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Benefit-Cost Analysis of Roadside Safety Alternatives

DEAN L. SICKING and HAYES E. ROSS, Jr.

ABSTRACT

In recent years, benefit-cost (B-C) analysis procedures have been widely ac-
cepted as a rational method for evaluating safety treatment alternatives. Most
methods of analysis employed to date have significant limitations, overstate
the severity of accidents, and are cumbersome to use. An advanced B-C analysis
model that incorporates numerous modifications to enhance versatility and im-
prove determination of accident severity is described. Basic encroachment data
on which the model is based are presented, and the applications and limitations
of the model are discussed. An example of the use of the model to develop
general barrier use guidelines is also included.

Highway engineers have always faced the difficult
problem of determining when and where safety features
should be used. Until recently, safety feature use
guidelines were based primarily on the relative haz-
ard of the possible alternatives., For example, if a
high-speed traversal of a roadside slope was thought
to be more hazardous than a similar impact with a
roadside barrier, a barrier was deemed to be neces-
sary. No consideration was given to the probability
that a high~speed accident would occur. This 1led
highway agencies to invest large sums of money to
erect guardrail at sites where there was little or
no probability of the occurrence of a severe acci-
dent.

When safety improvement programs gained higher
priority, safety projects began to compete with con-
struction and other projects for hiyhway agency
funds. Therefore it became necessary to evaluate the
relative merits of all projects. A benefit=-cost (B-C)
analysis procedure for studying safety improvements
was developed to determine the benefits obtained
from each dollar spent on safety improvement (1).
The 1977 BAASHTO barrier guide presented highway
engineers with a "simplified" B-C analysis procedure
(2). Accident severities were estimated by highway
safety professionals including accident investi-
gators, highway engineers, and researchers. Sever-
ities derived in this manner have been found to be
representative of high-speed accidents. As a result,
all predicted accidents were by default assumed to
involve high impact speeds, and the procedure over-
stated the severity of many types of accidents.
Therefore the technique frequently led to the use of
safety appurtenances at sites where such devices
were not warranted. In these cases accidents involv-
ing the safety treatment occur more frequently and
are more severe than accidents at similar untreated
sites,

Efforts to further refine the B-C analysis tech-
nique have led researchers to develop relatively
sophisticated algorithms (3-5). Although these pro-
grams do a better job of properly accounting for all
of the costs associated with a safety improvement,
the procedures have significant limitations, gener-
ally continue to overstate the severity of most ac-
cidents that are predicted to occur, and are quite
difficult to use.

In an effort to resolve some of the problems as-
sociated with existing warranting procedures, an
advanced B-C analysis algorithm was developed. Major
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improvements have been made in the algorithm to im-
prove the versatility of the procedure and the
determination of the severity associated with pre-
dicted accidents. Further, the algorithm has been
coded for use with microcomputers to reduce imple-
mentation problems,

BENEFIT-COST METHODOLOGY

The B-C methodology compares the benefits derived
from a safety improvement to the direct highway
agency costs incurred as a result of the improve-
ment., Benefits are measured in terms of reductions
in societal costs due to decreases in the number or
severity, or both, of accidents. Direct highway
agency costs are comprised of initial, malntenance,
and accident repair costs of a proposed improvement.
A ratio between the benefits and costs of an im-
provement is used to determine if the improvement is
cost beneficial:

BC2_1 = (SCl it SC2)/(DC2 - Dcl) (1)
where

BCy.3 = B-C ratio of Alternative 1 compared with
Alternative 2,

annualized societal cost of Alternative
1,

DC) = annualized direct cost of Alternative 1,

5Cy

5Cy annualized societal cost of Alternative
2, and
DCy; = annualized direct cost of Alternative 2.

For Equation 1, Alternative 2 is normally considered
to be an improvement relative to Alternative 1. When
the B-C ratio for a safety improvement is below 1.0,
the improvement should not normally be implemented.
However, budgetary limitations prevent tunding ot
all projects that have a B-C ratio of 1.0 or more.
Ideally, a highway agency can use a B-C approach to
analyze all proposed projects, including safety im-
provements, rehabilitation, and new construction, to
determine the optimum use of available funding.

ACCIDENT PREDICTION MODEL

Most benefits and some costs associated with a safety
improvement are directly related to the number and
severity of accidents that will occur at the site
under consideration. Thus accident prediction is
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critical to the analysis of the need for safety im-
provements. Although some authors have attempted to
use accident data to predict accident frequency and
severity, to date these efforts have met with limited
success due to poor quality or small accident data
bases, or both. Currently, the best available methods
for predicting accident frequency and severity are
based on encroachment probability models.

An encroachment probability model is based on the
concept that the number of run-off-the-road acci-
dents that occurs at a given site can be related to
the number of vehicles that inadvertently leave the
roadway at that site. Further, it is assumed that
the frequency and nature of uncontrolled encroach-
ments can be related to roadway and traffic charac-
teristics. Thus the goal of an encroachment prob-
ability model is to relate roadway and traffic
characteristics to the expected accident frequency
at a site.

The general approach in calculating accident fre-
quency is to determine the region along the roadway,
or hazard envelope, within which a vehicle leaving
the travelway at a prescribed angle will strike the
hazard. A typical hazard envelope is shown in Figure
1. Note that the hazard envelope is divided into
three basic ranges. The first encroachment range
corresponds with accidents involving the side of the
hazard parallel to the roadway and is the same length
as the hazard. The second range corresponds to im-
pacts on the corner of the hazard between the two
exposed faces and is a function of the effective
width of the vehicle. Accident analysis studies have
shown that many vehicles involved in roadside acci-
dents are not tracking (6,7). Therefore the effec-
tive vehicle width used in the encroachment algorithm
is the average of the vehicle width and length. The
third encroachment range corresponds to vehicles
striking the side of the hazard and is a function of
the width of the hazard.

As shown in Figure 1, uncontrolled vehicles are
assumed to encroach along a straight path. The prob-
ability that a vehicle of a particular size will
leave the traveled way within a specific encroachment
range at a prescribed angle and speed is merely the
length of the range in miles times the probability
of a vehicle encroaching under the given conditions:

P(E@:glE) = P(W)B(E, ,IE) (W,/sin 0) /5,280 (2)
where

P(Eg':lE) = probability that a vehicle
!

of size W will encroach at speed V and
angle & into encroachment range 2,
given that an encroachment has oc-
curred;

P (W) = probability that an encroaching vehi-
cle will be of size W;

P(Ey,piE) = probabilit{ that an encroaching
vehicle will be traveling at speed V
and encroaching at angle 8; and

We = effective vehicle width (1/2 vehicle
width + 1/2 vehicle length) in feet.

Note that this probability is based on the assumption
that vehicles encroach randomly within the area of
interest.

When a vehicle leaves the travelway within the
hazard envelope, there is some probability that the
vehicle will stop or steer back to the roadway before
striking the hazard. Therefore the probability of
entering the hazard envelope must be modified by the
probability of a vehicle encroaching far enough
laterally to reach the obstacle. The probability
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FIGURE 1 Hazard envelope for single hazard.

that an encroaching vehicle will strike the corner
of the hazard is

W,2 _
P(Cv'elE) = P(W)P(Ev’e) (;/5,280)
{sec 8 csc 8, PILE>(a+j-1/2)]} (3)
where
p(cg'guE) = probability that a vehicle of
r

size W encroaching at speed V and
angle 6 will strike hazard with-
in range 2, given that an en-
croachment has occurred;

a = distance from travelway to fixed
object (ft);

P[LE> (a+...)] = probability that the lateral ex-
tent of encroachment is greater
than or equal to a+...; and

N = We x cos 8 (ft).

The probability that an encroaching vehicle will
strike a single hazard is merely the sum of the
probabilities of impacts within each encroachment
range.

For most circumstances of interest, two or more
hazards are present at one location. For these sit-
uations the hazard envelopes can overlap and create
a complex geometric problem as shown in Figure 2.
This figure shows a rectangular hazard shielded by
guardrail. Some vehicles encroaching within this
region will strike the longitudinal barrier and be
redirected, and other accidents will involve vehicles
going behind or through the barrier and striking the
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FIGURE 2 Hazard envelope for multiple hazards.

protected hazard. Hazard envelopes for multiple-
hazard locations can be described if the relative
locations and the geometry of all hazards are known.
Figure 2 shows nine encroachment ranges comparing
the overlapping hazard envelopes of the two hazards.
Each encroachment range describes a unique combina-
tion of hazard faces that an encroaching vehicle
would contact. For example, a vehicle with sufficient
speed to penetrate the barrier, leaving the roadway
within encroachment range 7, would first contact the
longitudinal face of the barrier and then the longi-
tudinal face of the hazard.

The encroachment probability model developed in
this study uses hazard locations and geometry to
determine the limits of all encroachment ranges and
the lateral distances to each hazard within the
range. The model then calculates the probhahility of
a collision within each encroachment range in a man-
ner analogous to that given in Equation 3:

YET,.

i L
P hEY ) - 5,280 Y1
v,8 V,8 i j=YBLi
[P(LE_>__j)]/|YELi - YBLiI (4)
where
P(Cw'ile ) = probability that a vehicle of size
V,8 V,8

W leaving the roadway at speed V
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and angle 6 will strike the first
hazard within encroachment range i
given that an encroachment has oc-
curred involving a vehicle of size
W, speed V, and angle 9;
Lj = length of encroachment range ij;

YE; = lateral distance from end of en-
croachment range i to first hazard
within the range; and

YBLi = lateral distance from beginning of
encroachment range i to first
hazard within the range.

The total accident costs for any site can then be
determined by multiplying the collision probability
from Equation 4 by the encroachment frequency and
the accident cost of the predicted accident and sum-
ming overall possible accident types:

_ W
AAC T P(Cv

I I E ) AC
W v e i

AW W, i
.86 V,8 v, f 3

where

AAC = annual accident costs arising from run-

off-the-road traffic accidents within the

region of interest ($/year),

uncontrolled encroachment frequency

(encroachments per mile per year),

= summation over all encroachment vehicle
sizes,

= summation over all encroachment
velocities,

= summation over all encroachment angles,

=]
+h
n

= summation over all encroachment ranges,
and

MMM E™

= accident costs associated with an
accident involving a vchiole of size W
striking hazard i at speed V and angle 8.

<=
- -
@

Eguation 5 is based on the probability of the en-
croaching wvehicle striking the first hazard within
encroachment range i. For some predicted accidents,
the errant vehicle will penetrate the first hazard
within the encroachment range. For example, longi-
tudinal barriers have a performance level beyond
which vehicle restraint cannot be assured. When a
vehicle is predicted to penetrate the first hazard
within the range, it is assumed that the wvehicle
will strike the next hazard within the range.
Accident costs schown previously were calculated
for traffic moving in only one direction. A similar
procedure was developed for use on two-lane, two-way
highways. In this application, the accident predic-
tion algorithm is used twice. The procedure is first
used to determine the costs of accidents resulting
from vehicles leaving the right side of the roadway.
Then accident costs are developed in an analogous
procedure for accidents involving vehicles 1leaving
the left size of the roadway. Encroachments from the
right lane have been ochown to ocomprise approxi-
mately 65 percent of all encroachments (6,8). For
two-lane roadways, the remaining encroachments must
originate from the left side of the travelway.

Encroachment Characteristics

The accident prediction model described requires a
knowledge of certain characteristics of uncontrolled
encroachments including frequency, speed, angle, and
lateral movement. Few pure encroachment data are cur-
rently available. The largest data base containing
pure encroachment information was collected on Cana-
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dian highways by Cooper (9). Unlike other efforts
(10), this study involved highways with operating
speeds in the same range as those on most U.S. high=-
ways today. Therefore findings from Cooper (9) were
used to determine both encroachment frequency and
lateral movement information. Cooper collected en-
croachment frequency data on relatively straight,
flat sections of roadways of two different classes,
four-lane divided and two-lane, two-way. These data
included both controlled and uncontrolled encroach-
ments. Accident data have been used to adjust
encroachment frequencies from Cooper to eliminate
controlled encroachments (11,12). The adjusted en-
croachment frequency curves are shown in Figure 3.
Accident data have also been used to develop en-
croachment frequency adjustment factors, given in
Table 1, to account for the effects of vertical or
horizontal curvature on encroachment frequency (13).

Cooper also collected information on the lateral
extent of encroachment. Information on lateral extent
of encroachment from other sources 1is considered
unrepresentative of modern accident characteristics
because it involves either high-speed traffic (speed
limit of 70 mph) (10) or was collected from accident
data (8). Distributions of lateral vehicle movement
developed from Cooper's data show few vehicles en-
croaching less than 10 ft before returning to the
roadway. Many of the highways studied had paved or
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FIGURE 3 Adjusted encroachment frequencies (7).
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graveled shoulders that tend to hide evidence of
encroachments with short lateral extent. Data on
lateral extent of movement from Cooper have been
adjusted by curve fitting the data points beyond 12
ft (the widest shoulder width in the study) to
eliminate the effects of paved shoulders. Figure 4
shows both the raw and the adjusted lateral extent
of movement distributions from Cooper (9). Note that
for very short encroachments, the probability of
lateral encroachment is greater than 1. Thus the
curve in Figure 4 serves as an adjustment for the
encroachments of short lateral extent that were not
detected in the encroachment study.

No pure encroachment data published to date have
contained any information on encroachment speed.
Encroachment velocity and angle are known to be
related. Therefore encroachment angle data are be-
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FIGURE 4 Adjusted lateral encroachment distribution (9).

TABLE 1 Encroachment Frequency Adjustment Factors for

Horizontal and Vertical Alignment (13)

Encroachment Location with Respect to Curve

Inside Outside

Uphill or Moderate Steeper Uphill or Moderate Steeper
Roadway Downbhill Downhilt Downhill Downhill
Curvature Grade Grade Grade Grade
(degrees) (>-2%) (<-2%) (>-2%) (<-2%)
0-3 1.00 0.80 1.00 0.80
3.01-6 1.24 2.06 2.76 4.60
>6 1.98 4.00 4.42 9.00
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lieved to be of 1little value without accompanying
speed data. The best available method of estimating
combined impact speed and angle distributions is
through computer reconstruction of traffic accidents
(7,14) . Table 2 gives the distribution of freeway
encroachment speeds and angles developed from Mak et
al. (7) and Mak and Calcote (14). Although impact
speed distributions developed from accident data are
biased toward high impact speeds, accident severities
from these distributions are more representative of
real-world accidents than are severity estimates
based solely on high-speed impacts. Distributions
such as the ones given in Table 2 have been developed
for a variety of functional classes of highways. The
procedure described herein uses the appropriate dis-
tribution based on the functional class of highway
under consideration.

Although small vehicles have been shown to be
overrepresented in reported accident data, it is
believed that much of this overrepresentation is the
result of reduced crashworthiness of small automo-
biles rather than an increased prob-
ability. Few data are currently available to relate
encroachment probability to vehicle size. Therefore
it has been assumed that encroachment rates are in-
dependent of vehicle size and that the probability
of an encroaching vehicle being of a particular size
is equal to the decimal fraction of vehicles of that
size in the traffic stream.

encrocachment

Accident Costs and Performance Levels

Accident costs of primary interest in a B-C analysis
are the societal costs that result from occupant
injury and vehicle damage and the direct highway
agency costs that arise from damage to highway
facilities, Societal and direct costs are strongly
related to the performance of the highway appurte-
nance that is struck. For example, if a barrier con-
tains and redirects an impacting vehicle, the ex-
pected societal costs will normally be well below
those of an accident involving barrier penetration.
Thus the performance level of a safety device must
be defined before accident costs can be determined.

The impact performance of highway appurtenances
is generally believed to be limited by the degree of
impact loading the device can safely withstand or
attenuate., For barriers, the degree of loading has
been shown to be related to the impact severity (IS)
(15-17) s

IS = 1/2 m(V sin 8)? (6)

where

IS = impact severity (ft-1b),
m = vehicle mass (lb-sec?),
V = vehicle impact velocity (ft/sec), and
] vehicle impact angle (angle between
resultant velocity vector and face of
barrier) (degrees).
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For the B-C algorithm described herein, the perfor-
mance level for barriers is measured in terms of
impact severity. For other devices, such as crash
cushions, performance level is measured in terms of
total kinetic energy of the impacting vehicle.

Societal costs have traditionally been linked to
the severity or probability of injury to vehicle
occupants through a severity index scale. This scale
was first developed in the mid-1970s (2) and has
since been updated to reflect current cost figures
(12) . Table 3 gives the severity index scale from
Bronstad and Michie (16).

TABLE 3 Severity Index Scale

PDO Injury Fatal Societal Cost
Severity Accidents? Accidents Accidents per Accident
Index (%) (%) (%) (%)
0 100 0 0 1,600
1 85 15 0 3,450
2 70 30 0 5,500
3 55 45 0 7,500
4 40 59 1 15,800
5 30 65 5 42,400
6 20 68 12 87,900
7 10 60 30 203,000
8 0 40 60 393,000
9 0 21 79 513,000
10 0 5 95 614,000

ApDO refers to those accidents in which property damage only is involved,

Crash testing and simulations have been used to
estimate impact severities of many common highway
hazards in terms of vehicle accelerations and damage.
Vehicle accelerations have been linked to occupant
injury by comparing damage to crash test vehicles
and damage to vehicles involved in traflfic accidents
(18) . Procedures from Olson et al. (18) can be used
to eslimate crash test injury probabilities from
measured vehicle accelerations. However, crash test-
ing is normally conducted at speeds near 60 mph. A
large gap therefore exists in severity indices data
for roadside features at speeds of less than 60 mph.
In the absence of test data, the researchers have
assumed a linear relationship between the severity
index, given in Table 3, and impact speed. It should
be noted that linearity is assumed between severity
index and impact speed, not severity per se. As can
be seen from Table 3, accident costs increase ex-
ponentially as the severity index increases. Figdure
5 shows severity indices of W-beam guardrail acci-
dents derived from measured crach test accelerations.
Crash test data used in the development of Figure 5
were collected from tests involving full-sized, sub-
compact, and mini-sized vehicles. Note that most
crash tests involve impact angles of 15 and 25 de-
grees. Therefore severity indices for other impact
angles must be interpolated and extrapolated from
the curves shown in Figure 4.

Costs that arise from damage to a highway ap-

TABLE 2 Combined Impact Velocity and Angle Distributions from Accident

Studies (9,10)

Combined Gamma Function Probabilities for Angle (degrees)

Speed

(mph) <5 5-15 15-25 25-35 35-45 >45 Total
<20 0429 1862 1163 .0466 .0157 .0067 414
20-30 .0268 1163 .0726 .0291 .0098 .0042 259
3040 .0168 0732 0458 .0183 .0062 .0026 .163
40-50 .0093 0392 .0245 .0098 0033 .0014 .088
50-60 .0044 .0191 0119 .0048 .0016 .0007 .043
>60 .0035 .0152 .0095 .0038 .0013 .0005 .034
Total .104 4490 2810 1120 41790 .016
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FIGURE 5 W-beam guardrail crash test severity indices.

purtenance are generally believed to be proportional
to the degree of impact loading on the appurtenance.
Bronstad and Michie (16) and Ivey et al. (17) have
shown that IS is approximately proportional to the
degree of barrier loading and that it follows that
barrier repair costs should be roughly proportional
to IS. Figure 6 shows repair costs for W-beam guard-
rail estimated from crash test results. Repair costs
of other safety appurtenances are assumed to be
roughly proportional to the total kinetic energy of
the impacting vehicle. More detailed descriptions of
performance level and accident cost determination
can be found elsewhere (5).
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FIGURE 6 W-beam guardrail repair costs.

Improvements to the B-C Model

The B-C model described herein has incorporated most
of the improvements found in all previous models.
Additional modifications have been added to improve
accuracy and enhance the capability of the algorithm,
including shielding of one obstacle by another, ac-
cident cost and appurtenance repair as a function of
accident impact conditions, use of reconstructed
accidents to predict impact conditions, and relating
appurtenance performance to impact conditions.

Applications

The encroachment probability model on which the B-C
model is based is general in nature and can therefore
be used to study a wide variety of highway condi-
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tions. These models are well suited for use in de-
veloping general safety treatment guidelines or
policies (5).

For example, a common problem faced by many high-
way engineers is how to safely treat the slope hazard
at deep fill sections. In such cases an engineer
must determine whether to place the slope breakpoint
away from the shoulder by increasing the amount of
fill material and to use a barrier to shield the
slope. Safety treatment alternatives for deep fill
sections, shown in Figures 7 and 8, include increas-

TRAFFIC
FLOW

LENGTH OF
FILL SECTION

FIGURE 7 Typical barn roof fill section.

ing the available recovery area by moving the slope
breakpoint away from the travelway and using W-beam
guardrail to shield the slope. Typical cost and
severity data for safety treatments of a 20-ft-deep
fill section are presented next. (Note that for this
example the severity of a 60-mph encroachment onto a
deep 1 1/2:1 slope is estimated to correspond to a
severity index of 8.0. Impact severities for other
speeds are estimated on the basis of the assumred
linear relationship between impact speed and severity
index discussed previously. Further, the severity of
impact with steep roadside slopes is assumed to be
relatively independent of impact angle.)

1. Safety alternative costs

* W-beam barrier, $15/ft;

* Repair costs, $7.8/ft-kip (IS)
ure 6);

* Performance level, 97 kip-ft; and

* Cost of additional fill, $5/yd (in place).
2. Accident severity indices

* W-beam barrier

(see Fig=-
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Impacts below PL (Figure 5)
Impacts above PL SI = 7.0
* 1.5:1 slope SI = 0.133 x impact veloc-
ity (mph)

Additional input data sources and highway descrip-
tors were assumed to be as follows:

Assumed Value

Variable or Source
Accident costs Table 3

Discount rate 4 percent

Project duration 20 years

Roadway alignment Straight, flat
Functional highway class Freeway

Type of highway Four-lane, divided
Encroachment speeds and angles Table 2

Lateral vehicle movement Figure 4

The B-C model was then used to determine the relative
benefits and costs for barrier-protected and unpro-
tected slopes with the slope breakpoint offset 3,
15, 30, and 45 ft from the traveled way. The most
cost beneficial alternative was determined for a
wide variety of fill section lengths and traffic
volumes. General guidelines for safety treatment of
deep fill sections were then developed as shown in
Figure 9.

Another application of the B-C analysis algorithm
described herein is in the study of special or new
safety appurtenances and unusual sites. General
guidelines, such as those shown in Figure 9, cannot
be applied to all situations. Further, some safety
appurtenances are designed for special sites that
cannot be generalized. Highway engineers have ex-

5 1 4
Vol e
=], ¥
v.8|8 ¥
b ¢

TT’?SSVIC LENGTH OF

. FILL SECTION

FIGURE 8 Typical guardrail placement on fill section.
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pressed a need for a method of studying these special
situations whenever they arise. Finally, this algo-
rithm provides for the first time an objective method
for determining optimum barrier flare rates and
optimum barrier runout lengths in front of fixed
hazards.,

Limitations

As shown in the foregoing discussion, encroachment
models have been developed to study accident fre-
guencies of roadside hazards. These models are not
designed to examine other types of accidents such as
multiple-vehicle accidents. Therefore this technique
cannot be used to study most safety treatments at
intersections or to determine warrants for median
barrier applications.

Another limitation of encroachment probability
models is found in the determination of accident
severity based on predicted impact conditions. Acci-
dent severity is an important factor in determining
the total accident costs of a safety alternative.
There is still only a tenuous link between impact
conditions and accident severity. Further, accident
severities of some hazards, such as dropoffs and
roadside slopes, are quite difficult to quantify.
Thus the model has a limited value in the analysis
of problems in which the severity of potential acci-
dents cannot be estimated.

CONCLUSIONS

The B-C procedures described herein represent a sig-
nificant improvement over existing procedures in the
accuracy and versatility of analysis of the need for
safety improvements., The technique is based on the
best accident, encroachment, and impact severity
information currently available. When better data
become available, they should be incorporated into
the procedures. The computer model can be used to
develop general roadside safety appurtenance use
guidelines. The FHWA has adopted the model for
developing barrier use guidelines for the update to
the 1977 barrier guide.

Microcomputer versions of this program should
allow practicing highway engineers to apply these
procedures without the difficulty associated with
most other methods. Therefore this B-C model should
allow more potential safety improvement projects to
be analyzed in terms of the expected benefits and
costs, thereby resulting in a more efficient appli-
cation of available highway improvement dollars.

10
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FIGURE 9 Guidelines for safety treatment of fill section 20 ft deep.



Sicking and Ross

ACKNOWLEDGMENTS

The research reported herein was conducted under DOT
Contract DOT-FH-11-9688. The cooperation and as-
sistance of James H. Hatton of the Federal Highway
Administration was appreciated.

REFERENCES

1.

Development of Design Criteria for Safer Lumi-
naire Supports. NCHRP Report 77. HRB, National
Research Council, Washington, D.C., 1969.

Guide for Selecting, Locating, and Designing
Traffic Barriers. AASHTO, Washington, D.C.,
1977.

L.R. Calcote. Development of a Cost-Effective-
ness Model for Guardrail Selection. Final Re-
port. U.S. Department of Transportation, Nov.
1977.

P.T. McCoy, R.T. Hsueh, and E.R. Post. Meth-
odology for Evaluation of Safety Improvement
Alternatives for Utility Poles. In Transporta-
tion Research Record 796, TRB, National Re-
search Council, Washington, D.C., 1981, pp.
25-31.

H.E. Ross, Jr., and D.L. Sicking. Guidelines
for Use of Temporary Barriers in Work Zones.
Final Report. U.S. Department of Transporta-
tion, Nov. 1984,

A.A. Lampela and A.H. Yang. Analysis of Guard-
rail Accidents in Michigan. Report TSD-243-74.
Michigan Department of State Highways and
Transportation, Lansing, July 1974.

K.K. Mak and R.L Mason. Accident Analysis--
Breakaway and Nonbreakaway Poles Including Sign
and Light Standards Along Highways, Vol. 2:
Technical Report. Southwest Research Institute,
San Antonio, Tex.; U.S. Department of Transpor-
tation, Aug. 1980.

K. Perchonok et al. Hazardous Effects of High-
way Features and Roadside Objects. Report FHWA-
RD-78-202. FHWA, U.S. Department of Transporta-
tion, Vol. 2, Sept. 1978.

P. Cooper. Analysis of Roadside Encroachments--
Single Vehicle Run-Off-Road Accident Data Anal-
ysis for Five Provinces. British Columbia Re-
search Council, Vancouver, British Columbia,
Canada, March 1980.

10.

11.

12.

13.

14.

15.

16.

17.

18.

105

J.W. Hutchinson and T.W. Kennedy. Medians of
Divided Highways-~Frequency and Nature of Vehi-
cle Encroachments. Engineering Experiment Sta-
tion Bulletin 487. University of 1Illinois,
Champaign, June 1966.

K. Moskowitz and W.E. Schaefer. Barrier Report.
California Highways and Public Works, Vol. 40,
Nos. 9-10, Sept.-Oct. 1961.

W.F. McFarland and J.B. Rollins. Cost-Effec-
tiveness Techniques for Highway Safety. Final
Report. FHWA, U.S. Department of Transporta-
tion, Nov. 1982,

P.H. Wright and L.S. Robertson. Priorities for
Roadside Hazard Modification: A Study of 300
Fatal Roadside Object Crashes. Traffic Engi-
neering, Vol. 46, No. 8, Aug. 1976,

K.K. Mak and L.R. Calcote. Accident Analysis of
Highway Narrow Bridge Sites. Report FHWA-RD-
82/140. FHWA, U.S, Department of Transporta-
tion, 1983.

J.D. Michie. Recommended Procedures for the
Safety Performance Evaluation of Highway Ap-
purtenances. NCHRP Report 230. TRB, National
Research Council, Washington, D.C., 1981.

M.E. Bronstad and J.D. Michie. Multiple-Ser-
vice-Level Highway Bridge Railing Selection
Procedures. NCHRP Report 239, TRB, National
Research Council, Washington, D.C., 1981.

D.L. Ivey et al. Portable Barriers for Con-
struction and Maintenance Zones--Analysis and
Re-Design of Current Systems. Interim Report of
Tasks 1 and 2. Texas Transportation Institute,
Texas A&M University System, College Station;
U.S., Department of Transportation, July 1983.
R.M. Olson et al. Bridge Rail Design Factors,
Trends, and Guidelines. NCHRP Report 149. TRB,
National Research Council, Washington, D.C.,
1974.

The contents of this paper reflect the views of the
authors, who are responsible for the facts and ac-
curacy of the data presented herein. The contents do
not necessarily reflect the official views of the
Federal Highway Administration. This paper does not
constitute a standard, specification, or regulation.





