converges to an answer when
additional samples do not significantly change the average
encroachment costs.

The procedure incorporated into RSAP for determining
convergence involves generating a block of samples (e.g.,
20,000 simulated encroachments) and comparing the change
in average encroachment costs before and after the block is
added with the total sample. In addition, the distributions of
the encroachment characteristics generated by the sampling
process (i.e., encroachment location, speed and angle com-
bination, vehicle type, and vehicle orientation) are checked
for uniformity. Recall that the probability distributions for
these parameters are scaled to a uniform distribution. These
distribution checks are made to ensure that the convergence
in average crash costsis not premature or false.

4.3.1 Speed and Angle Distribution

The encroachment speed and angle distributions are very
important to cost convergence because of the direct relation-
ships between these parameters and crash costs. Therefore, it
is important that the distribution of the predicted encroach-
ments have a uniform distribution of impact conditions. Note
that the speed and angle tables do not necessarily converge to
auniform distribution for each hazard or feature, even though
the overal encroachment speeds and angles are selected uni-
formly. Thisis primarily because of hazard geometry, hazards
shielding other hazards, and the penetration resistance and
rollover tendencies of particular vehicle types and particular
hazards. RSAP keeps track of the converged tables of impact
speed and angle combinati ons associated with each hazard, but
no attempt is made to force these distributions to uniformity.

In general, the speed and angledistribution takesthelongest
to converge. When it does converge, the other three distrib-
utions and the average crash costs are almost always within
the convergence ranges. Therefore, the speed and angle dis-
tribution is the most sensitive to solution accuracy and pro-
gram running time, and the proper setting of the distribution
convergence range is crucial to program performance, par-
ticularly on computers with older generation processors.

4.3.2 Vehicle Orientation Distribution

The convergence of the vehicle orientation distribution has
only avery small effect on the average crash costs because
vehicle orientation currently is not linked to crash severity.

The only link between vehicle orientation and average crash
cost isthrough varying vehicle swath dimensi ons because of
vehicle heading. Therefore, the convergence range on vehi-
cle orientation isincluded largely for use in the future when
the link to severity is developed. Also, setting the conver-
gence range too tight for the vehicle orientation distribution
will adversely affect the processing time without improving
the accuracy. However, when vehicle orientation islinked to
severity in the future, this convergence check could become
more important.

4.3.3 Vehicle Type Distribution

Unlike vehicle orientation, the convergence of the vehicle
type distribution has a noticeabl e effect on the average crash
costs. The vehicle type does not affect crash severity greatly,
which is linked primarily to speed and angle. However, the
penetration and rollover models use vehicle properties with
the impact speed and angle. Thus, the vehicle type distribu-
tion hasanindirect effect on the determination of hazard pen-
etration and rollover. Given that penetrations, rollovers, and
subsequent impacts generally have higher severity than redi-
rection crashes, the increased severity of these crashes will
affect the average crash costs.

Similar to the speed and angle distribution, auniform dis-
tribution of the vehicle type distribution is required for all
encroachments, but not for individual hazards or features.
Also, setting too tight a convergence range will adversely
affect the processing time without improving the accuracy of
the solution.

4.3.4 Encroachment Location

Thedistributions of lane of origination and encroachment
direction (i.e., right or left) are the only parameters checked
under encroachment location. The effects of the lane of orig-
ination and encroachment direction relate directly to the lat-
eral offset of the hazard and, therefore, to the probability of
impact on that hazard. This effect isfairly important because
it can change greatly the average crash costs for certain situ-
ations. Like the other distributions, the departure lane and
encroachment direction distribution do not necessarily have
auniform distribution across all lanes because of the distance
avehicle must travel to cross multipletraffic lanes. The max-
imum extent of lateral encroachment isset at 25 m. Thus, any
hazard beyond 25 m from the encroaching vehicle's travel
lane would not be impacted (i.e., the probability of impact is
0). It is possible that, for some multi-lane facilities (divided
or undivided), vehicles departing from the most distant lanes
would not impact any hazards on the far side of the roadway.

4.3.5 Crash Costs

Crash costsare, ironically, not the most sensitive of thefive
convergence parameters. Crash costs are sensitive to the type
of hazard struck, the vehicle type, and the speed and angle of



impact. Distributions of vehicle type and the speed and angle
of impact are already accounted for in separate convergence
checks. Nevertheless, in order to ensure astable solution (i.e.,
no premature or false convergence), the crash costs conver-
gencetest must be met for two consecutive blocks of samples.
Tightening the convergence range for crash cost will increase
the solution accuracy, but it will also increase the processing
time of the program disproportionately. In other words, the
increase in accuracy is more than off set by the increase in
processing time.

4.3.6 Number of Samples
per Convergence Check

The numbers of samples per convergence check cycle, pre-
vioudly referred to as the block of simulated encroachments,
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affects both the accuracy of the solution and the processing
time. Decreasing the number of samples per convergence
check cycle produces shorter running times because fewer
unnecessary samples are generated prior to convergence and
more convergence checks are made. However, the reduction
in sample size would decrease the accuracy of the solution.
Increasing the number of samples has the opposite effect
(i.e., increasing the running time and using fewer convergence
checks). The larger sample size would render the solution
more stable and well worth the increase in processing time.
The default number of samples per convergence check is
20,000 encroachments. It is possible for the user to alter the
default number of samples per convergence check by editing
theinput file BASEDATA; however, this option isintended
only for experienced users and thusis not available from the
User Interface Program.




CHAPTER 5
ENCROACHMENT MODULE

As mentioned previoudly, the encroachment module uses a
two-step process to estimate encroachment frequency. The
first step involves estimating a base or average encroachment
rate based on highway type and then multiplying the encroach-
ment rate with the traffic volumeto estimate encroachment fre-
guency. The next step is to adjust the base encroachment fre-
guency to account for specific highway characteristics that
affect encroachment rates. More detailed descriptions of the
encroachment module are presented in this chapter.

5.1 BASE ENCROACHMENT RATE

There are two available sources of encroachment data: the
study by Hutchinson and Kennedy?® in the mid-1960s and the
Cooper study® in the late 1970s. Both studiesinvolved obser-
vation of wheel tracksin the medians or on roadsides. The
Cooper encroachment data were selected for use in RSAP
for the encroachment rate-traffic volume relationships. The
Cooper data were chosen because they are more recent, con-
gtitute larger sample size, and are thought to be of better qual-
ity than the Hutchinson and Kennedy data. Figure 13 shows
the encroachment frequency curves used by RSAP. Encroach-
ment rates are expressed as the number of encroachments per
km per year per ADT.

Two adjustments were made to these encroachment fre-
guency curves:

* The Cooper encroachment data were based on observa-
tion of tire tracks. However, with the presence of paved
shoulders, encroachmentsthat did not travel past the edge
of the paved shoulders would not have been detected.
Thus, it isbelieved that the encroachment data are under-
reported for encroachments with lateral extent of 4 m or
less. The Cooper encroachment datawere, therefore, rean-
alyzed by excluding encroachmentsof 4 mor lessin lat-
eral extent. More detailed descriptions of the reanalysis
are presented in Chapter 6, Section 6.4, “Extent of Lat-
eral Encroachment Distribution.” Based on results of the
reanalysis, it was estimated that encroachments were
under-reported by a ratio of 2.466 for two-lane undi-
vided highways and 1.878 for multi-lane divided high-
ways. Thus, the encroachment frequency was adjusted
upward by these ratios to account for under-reporting of
encroachments because of paved shoulders.

» Another limitation of the Cooper encroachment data
was the lack of ability to detect the difference between
controlled and uncontrolled encroachments. It is likely
that farm and highway maintenance vehicles left some
of the observed wheel tracks given that data were col-
lected during the summer. Also, some vehicles might
have pulled off the roadway intentionally for various
reasons, such as to allow faster traffic to pass, to check
onthevehicle, or to switch drivers. Although the number
of these controlled encroachmentsis probably relatively
small because of the presence of paved shoulders, they
are included in the encroachment data nonetheless. The
percentage of uncontrolled encroachmentsis assumed to
be 60% based on a study of reported versus unreported
crashes involving barriers.*® Thus, the encroachment
frequency is multiplied by afactor of 0.6 to account for
these controlled encroachments.

5.2 ADJUSTMENT FACTORS

Thenext step isto adjust the base encroachment frequencies
to account for specific highway characteristics that affect
encroachment rates. For example, previous studies havefound
that vehicle encroachments are more likely on the outside of
horizontal curves and the encroachment rate should thus be
increased to account for the presence and the degree of curva
ture. The adjustment factors incorporated in RSAP include
horizonta curvature and vertical grade, traffic growth factor,
and auser-defined adjustment factor. These adjustment factors
aredescribedin grester detail in thefollowing subsections. The
adjusted encroachment rates are determined by simply multi-
plying the base encroachment rateswith the adjustment factors.

5.2.1 Horizontal Curve and Vertical Grade
Adjustment Factors

Crash data studies have indicated that crash rates on hor-
izontal curves and vertical grades are significantly higher
than those on tangent sections.®2% |t is logical to assume
that encroachment rates would also be similarly affected by
horizontal curves and vertical grades. Thus, RSAP incorpo-
rates adjustment factors to increase encroachment rates on
horizontal curves and vertical grades, as shown in Figure 14.
These adjustment factors are based on research conducted by



35

35

é 4

o 1 .. .
@025} Divided Highway
® 271

=

g 4

w 1.5+

= |

1))

£ 14

§ Undivided Highway
O B

g 0.5

c

wi

[ L L
T

1 . L
y

0 5000 10000

15000 20000 25000

Traffic Volume (ADT)

Figure 13. RSAP encroachment rate.*

Wright and Robertson® and are similar to those in BCAP®.
The Wright and Robertson study compared the roadway char-
acteristics(e.g., cross-sectiona datael ements, geometrics, and
roadside conditions) at fatal single-vehicle, ran-off-road crash
sites with those at sites 1.6 km upstream of the fatal crash
sites. The underlying assumption is that differences in road-
way characteristics between thefatal crash sitesand the com-
parison sites are correl ated with the occurrence of these fatal
crashes.

Although the study methodology is generally considered
valid and appropriate, drawbacks are as follows:

* The sample size isrelatively small, with only 300 fatal
crashes investigated.

+ Therewasno control for some variablesthat are believed
to be significant (e.g., highway type, terrain, and traffic
volume). For example, some of the crashes occurred on
unsurfaced rural roads.

+ Only fatal crashes were included in the sample and the
results might not be applicable to crashes with lesser
Severity.

Inlight of these drawbacks, it isbelieved that these adjust-
ment factors overstate the effects of horizontal curvature and
vertical grade on encroachment rates. However, currently

thereis no better source of information on the effects of hor-
izontal curvature and vertical grade on encroachment rates.
A larger-scale study with greater sample size, more repre-
sentative crashes, and better control on some of the other
influential parameters would be desirable.

Notethat the adjustment factorsfor horizontal curvatureand
vertical grade are determined in relation to the roadway seg-
ment and the direction of travel. The roadway segments are
purposely selected to provide homogeneous geometricswithin
a segment for this reason. In terms of direction of travel, the
outside of acurvefor onedirection of travel would becomethe
inside of acurvefor theopposing direction of travel. Similarly,
a downgrade for one direction of travel would become an
upgrade for the opposing direction of travel.

5.2.2 Traffic Growth Adjustment Factor

Thetrafficvolumeor ADT entered into RSAP appliesto the
current year or construction year. To allow for future increase
in traffic volume, RSAP provides for another input on annual
traffic growth in percent. For a given year, n, in the future,
the traffic volumeis calculated as follows:

ADT,=ADT, (1 + i/100)" (10)
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Figure 14. Encroachment frequency adjustment factors.*

where

ADT, = Traffic volumein year n
ADT, = Current or base year traffic volume
i = Annual percent traffic growth

The traffic growth adjustment factor averages the traffic
volumeover thelife of the project and iscalculated asfollows:

N
Traffic growth adjustment factor = Z(l +1)"/N (11)
where N = Project life in years.

5.2.3 User-Defined Adjustment Factor

RSAP alowstheinput of auser-defined adjustment factor
to account for specia or unusual situations that could affect
encroachment frequencies beyond the parameters incorpo-
rated into the program. For example, an adjustment factor of
greater than 1.0 may be appropriate if the highway section
under consideration has a higher-than-average crash history
or there is afavorite bar or club nearby that could increase
the incidence of drunk driving and encroachment frequen-
cies at night. An adjustment factor of less than 1.0 may be
appropriate for a highway section with special safety counter-
measures, such as rumble strips on the shoulder or increased
law enforcement activities.




CHAPTER 6
CRASH PREDICTION MODULE

Given that an encroachment has occurred, RSAPthen deter-
mines which, if any, of the roadside features the encroaching
vehicle would encounter. The first step is to sort or arrange
the roadside features for each alternative by longitudinal and
lateral placement. The next step is to determine the vehicle
swath or path associated with each simulated encroachment.
Thelocations of the roadside features are then compared with
the vehicle swath to determinewhich, if any, hazard(s) would
fall within the vehicle swath. Brief descriptions of these steps
are presented in the following sections.

6.1 HAZARD SORTING ROUTINE

The sorting of the roadside features or hazardsis donein
three steps. Firdt, the features for each dternative are arranged
by their longitudinal locationsrelative to the beginning of the
first segment. Thefeatures are next sorted by their placement
relative to the travelway (i.e., right side, median, or left side)
in accordance with the principal direction of travel. Finally,
lateral offsets of the features are then determined relative to
the edge of each lane. Notethat thissorting routineyieldstwo
sets of lateral placement arrays for each lane describing fea-
ture locations on the right and the left sides. For adivided
highway, the array of features on the |eft side would include
both featuresin the median and on thefar left side. The arrays
are arranged in the direction of travel so that, for lanesin the
opposing travel direction, the upstream ends of hazards are
redefined to provide the correct longitudinal coordinates and
the lateral locations and offsets of features are in the direc-
tion of travel.

6.2 VEHICLE SWATH

In order to determine if an encroachment vehicle would
encounter any of the roadside features, the program identifies
aswath or a path for the vehicle. The vehicle swath is deter-
mined as a function of the encroachment angle, the vehicle
size, and the vehicle orientation. The encroaching vehiclewill
impact any roadside feature within the swath. If there is no
roadside feature within the vehicle swath, no crash would
occur and the program will then proceed with another ssmu-
lated encroaching vehicle. If there is only one roadside fea-
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ture within the vehicle swath, a crash is predicted to occur
and the program will proceed with estimating the severity of
the impact, including checks on penetration and rollover.

If more than one roadside features are within the vehicle
swath, the first feature struck is determined based on the
geometry of the vehicle relative to each feature. The first
impacted feature will then be checked for penetration and
rollover. If no penetration ispredicted or the vehiclerollsover,
the impact sequence is assumed to be over and the program
will then proceed with estimating the severity of theimpact. If
penetration of thefirst impacted featureis predicted, the speed
of thevehiclewill then be adjusted and the program will check
for the next roadside feature to beimpacted. This processwill
continue until the encroaching vehicle either impacts an object
it cannot penetrate, the vehiclerollsover, or thereareno more
roadside features within the vehicle swath. The program will
then proceed to estimate the severity of the impacts and the
impact with the highest severity will be selected.

Thefollowing simple assumptionswere maderegarding the
encroaching vehicle and its behavior during encroachment:

» The vehicle maintains a constant encroachment angle
throughout the event.

» Thevehicle maintainsaconstant orientation (slip angle)
throughout the event.

» The vehicle's speed does not change appreciably as a
result of braking.

Of course, none of these three assumptions holds true in
thereal world. Theinitial encroachment speed and angle and
vehicle orientation may be altered during an off-road excur-
sion because of steering, braking, slope effects, available road-
way and roadside friction, and/or striking or traversing road-
side features. However, the off-road behaviors of vehiclesand
driversare not clearly understood primarily because of lim-
itations in data collection procedures for encroachment stud-
ies?®% and crash data studies. There is no available data to
allow theincorporation of these effectsinto the procedure at
this time. The recently completed NCHRP Project 22-11
may provide some insight into these areas.® Note that
RSAP was modular in design so that these effects can be
incorporated into the procedure with relative ease when the
data do become available.
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Although the exact effects of these assumptions are
unknown given the lack of data, some inferences could be
made. The first assumption of no braking (i.e., vehicle speed
remains approximately constant throughout an encroach-
ment) isperhapstheleast important of the three assumptions.
Through crash reconstructions, impact speed distributions
have been found not to change much for the first 6 m (20 ft)
from the edge of the travelway.?** Even if impact speeds
begin to decrease substantially asthe distance from the travel -
way increases, the effect of assuming no reduction in speed
would tend to increase the estimated severity of ran-off-road
crashes, making the prediction by RSAP more* conservative,”
(i.e., the program would tend to predict that a given safety
improvement is cost-beneficial at lower traffic volumes than
it should).

This assumption only appliesto changesto theinitia vehi-
cle speed while traversing the roadside. Impact with a road-
side feature object obviously would produce speed changes,
and RSAP has a built-in algorithm to account for this speed
change. When aroadsidefeatureisstruck, theimpacting vehi-
cle' senergy isreduced by an amount equal to the containment
level of the impacted feature (in the case of downslopes, the
vehicle' s energy is actually increased because of the conver-
sion of potential energy to kinetic energy).

The second assumption of a constant encroachment angle
and a straight vehicle path (i.e., no steering) is probably the
most significant because it affects the vehicle swath and the
probability of impacting with the roadside features. However,
this assumption does not affect the severity estimates because
the impact angle distribution was derived from rea-world
crash data.

The effect of the third assumption of constant vehicle ori-
entation or slip angle is not believed to be as important as
the second assumption on constant encroachment angle. The
change in the orientation of the vehicle has only a modest
effect on the vehicle swath and the resulting probability of an
impact. Again, this assumption does not affect the severity
estimates because the vehicle orientation distribution was also
derived from real-world crash data.

6.2.1 Basic Swath Calculation

When avehicleleavesthetravelway, eight orientationsare
possible for the encroaching vehicle:

1. The vehicle's right side is parallel to the edge of the
roadway.

Thevehicle' sright front corner leaves the roadway first.
Thevehicle sfrontisparalldl to the edge of the roadway.
The vehicle' sleft front corner leaves the roadway first.
The vehicle's left side is parallel to the edge of the
roadway.

The vehicle' s left rear corner |eaves the roadway first.

The vehicle srear isparalle to the edge of the roadway.

gk N

No

8. Thevehicle' sright rear corner leavesthe roadway first.

Geometrically, the front and rear of a rectangular vehicle
areidentical, asaretheleft and right sides. Thus, the number
of orientationsis reduced to four. Also, the orientations where
aside of the vehicle (i.e., l€ft, right, front, or rear) is parallel
to the roadway can be considered a limiting case for one of
the vehicle corners, further reducing the number of orienta-
tions to only two (i.e., right front [or left rear] corner or left
front [right rear] corner leaving the roadway first).

Next the vehicle orientation is combined with the encroach-
ment angle. This increases the number of possible configu-
rationsto four, asillustrated in Figure 15:

A. Right front (or left rear) corner leavesthe roadway first
and the angle (6 + a) is between 0 and 6 deg.

B. Right front (or left rear) corner leavesthe roadway first
and the angle (6 + a is between 6 and 90 deg.

C. Leftfront (or right rear) corner leavesthe roadway first
and the angle (6 + a) is between 90 and (6 + 90) deg.

D. Leftfront (or right rear) corner leavesthe roadway first
and the angle (0 + a) is between (6 + 90) and 180 deg.

where 8 = encroachment angle, and a = vehicle yaw angle.

Thevehicleyaw angle, a, is defined asthe angle between the
vehicle heading (or orientation) and the velocity vector (i.e.,
direction of travel for the center of gravity of the vehicle).
This definition of vehicle yaw angle was chosen to be com-
patible with crash data studies, which is different from the
usual definition used in vehicle dynamics (which definesthis
angleasadlip angle).

For each of these configurations, six pointsalong the vehi-
cle path are determined. These six points are illustrated in
Figure 16 for Case A. For each encroaching vehicle, one cor-
ner will leave the roadway first. Because the vehicle orienta-
tion isfixed throughout the encroachment, this “first corner”
will also be the first to reach the maximum possible lateral
extent of encroachment. The next two corners to leave the
roadway define the remainder of the encroachment swath.
The fourth corner of the vehicle is not important to the cal-
culations. These six points of the encroachment swath are
defined as follows:

1. Wherethefirst corner of the vehicleleavesthe roadway
(given),

2. Where thefirst corner of the vehicle reaches the maxi-
mum lateral extent of encroachment,

3. Wherethe second corner of thevehicle leavestheroad-
way,

4. Wherethe second corner of the vehicleiswhen thefirst
corner of the vehiclereachesthe maximum lateral extent
of encroachment,

5. Where the third corner of the vehicle leaves the road-
way, and
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Figure15. Swath points.

6. Where the third corner of the vehicle is when the first
corner of the vehiclereachesthe maximum lateral extent
of encroachment.

Note that cases A and D, as shown in Figure 15, are similar
in that thefirst corner of the vehicle exits between the second
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and third corners. CasesB and C are likewise similar because
the first corner is the most upstream point. For all encroach-
ment cases, the equations defining the points are shown in
Figure 17. Note that, for combination trucks, it is assumed
that the trailer will follow the path of the tractor and will not
contributeto alarger swath. This obviously does not account
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Case A
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Figure 16. Encroachment cases.

for trucks*jackknifing.” Also, the risk of occupant injury for
combination trucks is primarily associated with the path of
the tractor.

6.2.2 Adjustment of Vehicle Swath
for Roadway Curvature

The calculations for the vehicle swath assume a straight-
line encroachment from a straight roadway section. When a
horizontal curveispresent, it is necessary to make an adjust-
ment to the vehicle swath to account for the curvature. Note
that this adjustment is only an approximation because of the
combination of acurved roadway and a straight path.

An encroachment on ahorizontal curvewould be expected
to follow the path shown in Figure 18. This path, trandated
to a straight roadway section, would appear asin Figure 19.
Thisin effect creates acurved vehicletrgjectory, which RSAP
currently isnot designed to handle. Instead, RSAP maintains
a straight-line path and adjusts the encroachment angle, as
shown in Figure 20. For encroachments on the outside of a
curve, the encroachment angle becomes

Bagustea = O + 1/2(degree of curvature per 100 m) (12

Similarly, for encroachments on the inside of a curve, the
encroachment angle becomes

Baguses = O — 1/2(degree of curvature per 100 m) (13)

This modified encroachment angleis used in the determi-
nation of points 2, 3, 4, 5, and 6 on the swath’s envelope.

Note that, for long curves with a small radius (i.e., large
degree of curvature), the above adjustment to the encroach-
ment angle can be substantial, which in turn could affect the
probability of impacting with afeature located on the curve.

6.3 DETERMINATION OF IMPACT

An encroaching vehicle will impact a roadside feature
located within its swath. This section describes the process
of determining the following:

« If aroadside feature is within the vehicle swath,
Thefirst roadside feature impacted,
 Penetration of the roadside feature,
 Subsequent impacts,

* Speed change as aresult of impact, and
Vehiclerollover.

6.3.1 Determination of Impact Points

The process of determining the impact pointsisrelatively
straightforward because of the straight-line assumption. The
presence of aroadside feature withinthe swath is determined
by finding the intersections of the three vehicle corner paths
with thefront or traffic-facing plane of each roadside feature,
as shown in Figure 21. The following three collision points
are determined for each roadside feature:

1. Theintersection of thelinethrough Swath Points 1 and
2 and the front plane of the roadside feature (INTy,),

2. Theintersection of theline through Swath Points 3 and
4 and the front plane of the roadside feature (INT2),
and

3. Theintersection of the line through Swath Points 5 and
6 and the front plane of the roadside feature (INTsg).

Thelongitudinal coordinates of these three intersecting points
(i.e, XINT 5, XINT3,, and XINTs) arethen determined. These
three collision points represent the boundaries of the vehicle
swath at the lateral offset of the roadside feature. These lon-
gitudina end points of the roadside feature are then com-
pared with these three collisions points to determine if that
feature would be impacted. If either or both of the feature's
end points are within the boundary of the vehicle swath as
defined by the three collision points, the encroaching vehicle
would impact thefeature. An additional check would then be
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Figure17. Swath equations.

made to determine if the impact is with the side or the end of
the feature.

6.3.2 Determination of First Roadside
Feature Struck

When two or moreroadsidefeatures are closeto one ancther,
itisnecessary to determinewhich featurewill beimpacted first.

Path

Encroachment

RSAP assumes that the hazard with the smallest lateral offset
will beimpacted first. However, this assumption is not aways
true because the lateral offset of the feature may not represent
the farthest lateral extension of the vehicle at that point, an
example of which is shown in Figure 22. Note that the down-
stream end of the feature with the smaller lateral offset is not
the first feature struck and that the vehicle's lateral extent is
greater than that of the feature with the smaller lateral offset.

Limit of Lateral Extent
of Encroachment

Figure 18. Encroachment on curved roadway section.
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Limit of Lateral Extent of Encroachment

Encroachment
Path

Figure 19. Encroachment on curve translated to
straight section.

There are basically two situations where the feature with
the smaller lateral offset may not be the first feature struck.
Thefirst situation is shown in Figure 22, which demonstrates
that the projection of the impact points onto the lead cor-
ner’s path shows which feature would be impacted first. The
second situation is when two hazards have the same lateral
offset. Both of these situations are handled by recognizing
that the relative distance to the leading corner of the vehi-
cle (not necessarily thefirst corner) will determinethe order
of impact.

Limit of Lateral Extent of Encroachment

RSAP Actual Encroachment Path

Approximation

of Encroachment Path 6 Adjusted

Figure 20. RSAP approximation of encroachment on
curved section.

6.3.3 Penetration of Features

After deciding which roadside feature is struck first, the
program then examines theimpact conditionsto determineif
the struck feature would be penetrated. Penetration of alon-
gitudinal barrier is controlled by the capacity of the barrier,
which is defined in terms of limiting Impact Severity (15). If
the limiting 1S is exceeded, the impacting vehicle would be
expected to go through or over the barrier. The IS value, as
defined below, has been shown to be a good indicator of the
lateral deflection associated with crashes involving flexible
and semi-rigid barriers.

IS= % Om(VO sing)? (14)

where

IS= Impact severity

m = Mass of impacting vehicle (kg)

V = Velocity of impacting vehicle (m/s)
8 = Angle of encroachment (deg.)

Each type of longitudinal barrier has an assigned maxi-
mum capacity, termed the containment limit, which is preset
in RSAP sdefault files. When an impact is predicted to have
an ISvaluein excess of alongitudinal barrier’ s containment
limit, the vehicleis predicted to penetrate through or over the
barrier.

The limiting capacity for other objects, such as point haz-
ardsand breakaway devices, ismeasured in terms of thetotal
kinetic energy as calculated in the following equation.

_1 2
KE = 5 0m(V) a5

where

KE = Kinetic energy of impacting vehicle (Joules)
m = Mass of impacting vehicle (kg)
V = Velocity of impacting vehicle (m/s)

When the kinetic energy of an impacting vehicle is pre-
dicted to exceed the capacity of afeature, thevehicleisagain
predicted to penetrate through or over the feature.

6.3.4 Determination of Subsequent Impacts

Whenever penetration is predicted, RSAP then examines
the path of the vehiclefor subsequent impacts. Also, the speed
of the vehicle will be reduced in proportion to the energy
required to penetrate the feature. The procedure for deter-
mining subsequent impactsisthe same asfor thefirst impact
in terms of checking for the feature coordinates against the
boundaries of the vehicle swath. This process will continue
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until (1) there is no roadside feature in the path of the vehi-
cle, (2) thevehicle strikesafeature and does not penetrate the
feature, or (3) the vehicleralls over.

When tabulating the crash costs of an encroachment with
multiple impacts, the repair costs of al roadside features
impacted are summed and the crash costs associated with the
most severeimpact are used. For example, when the program
predicts that avehicle will penetrate a barrier and impact the
hazard beyond, the crash cost assigned to the impact is that
associated with either penetrating the barrier or impacting the
hazard, whichever is higher.

6.3.5 Speed Change as a Result of Impact

As mentioned above, RSAP calculates the energy gained
or lost in impacts with roadside features that are penetrated.
For roadside features other than sidesl opes, the energy asso-
ciated with the capacity (or containment index) of the feature
is subtracted from the vehicle s initial kinetic energy (or its

lateral component). A new speed for the vehicleis then cal-
culated on the basis of the remaining energy and this new
speed is used for the next impact. A roadside slope, provided
it isnot very steep, would not be expected to affect the vehi-
cle’skinetic energy appreciably; however, the resultant rise
or drop in the vehicle's center of gravity during slope traver-
sal would affect the vehicle’'s potential energy. Thus, the
potential energy associated with traversing a roadside slope
isadded (or subtracted) from theinitia kinetic energy of the
vehicle to determine a new speed for the next impact.

6.3.6 Vehicle Rollover

Some types of roadside features, such aslongitudinal bar-
riers, could cause impacting vehiclesto roll over, which has
ahigher severity than aredirective impact. Some of the actual
mechanisms involved in rollover are not well understood
and the model incorporated into RSAPto predict rollover is
very crude.
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RSAP incorporates a rollover algorithm developed under
NCHRP Project 22-8.% Therollover routinesincorporate sim-
plified impulse and momentum calculations. When a truck
strikes a barrier, the redirective forces are applied well below
thevehicle scenter of gravity. It isassumed that, upon impact,
the truck’ s linear momentum perpendicular to the barrier is
transferred into angular momentum. Thetruck bed isassumed
to rotate downward on the impact side until it strikes the top
of the barrier. Thereafter, the truck rotates about the bottom
of the truck bed until (1) the available angular momentum is
exhausted, (2) the truck rolls over in front of the barrier, or
(3) thetruck rollsover thetop of the barrier. Actual equations
used in RSAP are presented in reference 27 and are not pro-
vided herein. Notethat thisanalysiswill only predict rollover
for vehicles with a chassis that extends above the top of the
barrier. Other vehicles are assumed to remain upright. Obvi-
ously, automobiles and light trucks sometimesroll over when
impacting longitudinal barriers. Until factorsthat cause vehi-
clerollover are better understood, average severitiesfor these
vehicles must include the probability that impacting vehicles
will roll over in front of the barrier.

Two other sources of rollover are soil tripping and slope
or pavement edge breaks. RSAP currently cannot account for
these two types of rollover. However, assignment of severity

indexesto sides opesand even small drops can help to account
for vehiclerollover under such conditions without determin-
ing an actual probability.

6.4 EXTENT OF LATERAL ENCROACHMENT
DISTRIBUTION

The lateral extent of encroachment distributions incorpo-
rated into RSAPwas devel oped from re-analysis of the Cooper
encroachment data® by excluding data from the O to 4 m
region. The rationale for this re-analysis effort briefly is as
follows. The Cooper encroachment data were based on obser-
vation of tiretracks on theroadside. In situationswhere there
are paved shouldersfor the highways, it isbelieved that many
encroachments that remained on the shoulder or did not
extend far enough beyond it would not be detected. In other
words, encroachmentswith lateral extent of 4 m or lesswere
under-reported or under-observed because of the presence of
paved shoulders. These undetected encroachments explain
the almost flat region of the lateral extent of encroachment
curves over the first 4 m. Thus, the Cooper encroachment
datawerere-analyzed, and encroachmentswith lateral extent
of less than 4 m were excluded. Note that encroachments
with lateral extent of greater than 4 m represent 77.1% and
91.9% of all observed encroachmentsfor two-lane undivided
and multi-lane divided highways, respectively.

The re-analysis of the Cooper encroachment data on the
extent of lateral encroachment was based on several premises.
Firgt, the distribution of the extent of lateral encroachment can
be represented by aregression model of the following form:

In(Y) =a+bX (16)

where

Y = Percent exceeding lateral distance X
X = Latera distance
a, b = Regression coefficients.

Second, the regression model can be extrapol ated back to the
0to 4 mregion. Finally, encroachments with alateral extent
of 0 m must equal to 100%.

The regression coefficients and the R? values for the equa
tions for both two-lane undivided highways and four-lane
divided highways are shown in Table 14.

The y-intercepts (i.e., the percent exceeding 0 m for the
regression models) are 319.9 (e°7%) for two-lane undivided
highways and 204.4 (>%%°) for multi-lane divided highways.
Recall that encroachmentswith alateral extent of greater than
4 mrepresent 77.1% and 91.9% of all observed encroachments
for two-lane undivided and multi-lane divided highways,
respectively. The revised y-intercepts are, therefore, 246.6
(319.900.771) and 187.8 (204.4 * 0.919) for two-lane undi-
vided and multi-lane divided highways, respectively.

By definition, the y-intercepts for the lateral extent of
encroachment distributions (i.e., percent exceeding lateral



TABLE 14 Regression model parameters

Highway Type a(Intercept) b (Slope) R?
Two-Lane Undivided 5.768 -0.262 98.68
Multi-Lane Divided 5.320 -0.161 95.92

extent of 0 m) must equal to 100%. These differencesin the
y-intercepts can, therefore, be interpreted to represents the
extent of under-reporting of encroachmentsinthe 0to 4 m
region. In order to have 100% at the y-intercept, all pointson
the curves are normalized or scaled down by the ratio of
2.466 (246.6/100) for two-lane undivided highway and 1.878
(187.8/100) for multi-lane divided highways. The normal-
ized curves as used in RSAP are shown in Figure 23.

The probability of reaching a given lateral extent is used to
determine impact frequency and crash costs. The probability
of any encroaching vehicle reaching agiven distance from the
roadsideisdetermined from thelateral extent of encroachment
distribution curves. This probability is then multiplied by the
crash cost of the impact to estimate the crash cost of the
encroachment. A more detailed discussion on how to use the
probability for lateral extent of encroachment to estimate the
crash cost for an encroachment is presented in Chapter 8.

6.4.1 Adjustment for Sideslope

A simple adjustment for the effect of sideslopes on the
lateral extent of encroachment, similar to that used with the
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ROADSIDE program, wasincorporated into RSAP. Two basic
adjustments are associated with a sideslope. One adjustment
is used to account for the increase in speed as avehiclerolls
down asideslope while the second factor increasesthelateral
extent of movement. Estimated impact speedsareincreased by
the changein potential energy from thetop of the slopeto the
point of impact with the roadside hazard. The lateral distance
that avehicletravelsisincreased by an adjustment factor, E.

E.=1+s504 17

where

E; = Adjustment factor for lateral offset.
s= Sidedopein fractional form.

This adjustment factor was taken from AASHTO' s Road-
side Design Guide and is based largely on engineering judg-
ment rather than empirical or field data. NCHRP Project
17-11 should provide some additional insight into the effects
of roadside slope on the distance that a vehicle travels off of
the roadway.

6.5 IMPACT CONDITIONS

Upon determining that the encroaching vehicle would
impact one or more of the roadside features, the impact con-
ditions (i.e., impact speed and angle and vehicle orientation
at impact) are then randomly selected from their distribu-
tions. More detailed descriptions of these parameters and their
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distributions as incorporated into RSAP are presented in the
following sections.

6.5.1 IMPACT SPEED AND ANGLE
DISTRIBUTIONS

Several previous cost-effectiveness models, including
BCAP?, have incorporated vehicle travel speed distributions
and a point mass model to establish encroachment speed and
angle distributions. This model, asillustrated in Figure 12,
gives alimiting encroachment angle for a given speed. Natu-
rally, asthevehicle’ sencroachment speed increases, the max-
imum encroachment angle decreases. Crash reconstructions
have shown that real-world impact angles can exceed this
value by alarge margin. These theoretical cornering limita-
tions are easily exceeded when the crash scenario involves a
driver steering back and forth acrossthe travelway asthe dri-
ver attempts to regain control of the vehicle.

In order to use the best available impact speed and angle
data, RSAP incorporates distributions of impact speed and
angles generated from reconstruction of real-world crashes.*
Most of the data used to generate the impact speed distribu-
tions were from utility pole crashes. Because these crashes
have relatively high reporting rates, the effect of unreported
crashes on the speed and angle distributions should be rela-
tively low. Only freeways, where utility poles are seldom
found, pose a significant problem with unreported crashes.
Much of the data used to establish impact conditions on free-
ways was collected from impacts with luminaire supports
and bridgerailings. However, unreported crashes would be
expected to have generally lower impact speeds and angles
when compared with reported crashes. Therefore, although
impact conditionsfor freeways may be more affected by unre-
ported crashes, the resulting speed and angle distributions
should be on the conservative side. Thisisimportant because
most poi nt-mass-model -based programs have predicted higher
speed and lower angle impacts than indicated by real-world
crash data.

Incorporating impact conditions from crash datadoes have
somelimitations. For example, vehiclesare predicted to main-
tain the same encroachment speed throughout the encroach-
ment event. Although some vehicles do undoubtedly slow
down during ran-off-road crashes, crash data do not reflect
any significant variation within the first 6 m from the edge of
the pavement.?*** Another problem is due to the recent repeal
of the national speed limit. The data used represent crashes
that occurred on highways with 88.5 km/h speed limits and
may not be appropriate in many western states where the cur-
rent speed limitsareinthe 110 to 120 km range. However, the
impact speed and angle distributions can be easily adjusted
when crash data under the current higher speed limits become
available.

Currently, RSAP uses five 7 by 7 matrices to describe the
impact speed and angle distributions. Each matrix resultsin 49
possible speed and angle combinations. If afiner distribution

of impact speeds and angles is required, RSAP can be easily
modified by using a linked gamma function as described in
reference 6 to develop new probability density tables up to
10 by 10 in size. The speed and angle distributions used for
freeways, urban arterials, urban collectors and local roads,
rural arterials, and rural collectors and local roads are shown
in Table 15.

Note that RSAP uses 10 functional classes so asto be con-
sistent with the AASHTO definitions of functional classes.
However, because there are only fiveimpact speed and angle
distributions, some of the functional classes have to use the
same distributions, as shown in Table 15.

6.5.2 Vehicle Orientation Distribution

As discussed previously, RSAP incorporates a distribu-
tion of vehicle orientations at impact. The vehicle orienta-
tion distribution, as shown in Figure 24, is based on a crash
data study involving pole structures, including utility poles,
[uminaries and sign supports.® Note that the orientations are
relative to the vehicle path and thus are actually the vehicle
slip angle. Also note that vehicle orientation at impact is
assumed to be the same asthe vehicle orientation at the point
of encroachment.

The incorporation of vehicle orientation serves two pur-
poses. The first purpose is to better define the vehicle swath,
as discussed earlier in this chapter. The second purpose is to
allow for futureincorporation of vehicle orientation into sever-
ity estimation. Vehicle orientation at impact can have an
important effect on the severity of many types of ran-off-road
crashes, including breakaway supports, guardrail terminals,
and longitudinal barriers. With the severity index approach
for severity estimation incorporated in the current version of
RSAP, vehicle orientation is actually not used in the severity
estimation. However, the information will be available when
sideimpacts are taken into account in updates of RSAP.

6.6 VEHICLE TYPES

RSAP defines 12 categories of vehiclesfor usein the cost-
effectiveness analysis. The percentage of the traffic assigned
to each of the 12 vehicle categories is calculated from the
nominal percent truck (T %) data entry, which isthe percent-
age of traffic for both single-unit and combination trucks.
Nominal percent truck is used because it represents the typi-
cal level of data available to transportation agencies on traf-
fic mix under most situations. The equations for calculating
the percentages for the various vehicle categories based on
the nominal percent truck are shown in Table 16. The default
value for the nominal percent truck is 10% and the corre-
sponding percentages for the 12 vehicle categories are also
shown in Table 16.

The percentages used in the equations to calculate vehicle
mix are average values based on limited data. Vehicle mix



TABLE 15 RSAP speed and angle distributions

Impact Speed and Angle Distributions Applicable Functional Classes

Urban Freeways

Rural Freeways

Urban Principal Arteria
Urban Minor Arterial
Urban Collectors
Urban Local Roads
Rural Principal Arteria
Rura Minor Arterial
Rural Collectors

Rural Local Roads

Freeways

Urban Arterials

Urban Collectors and Local Roads
Rural Arterials

Rural Collectors and Local Roads

FREEWAYS
Angle (Degrees)
Speed
(km/h) 25 75 125 17.5 225 275 325
8 0.0002 0.0005 0.0005 0.0003 0.0002 0.0001 0.0002
24 0.0049 0.0119 0.0118 0.0088 0.0057 0.0034 0.0042
40 0.0151 0.0364 0.0359 0.0268 0.0174 0.0104 0.0127
56 0.0215 0.0519 0.0513 0.0382 0.0248 0.0149 0.0181
72 0.0205 0.0494 0.0488 0.0364 0.0236 0.0142 0.0173
88 0.0152 0.0367 0.0362 0.0270 0.0176 0.0105 0.0128
115 0.0200 0.0484 0.0478 0.0356 0.0231 0.0139 0.0169
URBAN ARTERIALS
Angle (Degrees)
Speed
(km/h) 25 75 125 175 225 275 325
8 0.0119 0.0238 0.0223 0.0167 0.0112 0.0071 0.0099

24 0.0356 0.0714 0.0669 0.0501 0.0336 0.0211 0.0298
40 0.0323 0.0647 0.0606 0.0454 0.0304 0.0192 0.0270
56 0.0194 0.0388 0.0364 0.0272 0.0183 0.0115 0.0162
72 0.0095 0.0190 0.0179 0.0134 0.0090 0.0056 0.0079
88 0.0041 0.0083 0.0078 0.0058 0.0039 0.0025 0.0035
115 0.0026 0.0053 0.0050 0.0037 0.0025 0.0016 0.0022

(continued on next page)
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TABLE 15 (Continued)
URBAN COLLECTORS AND LOCAL ROADS

Angle (Degrees)
Speed
(km/h) 25 75 125 17.5 225 275 325
8 0.0095 0.0370 0.0450 0.0363 0.0240 0.0141 0.0151
24 0.0196 0.0761 0.0924 0.0746 0.0493 0.0289 0.0310
40 0.0133 0.0517 0.0628 0.0508 0.0335 0.0197 0.0211
56 0.0063 0.0246 0.0299 0.0241 0.0160 0.0093 0.0100
72 0.0025 0.0098 0.0119 0.0097 0.0064 0.0037 0.0040
88 0.0009 0.0036 0.0043 0.0035 0.0023 0.0014 0.0014
115 0.0005 0.0018 0.0021 0.0017 0.0011 0.0007 0.0006
RURAL ARTERIALS
Angle (Degrees)
Speed
(km/h) 25 75 125 175 225 275 325
8 0.0131 0.0180 0.0148 0.0107 0.0072 0.0047 0.0078
24 0.0315 0.0431 0.0354 0.0256 0.0173 0.0113 0.0188
40 0.0342 0.0467 0.0384 0.0277 0.0188 0.0123 0.0203
56 0.0290 0.0396 0.0325 0.0235 0.0159 0.0104 0.0172
72 0.0218 0.0298 0.0245 0.0177 0.0120 0.0078 0.0130
88 0.0153 0.0209 0.0172 0.0124 0.0084 0.0055 0.0091
115 0.0275 0.0375 0.0309 0.0223 0.0151 0.0099 0.0164
RURAL COLLECTORSAND LOCAL ROADS
Angle (Degrees)
Speed
(km/h) 25 75 125 17.5 225 275 325
8 0.0070 0.0109 0.0094 0.0069 0.0047 0.0030 0.0049
24 0.0364 0.0568 0.0490 0.0360 0.0245 0.0159 0.0253
40 0.0446 0.0696 0.0601 0.0441 0.0300 0.0195 0.0310
56 0.0315 0.0493 0.0425 0.0312 0.0212 0.0138 0.0219
72 0.0169 0.0265 0.0228 0.0168 0.0114 0.0074 0.0118
88 0.0077 0.0121 0.0104 0.0077 0.0052 0.0034 0.0054
115 0.0050 0.0078 0.0067 0.0049 0.0034 0.0022 0.0035
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Figure 24. Vehicle orientation distribution.

TABLE 16 Vehicle mix calculations and default values

% in Vehicle Mix

Vehicle Type Category
%Truck = T% %Truck = 10%
820-kg (Small) [0.090% (100-T)] 8.1
1410-kg (Intermediate) [0.375(100-T)] 338
Passenger Car
2000-kg (Large) [0.135%(100-T)] 12.1
Subtotal [0.6%(100-T)] 54.0
Small Pickup Truck [0.104*(100-T)] 94
Mini-Van [0.140* (100-T)] 12.6
Pickup and Van Full-Size Pickup Truck [0.116*(100-T)] 10.4
Specialty Vehicle [0.040*(100-T)] 36
Subtotal [0.4%(100-T)] 36.0
0.7*T, if T<4%
8000-kg (Empty) 2.8, if T>=4% 2.8
. . 0.3*T, if T<4%
Single-Unit Truck 13500-kg (L oaded) 1.2, if T>=4% 12
T, if T<d%
Subtotd 40,if T>=4% 40
0.0, if T<4%
13500-kg (Empty) 0.2%(T-4), if T>=4% 12
36000-kg Van-Trailer 0.0, if T<4% 36
L .6%(T-4), if T>=4% :
Trector-Trailer (Loaded) 0.6*(T-4), i b
36000-kg Tank-Trailer 0.0, if T<4% 12
(Loaded) 0.2%(T-4), if T>=4% .
0%,if T<4%
Subtotal (T-4)%, if T>=4% 60
Tota 100.0

Norte: T isthe nominal percent of truck traffic. The default value for T is 10%
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TABLE 17 Vehiclecharacteristics

Vehicle Type Category Length
(m)
820-kg (Small) 3.0
Passenger Car 1410-kg (Intermediate) 37
2000-kg (Large) 45
Small Pickup Truck 4.8
Mini-Van 4.7
Pickup and Van
Full-Size Pickup Truck 55
Specidty Vehicle 4.4
8000-kg (Empty 7.6
Single-Unit Truck
13500-kg (L oaded) 10.7
13500-kg (Empty) 6.3
Tractor-Trailer 36000-kg Van-Trailer (Loaded) 6.3
36000-kg Tank-Trailer (Loaded) 6.3

Width Weight C. G. Ht. A Distance Axel Ht.
(m) (kg) (m) (m) (m)
1.8 820 0.5 1.0 N/A
1.9 1425 05 12 N/A
21 2000 0.5 1.6 N/A
1.7 1425 0.6 12 N/A
18 1720 0.7 12 N/A
1.9 1900 0.7 13 N/A
18 1700 0.7 12 N/A
24 8100 13 2.0 1.0
2.6 13600 17 2.8 1.0
2.6 13600 1.3 4.0 12
2.6 36300 20 4.6 12
2.6 36300 2.6 4.6 12

could vary significantly from highway to highway and from
the average, depending on land use and the traffic the high-
way serves. If more detailed information on vehicle mix is
available, the actual vehicle mix should be used. RSAP pro-
vides the options of entering user-defined vehicle mix distri-
bution using either vehicle types (i.e., the 12 vehicle types)
or vehicle categories (i.e., passenger cars, pickup trucks and
vans, single-unit trucks, and tractor-trailers).

The built-in characteristics for the 12 vehicle categories
areshownin Table 17, including vehiclelength, width, weight,
the vertical height of the center of gravity, the A distance
(i.e., horizontal distance from the front of the vehicle to the
center of gravity), and the axle height. The axle heights for
passenger cars and light trucks (i.e., pickup trucks, vans, and
sport utility vehicles) are not used in any of the calculations
and are shown as 0.0 or not applicable.
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CRASH SEVERITY PREDICTION MODULE

After acrash is predicted to occur, the next step isto esti-
mate the severity of the impact using the crash severity pre-
diction module. Crash severity estimation is perhaps the
most important step of this cost-effectiveness analysis pro-
cedure. For most roadside saf ety improvements, the benefits,
or reduction in crash costs, are derived from lower crash sever-
ity with little or no effect, and sometimes even an increase, in
the crash frequency. The crash costs are principally a func-
tion of the crash severity (i.e., the probability of injury and/or
fatality) given that the associated accident costs are highly
non-linear. Unfortunately, crash severity isalso the most dif-
ficult parameter to estimate. This chapter first discusses the
general approaches for severity estimates and then describes
the severity estimation procedures incorporated into RSAP.

7.1 GENERAL DISCUSSIONS

Historically, there arethree general approachesto estimate
the severities of crashes involving roadside features:

+ Engineering judgment,
+ Crash data, and
+ Kinematics analysis.

7.1.1 Engineering Judgment

Thefirst attempt to estimate crash severities'® was madein
conjunction with the development of the first encroachment-
probability-based cost-effectiveness procedure* The effort
involved a survey of highway safety professionals, including
highway engineers, police officers, and safety researchers.
Respondents were asked to rank the severity of various road-
side features, including barriers, geometric features (e.g.,
ditches and side lopes), rigid objects, and culverts, based on
anordinal severity index (SI) scaleranging from0to 10. This
Sl scale has since become the most widely used means of
guantifying crash severity.

The Sl scale is associated with fixed levels or percentages
of fatality, injury, and property-damage-only (PDO), asshown
in Table 18. Although the S| scale may appear somewhat lin-
ear, the relationship of the Sl scale to crash cost is actually
exponential in nature because the crash cost figures are highly
non-linear (i.e., the cost associated with afatal crash is many

times that of an injury crash, which in turn is many times of
that of aPDO crash).

Although severity indexes were intended to be represen-
tative of an average crash, it is believed that the S| values
obtained from the survey were more representative of high-
speed impacts and, therefore, overstated the average impact
severity. Thisisan indication of the difficulty associated with
estimating the average severity for arepresentative sample of
ran-off-road crashes. Crashes receiving the most attention are
typically those that are the most severe with serious or fatal
injuries and/or those involving failures of the safety hard-
ware. Also, the opinions of expertswho arefamiliar with crash
testing could befurther biased toward the more severeimpacts
because crash tests of safety devices are conducted under
extremely severe impact conditions. Consequently, severity
estimates based on the S| scale and developed from engi-
neering judgment or expert opinion have been found to be
too high and unreliable.

7.1.2 Crash Data

Another major sourcefor severity estimatesispolice-level
crash data, which use thefollowing rating scale with five lev-
els of injury severity:

o K—Fatd injury

* A—Severe or incapacitating injury

+ B—Moderate or non-incapacitating injury
« C—Muinor or possibleinjury, and

+ O—PDO.

Although police-level crash data are readily available and
relatively simple to compile and analyze, numerous problems
are associated with police-level crash data that could seri-
oudly affect the accuracy and validity of the severity estimates.
Unreported crashescan significantly distort the apparent sever-
ity by eliminating alarge percentage of PDO and minor injury
crashesfromtheanaysis. Some safety hardware systems, such
as crash cushions and breakaway luminaire and sign supports,
have been found to have very low crash reporting rates. For
example, assumethat 95% of all crashesinvolving crash cush-
ions are unreported while the 5% that are reported resulted in
50% of the serious and fatal injuries. Severity estimates based
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TABLE 18 Relationshipsof severity indexesand injury levels
1 0,
Severity Injury Level (%)
Index (S1) None PDO1 PDO2 c B A K

0 100.0 -

0.5 - 100.0 - - -
1 66.7 23.7 7.3 2.3
2 - 71.0 22.0 7.0 - -
3 43.0 34.0 21.0 1.0 1.0
4 30.0 30.0 320 5.0 3.0
5 15.0 22.0 45.0 10.0 8.0
6 7.0 16.0 39.0 20.0 18.0
7 2.0 10.0 28.0 30.0 30.0
8 - 4.0 19.0 27.0 50.0
9 7.0 18.0 75.0
10 - - 100.0

on the reported crash datawould indicate a severity estimate
of 50% serious and fatal injurieswhilethe actual severity rate
isonly 2.5%.

Unfortunately, crash reporting rates for roadside saf ety
devices and hazards are very difficult to determine and mostly
unknown. One of the best studies conducted to date on crash
reporting rates involved monitoring of reported utility pole
crashes and comparing them with maintenance and repair
records in the study areas of San Antonio, Texas, and Lexing-
ton, Kentucky.* The study results indicated that reporting
rates for utility pole crashes were in the range of 85 to 90%.
Other effortsto estimate the crash reporting rates for roadside
safety devices have been less comprehensive. Some studies
have examined evidence of impacts with roadside guardrails
and median barriers to estimate reporting rates for barrier
impacts.*%% The estimated reporting rates ranged from 12 to
60%. A recent study evaluated these findings in light of legal
reporting thresholds and concluded that actua reporting rates
may be much higher than any of the previous findings.® This
serves to illustrate the difficulty associated with determining
the reporting rates and the associated uncertainties.

Also, the reporting rates are likely to vary significantly
among safety hardware systems. It appears that, the more
effective the safety device (i.e., the lower the resulting injury
severity to the occupants and damage to the impacting vehi-
cles), the lower is the reporting rate. The uncertainty associ-
ated with the magnitude of unreported crashes for each safety
feature casts doubt on all crash-data-based severity estimates.

In-depth crash data provide a much better means for esti-
mating crash severity. In the study mentioned above on util-
ity pole crashes*, the crashes were investigated in depth to
collect sufficient information for reconstructing the crashes
to estimate the impact speed and the resulting velocity change
(AV). Injury severity was expressed in terms of the Abbrevi-
ated Injury Scale (AlS), which isamuch more precise means
of measuring injury severity than the KABCO injury scale
used in police-level crash data. The crash severity by AIS
level was then related to impact velocity and velocity change
(AV). This approach using reconstructed in-depth crash data

isperhapsthe best meansavailablefor estimating crash sever-
ity. Unfortunately, collecting in-depth crash data and recon-
structing the crashes is a very expensive undertaking and lit-
tledatabeyond the study on utility pole crasheswasavailable.

7.1.3 Kinematics Analysis

Kinematics analyses of impacts with safety hardware sys-
tems have also been used to estimate impact severities. This
approach begins with a computer simulation or other analyt-
ical technique to determine the relationship between impact
conditions and occupant risk values, such as occupant impact
velocity (OIV), maximum 10-m/sec ridedown acceleration
(RA), or peak 50-m/sec average acceleration. The occupant
risk values are then related to crash severity estimates. Unfor-
tunately, there is no well-established link relating occupant
risk values to crash severity estimates.

Olsen developed a procedure for relating peak 50-m/sec
average decelerations from longitudinal barrier crash teststo
the probability of injury, as shown in Figure 25.** The rela-
tionships were developed based on comparison of damage
ratings of vehicles from crash tests with those from vehicles
involved in real-world crashes involving longitudinal barri-
ers. Thevalidity of the results from this study has been ques-
tioned because the sample size is relatively small—58 full-
scale crash tests and 951 crash vehicles.

The crashes were limited to those resulting in smooth and
stable redirection so that the damage patterns on the vehicle
would be similar to those obtained from full-scale crash tests.
Consequently, the predicted crash severitiesignore crashesthat
involved vehicle rollover, snagging, or subsequent impacts
with other vehiclesor roadsi de objects. Although these* anom-
alous’ crashes are believed to beinfrequent, their relatively
high severity could mean that the predicted probabilities
of injury are too low. Furthermore, even though the same
researchers established all vehicle damageratings, the coarse
rating scale used to link crash severity and occupant risk
raises questions about the level of precision. Finally, the vehi-
clesinvolved in this study are now more than 20 years old
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Figure 25. Olsen’s probability of injury relationships.

and vehicle crashworthiness hasimproved dramatically over
thisperiod. Thus, thefindings may not berelevant for today’ s
vehicle fleet.

Despite the limitations associated with the findings from
Olsen’s study, there is unfortunately no better objective pro-
cedure available. An alternative is to use engineering judg-
ment as the basisfor devel oping rel ationships between occu-
pant risk parameters and severity estimates. For example, in
a recent effort to estimate the severity of impacting arigid
hazard®, occupant impact velocity (OIV) was first estimated
through a kinematics analysis of the impact. A linear rela-
tionship was then assumed between the OIV and the SI. An
OIV of 12 m/sec was assigned an S| of 5.0 under the ratio-
nale that both of these values are considered as the onset of
serious injury. Although this approach provides a rationa
link between impact conditions and severity index, there is
little evidence to indicate the appropriateness of the resulting
severity estimates.

7.2 SEVERITY ESTIMATES

Given that severity estimates are the most important input
parameters for the cost-effectiveness analysis procedure, the
severity estimates incorporated into the analysis must be as
accurate aspossibleand must bevalidated. Asdiscussed above,
all of the historical proceduresfor estimating crash severities

have serious limitations and the resulting severity estimates
cannot be thoroughly validated. Several alternatives were
considered, including the use of the following:

» Reconstructed in-depth crash data, which constitute the
best meansfor estimating severity (however, dataavail-
ability istoo limited to be a viable option);

» Sls as provided in the 1996 AASHTO Roadside
Design Guide; and

* Police-level crash dataand/or kinematics analyses, either
individually or in combination.

An effort was thus undertaken to develop a new method-
ology for directly estimating the probability of injury using a
combination of police-level crash dataand kinematics analy-
ses. The new severity estimation procedure incorporates input
parameters used in RSAP, including object struck, vehicle
type, and impact conditions. For each type of roadside object
or feature, occupant risk values are estimated as afunction of
impact conditions based on results from crash tests, com-
puter simulation, and/or kinematics analyses. Thetotal prob-
ability of injury (i.e, al injury levels) is determined from
police-level crash data and then linked to occupant risk val-
ues through (mostly) engineering judgment. The total prob-
ability of injury is then further broken down by individual
injury severity levels(i.e, K, A, B, and C).
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Although the new severity estimation procedure seems
promising, the efforts required to develop these probability
of injury distributions for each type of roadside object and
feature were simply too extensive and time-consuming to be
accomplished under this study and be incorporated into the
current version of RSAP. It was eventually decided to usethe
severity indexeslisted inthe 1996 AASHTO Roadside Design
Guide! for the current version of RSAP, despite many weak-
nesses and limitations of these indexes.

Some modifications were made to the Slsto improve their
consistency and to facilitate their usewith RSAP. First, the Sis
wererelated to impact speed instead of roadway design speed.
In the Roadside Design Guide, average severitiesor Sl values
are provided for the various roadside objects and features for
design speeds of 50, 70, 90, and 115 km/h, which were
assumed to be the design speeds for urban collector, rura
collector and urban arterial, rural arterial, and freeways and
interstate highways, respectively. For each roadside object
or feature, a linear regression line was fitted through these
Sl values as a function of speed. These regression lines

would aways originate from the zero point because an
impact speed of zero (0) km/h should not produce any dam-
ageto the vehicle or injury to the occupants. Figure 26 shows
an example of thislinear relationship between Sl and impact
speed.

Thissimple calibration method hel ped to address some of
theinconsistencieswithin the S| tables. Moreimportant, this
method relates Sl values to specific impact speeds for each
roadside object or featureinstead of average Sl values. There
are, however, two exceptions to this procedure. First, large
vertical drops would not necessarily have an Sl of 0 for an
impact speed of 0 because gravity would also play alarge
role in the probability of injury. Therefore, the regression
lines for vertical drops were not fitted through the O point.
Second, the lateral component of speed, V|4 (Where V=V O
sin 8, where V istheimpact speed and 6 isthe impact angle)
was used instead of impact speed for the Sl relationships of
longitudinal barriers because the severity of a longitudinal
barrier impact isafunction of both theimpact speed and the
impact angle.




CHAPTER 8
BENEFIT/COST ANALYSIS MODULE

The benefit/cost analysis module cal culates the annualized
crash and repair costs associated with the various alternatives
and the incremental benefit/cost ratios among the alterna-
tives. Descriptions of the cal culations performed in this mod-
ule are presented in this chapter.

8.1 DETERMINATION OF CRASH COSTS

After the crash severity prediction module estimates the
severity of acrash, the crash or societal costs associated with
the crash are then calculated by multiplying the probability
of each level of injury by the cost associated with that level
of injury using the following equation:

AC=3P(l;) OC(l)) (18)
i

where

AC = Unadjusted crash cost
P(l;) = Probability of injury level i
C(I;) = Accident cost associated with injury level i

The severity index (Sl) is associated with six injury levels:
fatality (K), severeinjury (A), moderateinjury (B), dightinjury
(C), property-damage-only level 2 (PDO2), and property-
damage-only level 1 (PDOL). The proportions of each of
these six injury levels for the severity indexes were shown
in Table 18.

8.1.1 Accident Cost Figures

RSAP provides the option of selecting from four different
sets of crash cost figures for use with the analysis:

1. Accident cost figures from the AASHTO Roadside
Design Guide;

2. FHWA comprehensive accident cost figures;

3. User-defined accident cost figures categorized as
fatal, severeinjury, moderateinjury, minor injury, and
PDO,; or

4. User-defined accident cost figures categorized as fatal,
injury, and PDO.
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The AASHTO Roadside Design Guide and the FHWA
comprehensive accident cost figures are built into the pro-
gram, as shown in Table 19.

The other two options are included for agencies that use
accident cost figures different from those of the AASHTO
Roadside Design Guide or FHWA.

8.1.2 Calculation of Crash Costs

Asdiscussed in Chapter 4, the probability distributionsfor
various encroachment characteristics are scaled to ensure
proper sampling of conditions with very low probabilities to
improve the accuracy of the analysis results and the speed at
which RSAP arrives at asolution. Thus, the calculated crash
cost is an “unadjusted” crash cost that must be weighted to
arrive at the true crash cost. Four weighting factors are used
in the sampling procedure, these factors are as follows:

* W; =Weighting factor associated with encroachment
speed and angle,

+ W, = Weighting factor associated with vehicle orien-
tation,

* W;=Weighting factor associated with vehicle type,
and

+ W,=Weighting factor associated with departure
lane/encroachment direction.

The weighted crash cost for the crash, AC, is calculated
by dividing the unadjusted crash cost with the four scale fac-
tors using the following equation:

AC; = (AC)/(W, OW, OW,; OW,) (19
where

AC; = Weighted crash cost
AC = Unadjusted crash cost

Finally, RSAP calculates the crash cost for the encroach-
ment, AC,. This is determined by multiplying the weighted
crash cost for the impact, AC;, by the probability that the
vehicle would encroach far enough to impact the roadside
feature, P(LO) using the following equation:
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TABLE 19 Crash costs by severity

Crash Severity Roadside Design Guide FHWA Comprehensive Cost
Fatal $1.000,000 $2,600,000
Severe Injury 200,000 180,000
Moderate  Injury 12,500 36,000
Slight  Injury 3,750 19,000
PDO Level 2 3,125 2,000
PDO Level 1 625 2,000
AG. = AC; OP(LO) (20)  costs would need to be weighted in the same manner as the

where

AC, = Encroachment crash cost
AC; = Weighted crash cost
P(LO) = Probability of vehicle encroaching agiven lateral
offset

For each convergence check, the average crash cost for the
number of modeled encroachmentsis as follows:

N
ACw = 3 ACIN 1)

where

AC,,, = Average encroachment crash cost for the num-
ber of modeled encroachments per conver-
gence check

AC, = Encroachment crash cost
N = Number of modeled encroachments per con-
vergence check

8.1.3 Determination of Repair Costs

The cost of repairing roadside safety hardwareis estimated
by correlating repair coststo impact energy terms. For exam-
ple, results from full-scale crash testing and computer simu-
lations can be used to determine the relationship between
impact energy terms and length of guardrail damage. The
unit repair cost for astandard guardrail isthen estimated (e.g.,
$50.00 per meter of repaired barrier). Thetotal repair cost is
then the product of the length of damaged rail and the unit
cost for repair. Procedures for estimating the extent of hard-
ware damage are developed for each longitudinal barrier
design, as well as most common crash cushions, barrier ter-
minals, and other roadside safety devices. Given that repair
costs are generated based on estimated impact conditions, the

crash costs.

The unit repair costs entered into RSAP are average repair
costs and could result in inaccuracies for some roadside fea-
tures, such as crash cushions and barrier end terminals. How-
ever, given that repair costs are usually a small part of the
direct costs of ahighway safety improvement, theinaccuracy
introduced is typically insignificant in terms of the overall
cost-effectiveness analysis.

As mentioned above, repair costs for some roadside fea
tures may differ significantly from the average for any given
impact. Rigid barriers, such as concrete safety shape barriers,
require little, if any, repair unless they are penetrated; then
repair costs can be very expensive. In this case, RSAP sets
therepair coststo zero if the barrier isnot penetrated and the
repair costs entered refl ect the average cost of penetrating the
barrier. Breakaway objects often need compl ete replacement
after animpact and their repair costsreflect this. Repair costs
for crash cushionsand barrier end terminalsdiffer by level of
damage and location and are not well represented by region-
wide or statewide averages.

8.2 INCREMENTAL BENEFIT/COST RATIO
CALCULATIONS

RSAP then calculates the incremental benefit/cost ratios
for al alternatives in a pairwise manner. The expression for
calculating the incremental benefit/cost ratios is as follows:

B/C RaIIO 21— (AC]_ - ACZ)/(DCZ - DC]_) (22)

where

B/C Ratio ,_; = Incremental benefit/cost ratio of Alterna-
tive 2 compared with Alternative 1
AC, = Annualized crash costs of Alternative 1
AC, = Annualized societal (crash) costs of Alter-
native 2



DC, = Annualized direct cost of Alternative 1
DC, = Annualized direct cost of Alternative 2

The numerator of this equation is the difference in crash or
societal costs between the two alternatives. Note that Alterna-
tive 2 is being evaluated as a potential safety improvement
with respect to Alternative 1 and the societal or crash costs of
Alternative 1 would be expected to be higher than those of
Alternative 2. Thus, the numerator isexpressed as (AC, — AC,).
The denominator of the equation represents the differencesin
direct coststo the transportation agency associated with imple-
menting the safety improvement of Alternative 2 inrelation to
Alternative 1. Direct costs include such items as installation,
maintenance, and crash repair costs. Again, given that Alter-
native 2 is being evaluated as a potential safety improvement
with respect to Alternative 1, the direct costs of Alternative 2
would be expected to be higher than those of Alternative 1.
Thus, the denominator is expressed as (DC, — DC,).

Crash and repair costsaredirectly proportional to the num-
ber of predicted crashes and are, therefore, calculated on an
annual basisby RSAP. Maintenance costs, which are entered
by users, are also on an annua basis. However, installation
costs are entered as alump sum and have to be annualized by
multiplying the cost with acapital recovery factor. The default
capital recovery factor used by RSAP is based on a 4% dis-
count rate. This discount rate represents the real cost of bor-
rowing money, measured by difference between interest rates
and theannual inflation rate. The 4% valueiswidely accepted
as the appropriate value for use in economic analysis of gov-
ernmental activities. However, a different discount rate may
be used as deemed appropriate by the transportation agency.

Traditionally, many transportation agencies consider that
asafety improvement to be cost-beneficial when the B/C ratio
reaches 1.0, which means that the expected benefits of a
safety improvement are equal to the expected agency costs.
Thiswould be equivalent toinvesting money for along period
of time and expecting to recover only the amount of the orig-
inal investment at the end of the project. Few investorswould

TABLE 20 Example of incremental B/C ratios
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invest funds under similar circumstances. Given the varia-
tionsinherent in the crash prediction routines, most highway
agencies are now using higher B/C ratios, ranging from 1.5
to0 4.0, to assess the funding of safety improvement projects.

8.3 PRESENTATION OF RESULTS

As discussed previoudly, the B/C equation is formulated
based onthe assumption that Alternative 2 isasafety improve-
ment over Alternative 1 and, therefore, Alternative 2 has
higher societal or crash costs and lower direct costs than
Alternative 1. However, if these assumptions are incorrect,
the calculated incremental B/C ratios can give misleading
results. For example, if the crash costs of Alternative 2 are
higher than Alternative 1, the numerator for the B/C ratio
equation will be negative. If, at the same time, the direct costs
of Alternative 1 are higher than those of Alternative 2, the
denominator will also be negative and the resulting B/C ratio
will be positive. Itisclear that Alternative 1 isthe better option
in this example while the B/C ratio would indicate otherwise.

To diminate these potentially misleading situations, RSAP
reordersthe safety treatment alternatives by ascending direct
costs so that the denominator of the B/C ratio is always pos-
itive. For example, if there are three alternatives and Alter-
native 1 hasthelowest direct costs, followed by Alternatives
3 and 2, RSAP will rearrange the order of the three alterna-
tivesto 1, 3, and 2 to maintain a positive denominator in all
the incremental benefit/cost ratio calculations.

The incremental benefit/cost ratios compare each alterna
tivewith al other alternativesin apairwise manner. An exam-
ple of incremental B/C ratios taken from an actua RSAP
analysis with five alternativesis shown in Table 20. In this
example, Alternative 1 hasthelowest direct costs, followed by
Alternatives 4, 2, 3, and 5, which has the highest direct costs.

To analysis the results properly, the incremental benefit/
cost ratios should be evaluated on a pairwise basis, starting
from either the dternative with the highest or the lowest direct
costs. Assumefor thisexamplethat the transportation agency

. Alternative
Alternative
1 4 2 3 5
1 1.00 4.39 2.60 0.89 1.71
4 - 1.00 -2.68 -1.00 0.39
2 - 1.00 -0.63 1.00
3 - 1.00 14.25
5 - - 1.00
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has adopted athreshold value for funding saf ety projectsat a
B/C ratio of 1.5. Further assume that the analysis will start
with the alternative with the highest direct costs, which is
Alternative 5 in thisexample. Alternative 5 isfirst compared
with the alternative with the next highest direct costs, which
is Alternative 3. The incrementa B/C ratio of Alternative 5
compared with Alternative 3is 14.25, so Alternative 5 is bet-
ter than Alternative 3, and Alternative 3 is eliminated from
further consideration. Next, Alternative 5 is compared with
Alternative 2. The B/C ratio of Alternative 5to Alternative 2
is1.0, whichisbelow thethreshold value of 1.5. Thus, Alter-
native 2 isthe better choice of thetwo aternatives, and Alter-
native 5 is eliminated. Alternative 2 is then compared with
Alternative 4 with the next lower direct costs. The incre-
mental B/C ratio of Alternative 2 compared with Alternative
4 is—2.68, meaning that Alternative 2 is not cost-beneficial

compared with Alternative 4. Therefore, Alternative 2 iselim-
inated. Finally, the incremental B/C ratio of Alternative 4 to
Alternative 1 (usually the “do nothing” or baseline option) is
4.39, so Alternative 4 isthe best option for thisexample. Note
that the same resultswould al so be obtained by starting with
the alternative with the lowest direct costs (Alternative 1)
instead of the highest direct costs (Alternative 5).

In the example above, only Alternative 4 has incremen-
tal B/C ratios above 1.5 when compared with all the other
alternatives. With this process, the alternative with the high-
est direct costs and all incremental B/C ratios greater than
the threshold value set by the transportation agency will be
selected. If none of the alternatives has an incremental B/C
ratio of 1.5 or greater over the baseline conditions (usually
Alternative 1), then the“ do nothing” or thelowest direct cost
alternative should be implemented.




CHAPTER 9
MODEL VALIDATION

Any theoretical model requires someform of validation to
ensure that the model is functioning properly and is reason-
ably accurate. The cost-effectiveness procedureincorporated
into RSAP was no exception. However, unlike a physical or
amathematical model, thereisno “correct” answer per sefor
validating the cost-effectiveness procedure. Instead, the pro-
cedure would have to be validated indirectly. Two different
approaches were used to validate RSAP; sensitivity analysis
and subjective evaluation.

9.1 SENSITIVITY ANALYSIS

One approach to validate the cost-effectiveness procedure
incorporated into RSAP was through a sensitivity analysis.
With thisapproach, each input and/or built-in parameter incor-
porated into the procedure is varied from an initial set of
conditions (i.e., using typical or average values) over apre-
selected range (e.g., +/-50%), and the changesin the resulting
output are noted. The sensitivity of the analysis procedure to
the values of a parameter isindicated by the relative percent
change in the resulting output when compared with the per-
cent change in the value of that parameter. For example, if
varying the value of a parameter by 50% produces a change
of 100% intheresults, the sensitivity of that parameter would
be (100/50) or 2.0.

The sensitivity analysis serves two purposes. First, results
of the sensitivity analysis can help to identify coding or the-
oretical errorsin the procedure by identifying unusual sensi-
tivitiesthat cannot be satisfactorily explained on basis of the
encroachment probability theory. In this instance, the sensi-
tivity study helpsthe programmer to identify the general area
of the procedure that might have a problem, but it does not
explicitly determine the nature of the problem. Conversely,
when no unusua relationship is identified by the sensitivity
study, one can begin to build confidence in the validity of the
procedure.

The results of the sensitivity analysis also provide infor-
mation regarding which parameters are most important to the
cost-effectiveness analysis procedure. Note that the measure
of sensitivity is relative in nature and not an absolute scale.
For instance, one parameter may have asensitivity of 2.0, but
this could be high sensitivity if most of the other parameters
have sensitivity of less than 2.0. On the other hand, if most
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of the other parameters have sensitivity of greater than 2.0, the
sensitivity for this parameter would below. Also, one param-
eter may be correlated with other parameters so that varying
thevalue on that parameter may affect other parametersaswell
and the true sensitivity for that parameter may be masked.

Furthermore, unlike adeterministic model, suchasBCAP,
the Monte Carlo simulation technique does not provide the
same solution or answer every time. It is, therefore, neces-
sary to run the same set of input data several times to obtain
an average value for the output results for the sensitivity
analysis. Thus, although the sensitivity analysis for a deter-
ministic model, such as BCAP,?” was precise, the results of
any sensitivity analysis done on RSAP will necessarily be
somewhat “fuzzy.”

For the sensitivity analysison BCAP,? the sensitivity was
based on the change in the benefit/cost ratio. However, given
that RSAP does not arrive at the same solution every time
and the solutions for two aternatives are from different dis-
tributions that are independent of each other, a moderately
widevariation in the benefit/cost ratio is possible. Asaresullt,
the sensitivity analyses for RSAP are based on crash costs
instead because the crash cost distributions are more stable.
In addition, this rules out checking the sensitivity of RSAP
to changes in the various direct cost items: installation cost,
maintenance, salvage, and repairs. Fortunately, the sensitiv-
ity of maintenance, salvage, and repair costs are relatively
low in most cases, though certain saf ety hardwaretypes, such
as crash cushions, may havevery high repair costsrelativeto
the other factors. This meansthat the differencein theinstal-
lation costs will be the most important direct cost element,
with the analysis having moderate to high sensitivity to it,
depending on the crash cost levels.

The case study used with the sensitivity analysisis shown
in Figure 27. The roadway functional class was assumed to
be arural arterial with atraffic volume of 2,000 vehicles per
day. For the first aternative, the fixed object is unshielded.
This alternative was used for amost all cost comparisons,
except where the parameter being varied did not affect the
crash costs. The second aternative consisted of placing a
strong-post W-beam guardrail in front of the fixed object.
Table 21 lists the 31 parameters studied, their initial values,
and their range of variations. The values of the parametersare
typically varied one at atime for the sensitivity analysis. The
only exception is lateral offset for which it was necessary to
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Roadway:
ADT = 2000

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
l

Rural Collector
Two lane, two way, 3.7 m lanes
No curvature, no grade

Im x Im Bridge Pier
4.3 m from edge of travelway

Pier is 147 m from beginning
of segment

Strong Post W-beam Guardrail
3.0 m from edge of travelway
32.1 m long

Guardrail begins 120.9 m from beginning
of segment

(Guardrail in second alternative only)

Figure27. Base condition for sensitivity analysis.

vary both the lateral offsets of the fixed object and the guard-
rail at the same time to maintain the relative positions of the
guardrail in relation to the fixed object.

The first step in the sensitivity analysis was to determine
the mean and standard deviation of the crash cost distribu-
tions under the initial set of conditions or values. The initial
conditions were run 200 times and the results checked for
normalcy using a x? test on each alternative. The resulting
baseline crash cost distributions for each alternative were
found to be normal with

Alternative 1: Mean = 272.18, Standard Deviation = 1.42
Alternative 2: Mean = 252.92, Standard Deviation = 1.57

Notethat the mean crash costsfor the baseline distributions
are very small because of the low traffic volume selected for
theinitial conditions. Also, the standard deviations are very
tight with lessthan 1% of the mean. Thus, even asmall change
inthe crash cost would result in alarge differencein terms of
the standard deviation.

Then one run was made for each variation of each para
meter in accordance with the scheme shown in Table 21.
Changes in the resulting crash costs between the sensitivity
runs and the baselines meansfor theinitial conditionsranged
from 0.8 to 650 times of the standard deviations. Based on

these results, parameters with low sensitivity were screened.
The upper bound for low sensitivity was set at 26 times the
standard deviations from the means of the baseline distribu-
tions. Of these low-sensitivity items, the percent changesin
the crash costs were less than one-half of the percent change
in the parameter (i.e., the sensitivity is less than 0.5). This
eliminated approximately 60% of the parameters from fur-
ther consideration.

To further isolate the more important or sensitive parame-
tersin RSAP, another run was made for the parameters that
resulted in changes of more than 26 times the standard devi-
ationsin the crash costs, and the results of the two runs were
averaged. The next determination was of the moderate sen-
sitivity category and the upper bound for this category was
set to be 100 times the standard deviations from the mean of
the baselinedistributions. This correspondsto a sensitivity of
approximately 1.0 (i.e., the percent change in crash costs is
approximately the same as the percent change in the value of
the parameter).

The remaining parameters, considered to have high sensi-
tivity, were further investigated by running each parameter
change three more times, then averaging over the five data
points. For these high-sensitivity parameters, some of the pa-
rameters had different sensitivity, or levelsof changein crash
costs, depending on the direction the value of the parameter
was varied. For instance, increasing the cost of afatality by
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TABLE 21 Parameter variationsfor sensitivity analysis

Parameter Baseline Variations
Divided/Undivided Undivided Divided
Number of Lanes 2 4
Traffic Volume (ADT) 2000 1000 3000
Degree of Curvature 0 3L 6L 3R 6R
Grade 0 -6% -3% +3% +6%
Functional Class Rural Arterial Freeway AL\Jr :(ka)ra:gl Cglrlzgtnor Cgréc?ltor
Lane Width 37m 3m 4.3m
Pier Length 10m 05m 15m
Pier Width 1.0m 0.5m 15m
Pier Offset 43 m 6.45m
Guardrail Length 321m 22.8m 41.8m
Guardrail Width 05m 0.25m 0.75m
Lateral Offset 4.3 mpier, 3.0 mpier, 6.45 m pier,

3.0 m barrier 1.5mbarrier 4.3 m barrier

Vehicle Length Default -20% +20%
Vehicle Width Default -5% +5%
Vehicle Weight Default -10% +10%
Vehicle C. G. Height Default -10% +10%
Vehicle A Distance Default -20% +20%
Vehicle Frame Height Default -20% +20%
Percent Trucks 10% 5% 15%
Project Life 20 years 10 years 30 years
Traffic Growth Rate 3.0% 1.5% 4.5%
Accident Costs Default -50% +50%
Fatal Accident Costs Default -50% +50%
Injury Accident Costs Default -50% +50%
Pier Severity Index (S) Default -50% +50%
Guardrail Redirection Sl Default -50% +50%
Barrier Penetration Sl Default -50% +50%
Barrier Rollover Sl Default -50% +50%
Barrier Containment Level Default -30% +30%
Barrier Deflection Default -30% +30%

50% resulted in a102% increasein crash costs, while decreas-
ing the cost of afatality by 50% resulted in only a42% reduc-
tion in crash costs. In these cases, the parameter was rated
according to its highest changein crash costs.

The findings of the sensitivity analysis are summarized in
Table 22. Note that this sensitivity analysis was not a com-
prehensive effort. Only one case study was used in the sensi-
tivity analysis. It can certainly be argued that more case stud-
ies are needed for the sensitivity analysis. However, the main
function of thissensitivity analysiswasto aid in debugging the

program code. Also, it is anticipated that a much more exten-
sive sengitivity analysis will be conducted under the ongoing
NCHRP Project 22-12 to develop selection guidelines for
roadside safety hardware.

9.2 SUBJECTIVE EVALUATION

An independent reviewer reviewed RSAP using real-
world applications from several state DOTSs. In addition,
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TABLE 22 Sensitivity analysisresults

Sensitivity

Parameter

High
(Variations of greater than 100
standard deviations from nominal
condition)

Moderate
(Variations of between 26 and 100
standard deviations from nominal
condition)

Degree of Curvature
Functional Class
Accident Costs

Fatal Accident Costs
Pier Severity Index (Sl)
Guardrail Redirection S|

Number of Lanes
Traffic Volume (ADT)
Grade

Pier Offset

Guardrail Length
Injury Accident Costs
Barrier Penetration S|

Divided/Undivided
Lane Width

Pier Length

Pier Width

(Variations of less than 26 standard
deviations from nominal condition)

Guardrail Width

Vehicle Length

Vehicle Width
Low Vehicle Weight
Vehicle C. G. Height
Vehicle A Distance
Vehicle Frame Height
Percent Trucks
Project Life
Traffic Growth Rate
Barrier Rollover Severity
Barrier Containment Level
Barrier Deflection

RSAP underwent betatesting by project panel membersand
asmall group of beta testers. Comments from the indepen-
dent reviewer and the betatesters served asfurther validation
of the program. Admittedly, the evaluation was subjectivein
nature and not a true validation of the procedure. However,
as mentioned previously, there is no “correct” answer that

can be used to validate the model. Evaluation by the inde-
pendent reviewer and other betatesters using real-world appli-
cations, while subjective in nature, provides some indication
of whether or not the programis providing resultsthat arerea-
sonable based on the expertise and experience of thereviewer
and beta testers.




CHAPTER 10
SUMMARY AND CONCLUSIONS

This report describes in detail the parameters and algo-
rithms incorporated into RSAP. RSAP is believed to present
many advances and new features over its predecessors. High-
lights of the improvementsincorporated into RSAP are sum-
marized as follows:

+ A user-friendly interface with Windows-like screens and
menus to facilitate easier use of the program by inexpe-
rienced users. Features of the User Interface Program
include the following:

— Simplified data input process with multiple-choice
entries where appropriate,

— Numerous built-in default values to reduce data entry
requirements,

— On-screen instructions and help,

— Built-in edit and consistency checks,

— Options to choose built-in default values or input
user-defined values for selected parameters,

— Choice of reportsto preview or print to hard copiesor
electronic files.

+ Capability to handle evaluations of projectswith amax-
imum of 20 different safety improvement alternatives,
20 consecutive roadway segments for roadways of up
to 16 lanes; and 1,000 roadside features. The program
can analyze simultaneously hazards on either or both
sides of the roadway, as well as in the median, for a
divided roadway.

+ Useof astochastic solution method with the Monte Carlo
simulation technique to allow for modular design of the
Main Analysis Program. The program can be updated
without major rewrite of the program to incorporate new
features such as curvilinear vehicle path, driver inputs,
and side impacts.

» Use of re-analyzed Cooper encroachment data for
encroachment rates and lateral extent of encroachment
distributions with adjustments for under-reporting of
encroachments with small lateral extent because of the
presence of paved shouldersand controlled versusuncon-
trolled encroachments.

» Useof real-world crash data for impact speed and angle
distributions instead of theoretical distributions.

* Incorporation of vehicle orientation into the analysis
codeto better define vehicle swath. Moreimportant, this
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incorporation would allow for future consideration of
non-tracking and side impacts, which accounted for a
significant percentage of ran-off-road crashes and have
been shown to result in higher severities than tracking
crashes.

Although the current version of RSAP till uses the Sl
approach for severity estimation, a new approach to
directly estimate the probabilities of injury was devel-
oped. The program can be readily adapted to the new
Severity estimation procedure when data become avail-
ablein thefuture.

Although RSAP is an improvement over existing proce-
dures, it also has drawbacks and limitations, most of which
result from the lack of available data or require a level of
effort beyond that available for this study. Some of the limi-
tations and suggested future modifications and refinements
are asfollows:

Computational time. The use of the Monte Carlo simu-
lation technique requires alonger computational time.
Multiple solutions. Because of the nature of the stochas-
tic process, the answersmay vary from runto run within
arange as determined by the convergence criteria. For
the purpose of most evaluations, slight variationsin the
answers should not pose any significant problem. The
variations are the result of random seed numbers, which
determine how the encroachments are sampled as well
as the associated encroachment characteristics. Thus,
using the same seed number could eliminate variations
between runs of the same application.

Encroachment data. The Cooper encroachment data are
almost 30 years old and many changes have taken place
in theinterim. The encroachment probability model can
greatly benefit from better encroachment data.

Vehicle path. RSAP currently does not takeinto account
vehicle and driver behavior during encroachments due
to lack of available data. The incorporation of curvi-
linear vehicle paths, changing vehicle orientation, and
slope effects would significantly improve crash predic-
tion and impact severity estimation.
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+ Extent of lateral encroachment distributions. The effects — Impact Models. Theimpact modelsincorporated into
of roadside slopes and geometrics are not adequately RSAP are relatively simple in nature and could ben-
addressed in the current distributions for the extent of efit from more sophisticated and validated models.
lateral encroachment. — Median Barrier Warrants. RSAPisintended for single-

+ Crash Severity. The Slscurrently incorporatedin RSAP vehicle ran-off-road type crashes and cannot handle
need to be reviewed critically and revised as appropri- cross-median, vehicle-to-vehicletype crashes. Thus,
ate. Even with improved Sls, this approach has many RSAP isnot suitablefor usein assessing the need for
limitations. A better approach to estimate severity, such a median barrier directly. The addition of a model
as the probability of injury approach, would be highly that can evaluate cross-median type crashes would

desirable. be desirable.
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