Safety Reviews of Existing Roads
Quantitative Safety Assessment Methodology
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Safety reviewsof existing roadsar ebecoming an accepted practicein many
agencies around the world. These reviews can be highly cost-effective,
but the subjective nature of the process can give rise to inconsistencies
that limit their effectiveness. Toaddressthisissue, atechniqueto support
safety reviewsto quantify the safety gains that could be achieved by
addressing theproblemsidentified in thereview processispresented. The
approach isbased on known accident relationships. A systematic process
to determinewhich road featur esshould beinvestigated and how each
featureshould beevaluated duringthereview isdescribed. Theprocedure
addressesrural two-lane highwaysat noninter sections. From the process,
apotential for a safety improvement index (PFI) was calculated. Valida-
tion of the procedurewascarried out by a comparison of the PFI values
with the expected collision frequency. PFI was assessed in 406 km of
rural two-lanerolling highwaysin Italy. Collision frequency was deter-
mined by application of a collision prediction model, calibrated in the
study network, and was refined by application of the empirical Bayes
(EB) technique. Correlation between EB safety estimates and PFI val-
uesishighly significant, with 93% of thevariation in theestimated num-
ber of accidents explained by the PFI value. Because of the validation
and quantitative nature of the PFI, the procedure can be used to sup-
port safety reviews and decision making.

In-service safety reviewsaimto identify potential hazards, which are
assessed by measuring risk in relation to road featuresthat may lead to
future crashes, so that remedial treatmentsmay beimplemented before
crashes happen. From thereview, safety issuesand recommendations
for improvement are derived.

Safety reviews are complementary and not alternative to accident
investigation studies. Accident investigation isareactive program,;
it examines past accidents and aimsto remove or changethe features
that contributed to those past crashes. Safety review isaproactive
program, aimed at reducing road accidents before they occur. Accident
investigationstend to concentrate on singlelocations, whereas safety
reviewsare more akin to mass action studies. Moreover, the accident
recordsarefar from complete, not only in coverage but also in detail.
In countrieswith poor accident statistics, therole of safety reviewsas
complement to accident investigation studies becomes more impor-
tant. Indeed, the fewer the accident data, the less the information
accidents can give about accidents to be prevented.

Safety reviewsmay behighly cost-effective. An Austroadsresearch
study reportsthat the analysis of arange of existing roads reviews
indicated benefit—cost ratios (BCRs) between 2.4:1 and 84:1 when
one considersthe vaue of completing the proposed actionsidentified
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in response to the review findings (1). More than 78% of all pro-
posed actions had BCR > 1.0.

Evenif safety reviews may be cost-effective, the subjective nature
of the process may giveriseto inconsistenciesthat limit their effec-
tiveness. That the results of thereview are amatter of judgment does
not downgrade the val ue of the procedure. However, caution must be
exercised if theresults of one safety review are compared to another.
Thereisno guarantee that two different review teamsreviewing the
same network will come up with exactly the sameresults. To address
thisissue, a quantitative method of safety impact assessment that
complementsin-service safety reviewsis presented.

RISK ASSESSMENT IN SAFETY REVIEWS

When review recommendations are considered, capital expenditure
may be needed to address the safety issuesidentified to reducethe
collision risk, and the owner would need to prioritize the remedial
actions. Risk assessment hel ps determinethe priority of safety issues
identified by the safety reviews. Main existing road saf ety impact
assessment procedures are presented, and advantages and drawbacks
in their application are emphasized. Existing studies show that risk
assessment isakey point in the development of the review process,
but further research is needed.

Road Risk Index

In British Columbia, a criterion for a driver-based evaluation of
road sefety risk wasdevd oped (2). The processisbased on wdl-defined
and quantifiable characteristics of road featuresthat are studied and
scored during adrive-through review. These scores are combined to
produce asafety index, formulated by combining three components
of risk: the exposure of road users to road hazards, the probability
of becoming involved in acollision, and the resulting consequences
should a collision occur. Specific and combined risk indices are
assessed. The specific index defines the risk associated with each
road feature, while the combined risk defines overall risk.

The methodology can effectively support safety review results.
Nevertheless, it requires input data that in many instances are not
available to the review team.

Road Protection Score

In 2002, the AA Foundation for Road Safety Research launched the
Euro Road A ssessment Programme. Part of the program isthe devel-
opment of a procedure for a drive-through inspection of routes and
the assessment of the road protection score. Theroad protection score
has been tested by scoring asample of roadsin seven countries, and
further development of the scoring system has been proposed (3). A
direct visual inspection of theroad qudity was used, and the roadswere
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assessed by using the road protection score to measure the extent to
which roads offer protection from accidents and frominjury when col-
lisonsdo occur. Risk tableshave been devel oped on the basis of speed
limit and road design features for the injury protection that the road
provided in relation to three key accident types: head-on collisions,
single vehicles leaving the road, and side impacts at intersections.

Theroad protection score differsfrom normal road safety reviews
becauseitsaimisto assessthe general standard of aroute rather than
toidentify individual sites of concern, but the methodology looks
promising.

New Zealand Road Infrastructure
Safety Assessment

InNew Zedand, safety reviewsof existing roads have been extensively
carried out in the last decade. A Transfund manual of safety audits
of existing roads defines a risk assessment procedure that involves
the prediction of the frequency and severity of potential accidents
associated with each problem identified in theaudit report (4). A matrix
isprovided on which one axisisthe exposureto risk and the other axis
isthe severity of the expected crash. Thecells of the matrix arefilled
withwordssuch as*“low,” “medium,” and “high” level of importance.
To assesstherepeatability of the procedure, Transfund commissioned
two independent saf ety audits of the same road network. Thelack
of common findings and the variation in assessing risk level ratings
raised concerns about alack of repeatability (5). Transfund also com-
missioned a study into the rel ationship between the issues raised by
auditorsand actual traffic crashes. Thiswork produced widely varying
results and showed that some of the assigned risk ratings were not
accurate.

Onthebasisof these considerations, Transfund isdeveloping arat-
ing methodol ogy to improvethe systematic quantification of the safety
impact associated with theitemsidentified during safety reviews (6).
The method, although not definitive, isvery well suited as a support
to the review process.

POTENTIAL FOR SAFETY IMPROVEMENT INDEX
General Aspects of Procedure

Themain objectivefor developing apotentia for asafety improvement
index (PFI) wasto produce atechniqueto support road safety reviews
to quantify the safety gainsthat could be achieved by addressing the
problemsidentified in thereview process. The procedurelooksat rural
two-lane highways and does not take into account junctions. Key
elementsin developing the PFI procedure were as follows:

e Ensurethat the PFI can be assessed as part of the safety review
process without relevant supplementary work;

e Construct the process such that the results can be used to
prioritize locations that hold promise for accident reduction; and

e Ensure that the PFI is valid by comparing the results with
collision history.

The PFI assessment isbased on evaluation of safety itemsthat have
a known impact on road safety. For each safety item, the relative
increasein accident number and severity has been estimated. Safety
reviewers, after asiteinvestigation, by examination of videosrecorded
during the inspection, identify the presence of individual features
and measure the approximate exposure length of each feature, divid-
ing the road into homogeneous segments. By combining the different
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safety issues, exposure length, and relative increase in accident fre-
quency and severity, therelativerisk increasefor injury and fatal acci-
dentsiscomputed. Potential for improvement is assessed for both
injury and fatal accidents; itisequal to the product of therelativerisk
and traffic volume (raised to apower coefficient that dependson the
accident predictive model calibrated in the study network).

Formulation of PFI

Ten general safety issues have beenidentified: alignment, cross sec-
tion, markings, longitudinal rumble strips, pedestrian crosswalks,
delineation, signs, pavement, roadside, and accesses. General issues
aredivided into detailed issues (see Table 1). The safety issueshave
been selected by considering that they are common issues and that
effective remedial measures do exist and have already proved their
effectiveness. Onthebasisof existing literature (6-23), the safety effect
of each detailed i ssue has been estimated. The safety effect isexpressed
by two indices (see Table 1): AA, which represents the estimated
relativeincreaseininjury accidentsrisk caused by the safety issue,
and AS, which isthe estimated rel ative increasein accident severity.
Accident severity istheratio between fatal accidentsand all-injuries
accidents. Estimated relative increase in accident severity isdifferent
from 0 only for roadside issues. Since some safety features do not
affect all accident types, rel ated accidents have been defined for each
detailed issue (see Table 1). Length of road affected by eachitemis
expressed by the parameter related effect (see Table 1).

In each section of theroad (it is suggested to assume that any one
sectionis 200 m), the review team scoresthe detailed issues: O if the
issueisnot present, 1if theissueis present (point items, such as not
breakaway barrier terminals, are scored by their number). Scoresare
multiplied for therelated effect and summed over al the sections; the
ratio between the length of road affected by the safety item and the
total length of theroad (twicethelength of theroad for roadsideitems)
represents the exposure of the safety item.

Relativerisk of the detailed issuej, which representsthe global esti-
mated increasein injury accidentsrisk dueto theissuej, iscomputed
by the formula

RR, = expo; x AA x P @

where

RR; = relativerisk of the detailed issuej;
expo, = exposure of the issue j, that is, the proportion of road
affected by theissuej;
AA = estimated relativeincreaseininjury accidentsrisk dueto
theissuej; and
P, = proportion of accidents affected by the issue]j.

Fatal accident RR; is computed by the formula
RR, =RR,; x(1+AS)) @)

where RRy,; isthe fatal accidents relative risk of the detailed issuej
and AS isthe estimated rel ativeincreasein accident severity (fatal and
injury accidents) dueto theissuej.

Relativerisk of thegeneral issuei iscomputed by theformula(equal
to the formulafor fatal accidents)

RR, = 2 RR, ©)

j=1
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TABLE 1 Safety Items
Related Related
General Issues Detailed |ssues AA (%) AS(%) Accidents Effect
Alignment
Very severe curve realignment needed 100 0 All 200m
Inadequate sight distance on horizontal
curves caused by removable obstacles 5 0 All 200 m
(stopping sight distance, <0.75)
Inadequate sight distance on crest curves 50 0 All 200m
(stopping sight distance, <0.5)
Cross section
Lanewidth
Very narrow <2.75m 5-50raapm) 0 Run off the Segment
road
Narrow <3.25 m 2-30anpm) 0 Head-on Segment
Sideswipe
Shoulder width
Very narrow <0.3m 9—-40¢anpT) 0 Run off the Segment
road
Narrow <1.0 m 6—201(aa0T) 0 Head-on Segment
Sideswipe
Missing passing lane in section where there 33 0 All Segment
are not passing opportunities
Missing climbing lane where high speed 33 0 All Segment
difference between cars and trucks do exist
in mountainous terrain
Markings
Edgelines missing or inadequate 8 0 All Segment
Centerline missing or inadequate 13 0 All Segment
No-overtaking line missing 50 0 Head-on Segment
Longitudinal rumble strips
Audible edgelines missing 40 0 Run off the Segment
road
Audible centerline missing 11 0 Head-on Segment
Pedestrian crosswalks
Missing or ineffective crosswalksin areas 60 0 Hit pedestrian Segment
with pedestrian activity
Delineation
Chevron missing or ineffective on 20 0 All 200 m
severe curve
Guideposts (or barrier reflectors) damaged 8 0 All Segment
or missing
Signs
Curve warning missing or not visible on 10 0 All 200m
severe curve
Pavement
Inadequate skid resistance 30 0 Wet Segment

(continued]
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TABLE 1 (continued)  Safety ltems
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Related Related
General |ssues Detailed |ssues AA (%) AS (%) Accidents Effect
Roadside
Unshielded embankment 80 800 Run off the Segment
(3<h<6m and i>0.5) road
Unshielded embankment 100 1,400 Run off the Segment
(h>6m and i>0.5) road
Embankment shielded with very low 10 70 Run off the Segment
containment (or ineffective) safety barrier road
(3<h<6m and i>0.5)
Embankment shielded with very low 11 100 Run off the Segment
containment (or ineffective) safety barrier road
(h>6m and i>0.5)
Ditch 50 150 Run off the Segment
road
Trees 90 1,000 Run off the 50m
road
Rigid utility poles 90 1,000 Run off the 50 m
road
Rigid obstacles 90 1,000 Run off the 25m
road
Not breakaway barrier terminals 60 300 Run off the 25m
road
Missing transition between barriers 60 300 Run off the 25m
(or between barrier and wall) road
Inadequate bridge rails 6 2,000 Run off the 25m
road
Accesses
Excessive density of uncontrolled accesses 75 0 All Segment

(>10/km)

h = height; i = longitudinal grade.

where

RR; = relativerisk of the general issuei,
RR; = relativerisk of the detailed issue j associated with the gen-
eral issuei, and
n = number of detailed issues associated with the general issuei.

Relative risk of the segment, which represents the global esti-
mated increasein injury accidentsrisk dueto theidentified issues, is
computed by the formula (equal to the formulafor fatal accidents)

RR = RR, + RR, x (1+ RR,) + RR,
X1+ RR,) x (1+RRy) +. .. 4

where RR istherelativerisk of the segment and RR; , 5. .. nisthe
relative risk of the general issues.

PFI represents ameasure of the accident increase dueto theiden-
tified safety items. That is, PFl isameasure of the safety gains that
can be obtained by eliminating the safety issues. It depends both on
therelativerisk and the traffic volume and is equal to

PFI = RR x (AADT)" (5)

where AADT isthe average annual daily traffic [(vehicles per day)/
1,000] and b is the exponent of AADT in the pertinent accident
predictive model.

Formula5isused also for calculating PFI; of each safety item, by
inserting in the formula the relative risk of the item. PFly, of fatal

accidents is calculated by inserting into Formula 5 fatal accidents
relativerisk.

An example real-world application of the procedure is presented
inTable 2.

Safety Issues

Many road features affect traffic safety, but not all factors can be
considered in determining the PFI. It isimportant to point out that the
safety effect of each item depends also on other road, traffic, and
environmental featuresthat all together play akey role. However, to
make the assessment more objective, it has been decided to assign a
relativeincreasein accident risk for each factor independent from the
interaction of thedifferent road features. Thereview team will decide
if one item applies in relation to the road contest (e.g., chevron
missing has to be evaluated in relation to the road alignment and
perception).

Road alignment isthe road factor with the greatest safety impact,
evenif itsupgrading isgenerally quite expensive. Circumstancesin
which severe curverealignment isneeded (e.g., horizontal radiusless
than 150 mfollowing long tangents) giveriseto anincreaseintherisk
accident up to 100% applying accident modification factorsreported
by Harwood et al. (7). Inthe literature, severe curves are defined as
curves where operating speed difference with preceding tangent is
greater than 20 km/h (8); inthe PFI procedure, curveswith estimated
operating speed differential greater than 30 km/h are classified as
severe. Inadequate sight distance on horizontal and vertical curves
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TABLE 2 Example Real-World Application of Procedure for Road Ex SS 400 dir
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RR‘ RRfa
Expo; AA; (%) AS; (%)
General Issue Detailed Issue (%) (%) P(%) (seeEq.l) (%) (seeEq.2)
Alignment 219 219
Very severe curve 0.0 100.0 100.0 0.0 0.0 0.00
Inadequate sight distance on horizontal curves 43.75 5.0 100.0 219 0.0 219
caused by removable obstacles (<0.75 SSD)
Inadequate sight distance on crest curves (<0.5 SSD) 0.0 50.0 100.0 0.0 0.0 0.0
Cross section 35.57 35.57
Lane width 17.92 17.92
Very narrow <2.75 81.25 50.0 44,12 17.92 0.0 17.92
Narrow <3.25 0.0 30.0 44,12 0.0 0.0 0.00
Shoulder width 17.65 17.65
Very narrow <0.3 100.0 40.0 44,12 17.65 0.0 17.65
Narrow <1.0 0.0 20.0 44,12 0.0 0.0 0.0
Missing passing lane and passing opportunities 0.0 33.0 100.0 0.0 0.0 0.0
Missing climbing lane where high speed 0.0 33.0 100.0 0.0 0.0 0.0
differential's between cars and trucks do exist
because of longitudinal grade
Markings 17.06 17.06
Edgelines missing or poor 81.25 8.0 100.0 6.5 0.0 6.5
Centerline missing or poor 81.25 13.0 100.0 10.56 0.0 10.56
No-overtaking line missing 0.0 50.0 18.14 0.0 0.0 0.0
Longitudinal rumble strips 7.20 7.20
Audible edgeline missing 81.25 40.0 17.16 5.58 0.0 5.58
Audible centerline missing 81.25 11.0 18.14 1.62 0.0 1.62
Pedestrian crosswalks 0.96 0.96
Missing or ineffective crosswalks in areas with 27.27 60.0 5.88 0.96 0.0 0.96
pedestrian activity
Delineation 12.50 12.50
Chevron missing or ineffective on severe curve 50.0 20.0 100.0 10.0 0.0 10.0
Guideposts (or barrier reflectors) damaged or 31.25 8.00 100.0 25 0.0 25
missing
Signs 125 1.25
Curve warning missing or not visible on severe curve 12.50 10.0 100.0 1.25 0.0 1.25
Pavement 8.53 8.53
Smoothing surface pavement 100.0 30.0 28.43 853 0.0 8.53
Roadside 3.95 41.45
Unshielded embankment (3<h<6m and i>0.5) 0.0 80.0 17.16 0.0 800 0.0
Unshielded embankment (h>6m and i>0.5) 125 100.0 17.16 215 1,400 32.18
Embankment shielded with very low containment 0.0 10.0 17.16 0.0 70 0.0
(or ineffective) safety barrier (3<h<6m and i>0.5)
Embankment shielded with very low containment 125 11.0 17.16 0.24 100 0.47
(or ineffective) safety barrier (h>6m and i>0.5)
Ditch 0.0 50.0 17.16 0.0 150 0.0
Trees 0.0 90.0 17.16 0.0 1,000 0.0
Rigid utility poles 0.0 90.0 17.16 0.0 1,000 0.0
Rigid obstacles 234 90.0 17.16 0.36 1,000 3.98
Not breakaway barrier terminals 11.72 60.0 17.16 121 300 4.83
Missing transition between barriers 0.0 60.0 17.16 0.0 300 0.0
(or between barrier and wall)
Inadequate bridge rails 0.0 6.4 17.16 0.0 2,000 0.0
Accesses 0.0 0.0
Excessive density of uncontrolled accesses 0.0 75.0 100.0 0.0 0.0 0.0
(>10/km)
RR=RR; + RR; X (1+RR;) + RR; X (1+RR;) X (1+RR;) +... 125.55%
AADT [(veh/day)/1000] 12.425
b (exponent of AADT in the accident predictive model) 0.9722
PFl = RRx AADT® 14.54
RR;: = RRya + RRya X (1+RRyy,) + 206.93%

RRsra X (14+RRy,) X (1+RRyse) +. . .
PFl;;= RR; x AADT® 23.97
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isacommon accident contributory factor. Relativeincreasein accident
risk dueto inadequate sight distance (<75% stopping sight distance)
on horizontal curves caused by removabl e obstacles has been assumed
equal to 5% (9); relative increase in accident risk due to inadequate
sight distance (<50% stopping sight distance) on crest curves hasbeen
assumed equal to 50% (10).

Laneand shoulder widths affect single-vehicle run-off-the-road and
multiple-vehicle head-on, opposite-direction sideswipe and same-
direction sideswipe accidents (7). The greater thelane and shoulder
widths, thefewer the accidents. The effect of |ane and shoulder widths
depends on traffic volumes. Considering thetask of thereview team,
which does not measurein continuum the pavement width, two classes
of lanesand shoulders have been selected. Lanesareclassified asvery
narrow if thewidth islessthan 2.75 m and are narrow if the width
isbetween 2.75 and 3.25 m. Shoulders are classified as very narrow
if thewidth islessthan 0.30 m and asnarrow if thewidth is between
0.30 and 1.00 m. If AADT is more than 2,000, the relative increase
inaccident risk is50% for very narrow lanes, 30% for narrow lanes,
40% for very narrow shoulders, and 20% for narrow shoulders. If
AADT isless than 400, the coefficients are 5% for very narrow
lanes, 2% for narrow lanes, 9% for very narrow shoulders, and 6% for
narrow shoulders. For intermediate valuesof AADT, the coefficients
vary linearly (7). Missing passing lane, in sectionswhere there are not
passing opportunities, and missing climbing lane, where high speed
differences between cars and trucks exist in mountainous terrain,
giveriseto anincreasein accident risk, which has been quantified
equal to 33% (7).

Much research has investigated the effect of road marking on
accidents, showing that road marking improvementsarelikely to be
cost-effective. Detailed items considered are edge lines missing or
inadequate, centerline missing or inadequate, and no-overtaking line
missing in sectionswhere passing sight distanceisnot provided. Rel-
ativeincreaseininjury accidentsrisk has been assumed equal to 8%
for edge lines missing and equal to 13% for centerline missing (6).
Relative increase for no-overtaking line missing has been assumed
equal to 50%,; this factor applies only to head-on accidents (6).

An effective saf ety measure, which has been applied recently by
many road authorities, istheinstallation of shoulder rumble strips
(or audible edge lines), which are warning devices intended to alert
driversthat they areleaving thetraveled way and that asteering cor-
rection isrequired, and centerline rumble strips (or audible center
line), which are intended to alert drivers that they have crossed the
center of theroad and aretraveling in the opposing traffic lanes. The
former have apositive effect on run-off-the-road accidents, the | atter
on head-on accidents. On the basis of Transportation Association of
Canada (11) and NCHRP (12—14) suggestions, relative increasein
accident risk dueto rumble strips missing has been assumed equal to
40% for shoulders and equal to 11% for centerline, although other
literature sources suggest even greater values (15, 16).

Missing or ineffective crosswalks in areas with pedestrian activ-
ity are one of the main contributory factorsin pedestrian accidents.
Relative increase in accident risk due to this safety issue has been
assumed equal to 60% (17, 18).

Delineationisanimportant safety factor inany condition. On severe
curves, missing or ineffective chevrons can lead to an accident risk
increase equal to 20% (6). It has been assumed that thisfactor applies
to asegment 200 m long. Damaged or missing guideposts or barrier
reflectors on nonsevere curves and on tangents are al so a safety defi-
ciency; relativerisk factor has been assumed equal to 8% (6). Some
studiesreport positive effects associated with theinstall ation of per-
manent raised pavement markers (PRPMs); however, recent com-
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prehensive research tasks state that PRPMs have a positive effect
only under certain particular conditions (19), and it has been decided
not to include PRPMs in the safety issues.

Road signsthat havethe greatest effect on traffic safety arewarning
signs. They call attention to unexpected conditions and to situations
that might not be readily apparent to road users, giving suggestionsfor
safebehavior. For missing or ineffective curvewarning sgnson severe
curves, therelative risk factor has been assumed equal to 10% (6).

The pavement factor that has more effect on road safety isfriction.
Relativerisk increase when skid resistance isinadequate has been
assessed equd to 30% (6); this applies to wet road accidents. Experi-
mental results show even greater wet accident increasein poor friction
conditions (20).

Roadside improvement measures may reduce either accident fre-
quency or accident severity. Accident frequency can be reduced by
removing or rel ocating roadside hazardsto provide aclear zonealong
the roadside that provides errant vehicles an opportunity to recover
and return to the travel way or to cometo acontrolled and safe stop.
Accident severity can be reduced by making the hazardsforgiving
or shielding the hazards with road restraint systems. | njury accidents
and fatal accidentsrisk increase, for different road features, has been
calculated with the AASHTO severity indices (21). In relation to
design speed, severity indices for each roadside feature define the
probability of injuries and fatalities, given acollision. By comparing
the injuries and fatalities probability of roadside obstacles to those
of safety barriers, or of breakaway terminals, the risk increase fac-
tors reported in Table 1 were obtained. Length of road affected by
risk increase was cal culated by using the impact angle distribution
reported by Mak et al. (22). Risk increasefor safety barrierswith low
containment level and inadequate bridge railswas cal culated by tak-
ing into account analytical relationships between abarrier’ s contain-
ment capacity and impact conditionsthat allow eval uating the number
of vehicles successfully redirected in relation to the safety barriers
containment level (23).

Direct accessto roads can significantly increase accidents. Accident
modification factors (AMFs) that takeinto account driveway density
have been developed (7). AMFs show that aroadway segment with
10 driveways per kilometer can experience 75% more accidentsthan
asegment with four driveways per kilometer.

VALIDATION OF PROCEDURE

A pilot study was done to evaluate the validity of the procedure.
Values of the PFIl index and expected collision frequency were
compared.

Pilot Study

A pilot study was carried out as part of asafety review of arural road
network in Italy. The network is composed by 406 km of rural two-
lanerolling highwayswith at-gradejunctions and direct accessfrom
properties, located in the province of Avellino (Region Campania)
and divided into 24 segments (see Table 3). Safety reviewswere car-
ried out by two experienced reviewers according to the procedures
defined in the Italian road safety audit guidelines (24), and the PFI
index was evaluated as a research task. Traffic data are based on
traffic simulations (25) and ANAS (Italian National Roads Ingtitute)
traffic counts (for year 2000).

The accident dataanalysis was carried out by elaborating ISTAT
(Itdian National Institute of Statistics) electronic dataof Region Cam-
paniafor the period 1995-2002. | ntersection accidentswere excluded.
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TABLE 3 Relative Risk and Potential for Improvement
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Observed Segment Segment
Injury Length AADT RR

Segment Accidents (km) (veh/day) (%) PFI
Ex SS7 dir/c*“ Appia’ sromkm 12.6t0km242) 4 116 6,023 55.51 3.18
Ex SS 88, “Dei due Principati” rom km 156 tokm32.0) 7 16.4 9,561 60.34 5.42
Ex SS 88, “Dei due Principati” fromkm 36.0to km 56.4) 34 20.4 11,958 116.54 13.01
Ex SS91,“DellaValle del SEl€” gromkmotokmaiz) 13 31.2 3,539 81.51 2.78
Ex SS 91, “DellaValle del Sel€” romkms1.2t0km44.4) 0 132 2,545 44.00 1.09
Ex SS 91, “DellaValle del SEl€” fromkma44tokmss) 1 136 1,270 65.92 0.83
Ex SS91 bis“Irpinia’ 3 82 1,985 129.34 252
Ex SS 164, “Delle Croci di ACErno” sromkm 342 tokms3.4) 2 19.2 2,314 97.50 2.20
Ex SS 164, “Delle Croci di ACerno” romkmss.4tokm76.2) 8 22.8 1,800 104.12 1.84
Ex SS 165 “Di Materdomini” 1 14.8 576 51.48 0.30
Ex SS 303, “ Del Formicoso” fromkm 202 to km 41.0) 12 20.8 5,600 87.77 4.69
Ex SS 303, “Del Formicoso” sromkm41.0to kmso.0) 7 18.0 1,560 87.09 1.34
Ex SS 368 “Del Lago Laceno” 1 19.2 3,565 82.07 2.82
Ex SS371“DellaValle del Sabato” 7 10.8 4,532 95.18 414
Ex SS 374 “Di SUMmMONte” fromkm oto km 200) 18 20.0 4,020 92.67 358
Ex SS 374 dir “Di Montevergine” 0 11.0 650 117.02 0.77
Ex SS 399 “Di Calitri” 8 19.8 5,204 68.46 3.40
Ex SS400 “Di Catelvetere” 31 294 7,000 107.72 7.14
Ex SS400 dir “Di Catelvetere” 6 34 12,425 12555 14.54
Ex SS403 “DellaValledi Lauro” jromkmsotokmeas) 9 6.8 7,492 99.11 7.02
Ex SS 414 “Di Montecalvo Irpino” 15 18.6 3,191 130.67 4.04
Ex SS428“Di VillaMaina’ 7 15.0 2,100 103.07 212
Ex SS574 “Del Monte Terminio” 8 384 2,430 77.35 1.83
Ex SS574 dir “Del Monte Terminio” 0 3.6 1,200 79.86 0.95
Total 202 406.2

Ex SSindicates aregiona road that was a national road.

The database includesinjury and fatal accidentsonly. Most common
accident types (see Table 4) are right-angle/turning (32.2%), head-
on (18.3%), and run-off-the-road (17.3%). Right-angle accidents
occur in proximity to accesses and are classified by ISTAT asnon-
intersection accidents. Accidents on wet pavement account for 28.7%
of thetotal.

For each segment, relativerisk and PFl were assessed (see Table 3).
Relative risk ranges from 44% to 131%; that is, significant accident
reductions may be obtained if road safety improvements are carried
out. Ranking of safety issuesin each segment showsthat cross section,
markings, and delineation generally arethe safety issueswith greater
relative risk.

Accident History

The number of accidents expected to occur on the study segmentswas
estimated by using the EB technique, which correctsfor regression-
to-mean bias (26). The estimate of the expected accidents dependson
the accident count and the number of accidents predicted by amodel.

A model that predicts the nonintersection collision frequency, as
based on the segment length and the AADT volume, was devel oped
with datareported in Table 3. Generdlized linear modeling techniques
(GLM) were used to fit the model, and a negative binomial distribu-
tion error structure was assumed. Severa researchers have demon-
strated the inappropriateness of conventional linear regression for
modeling discrete, nonnegative, and rare events such as traffic col-

lisions. GLM has the advantage of overcoming these shortcomings

associated with conventional linear regression (2). The regression

analyseswere performed by using the GENMOD procedurein SAS.
The model formisasfollows:

E(Y) = € x L* x AADT® (6)

where

I§(Y) = predicted accident frequency (1995-2002),
L = segment length (km), and
ay, &1, & = model parameters.

Themodel parametersand theindicatorsfor the model significance
are given in Table 5. The reported indicators are the t-ratio for the
model parameters, the k-value (the negative binomial parameter),
the scaled deviance, and the Pearson y? statistic. The formulations of
the scaled deviance (for anegative binomial distribution) and of the
Pearson y? statistic are shown in Equations 7 and 8. For awel|-fitted
model, both the scaled deviance and the Pearson 2 should be signif-
icant compared with the value obtained from the y? tablefor the given
degreesof freedom. These measuresindicate that the prediction model
hasarelatively good fit and the val uesthat are cal culated for thet-ratios
for all independent variables are significant.

Yy + K

= 25" Jyin =X | (v Yite
SD_zz”{y"”{Eu)} (y'”)'”{E(yi)m} 0
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TABLE 4 Aggregate Accident Data
Injury Accidents Fatalities Injuries
Fatalities/
N % N % N % Injury Accidents
Head-on 37 18.32 3 23.08 85 22.79 8.11%
Right-angle/turning 65 32.18 2 15.38 124 33.24 3.08%
Sideswipe 17 8.42 0 0.00 33 8.85 0.00%
Rear-end 21 10.40 0 0.00 41 10.99 0.00%
Hit pedestrian 12 5.94 2 15.38 14 3.75 16.67%
Hit stopped vehicle 248 1 7.69 6 1.61 20.00%
Hit parked vehicle 0.50 0 0.00 3 0.80 0.00%
Hit obstacle in carriageway 297 2 15.38 8 214 33.33%
Run-off-the-road 35 17.33 3 23.08 51 13.67 8.57%
Sudden braking 1 0.50 0 0.00 5 1.34 0.00%
Falling from avehicle 2 0.99 0 0.00 3 0.80 0.00%
Tota 202 100.00 13 100.00 373 100.00 6.44%
Wet 58 28.71 1 7.69 125 3351 1.72%
Other 144 71.29 12 92.31 248 66.49 8.33%
Total 202 100.00 13 100.00 373 100.00 6.44%
where The correlation between EB safety estimates and PFI valuesis

SD = scaled deviance,
Y, = observed number of accidentsin the segment i,
E(y;) = predicted number of accidentsin the segment i, and
K = negative binomial parameter.

- Ey)|

pesony” - 3, va ®

where Var(y;) isthe variance of the observed accidents.

The collision estimates were then subjected to an EB refinement
techniqueto obtain abetter estimate of the existing safety performance
(see Table 6), produced asfollows:

B = [L\f)} X (K + count)

9
K + E(Y) ©)

where count is the observed collision frequency.

Comparison of PFl and Accident History

Totest the procedure, comparisons of the PFI scoresand the EB safety
estimates were carried out (see Table 7 and Figure 1). Since PFl is
assessed per unit of length, it can be compared to the number of acci-
dents per year and per kilometer. EB estimates have been divided for
the road segment lengths and the number of years.

TABLE 5 Model Parameters

highly significant (t=17.39, p-value < 0.001), with 93% of the vari-
ation in the estimated number of accidents explained by the PFI value.
Thismeansthat the rel ationship between EB estimatesand PFI scores
had less than 0.1% chance of occurring by accident.

To determine the level of agreement between the sorting of seg-
mentsbased on EB estimates and PFI values, each of the 24 segments
was ranked in descending order according the two criteria, and the
Spearman’ srank-correl ation coefficient was cal culated by theformula
(seeTable7)

6 x i d?
i=1

nx(n® -1 10

p5=1—

where

ps = Spearman’ s rank-correlation coefficient,
d; = differences between ranks, and
n = number of paired sets.

Under anull hypothesis of no correlation, the ordered data pairs
arerandomly matched, and thus the sampling distribution of pshasa
mean of zero. Since this sampling distribution can be approximated
with anormal distribution even for relatively small valuesof n, itis
possible to test the null hypothesis on the statistic given by

z=p,x(N-1 11

df Parameter  Estimate t-Ratio  tos ¥ SD Pearson 2 %2005, 21
N -8.694 -4.77

21 a 0.9648 3.93 2.08 406 28.01 20.45 32.67
a, 0.9722 5.09
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TABLE 6 EB Safety Estimates

Transportation Research Record 1922

Model Observed
Predicted Injury EB
Segment Accidents Accidents Estimate
Ex SS7 dir/c*“Appia’ romkm 12.6t0km 242) 8.43 4 5.44
Ex SS 88, " Dei due Principati” romkm 156 tokm32.0) 18.46 7 9.07
Ex SS 88, “Del due Principati” rom km 36.0to km 56.4) 28.32 34 33.29
Ex SS91,“DellaValle del SEl€” gomkmotokm3r2) 13.06 13 13.01
Ex SS 91, “DellaValle del Sel€” romkma12tokm 444 413 0 2.05
Ex SS 91, “DellaValle del Sel€” gommas4t0kmss) 2.16 1 1.76
Ex SS91 bis“Irpinia’ 2.05 3 2.37
Ex SS 164, “Delle Croci di ACerno” sromkm342tokm s34 5.41 2 3.46
Ex SS 164, “ Delle Croci di ACerno” sromkmssatokm7s2) 5.00 8 6.66
Ex SS 165 “Di Materdomini” 1.09 1 1.07
Ex SS 303, “ Del Formicoso” romkm 202 to km 41.0) 13.80 12 12.41
Ex SS 303, “Del FOrmicos0” (somkm41.0tokm50.0) 3.46 7 5.09
Ex SS 368 “Del Lago Laceno” 8.24 1 3.39
Ex SS 371 “DellaValle del Sabato” 5.97 7 6.58
Ex SS 374 “Di SUMMONtE” (trom km o to km 20.0) 9.63 18 15.52
Ex SS 374 dir “Di Monteverging” 0.92 0 0.75
Ex SS 399 “Di Cdlitri” 12.25 8 9.06
Ex SS400 “Di Catelvetere” 23.94 31 29.98
Ex SS400 dir “Di Catelvetere’ 5.22 6 5.66
Ex SS403 “DellaValledi Lauro” somkmzotwokmes) 6.23 9 7.91
Ex SS 414 “Di Montecalvo Irpino” 717 15 12.17
Ex SS428“Di VillaMaina” 3.88 7 5.40
Ex SS574 “Del Monte Terminio” 11.07 8 8.82
Ex SS574 dir “Del Monte Terminio” 0.57 0 0.50

Ex SSindicates aregional road that was a nationa road.

Theresultsfrom the correlation analysis (ps=0.94, z= 4.52) indi-
cate that the ranking from the subjective PFI and the objective EB
estimate do agree at the 99.9% level of significance. Theseresults
provide avaluable validation for the PFI. Indeed, studies on method-
ologiesaimed at identifying the siteswith promise (27), which arethe
sites where the greatest cost-effectiveness of the safety measuresis
expected, found that ranking criteria based on accident frequency
givesthe best results.

The ranking from the subjective PFl was compared with the ranking
fromtheanalytica PFl, whichiscalculated asthe difference between
the accident EB estimate and the model prediction (28). Theresults
from the correlation analysis (ps = 0.30, z= 1.46) indicate that the
ranking from the subjective PFl and the analytical PFI agree at the
92.7% level of significance. The correlation, albeit significant, isnot
as strong as the correlation between the subjective PFl and EB the
estimate. This has two main reasons:

e Theaccident prediction model used for estimates does not take
into account road feature explanatory variables other than segment
length.

e Segments with low traffic volume have analytical PFI greater
than segmentswith high traffic volume that experienced fewer acci-
dentsthan predicted. However, these high-traffic-volume segments
may have high potential for improvement because of factors not
included in the accident predictive model.

Both PFI and accident frequency are dependent on traffic volume,
but thisis not the main explanation of their correlation. Therelative

risk, which depends only on theidentified safety issues, isrobustly
correlated with the accident rate. The hypothesis of correlation was
tested by assessing Spearman’ s rank-correl ation coefficient for two
criteria: descending order of accident rate (EB estimate of accident
frequency/10° veh x km) and descending order of relativerisk. The
rankings from the two criteria agree at the 99.9% level of signifi-
cance (ps= 0.63, z=3.02).

CONCLUSIONS

A systematic process to determine which road features should be
investigated and how each feature should be evaluated during the
safety review was proposed. The approach isbased on known accident
relationships, and asafina result aPFl was computed. PRI quantifies
the safety gainsthat could be achieved by addressing the problems
identified in the review process.

Validation of the procedure was carried out by comparing the PFI
values with the expected collision frequency. PFl was assessed in
406 km of rural two-lane rolling highwaysin Italy. Collision fre-
quency was estimated by applying acollision prediction model, cal-
ibrated in the study network, and was refined by applying the EB
technique. Correlation between EB safety estimates and PFI values
ishighly significant, with 93% of the variation in the estimated num-
ber of accidents explained by the PFI value. Thelevel of agreement
between the results of the EB estimates and the PFI was eval uated
also by the Spearman’ srank-correl ation coefficient. Siteswereranked
according to both the EB estimate and the PFI, with the results of
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EB estimate [Acc./(km x year)]

FIGURE 1

TABLE 7 Comparison of PFl and EB Ranks

EB
PFI Estimate EB Rank
Segment PFI Rank [acc./(kmxyear)] Rank Difference
Ex SS7 dir/c*Appia’ romkm 12.6to0km 242) 3.18 11 0.59 10 1
Ex SS 88, " Dei due Principati” romkm 156 tokm32.0) 5.42 5 0.69 9 -4
Ex SS 88, “Dei due Principati” rom km 36.0to km 56.4) 13.01 2 2.04 2 0
Ex SS91,“DellaValle del SEl€” gomkmotokmsr2) 2.78 13 0.52 12 1
Ex SS 91, “DellaValle del Sel€” romkm3t2tokm 444 1.09 20 0.19 20 0
Ex SS 91, “DellaValle del SEl€” fromkmasatokmss) 0.83 22 0.16 22 0
Ex SS91 bis“Irpinia’ 252 14 0.36 15 -1
Ex SS 164, “Delle Croci di ACerno” sromkm342tokms3.4) 220 15 0.23 18 -3
Ex SS 164, “ Delle Croci di ACErno” sromkmssatokm76.2) 184 17 0.36 14 3
Ex SS 165 “Di Materdomini” 0.30 24 0.09 23 1
Ex SS 303, “Del Formicoso” romkm 202 to km 41.0) 4.69 6 0.75 8 -2
Ex SS 303, “ Del FOrmicoso” (som km41.0tokms9.0) 134 19 0.35 16 3
Ex SS 368 “Del Lago Laceno” 2.82 12 0.22 19 -7
Ex SS371“DellaValle del Sabato” 4.14 7 0.76 7 0
Ex SS 374 “Di SUMMONtE” (from km o tokm 20.0) 3.58 9 0.97 5 4
Ex SS 374 dir “Di Montevergine’ 0.77 23 0.09 24 -1
Ex SS399 “Di Calitri” 3.40 10 0.57 11 -1
Ex SS400 “Di Catelvetere” 7.14 3 1.27 4 -1
Ex SS400 dir “Di Catelvetere” 14.54 1 2.08 1 0
Ex SS403“DellaValledi Lauro” romkmszotokmos) 7.02 4 145 3 1
Ex SS 414 “Di Montecalvo Irpino” 4.04 8 0.82 6 2
Ex SS428“Di VillaMaina’ 212 16 0.45 13 3
Ex SS574 “Del Monte Terminio” 1.83 18 0.29 17 1
Ex SS574 dir “Del Monte Terminio” 0.95 21 0.17 21 0

Ex SSindicates aregional road that was a nationa road.

ps=0.94; z=4.52.
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the Spearman correl ation indicating agreement at 299.9% significance
level. This means that ranking of segments that hold promise for
accident reduction gives comparableresultsintermsof PFI or accident
history.

PFI can be assessed whether accident data are available or not. If
accident dataareavailableand their quality isgood, PFI can be effec-
tively used in conjunction with accident frequency asranking criteria,
improving the ranking made by using accident frequencies alone.
Indeed, segmentswith similar accident frequency may giveriseto
different potential benefits of the safety measures. The PFl index
quantitatively assesses these potential benefits. If accident dataare
not available or are poor, PFl can be used asaproxy of accident data
and becomes the only ranking criteria.

The PFI hastwo main practical applications. High-risk segments,
where saf ety measures that can reduce accident frequency and/or
severity do exist, can be identified and ranked by the global PFI.
Specific safety issuesthat contribute the most to safety problemsare
pointed out to give guidance about more appropriate mass action
programs. Relativerisk ranksdifferent types of safety measuresin each
segment, whereas PFI of single safety issuesranksthe segmentsin
relation to a specific safety improvement program.

PFI can be assessed as part of the safety review process without
relevant supplementary work. Safety reviews represent a low-cost
processfor the periodic eval uation of the network safety performance,
and the PFI assessment is an effective tool for the development of
safety strategiesincorporating the reviewsin amore comprehensive
road safety program. Thelow cost and applicability in road networks
where geometric and accident data are lacking make the procedure
very attractive for low-volume roads.
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