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ABSTRACT

Key Words: Guardrail, and Roadside Safety

The purpose of this study conducted by the University of Nebraska was

to assist the Nebraska Department of Roads in establishing new guardrail
design policies and standards in Nebraska which will take into consideration
the relative "effectiveness" and "benefit" of guardrail and alternatives to
guardrail installations as a function of highway type, traffic volumes, and
the annualized costs of construction, maintenance, and repair. Effectiveness
is a measure of the annual reduction in the number of injury accidents,
whereas, benefit is a measure of the annual reduction in accident costs.

This report describes the computer program developed to expedite the
lengthy and tedious cost-effectiveness and benefit-cost calculations for
making W-beam guardrail improvements on roadside embankments. Case study
problems are worked to illustrate the usage of the hazard inventory and
improvement alternative input data coding forms and the interpretation of
the output Tisting. Also, the cost-effectiveness and benefit-cost methodol-
ogies, on which the program was developed, are discussed in detail.

The hazard inventory and improvement alternative coding forms developed
in this study are general in scope and include most roadside hazards that '
are likely to be encountered by an errant automobile. Recommendations for
future additions to the computer program to include hazards other than
W-beam guardrail and embankments are presented.

The work accomplished in this study has demonstrated that the cost-
effectiveness and benefit-cost computer program shows great potential in
providing highway engineers and administrators in Nebraska with a rapid and
efficient managerial tool for evaluating spot safety improvement projects
and/or design projects in order to realize the greatest return on the
capital investment made to reduce injury accidents.
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INTRODUCTION

During the past year, the Nebraska Department of Roads (NDR) has been
engaged in a review of its policy on the use of guardrail. The purpose of
the NDR review was to develop a revised policy which more directly considers
the relative safety "effectiveness" of guardrail and alternatives to guardrail
installation as a function of highway type, traffic volume, and the costs of
construction, maintenance, and repair. The research documented in this

report was conducted in support of this policy revision effort.

The primary objective of this research study was to provide the Nebraska
Department of Roads a computer-aided procedure for comparing the cost-effective-
ness of guardrail installations with alternatives to guardrail such as
flattening slopes, removing hazards, or doing nothing. Although the application
of the program is currently limited to the evaluation of W-beam guardrail
installations and fill slopes, the procedure developed in this study has
been designed to facilitate expansion of the scope of its application to
include other types of guardrails, traffic barriers, and roadside hazards.

In addition to serving as a design tool for evaluating the cost-effectiveness
of a specific guardrail installation, the computer-aided procedure can also

be used to evaluate the cost-effectiveness of alternative guardrail utilization
policies and design standards, which is the ultimate use for which the

program was intended. However, because of the ease with which the computer-
aided procedure can be used, it would be feasible to conduct a detailed

analysis of each situation rather than apply a generalized guardrail utilization
policy. Thus, it would seem desirable to incorporate this procedure into the

Road Design System currently being used by the Nebraska Department of Roads.



This report describes the computer-aided procedure developed for the
cost-effectiveness evaluation of guardrail installations. Included are a
description of the computer program, instructions for its use, and examples
which illustrate the preparation of input data and the interpretation of
the output. Also, the cost-effectiveness and benefit-cost methodologies,
on which development of the procedure was based, are explained. In addition,

recommendations for future additions to the computer program are presented.



COMPUTER PROGRAM

The computer program in this study was developed to expedite the lengthy
and tedious cost-effectiveness calculations for making W-beam guardrail improve-
ments on roadside fill slopes. The Logic for the program was developed in
earlier studies presented by Post (1, 2). Implementation of the computer program
requires that one complete two types of computer coding forms. The first form
(see Figure 1) is an inventory form of an existing roadside hazard or base
design condition; whereas, the second form (see Figure 2) is an improvement
alternative form for reducing the frequency and/or the severity of an existing
hazard. Each form represents one computer IBM data card with 80 field specifi-

cations. A discussion on the use of each coding form follows.

Roadside Hazard Inventory Form
The inventory form shown in Figure 1 is divided into 6 boxes to facilitate
in the presentation of the form to the user. The circle at the left of each box
with a pre-marked "x" indicates that the data within that box must always be
punched; whereas, the user must put an "x" in an unmarked circle if the data
within that box is to be punched. The numbers under each small square within a

box represent columns on an IBM data card.

Box 1 - Highway

The data in Box 1 is always punched. This box contains information on the
type of highway, highway traffic conditions, and highway geometrics. As an
example, Interstate I-80 with an ADT of 20,500 would be coded as shown on the
following page. The data on this type highway can be obtained from the NDR

Minimum Design Standards (3).




ROADSIDE HAZARD INVENTORY

FIGURE 1.

FORM

NEBRASKA DEPARTMENT OF ROADS

LINCOLN, NEBRASKA

Inventory Conducted by Date
HIGHWAY
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1. Reduced 1 No.
2. Not Reduced 2. Ym

SLOPE HAZARDS (Median Ditches, Roadside Ditches, Fill Ditches, and Cut Slopes)

Hirwge Pormt Fram Tt Slope Diteh Uach Back Sinps
Ottt Siope 0 Workih siops Haght Cordiian Depth
W Isveragel i [ lasarngel [ ol Slopes of Water
(3] L[] o [ (1] Ua [ U O
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1 Smooth 1 None
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3 Geeater than 2 1y
DATE
Mo " 16 Card Type
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BOX 1

BOX 2

BOX 3

BOX 4
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BOX 6



FIGURE 2.

ROADSIDE HAZARD IMPROVEMENT FORM

NEBRASKA DEPARTMENT OF ROADS
LINCOLN, NEBRASKA

Improvement Recommended by

Date
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HIGHWAY
Usable Width
Highway Osingn Lane Shoulder Shauldsr Median Doy Grade Shouldsr  Condition
Dewgn Highway Speed Width Width Surfacing Width of %) Drapofl  NonPaved
Numbar Number imphl ADT ) in (L] L] Curve ur DN i) Shoulder
X el BHekle (7o) zlelslele) (/2] [Z1B] [l Bld [d (o @ [@ [
1 2 3 4 5§ 6 7 8 9 10 11 12 13 14 16 18 17 18 19 20 21 22 23 24 2 26 27
1. OR 1. Us 1. Smooth
2. DM 2. N 2. Rough
3. ROA 31
4. RC 4. SEC
5 AL

Box 2 - Hazard Classification
The data in Box 2 is always punched.

and grouping number will be presented Tate

Identification and Descriptor Codes listed in Table 1.

A discussion on the hazard number

P

A hazard is classified by the

For example, a 300 ft.

(0.057 mi) length of w-béam guardrail with strong wood posts and beginning

at mile-post No. 3 would be written as shown below.

HAZARD CLASSIFICATION
Dascription M oy
Hugard Idantificatiun Descriptor Ottt Grouping
Numbar Code Code Code Numbar
Q| lelddl
28 29 30 N 32 33 34 36 36 37 38
1. Right Side
2. Left Side
or Median

MILE POINT AT HAZARD

©lol3lololal  lo|olzlols]7]

BOX 1

BOX 2



TABLE 1.

HAZARD CLASSIFICATION

Identification Code

Descriptor Code

Utility Poles (wood)

01. 01. Diameter less than 10 in.
02. Diameter greater than 10 in.
02. Trees 01. Diameter less than 6 in.
02. Diameter between 6 to 12 in.
03. Diameter greater than 12 in.
03. Rigid Sign Supports 01. Single wood post (small size)
0Z. Single wood post (large size)
03. Single metal post
04. Double wood posts (small size)
05. Double wood post (large size)
06. Double metal posts
07. Triple metal posts
08. Cantilever metal support
09. Overhead sign supports
04. Rigid Base Luminaire Supports 01. Small Size
02. Large size
05. Curbs 01. Mountable design
02. Non-mountable design less than 10 in. high
03. Barrier design greater than 10 in. high




TABLE 1. HAZARD CLASSIFICATION

Identification Code Descriptor Code

Guardrails and Median Barriers 01. Cable (2 strands on one side of post)
02. Cable (3 strands on one side of post)
03. Cable (1 strand on each side of post)
04. Cable (2 strands on each side of post)
05. W-Beam (weak steel posts)

06. W-Beam (strong wood posts)

07. W-Beam (strong steel posts)

08. Thrie-Beam

09. Box Beam (weak posts)

10. Concrete Median Barriers

Slopes 01. Ditches
02. Fill Slopes
03. Cut Slopes

PG i = = S ——

Culverts 01. Headwall or exposed end of pipe
02. Gap between culverts in medians
03. Sloped culvert with grate

04. Sloped culvert without grate

Inlets 01. Raised drop inlet (tabletop)
02. Depressed drop inlet
03. Sloped inlet




TABLE 1.

HAZARD CLASSIFICATION

Identification Code

Descriptor Code

10. Roadway under bridge 01. Bridge piers
02. Bridge abutment
11. Roadway over Bridge 01. Open gap between parallel bridges
02. Closed gap between parallel bridges
03. Elevated gore abutment
04. Sidewalk or safety walks in front of bridgerail
12. Bridgerails 01. Rigid bridgerail ... smooth and continuous
construction
02. Semi-Rigid bridgerail ... smooth and continuous
construction
03. other bridgerail ... probable penetration,
severe snagging and/or
pocketing or vaulting
13. Retaining Wall 01. End exposed
02. End shielded
14. Energy Attenuator 01. Rich Hydro Cells
02. Fitch Barrier ... 8 Modules (11,900 1bs)
03. " . * e 9 8 (12,300 1bs)
o4. ™ ¥ suwlb) b (12,700 1bs)
g5. " Y e 12 . (13,100 1bs)
06. " ¥ e lB . (17,700 1bs)
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Box 3 - Point Hazard

A point hazard is a hazard of small dimensional measurements. Typical
examples of point hazards are trees, utility poles, sign supports, and drainage
inlet structures. Point hazards were not considered in this study. Additional

subroutines would need to be developed in order to include point hazards.

Box 4 - Longitudinal Hazards

As indicated in Box 4, longitudinal hazards are hazards that have long
dimensional measurements such as guardrails, bridgerails, barrier walls, and
curbs. An "x" must be placed in the unmarked circle to the left of Box 4 to
signal the key punch operator to punch the data in Box 4. Of the foﬁr hazards
identified, this study included only roadside W-beam guardrail. The offset
distance in Box 4 is the lateral distance from the edge of the traveled lane to
the face of the W-beam guardrail. A typical W-beam guardrail located very close
to the roadway with a standard height of 27 in., a non-standard post spacing of
12 ft-6 in., and unanchored ends would be coded as shown below. The length of

guardrail would be coded in Box 2.

LONGITUDINAL HAZARDS (Guardrails, Bridgerails, Barrier Walls, and Curbs)

Otfyat - Guardral Guatdeal End Trasiment
[ it} Top Post [ it Ik
Haight Spacing Post Spacing Rub
Bagin End find im if st Bridge End Binckout RAwl Baginnin, a Ending
r = '
EZE (2] bH o 7 a2 [0 O [ 4 4]
51 52 63 54 55 56 57 58 59 60 61 62 83 64

1. Reducad 1 No. 1. No 1. Not Anchored (10 ground or Brudge)
2. Not Reduced 2. Yas 2. Yes 2. Anchored (to ground or Bridge)

3. Anchored Turndowr (not breskawey)
4. Breskaway Terminal Design

BOX 4
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The guardrail height effect on vehicle vaulting in depressed medians and
the guardrail end treatment were not considered in this study. Guardrail end
treatments would be most critical on the approach to a bridge structure.
Additional subroutines would need to be developed to handle the cases not

considered in this study.

Box 5 - Slope Hazards

Thé only slope hazard identified in Box 5 that was not covered in this study
is Cut Slopes. An "x" must be placed in the unmarked circle to the left of
Box 5 to signal the key punch operator to punch the data in Box 5. The hinge
point offset is defined as that point between the shoulder and front fill slope,
or that point between slopes flatter than or equal to 6:1 and the front fill
slope. A typical roadside ditch 10 ft. deep, with smooth side slopes of 3:1

and a 6 ft. bottom width carrying 4 ft. of water would be coded as shown below.

SLOPE HAZARDS (Median Ditches, Roadside Ditches, Fill Ditches, and Cut Slopes)

Hinge Point Front Front Slope Diteh Hach HBack Slope
Oftfrat Slupe Haight Width Slupe Heght Conditin Dapth
o laver aga) 1y i1 (average] i1} of Slopay of Water

K B @ B W ke B B B

51 52 53 54 55 66 57 58 60 61 62 63
1. Smouth 1. None

2. Rough 2. Lessthan 2 fr.
3. Grester then 2 f1.

Box 6

The data in Box 6 must always be punched. This box includes the date,
recommendations (provides additional clarification of hazard) and type of IBM
card. The number 1 in column box 80 signals the computer program that it is

reading data on the hazard inventory form.

BOX 5
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Summary of Inventory Form

On the hazard inventory form, three basic types of hazards are identified--
point hazards, longitudinal hazards, and slope hazards. These hazards are each
identified in the same pre-marked column box, No. 51, as numbers 1, 2, and 3,
respectively. This scheme is used in order that all the data for a hazard can
be placed on one IBM card. Therefore, it is to be emphasized that the user can
mark only one of the three type hazards on any one inventory coding form. The
coding of multiple hazards of the same and/or different types all within a

single group will be discussed later.

Roadside Hazard Improvement Form

The hazard improvement form shown in Figure 2 follows the same basic format
as the hazard inventory form in Figure 1. The improvement form identifies three
types of hazard improvements--point hazard improvements (Box 3); longitudinal
hazard improvements (Box 4); and, slope improvements (Box 5). This format
requires that the inventory form and improvement form be compatible; in other
words, a hazard identified as a longitudinal hazard on the inventory form must
have an improvement that corresponds to (1) a longitudinal hazard improvement
(Box 4), or a no-improvement (Box 6). A no-improvement recommendation helps to

minimize the working load of the user in that redundant data is not recorded agair.

As before, the circles to the left of each box with a pre-marked "x" signal
the key punch operator that the data in these boxes must always be typed, whereas,

the user must place an "x" in one or more of the unmarked circles to signal the

key punch operator to type the data in those boxes.

The types of improvements being made are identified on the computer output

1isting as an improvement code consisting of three single numbers contained in
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column boxes 30, 31, and 32. For example, an improvement code of 2-2-1 in Box 4

shown below would identify a longitudinal traffic barrier in which the improve-

ment would consist of removing the traffic barrier.

LONGITUDINAL HAZARD IMPROVEMENTS

O17E T [
3o n 32 1 inuall Wedge Modification
% [i] @ Trattic Barrier Z 1. Aemaove Descriptor Code
k1] n 32 2. Modify {complete Boxes A B & C) 37 34 (New Design Only)
3. Replace with New Design (complete Boxes A, & & C)
O E] @ Bridgarml D 1. Maodity [: ] ]. Dwscnipior Code
n 32 2. Replace with New Design 33 34

Point hazard improvements were not considered in this study. Also, there
were two other improvements listed under the Tongitudinal improvement category
(Box 4 above) that were not considered. Those improvements not included were
curbs (code 2-1-x) and bridgerail (code 2-3-x). Additional subroutines would

need to be developed to include these improvements.

A pre-marked number 2 in column 80 of Box 7 signals the computer program
that it is reading data on the hazard improvement form. The meaning of the

numbers 1 or 2 in column 79 will be discussed later.

Input Data Format
Referring back to Box 2 of the Hazard Inventory Form (Figure 1), it is

necessary to define hazard number and grouping number. A group may consist of

one single hazard or a multiple number of hazards. A group of hazards is defined

as a condition in which all the hazards are Tocated close together so that an

BOX 4
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improvement of one hazard will effect the degree of hazardousness of the other

hazards.

An example of two hazards in a group is shown in Figure 3. In this case, a
guardrail (Hazard No. 1) is protecting a fill slope (Hazard No. 2). The hazard-
index (injuries/yr) before making an improvement is the guardrail if one assumes
that the impacting vehicle is redirected. Improvement Alternative No. 1 requires
that the gquardrail be removed, so that the hazard-index after the improvement is
the fill slope. The reduction in the hazard-indices is a measure of the effec-
tiveness. Case Study No. 2 shown in Figure 3 was a hypothetical case used for
debugging the computer program. The input data and results of Case Study No. 2

are presented in Appendix J.

The input data arrangement of the hazard inventory and improvement coding
forms for three different size groups is illustrated in Figure 4. Group No. 1
consists of one hazard and one improvement alternative; Group No. 2 consists of
one hazard and two improvement alternatives; and, Group No. 3 consists of two
hazards and three improvement alternatives. It is to be noted that for multiple
hazard groups that each hazard must be followed by the same number of improvement
alternative forms as shown in Group 3. The computer program as it now stands is
capable of evaluating four improvement alternatives for a single hazard or a
group containing two hazards with four improvement alternatives per hazard.
Multiple hazard groups with more than two hazards would require expansion of the

program. An upper limit on the number of hazards per group would be fifteen.

Program Strategy
The computer program reads, operates, and prints the results for one group

of data at a time. Referring to Group 3 in Figure 4, the computer reads the first
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2 - HAZARDS

/— Guardrail
(W-Beam)

Q | G ///— Fill Slope

EXISTING ROADWAY

(2 Roadside Hazards)

ALTERNATIVE IMPROVEMENT
IMPROVEMENT
No. 1 Remove guardrail, and make no fill
slope improvements.
No. 2 Shorten guardrail length, and modify
fill slope.
No. 3 Shorten length and move guardrail
laterally, and modify fill slope.
No. 4 Decrease guardrail post spacing, and

make no fill slope improvements.

FIGURE 3. CASE STUDY NO.2




Note:
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FIGURE 4. ARRANGEMENT OF HAZARD INVENTORY AND

IMPR. ALT. 1
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HAZARD
/ R
79 80
/ Z00R
Z1 7980
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COLUMN | NUMBER MESSAGE
79 1 End of Group
79 2 End of Group and Program
80 1 Hazard Form
80 2 Impr, Alt. Form

ALTERNATIVE CODING FORMS FOR DIFFERENT

91

IMPROVEMENT
SIZE GROUPS.
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card as a hazard because there is a number 1 pre-marked in column 80. The next
three cards are read as improvement alternatives because there is a number 2
pre-marked in column 80 of each card. The process is repeated with the second
hazard card and the following three improvement alternatives, however, this
time there is a number 2 marked in column 79 of the last improvement which
signals the end of the group and program. A number 1 marked in column 79 would
signal the end of a group only as illustrated by Groups 1 and 2 in Figure 4.
The hazard inventory data is processed in a l-dimensional array, whereas, the
improvement alternative data is processed in a 2-dimensional array. The variable
names assigned to the hazard inventory data (i.e., H2(I) and the improvement
data (i.e., C12(I,J) are shown in Figures 5 and 6, respectively. The indicies

(I and J) are omitted from the variable names for simplicity purposes.

The computer program developed in this study was limited to W-beam guardrail
installed on roadside fill slopes. The hazard and improvement coding forms are
general in scope and include all type of roadside hazards, however, to include
other roadside hazards not covered in this study would require developing additional
subroutines. The program as it now stands contains a main program and 16 sub-

routines. A brief description of each subroutine is contained in Table 2.

Because operation of a computer program requires precise data input, error
messages were incorporated into the program to identify input data errors. To
avoid program termination, which would occur for each data error, the program
bypasses erroneous data and prints out an error message number and then continues.
The error message number describes the source of error and the subroutine in

which it occurred. A 1ist of the error messages is contained in Table 3.
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TABLE 2. DESCRIPTION OF SUBROUTINES

Subroutine Subroutine Description
Name

MAIN 1 Main subroutine that 1links nearly all subroutines

RESULT Subroutine calculates cost-effectiveness, zero accident reduction,
and benefit-cost

IMPCST Subroutine calculates capital recovery factor and annualized first costs'

OUTPUT Subroutine prints listing of computer output

FREQ Subroutine calculates the encroachment frequency of a specified
roadway design

PROB 1 Subroutine calculates lateral offset probabilities for 5 different
encroachment angles. If the front slope is steep (2:1 or 3:1) it is
a certainty a vehicle will impact ditch bottom, therefore, the probability
of reaching the hinge point is assigned. For 4:1 and flatter front slopes
the probability of reaching the ditch bottom is assigned.

HINDEX Subroutine calculates "average" hazard-index taking into consideration all
possible combinations of encroachment speed and angle.

PROB 2 Subroutine assigns impact condition probabilities for a specified roadway
design taking into consideration all possible combinations of encroach-
ment speed and angle.

WBEAM Subroutine calculates severity-indicies of standard size automobile
impacting a standard W-beam guardrail under all possible combinations of
encroachment speed and angle. (BARRIER VII computer model used to
generate severity-index equations). Adjustment factors used for guard-
rail with 12 ft-6 in. post spacings.

PROB 3 Subroutine calculates the probability of an injury for a specified
severity-index

DATA Subroutine reads and stores hazard inventory data and hazard improvement
data in groups

SLOPE Subroutine calculates severity-indicies of standard size automobile
traversing various embankment configurations (combinations of front slope
angle, front slope height, ditch width, and back slope angle) under all
possible combinations of encroachment speed and angle. (HVOSM computer
model used to generate severity-index equations).

COST 3 Subroutine calculates injury accident cost for a specified severity-
index




21

TABLE 2. DESCRIPTION OF SUBROUTINES

SubroutinL Subroutine Description
Name

REPAIR Subroutine calculates "average" collision maintenance cost for W-beam
guardrail taking into consideration all possible combinations of
encroachment speed and angle. (Length of guardrail damage expressed
as function of severity-index).

ACCID Subroutine calculates "average" injury accident cost taking into

consideration all possible combinations of encroachment speed and
angle.

NOIMPR No improvement subroutine. Subroutine sets improvement data equal
' to hazard inventory data.




TABLE 3. ERROR MESSAGES

=
o

Message

Subroutine

Lateral Offset Limits Violated

PROB 1

W0~ AW —

Program Valid only for Slope and W-Beam Type Hazard

MAIN 1

Undefined Highway Design Number

PROE 2

Undefined Front Slope

SLOPE

Undefined Back Slope
Undefined Front Slope Height
Undefined Back Slope Height

SLOPE
SLOPE
SLOPE

127
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Output Data Format
The output format of the computer program is illustrated in Figure 7 for
Case Study No. 2. The plan view of the case study site was shown in Figure 3.
The site has two hazards in which a guardrail (hazard 1) is protecting a fill

slope (hazard 2). The four improvement alternatives being considered for this

case study were outlined in Figure 3.

Page 1 of the output in Figure 7 contains general fnformation on the highway
design number (see NDR Minimum Design Standards, ref 3), type highway, design
speed, ADT, project life, compound interest rate, and the date. If any one of

these first four items changes, then this block of information is reprinted

starting on a new page.

Page 2 of the output in Figure 7 contains information on both the hazard
and improvement. The Identification and Descriptor Codes (see Table 1) define
the type hazard, whereas, the Improvement Code defines the type improvement. An
indepth discussion on the definitions of hazard-index, cost-effectiveness, zero

accident reduction, and benefit-cost ratio are presented later in the report.

Improvement Alternatives 1, 2, and 4 were not cost-effective because in each
case there was no net reduction in the number of injuries per year (summation of

the hazard-indicies of improvements were greater than the summation of hazard-

indicies of the hazards).

Improvement Alternative 3 resulted in an error message because of an

invalid type hazard (see Table 3 for a 1list of the error messages).



HAZARD GROUP ILENT DESC

. 1¢]

O

CCDE CCD
6 6
7 2
6 €
7 z
6 €
T z
6 6
7 <

A Z

E INDEX
(INJ/IR)
0.01454
0.00000

0.01494
0.00000

0.01494
0.00000

0.01494
0.00000

a

HAZARD SIDE

OF
BOAD

— b

R

PIRS
Ccos

($100

2
0

C0ST EFFECTIVENESS PROGRARN
UNIVERSITY OF NEBRASKA
AND
SEBRASKA DEPARTHENT OF ROADS
HIGHWAY DESIGN NUMBER = DR- 7
TYPE HIGHWAY = US-123
DESIGN SPEED = 60 MPH
ADT = 1234
PROJECT LIFE = 20.0 YBS
INTEEEST RATE = 9.000 %
DATE = 9- 6-79
D I M P
MILE-POST INPR IKPR HAZARD CLEAR
ALT CODE INDEX RECOVERY
BEG END ZONE
(INJ/TIB) (PT)
50.100 50.250 1 2-2-1 0.00000 6
50.100 50.250 1 4-0-6 0.01784 6
50.100 50.250 2  2-2-2 0.01355 7
50.100 50.250 2 3-2-0 0.01610 8
50.100 50.250 3 2-2-2 0.01243 10
50.100 50.250 3 2-2-0 0.00000 0
50.100 50.250 4 2-2-3 0.00000 10
50,100 50.250 4 3-2-0 0.01517 10

FIGURE 7: COMPUTER OUTPUT LISTING

0

T
T

0)

-4
-0

[}
;un

PAGE = 2

PAGE = 3

v E A E N T

TOTAL COosT ZERO BENEFIT
ANNUAL EFFECTIVE ACCIDERNT cosT
COST VALUE REDUCTION RATIO
($/1IR) (%)

XL XXX FEEXGROUP X2 x2S
--------- NOT COST-EFFECTIVE--—----~

ttt.t-lttiti.ttcaoup.ttttttt-i.ttt;
-------- NOT COST-BFFECTIVE---—--“-

EXERF KSR SESREGROUP FH - E XSS F ST RS %
#+#$5++¢$ERROR HESSAGE = 10###sx%%%

SEEEF SRR S EXRFXGROUP LSS S L2222 S 4
------—--NOT COST-EFFECTIVE--------

OF CASE STUDY NO. 2

¥e



25

COMPUTER MODELS OF AUTOMOBILE

During the past three decades, many highway organizations have relied
heavily upon experience and judgment in the design of roadside appurtenances;
and, trial and error full scale tests were often conducted to determine the
feasibility of these appurtenances. Significant advancements in technology and
an increase in safety have evolved from these efforts. However, this type of
design approach appears to be insufficient by itself because one or more full
scale tests were required to effectively evaluate the influence of any one
variable. Conducting many full scale tests can be both time consuming and

costly.

Mathematical model simulation provides a rapid and economical methodlto
investigate the many variables involved in a run-off-the-road automobile collision
or maneuver. A limited number of full scale tests can then be conducted to
confirm the simulation results. When supplemented by experience, judgment and
tests, model simulation can be a very helpful tool in achieving efficient and

safe designs.

HVOSM
The Highway-Object-Simulation-Model, designated as HVOSM, was used in the
subsequent work to study the dynamic motion of a standard size automobile
traversing different embankment configurations. HVOSM was developed by McHenry
(4,5) of the Cornell Aeronautical Labcratories and modified for specific field

applications by the Texas Transportation Institute (6).

The idealized-free-body-diagram of HVOSM is shown in Figure 8. The model

has 11 degrees of freedom and consists of four isolated masses. The masses of
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the automobile include: (a) the sprung mass of the body, engine and transmission
supported by the front and rear suspension system, (b) the unsprung masses of

the left and right independent suspensions systems of the front wheels, and

(c) the unsprung mass of the solid rear axle assembly and its suspension system.
The 11 degrees of freedom of the automobile measured relative to a fixed coordi-
nate system in space include: (a) Tinear translations of the sprung mass in
three directions, (b) rotational roll, pitch and yaw translations of the sprung
mass, (c) linear translation of the front wheel suspension systems, (d) steering
of the front wheels, and (e) linear and rotational translations of the rear axle

assembly and its suspension system.

A standard size automobile weighing approximately 3,800 1bs was used in
this study. The properties of the selected automobile were defined in previous
research work conducted by Ross and Post (7,8) and Weaver (9) on sloping grates
in medians and roadside embankment slopes. The properties of the selected

vehicle are listed on the computer printout sheets in Appendix C.

The terrain data of a typical embankment configuration, expressed in terms
of x-y-z coordinates, are presented in Appendix D. The roadway, shoulder, and
soil were assigned friction coefficient values of 0.8, 0.6 and 0.2, respectively;
and, the soil was assigned a stiffness value of 4,000 1bs per inch. Terrain

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

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

simulations. This "free-wheeling" condition would be representative of an

inattentive driver.

The Texas Transportation Institute's (6) modified version of the HVOSM

program was used in this study. On the average, 1 sec of event time required
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approximately 1 min of time on the University of Nebraska IBM 370 computer
system. Computer costs per simulation ranged from 10 to 20 dollars. In com-
parison, full scale tests range from 5,000 to 15,000 dollars depending on the
repetitiveness of the tests, vehicle control apparatus, type and amount of
electronic instrumentation, and data reduction analysis techniques including

high speed photography.

HVOSM has undergone many rigorous comparisions to full-scale testing with
excellent correlation. An example of such a comparison is shown in Figure 9 in
which Ross and Post (7) compared the decelerations computed by HVOSM with the
decelerations measured by accelerometers during a full scale test on an embank-

ment simulation runs in this study.

BARRIER VII
The BARRIER VII program was utilized subsequently in this study to determine
the dynamic effect of an automobile interacting with a traffic barrier system.

BARRIER VII was developed by Powell (10, 11).

The traffic barrier is idealized as a plane framework composed of elastic-
inelastic one-dimensional elements of a variety of types. The automobile is
idealized as a plane rigid body surrounded by a cushion of springs. A large

displacement dynamic structural analysis problem is solved by numerical methods.

The analysis is two-dimensional in the horizontal plane. Out-of-plane
effects, which include vertical displacements of both the automobile and the
barrier, are not considered. The automobile slides along the barrier, and the

effects of normal, force, friction forces, and wheel drag forces are considered
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in determining its motion. Data necessary for input to the program consists of

the barrier configuration, the properties of the barrier members and automobile

and the velocity and trajectory of automobile before impact. Output consists of
barrier member forces, barrier deflections, time histories of automobile positions,

and velocities and acceleration of automobile.

A final comment should be made about the BARRIER VII program. It is a two
dimensional program and therefore placed limitations on this study. BARRIER VII
cannot predict roll motion of the vehicle, wheel snagging or vehicle vaulting.
BARRIER VII also will not predict situations where the vehicle could break
through the guardrail. In all BARRIER VII simulations, the railing will return
to the elastic state, even though at times these may be sufficient plastic hinges
formed so as to create a local mechanism. As far as this study was concerned,

all the guardrail performance runs were based on successful guardrail tests.

Output results from BARRIER VII that were of direct interest in this study
were the vehicle accelerations. These values were used to determine the severity-
index (SI) of the different guardrail vehicle interactions. Explanation of SI

follows in the report.
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SEVERITY OF AUTOMOBILE ENCROACHMENTS

The severity of an automobile impacting a guardrail or traversing an embank-
ment ditch configuration was expressed in terms of a Severity-Index. The severity-
index is computed as the ratio of the measured or computed resultant automobile
acceleration to the resultant "tolerable" automobile acceleration that defines

an ellipsoidal surface. This ratio can be expressed mathematically by Eq. 1.

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

Post (12) and Weaver (9).

G G R E- é G 2
ST = Gtota] Auto . G'Iong " G]at & Gvert
total Occupant XL YL ZL
where: ---Eq. 1
SI = Severity-Index
Gtota1 Auto = Resultant Auto Acceleration

Gtota1 Occupant

Resultant Tolerable Acceleration

G10ng = Auto Acceleration along Tongitudinal
x-axis (see Figure 3)
GI]at = Auto Acceleration along lateral y-axis
Gvert = Auto Acceleration along vertical z-axis
GXL = Tolerable Acceleration along x-axis
GYL = Tolerable Acceleration along y-axis
GZL = Tolerable Acceleration along z-axis

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

accelerations toierable to an unrestrained occupant, and the automobile accel-

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

The relationship

between severity-index and injury levels will be discussed in a later section.

Tolerable accelerations suggested by Weaver (9) for use in the severity-index

equation are shown in Table 4.
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TABLE 4
TOLERABLE AUTOMOBILE ACCELERATIONS

Accelerations
Degree of Occupant Restraint GYL GXL GZL
Unrestrained 5 7 6
Lap Belt Only 9 12 10
Lap Belt and Shoulder Harness 15 20 17

Severity-Index Equations for Embankments

A typical graph of a plot of the computed severity-indicies versus encroach-
ment speed and angle is shown in Figure 10 for a front fill slope of 2:1, a fill
height of 20 ft., a ditch width of 4 ft, and a back slope of 2:1. Linear regression

lines were fitted to the data point using the method of least squares.

Because no HVOSM simulations were made for 10 and 20 deg encroachment
traversals, the 1ines shown in Figure 10 for these two conditions were fitted by
visual means. Likewise, all of the Tinear lines were simply extended to cover
the lower and upper speed ranges of 40 and 80 mph which were not simulated in

this study.

A total of 180 Tinear equations were derived in this study to cover all

possible embankment configurations and vehicle speed and angle combinations.
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These equations are presented in Appendix F. Adjustment factors were used to
handle ditches wider than 4 ft, rough front fill slopes, and water in the ditches.
A 1imited number of HVOSM simulations were run which showed that the adjusted
severity-index values were at Teast 90 percent accuréte. The total number of
possible combinations covered in this study is therefore equal to 16,200 severity-

index values. These combinations are shown in Table 5 below.

TABLE 5
MATRIX OF VEHICLE EMBANKMENT TRAVERSALS
Variable Combinations
Automobile Size (1) - 3,800 1bs
Encroachment Speeds (5) 40%, 50, 60, 70, and 80% mph
Encroachment Angles (5) 5, 102, 15, 20,2, and 25 deg
Front Fill Slopes (4) 2:1s 3215 421, and 6:1
Fill Heights (3) | 10, 20, and 30 ft
C
Ditch Widths (3) 0 to 4 ft, 4 to 8 ft°, & 8 to 12 ft°
Back Slopes (3) None, 2:1, and 4:1
Conditions of Front Slope (2) smooth, r‘oughb
Water in ditches (3) none, less than 2 ftb, and greater
than 2 ftP

a. Interpolated
b. Adjustment Factor
c. Flat (no back slope) or trapezoidal shaped

of the.adjustment factors used, the situation for rough slopes needs further
clarification. Two possibilities were used for slope conditions; smooth or rough
slopes. The HVOSM simulations were run only on the smooth condition. If a rough
slope was encountered, the program then examined the front slope angle. If the
slope was a 2:1 or 3:1, then the rough slopes were not adjusted for severity-

indices. If, however, the front slopes were flatter, then an adjustment factor



35

was added to the SI to increase the value. The reasoning behind this is that
when a vehicle encroaches a steep front slope, there is a high probability that
it will reach the ditch bottom and undergo high decelerations. However, if the
front slope is 4:1 or 6:1, it is likely that a vehicle could be steered back
toward the road and avoid the ditch bottom. In this case, the vehicle will

undergo higher decelerations on a rough slope than on a smooth slope.

The data reduction and results of the HVOSM simulations of a vehicle

traversing different embankment configurations are presented in Appendix E.

Severity-Index Equations for Guardrail

The BARRIER VII (10, 11) computer program was used to obtain the severity
index equations for an automobile impacting a guardrail. It was necessary to
specify input values for the wooden post, W-Beam rail, and vehicle inertial
properties. The values for those parameters were obtained primarily from the
work of Southwest Research Institute (20) in which BARRIER VII results were

correlated with similar full-scale tests.

A severity index adjustment factor was built into the program to adjust
the severity of a vehicie impact on a 12'-6" post spacing in addition to the
6'-3" post spacing design. These severity index equations and the SI ad-

justment factors are presented in Appendix H.
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COST-EFFECTIVENESS METHODOLOGY

The cost-effectiveness of an improvement alternative is its annualized
cost per unit of improvement (effectiveness) it provides. In general,
the lower this cost, the more cost-effective the alternative.

The method used by the computer program to calculate the cost-effectiveness
of improvement alternatives was derived from the cost-effectiveness priority
approach formulated by Glennon(13) and implemented in Texas in the management
of roadside safety improvement programs on both freeways and non-controlled
access roadways(l). With this approach, the effectiveness of an improvement
alternative is measured in terms of the number of injury (fatal and non-fatal)
accidents that it can be expected to eliminate each year. The expected
annual reduction in injury accidents attributed to a particular improvement
is the difference between the expected number of injury accidents per year
under the existing condition and the number of injury accidents expected per
year after the improvement has been made. In each case, before and after
improvement, the expected number of injury accidents per year is referred
to as the hazard index. Therefore, the measure of effectiveness of given
improvement alternative is the difference between the hazard index before
and after the improvement.

Thus, the computer program calculates the cost-effectiveness of an

improvement alternative as follows:
C "CE

CE = ﬁ sl B
where:
CE = cost-effectiveness of improvement, cost to reduce one injury
accident (dollars/injury accident reduced);
C, = annualized cost of improvement (dollars/year);
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CE = annualized cost of existing condition (dollars/year);

HE = hazard index of existing condition (expected number of injury
accidents/year);

HI = hazard index of improvement (expected number of injury accidents/

year).

The annualized cost of the improvement alternative includes normal and
collision maintenance costs as well as the first cost of the improvement.
The annualized cost of the existing condition is cost of maintaining it,
which includes both normal and collision maintenance costs.

In evaluating the cost-effectiveness of improvement alternatives,
the computer program considers any alternative which does not have a hazard
index Tower than that of the existing condition (i.e., HI_z HE) to be "not
cost-effective". Therefore, in such cases, the program merely prints out
the message "NOT COST-EFFECTIVE", instead of the cost-effectiveness value.
However, in the case of an improvement alternative which does have a hazard
index lower than that of the existing condition (i.e., HI < HE), and which
is therefore considered to be cost-effective, the program prints out the
cost-effectiveness value computed for the alternative. For a cost-effective
improvement alternative (i.e., HI < HE)’ the lower its cost-effectiveness
value, the more cost-effective it is. This interpretation also applies
to negative cost-effectiveness values, because in the case of a cost-effective
improvement alternative a negative value indicates that its annualized
cost is less than that of the existing condition (i.e., CI < CE). Thus,
an alternative which has a negative cost-effectiveness value is more cost-

effective than one with a positive value, given that both are cost-effective.
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A description of the procedures used by the computer program to calculate
hazard indices and annualized cost follows.
Hazard Index

The generalized equation used to compute the hazard index of an improve-

ment alternative, or existing condition, is:

H=E ) Po(C/E) ) Po, Po (1/C) ---Eq. 3
(©) v
where:
H = hazard index (expected number of injury accidents/year);
E = encroachment rate (number of roadside encroachments/mile/year);
PO(C/E) = probability that the improvement, or existing condition, will be
encountered given that an encroachment at angle © has occurred;
P@,v = probability of an encroachment at angle © and speed v given that
an encroachment has occurred;
PG,V(I/C) = probability of an injury accident given that the improvement, or

existing condition, has been encountered by a vehicle encroachment
at angle © and speed v;
® = angle of encroachment (degrees);

speed of encroachment (miles/hour).

v
The method by which each of the independent variables in this equation

is computed is described below.

Encroachment Rate

Knowledge of the rate at which vehicles encroach on the roadside of
various types of highways is very limited. In fact the only pure encroach-
ment data available are that of Hutchinson and Kennedy (14), which were

collected on freeway medians. More recently Glennon (15) has estimated
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encroachment rates for different types of highways as linear functions
of average daily traffic (ADT). These relationships were derived from an
analysis of roadside accident rates for different types of highways and a
comparison of the freeway encroachment rate determined by Hutchinson and
Kennedy and the freeway roadside accident rate in Missouri.

Therefore, because they are the only ones available for different
highway types, the encroachment-rate-versus-ADT relationships determined
by Glennon are used by the computer program to compute the encroachment
rate to be used in Equation 3 to calculate the hazard index of an improvement
alternative, or existing condition. The appropriate relationship is first
selected based on the highway type which corresponds to the highway design
number input on the Roadway Hazard Inventory Form (Figure 1) in the case of
an existing condition or on the Rcadway Hazard Improvement Form (Figure 2)
in the case of an improvement alternative. The encroachment rate is then
computed using the selected encroachment rate function and the ADT input
on the same form as the highway design number. The encroachment rate function
for each highway type and design number is shown in Table 6. It should be
noted that the number of encroachments is the total for both directions of
traffic. Therefore, if only one side of a highway is being considered, this

number is divided by two.

Probability of Encounter

The probability that a vehicle which encroaches on the roadside will
encounter (i.e., collide with or traverse) the improvement alternative,
or existing condition, is dependent on the angle of encroachment. This
probability is the product of two other conditional probabilities expressed

as follows:



TABLE 6. ENCROACHMENT RATE VS ADT RELATIONSHIPS

Highway
Design Encroachment Rate
Number Highway Type (encroachments/mile/year)
DR 1 Rural Interstate 0.0009 ADT
DR 2 Rural Multilane 0.00059 ADT
DR 3 Divided Highway 0.00059 ADT
DR 4 Wide Rural 0.000742 ADT
DR 5 Two-Lane Highway 0.000742 ADT
DR 6 (Roadbed > 36 ft.) 0.000742 ADT
DR 7 Narrow Rural Two-Lane 0.00121 ADT
Highway (Roadbed < 36 ft.)
DM 10 Urban Interstate 0.0009 ADT
DM 20 0.0009 ADT
DM 30 Urban Multilane 0.0009 ADT
DM 40 Divided Highway 0.0009 ADT
| DM 50 Urban Major Arterial 0.00133 ADT
DM 60 Street 0.00133 ADT

e
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FIGURE 11. LOCATION OF IMPROVEMENT ALTERNATIVE AND ITS
RELATIONSHIP TO PATH OF ENCROACHING VEHICLE
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Pe(C/E) = PO(X/E) PG(C/X)‘ ---Eq. 4
where:
PO(C/E) = probability of encounter given an encroachment at angle 0;
P@(X/E) = probability that path of vehicle will intersect location
of improvement alternative, or existing condition, given an
encroachment at angle 0;
PG(C/X) = probability of vehicle impacting, or traversing, improvement

alternative, or existing condition, given that vehicle is on
an intersecting path for an encroachment of angle ©.

The probability that an encroaching vehicle will be on a path that
intersects the location of the improvement alternative, or existing condition,
is proportional to the longitudinal Tength of roadway within which this can
occur. As illustrated in Figure 11, this longitudinal length is a function
of the angle of encroachment, the width of the vehicle, and the longitudinal
length and lateral width of the location of the improvement alternative, or

existing condition. This relationship is defined by the following equation:

L, =L, +d (csc ©) + w (cot 0) ' ---Eq. 5

€]

where:

longitudinal Tength of roadway within which the path of a

—
I

vehicle encroachment at angle © will intersect the location
of the improvement alternative, or existing condition (feet);

longitudinal Tength of location of improvement alternative,

—
1]

or existing condition (feet);

lateral width of location of improvement alternative, or

=
1}

existing condition (feet);
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d

width of encroaching vehicle (feet);

© = encroachment angle (degrees).

i

Due to a Tack of data on the effects of roadway geometrics on the frequency and
nature of encroachments, it is assumed that the longitudinal distribution of
encroachments along a roadway is uniform. Therefore, the probability that

a vehicle encroachment at angle © will be on a path that intersects the

location of the improvement alternative, or existing condition is:
PO(X/E) = L@fsszao —_-Eq. 6

The constant term in this equation is the number of feet in a mile.
The probability that an encroaching vehicle on an intersecting path
will impact, or traverse, the improvement alternative, or existing condition,
is a function of the lateral distance between the outside edge of the travelled
way and the Tocation of the improvement alternative, or existing condition.
The greater this distance, the further the vehicle must travel along the
path to reach the location and the less 1ikely it is that it will impact,
or traverse, the improvement alternative, or existing condition. Therefore,
the encroachment data of Hutchinson and Kennedy (13) were analyzed to determine
the relationship between encroachment angle and the probability distribution
of the lateral extent of encroachment. The four distributions shown in
Figure 12 were found to be significantly different. These distributions
are used by the computer program to determine the probability of impacting,
or traversing, the improvement alternative, or existing condition, given
that the encroaching vehicle is on an intersecting path for a given angle
of encroachment; because this probability is equal to the probability that
the lateral extent of the encrcachment is greater than the lateral distance

between the outside edge of the travelled way and the location of the improve-

ment alternative, or existing condition.
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Thus, substituting Equations 5 and 6 into Equation 4, the equation for

the probability of encounter becomes:
Po(C/E) = (z=3gg)[Ly * d (csc ©) +w (cot ©)] Pylc/x) ---Eq. 7

where:

P@(C/E) = probability of encounter given an encroachment at angle 0;

L. = Tongitudinal length of location of improvement alternative,
or existing condition (feet);

w = lateral width of Tocation of improvement alternative, or
existing condition (feet);

d = width of encroaching vehicle (feet);

0 = encroachment angle (degrees);

PG(C/X) probability of vehicle impacting, or traversing, improvement

alternative, or existing condition, given that vehicle is on

an encroachment at angle® (obtained from Figure 12).

Probability of Injury Accident

The probability of an injury accident given that the improvement alternative,
or existing condition, has been encountered by an encroaching vehicle is a
function of the severity index of the impact, or traversal. In turn, the
severity index depends on the speed and angle of encroachment as well as
the type and configuration of the improvement alternative, or existing
condition, impacted, or traversed. As described in a previous section of this
report, computer simulation models (i.e., HVOSM and BARRIER VII) were used in
this research to determine the severities indices of side-slope-ditch traversals
and guardrail impacts over a range of encroachment speed-angle combinations.
The results of these simulations are used by the computer program to determine

the severity indices of impacts and traversals.
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In earlier research conducted at the University of Nebraska-Lincoln (16),
a relationship between severity index and probability of an injury accident
was developed. This relationship is presented in Table 7. To facilitate its
use in the computer program, the histogram relationship is approximated by the

two linear functions shown in Figure 13.

TABLE 7. RELATIONSHIP BETWEEN SEVERITY-INDEX
AND PROBABILITY OF INJURY ACCIDENTS

Severity-Index Probability of
(SI) Injury Accident
SI £ 0.5 0.1

0.5 < SI < 1.0 0.3

1.0 < SI < 1.5 0.5

1.5 %81 < 2.0 0.7

2.0 =81 £ 2.5 0.8

2.5 < 81 1.0

Encroachment Speed-Angle Probabilities

The probabilities of encroachment speed-angle combinations were computed
by combining the distributions of vehicle speeds and encroachment angles. The
vehicle speed distributions were determined from an analysis of spot speed
data contained in the 1378 annual speed monitoring certification report
prepared by the Nebraska Department of Roads. It was assumed that vehicle

speeds are normally distributed with the mean and standard deviation values

computed from the spot speed data. These values are shown in Table 8. The
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encroachment angle distribution used was that reported by Hutchinson and

Kennedy (14).

TABLE 8. MEAN SPEEDS AND STANDARD DEVIATIONS

Mean Speed Standard Deviation

Highway Type (mph) (mph)
Interstate-Rural 59.2 + 4,8
Interstate-Urban 55.5 + 5,2
Multilane-Divided and Undivided 53.8 + 4.8
Two-Lane-Rural 55.4 + 4.6

The vehicle speed distribution for each highway type was combined with the
encroachment angle distribution, assuming that the speed and angle distribu-
tion were independent. The combined distributions were then used to compute
the encroachment speed-angle probabilities that are shown in Table 9 for
each highway type.

Using the point mass model presented by Ross(l7), it was determined
that some high-speed, high-angle impacts were not possible. However, be-

cause of the lack of encroachment data on speed-angle combinations to support

this conclusion, it was decided that adjustment of the impact condition
probabilities to account for the apparent impossibility of high-speed,

high-angle impacts was not warranted.

Annualized Cost
The annualized cost of an improvement alternative, or existing condition,

is computed as follows:
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TABLE 9. ENCROACHMENT SPEED-ANGLE PROBABILITIES
Vehicle IMPACT ANGLE (Degrees)
Speed
(MPH) <7.5 7.5-12.5 12.5-17.5 17.5-22.5 2. b-27:5 >27.5
INTERSTATE-URBAN
<45 .010 .004 .003 .002 .001 .002
45-55 .210 .088 .053 .035 .022 .031
55-65 .243 .101 .061 .040 .025 .035
65-75 .016 .007 .004 .003 .002 .002
>75 .000 .000 .000 .000 .000 .000
INTERSTATE-RURAL
<45 .001 .000 .000 .000 .000 .000
45-55 .090 .038 .022 .015 .009 .013
55-65 «335 .139 .084 .056 .035 .049
65-75 .054 .023 .014 .009 .006 .008
>75 .000 .000 .000 .000 .000 .000
MULTILANE-DIVIDED AND UNDIVIDED
<45 .016 .007 .004 .003 .002 .002
45-55 .271 113 .068 .045 .028 .040
55-65 .188 .078 .047 .031 .020 .027
65-75 | .005 .002 .001 .001 .000 .001
>75 | .000 .000 .000 .000 .000 .000
2-LANE RURAL
<45 .006 .002 .001 .001 .001 .001
45-55 w217 .090 .054 .036 .023 .032
55-65 .249 .104 .062 .041 .026 .036
65-75 .009 .004 .002 .001 .001 .001
>75 .000 .000 .000 .000 .000 .000
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C =CI + CCM + CNM --~Eq. 8
where:
C = annualized cost (dollars/year);
CI = annualized first cost of improvement alternative and zero
in the case of existing condition (dollars/year);
CCM = annual collision maintenance cost (dollars/year);
CNM = annual normal maintenance cost (dollars/year).

The first cost of an improvement alternative is input on the Roadside Hazard !
Improvement Form (Figure 2), and it is annualized by the computer program
using a 20-year life, 9% interest rate, and zero salvage value. The annual
normal maintenance in the above equation is input directly on this form.

The annual collision maintenance cost is computed as follows:

CCM = E 21/ PB(C/E):zJ PO,v'CMO,v i,
G v

where:

CCM = annual collision maintenance cost (dollars/year);

E = encroachment rate (number of roadside encroachments/mile/

year);
Pe(C/E) = probability that the improvement alternative, or existing

condition, will be encountered given an encroachment at

angle 0;
P@,v = probability of an encrocachment at angle © and speed v given
that an encroachment has occurred;
CM@,v = collision maintenance cost per encounter at angle © and speed
v (dollars/encounter);
® = encroachment angle (degrees);
v = encroachment speed (miles/hour).
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In the case of slope improvements, or existing slope conditions, the collision
maintenance cost per encounter is the same regardless of the angle and

speed of encroachment. Therefore, the value input on the Roadside Hazard
Improvement Form is used in the above equation for all encroachment speed-angle
combinations.

However, in the case of guardrail, the relationship between guardrail
collision maintenance cost and severity index, which was established in
previous research conducted at the University of Nebraska-Lincoln (2) is
used. In that study, the length of guardrail damaged and the number of
posts that failed during an automobile collision were estimated from BARRIER VII
computer simulations. The relationships between severity index and guardrail
damage are shown in Figure 14 for installation lengths of 95 ft and 200 ft.
Based on the cost values in AASHTO (18), the collision repair costs for the
standard W-Beam guardrail was estimated as 9/10 of the current installation
costs. Therefore, to calculate the collision maintenance cost per guardrail
impact for a particular encroachment speed-angle combination, the computer
program determines the length of damage from the relationship shown in
Figure 14 using the severity index for the given speed-angle combination and

multiples of the length of damage by $7.60.

Probability of Zero Accident Reduction
At a given location, traffic accidents are random events, the occurrence
of which can be described by a Poisson probability distribution. Therefore,
even though an improvement alternative is expected to provide a reduction
in injury accidents there is a certain probability that no reduction will
result during the 1life of the improvement. The probability of zero injury

accident reduction is:
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P(0) =™ ---Eq. 10
where:

P(0)

probability of zero injury accident reduction;

expected number of injury accidents reduced over the life of

3
]

the improvement alternative (reduction in hazard index provided
by alternative times its life in years). ~
The computer program calculates and outputs this probability for each cost-
effective imp[pyemgntwa]tenngtiye. Values for various expected injury '
accident reductions are shown in Table 10. | \f o
The probability of zero injury accident reduction provides a basis
for eliminating those improvement alternatives with relatively high cost-
effectiveness values but with 1ittle chance of providing any reduction
in injury accidents during their life times. For example, an improvement
with a 20-year life and a 0.020 expected injury accident reduction per year
would have a 0.67 probability of zero injury accident reduction, whereas
a 40-year Tife improvement with the same expected reduction would have
only a 0.45 probability. If both of these alternatives had the same annualized
cost, they would then have the same cost-effectiveness value, but the 40-year
1ife alternative would have a higher probability of actually providing a

reduction.
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TABLE 10. PROBABILITY OF ZERO INJURY ACCIDENT REDUCTION
Expected Reduction In Number Probability of Zero
Improvement Life Of Injury Accidents Per Year Injury Accident
(years) Reduction
20 0.050 0.37
0.040 0.45
0.030 0.55
0.020 0.67
0.010 0.82
40 0.050 0.14
0.040 0.20
0.030 0.30
0.020 0.45
0.010 0.67
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BENEFIT-COST METHODOLOGY

The primary difference between the benefit-cost method of improvement
evaluation and the cost-effectiveness approach is that the measure of per-
formance is accident cost savings instead of reduction in injury accidents.

The benefit-cost ratio of an improvement alternative is computed as follows:

B/C = H ==<Egq, 11
where:

B/C = benefit-cost ratio;

AE = expected annual accident cost of existing condition
(do1lars/year);

A; = expected annual accident cost of improvement alternative
(do1lars/year);

CI = annualized cost of improvement alternative (dollars/year);

CE = annualized cost of existing condition (dollars/year).

The annualized costs of the improvement alternative and.the existing
condition in the above equation are the same as those used in the cost-
effectiveness value equation (Equation 2).

The computer program does not calculate benefit-cost ratios for those
improvement alternatives that are determined to be "not cost-effective."
Thus, benefit-cost ratios are not computed for improvement alternatives
that do not provide an accident cost savings (i.e., AI > AE). Therefore,
a benefit-cost ratio less than one indicates that the alternative is not
economically worthwhile. Whereas, a benefit-cost ratio greater than one

or less than zero would indicate that the alternative is economical justifiable.



56

The expected annual accident cost of an improvement alternative, or

existing condition, is computed as follows:

A =E :E: PO(C/E) ZE: Pe,v ACO’V ---Eq. 12
© v
where:
A = expected annual accident cost of improvement alternative, or
existing condition (dollars/year);
E = encroachment rate (number of roadside encroachments/mile/
year);

P@(C/E) = probability that the improvement alternative, or existing
condition, will be encountered given that an encroachment at
angle © has occurred;

P@,v = probabiiity of an encroachment at angle © and speed v given

that an encroachment has occurred;
© = encroachment angles (degrees);
v = encroachment speed (miles/hour).
The only difference between this equation and the hazard index equation
(Equation 3) is that the average accident cost per encounter replaces the
probability of an injury accident term.

As are the probability of injury and the guardrail collision maintenance
cost variables, the average accident cost per encounter is computed as a
function of severity index. An approach similar to that used by Weaver (18)
was used to establish a relationship between severity index and accident costs.
As shown in Table 10, the severity index and probability of injury accident
were equated to a percentage distribution in terms of three accident severity
classes: fatal, injury, and property damage only. The total accident

costs shown in this table were determined by using the following accident cost
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figure provided by the Nebraska Department of Roads:

Property Damage Only Accidents =--- $ 900
Injury Accident --- $ 4,900
Fatal Accident --- $336,000

A third-degree curve drawn to the histogram relationship in Table 11 is used
by the computer program to determine the average accident cost per encounter used

in Equation 12.



TABLE 11
RELATTONSHIP BETWEEN SEVERITY-INDEX AND INJURY ACCIDENT
PROBABILITIES, ACCIDENT CLASSIFICATIONS, AND TOTAL ACCIDENT COSTS

Accident Classification ©
Severity-Index? Probabi ity PDO Injury Fatal Accident

of Injur& Accidents Accidents Accidents Cost

Accident (%) (%) (%) ($)

31 < 0.5 0.1 90 10 0 1,300

0.5 < SI < 1.0 0.3 60 60 0 2,500
1.0 < 51 < 1.5 0.5 40 50 10 36,410
1.5 <SI < 2.0 0.7 10 60 30 103,830
2.0 <81 < 2.5 0.8 0 50 50 170,450
2.5 < 81 1::0 0 10 90 302,890

a. Computed by HVOSM and BARRIER VII Simulations
b. Refer to Table 7
c. Assumed in similar manner as done in TTI Report (18)
d. Accident Costs: $336,000 per fatal accident
$4,900 per injury accident

$ 900 per property-damage-only accident

89
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CASE STUDY NO. 3

This case study consisted of an actual field problem being considered by
the Nebraska Department of Roads for a spot type improvement. A cross section
of the 2-lane highway is shown in Figure 15. The roadway is classified as a
DR-3 Major Arterial (3) with a design speed of 65 mph and an ADT of 3,650 vpd.
The site is located on a tangent Tevel section of US 15 between mile-posts 3.678

and 3.788. The shoulders are paved out 8 ft.

Existing Roadway

The existing roadway had a non-standard guardrail protecting the embankment,
however, this guardrail will be completely removed and scrapped. The hinge
point of the existing embankment is located 18 ft from the edge of the traveled
lane. The embankment has a front slope of 2:1, a fill height of 20 ft., a ditch
width of 10 ft., a back slope of 2:1, and a back slope height of 5 ft. The
condition of the front slope is smooth and the ditch carries no water. Coding
of the existing roadway is shown on the "Roadside Hazard Inventory Form" in
Figure 16.

Improvement Alternative No.l

Improvement Alternative No. 1 consisted of modifying the existing roadside
embankment. The roadside will be extended to provide a clear-recovery-area of
30 ft on a flat slope of 6:1. The embankment will have a front slope of 3:1, a

fi11 height of 20 ft., a ditch width of 10 ft., a back slope of 4:1, and a back

slope height of 5 ft.

Using the NDR earthwork program (RDS system), the following cost estimates

in Table 12 were obtained:
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FIGURE 16
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TABLE 12. IMPROVEMENT ALTERNATIVE NO. 1 COST ESTIMATES

Item Quantity Unit Costs Cost ($)

1. ROW 1.269 ac. $1500/ac. 1,904

2. Culvert Excavation 96 cyd $6/cyd 576

3. Roadway Excavation | 1504 cyd $0.66/cyd 993

4. 30 in. Culvert Pipe 40 1f $17.96/1F 718
Total = $4,191

Coding of Improvement Alternative No. 1 is shown on the "Roadside Hazard

Improvement Form" in Figure 17.

Improvement Alternative No. 2

Improvement Alternative No. 2 will consist of installing a standard W-beam
guardrail at a lateral offset distance of 10 ft. from edge of traveled lane. No
changes will be made to the existing embankment. The guardrail will be 300 ft.
long and both ends will have breakaway terminal designs. A rub rail will be
used to prevent vehicle snagging because the height of guardrail is 1-in. higher

than a standard design of 27 in. Cost estimates for the guardrail are shown in

Table 13.
TABLE 13. IMPROVEMENT ALTERNATIVE NO. 2 COST ESTIMATES
Item Quantity Unit Costs Cost ($)
1. W-Beam Guardrail 300 1f $8.0914/1fF 2,427
2. Breakaway Terminals 2 $464.1778 ea. 928
Total = $ 3,355
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Coding of Improvement Alternative No. 2 is shown on the "Roadside Hazard

Improvement Form" in Figure 18.

Computer Output Listing
The 1isting of the computer output is shown in Figure 19. As evident, the

slope improvement (Alternative No. 1) is more attractive than the guardrail
improvement (Alternative No. 2) because of a lower cost-effectiveness value and
a higher benefit-cost ratio. However, both improvement alternatives have a high
probability of a zero hazard reduction over the same project 1ife of 20 years.
It is interesting to note that even though the guardrail improvemenf has a lower

first cost, its hazard-index (injuries/yr) is higher.

It is important to re-emphasize that the computer program as it now stands
was not programmed to handle (1) the effect of the rub rail in preventing wheel

snagging, and (2) the effect of breakaway terminals in reducing the severity of

end impacts.
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HAZARD GROUP IDENT DESC HAZARD SIDE

NO NO CODE CODE INDEX OoF
ROAD
(INJ/YR)
| 3 74 2 0.,02421 1
1 3 7 2 0.02421 1

COSsST

EFFEGCTINVENESS

PROGRAM

UNIVERSITY OF NEBRASKA

AND

NEBRRASKA DEPARTMENT OF ROADS

HIGHWAY DESIGN NUMBER = DR- 3
TYPE HIGHWAY = US- 15
DESIGN SPEED = &5 MPH
ADT = 34650
PROJECT LIFE = 20.0 YRS
INTEREST RATE = 9.000 X
DATE = 9-10-79
D I M P R -0
MILEPOST INPR IMPR HAZARD CLEAR FIRST
ALT CODE INDEX RECOVERY cosT
BEG END ZONE
(INJ/YR) (FT) ($1000)
3.678 3.788 1 3-2-0 0.00824 30 4.2
3.6478 3.788 2 3-1-2 0.01254 10 3.4

v E M E N T
TOTAL CosT ZERO BENEFIT
ANNUAL EFFECTIVE ACCIDENT CosT
COsT VALUE REDUCTION RATIO
($/YR) (%)
o 28 72 1542.5
i 156 79 337.5

FIGURE 19. COMPUTER OUTPUT LISTING OF CASE STUDY NO. 3
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SUMMARY AND CONCLUSIONS

The computer program in this study was developed to expedite the lengthy
and tedious cost-effectiveness and benefit-cost calculations for making
W-beam guardrail improvements on roadside fill slopes. For example, ana1yzing
a single group consisting of 2 hazards and 4 improvement alternatives requires
less than 2 minutes of computer execution time in comparision to three or

four man-days of effort.

The work accomplished in this study has demonstrated that the cost-
effectiveness computer program shows great potential in providing highway
engineers and administrators in Nebraska with a managerial tool for evaluating
spot safety improvement projects and design projects in order to realize

the greatest return on the investment made to reduce injury accidents.

Future Work
- The hazard inventory and improvement coding forms developed in this
study for computer usage are general in scope and include most roadside
hazards that are likely to be encountered by an errant vehicle. A tentative
1ist of subroutines that could be added to the existing computer program

are briefly described in Tabie 14.

A11 of the computer simulations in this study were run using a standard
size automobile. Additional work should be done to include smaller size
automobiles. Also, on low volume roads and in urban areas, additional work
should be done on establishing (1) frequency encroachment rates, and.(z)

lateral offset impact distribution probabilities.



TABLE 14
TENTATIVE LIST OF ADDITIONAL COMPUTER SUBROUTINES
Subroutine

Name Subroutine Description

ENDGR Compute severity-indicies of different guardrail
end-treatments

VAULT Compute severity-indicies of vehicle vaulting of
guardrail (1) located on slopes, (2) located in
depressed medians, and (3) with heights lower than
standard

SNAG Compute severity-indicies of vehicle snagging on
guardrail posts

CABLE* Compute severity-indicies of different cable guard-
rail designs

BRIDGE Compute severity-indicies of different bridgerail
designs

PTHAZ Compute severity-indicies of different types of
point hazards

RUT Compute severity-indicies of rutting or drop-offs
between travelled lanes and shoulders

SOFT Compute severity-indicies of different Fitch Module
designs

CURB Compute severity-indicies of different curb designs

UNIT Store unit costs by district

MAIN 2 Subroutine to expand capability of computer program
to handle groups containing as many as 15 hazards,
i.e., Guardrail-bridgerail sites at over-passes

ORDER Subroutine to re-arrange hazards by lateral and

Tongitudinal distances (x-y coordinates) in order
to determine exact location of hazards in relation
to each other

* Current HP&R Project
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Computer coding forms similar to the forms developed in this study,
but of Tesser detail, were subjected to extensive field testing by Weaver (1)
in Texas. It is recommended that a similar field procedure be implemented

in Nebraska in order to correct any unforeseen problems.

Ultimately, the computer program should be utilized to (1) develop
design nomographs for the installation of guardrail similar to the nomograph
presented in HRR SR 81 (19) as shown in Figure 20, and (2) to assist in

establishing guardrail design policies and standards in Nebraska.
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MAIN PROGRAM

i NCOUNT=0
START LINES=0

NHWY (NTITLE)=C2(1,1)
NDES (NTITLE)=C1(1,1)
NSPD (NTITLE)=C3(1,1)
NADT (NTITLE)=C9(1,1)

ERROR1(L,M)=0.0

NTITLE=0 HI(L)=0.0
1(L,K)=0.0
HIA(L)=0.0
IPAGE=0 CMA (L)=0.0
ACA(L)=0.0
RMA(L)=0.0
TACIMP(L)=0.0
NOTCE (L)=0
1ZERO (L)=0
PS— HIB=0.0
wrmizn [ o nam Yoo am=0.0
RMB=0.0
TACHAZ=0.0

CALL MAIN1

CALL RESULT

CALL OUTPUT

NO—

G



SUBROUTINE MAIN1 1/3

START DO 100 1I=1,I

‘ CALL WBEAM ’

IFLAG=1
112261)\=2 & :
ERRORL(II,1)=10}&—N0 <H14(II)=6 &>€——NO NO YES
HlS(Iy=G
N
YES YES

CALL SLOPE

CALL FREQ

CALL PROB1

CALL COST3 CALL PROB3

CALL PROB2

CALL HINDEX HIB=HIBHII (II) 0 CALL REPAIR CMB=CMB+M
YES
< TACHAZ=TACHAZ+CMB+RMB }& RMB=RMB+C7 (II,1) }& ACB=ACBHAC CALL ACCID

9L



NO

——e<ao 100 JJ=1,J

SUBROUTINE MAIN1 (CONT.)

IFIAG=2 [~

RETURN

C22=(C25+C26)/2

ERROR1=10

CALL WBEAM

CALL NOIMPR

CALL SLOPE

CHI=0.0
=0.0
RMA=0.0
ACA=0.0
C22=H41
GO TO 50

2/3

CALL FREQ

CALL PROBI1

CALL PROB2

CALL COST3

CALL PROB3

LL



TACIMP=
TACIMP
+COST1
+QMA+
RMA

CALL HINDEX

CALL IMPCST

>(100)

SUBROUTINE MAIN1 (CONT.)

HTA=HTA+CHI

3/3

CMA=CMA-+CM

Ay

RETURN

ACA=ACA+AC

CALL ACCID

8L



SUBROUTINE RESULT

A

ml(—— TTAC=TACIMP+ NO
TACHAZ

CE=TTAC/EFFECT

KZERO=2,718%%(~-1* (ABS (EFFECT)*

LIFE))*100.
IZERO=KZERO
NO
YES

ES

—ﬁ‘ ICE=CE 3‘ BC=(ACB-ACA)/TTAC NOTCE=1

ACA
GE
ACB

=l @

NO

RETURN {

6/



SUBROUTINE TMPCST

JJ.GT.1

Noﬁl INT=0.09 ——)l LIFE=20.0

COST (JJ)=
C4(I1,JJ)*CRF

CRF=T2/T3 k

RETURN

% T1=(1.0+INT)**LIFE

\

T3=T1-1.0 '(

T2=T1*INT

08



SUBROUTINE OUTPUT 1/3

NDES (N)=NDES (M)&
NHWY (N) =NHWY (M)
NSPD (N)=NSPD (M)&
(N)=NADT (M

N=NTITLE
: M=NTITLE-1

WRITE
IPAGE &
400 FRMT

=z

YES YES
WRITE C61 WRITE C61 WRITE C61 WRITE C61 WRITE C61
900 FRMT 901 FRMT 902 FRMT 903 FRMT 904 FRMT

WRITE C63

WRITE C63

WRITE C63

NO N
YES
WRITE C63
913 FRMT 912 FRMT
\

v

" INT=INT*100

INT=INT/100. ﬁ ; 9| ]
= =] +
IPAGE=IPAGE+1 LINES=0 NCOUNT=NCOUNT+1

H52,LIFE,
__INT

I8



VALUES

LINES=LINES+1

MES=0
K—O

SUBROUTINE OUTPUT

(CONT. )

-—)<Do 200 JJ=1,J '—>Qo 200 11=1,I

N<NOTCE (M)=1
WRITE K=K+1
"GROUP"

2/3

<—N

MES=MES+1 k— K=K+1
) WRITE
"NOT C/E"

WRITE IPAG
06 FRMT

LINES=0

LINES=LINES+1

WRITE
"END GROUP'

|/ E' LINES=LINES+1

WRITE
ERROR #

¥ WRITE IPAGE LINES=0
406 FRMT

RITE IPAGE

age/

©

28



SUBROUTINE OQUTPUT (CONT.)

©

MES=0

WRITE
600 FRMT [

(200}

( reTuRy &

WRITE i
604 FRMT

!

WRITE
602 FRMT

'--\

YES

3/3

€8



SUBROUTINE FREQ

START NO———>{ HO=C1 )lADT=C9
YES >l
ADT=H3 >
< No<” HO=104 < Y
ES 0 NO
ASSTIGN ASSIGN ASSIGN ASSIGN
ENFR ENFR ENFR ENFR
W Y Y
H0=230 Héf;To
R N\ _ 5 RN HO=107
0=240 0=220
YES YES ES ES
ASSIGN ASSIGN ASSIGN ASSIGN
ENFR ENFR ENFR ENFR
S M
' ASSIGN
RETURN < ENFR
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START

SUBROUTINE PROB1

YES

=3

YES

(04 0
YES YES

TEMP2=,5(C25+C26)

TEMP1=C15
TEMP2=C22

TEMP1=H42
TEMP2=H41

TEMP2=, 5 (H30+H31)

1/2

ES

NO —,ﬁl TEMP2=. 5(C25+C26)

4 TEMP2=C22+C15*C1l6

@ NO%[ TEMP2=H4 1+H42%H43

@e_u

&>
<

X=TEMP2

YES ES ES YES
ASSIGN ASSIGN ASSIGN ASSIGN ASSIGN ASSIGN
OFSET (1-5) OFSET (1-5) OFSET(1-5) OFSET (1-5) OFSET (1-5) OFSET(1-5
\B 5|( \ &3




¥ES

SUBROUTINE PROB1 (CONT.)

¥ES

YES

2/2

NO——— ERROR1=5

ASSIGN
OFSET(1-5)

ASSIGN
OFSET (1-5)

ASSIGN
OFSET (1-5)

ERROR1=5

v

v

98



SUBROUTINE HINDEX

| SUM=0.0 ALONG1=
START ASUM=0.0 0.5% (ABS (C46-C45) ) %5280
YES

ALONG1=

0.5(ABS (H19-H18))*5280 z

V

SUM=SUM+PT*IMP*ALONG 1 H DO 5 1::1<=1,5,e

TEMP=X,X (OFSET) ,<<D0 6 k=1.5

ASUM=ASUM+TEMP#SUM -

N ——> HI=(ASUM*ENFR*,5) /5280

YES

CHI=(ASUM*ENFR*,5) /5280

RETURN
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SUBROUTINE PROB2

YES

10.62.10
NO <210 OR 220 NO
HO.IE.10
YES
ASSIGN ASSIGN ASSIGN ASSIGN
25 IMP 25 IMP 25 IMP 25 IMP
VALUES VALUES VALUES VALUES
NO%ERROR]F].S

ASSIGN ASSIGN ERROR1=15 \
25 IMP 25 IMP

VALUES VALUES

RETURN
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SUBROUTINE WBEAM

SPEED (1)=40 SPEED(2)=50 SPEED(3)=60 ___-—ax(::no T
SPEED (4)=70 SPEED (5)=80 »

TEMP=SPEED (K)

\

TFLAG=
- et g > SIGRFK,l) s (,1)
Lo=12 SIGR(K,5) CS(K,1)

RETURN

GRCR=7.6
IFf;g:ﬁ\\\\ ASSIGN
YES NO AND = cs (X,1) ASSIGN SIGR VALUES
H33=12 ;
s (K,5)
NO ES
CORRECTED (12'-6")

68



SUBROUTINE PROB3

YES |
NO NO NO
YES

PI(K,L)=.4%ST(K,L)

ASS IGN

SIGR VALUES

TO SI
MATRIX

YES

ASSIGN
SISL VALUES
TO SI
MATRIX

PI(K,L)=0.08

le—no 1""!!".')(}——#N0

*——<D02K-1 k——< DO 2 11,5

PI(K,L)=1.00

06



SUBROUTINE DATA

ZERO ALL ZERO ALL IMPR=0 N
HAZARD —> IMPROVEMENT > J=0 y READ CARDS
ARRAYS ARRAYS 1=0
’
FILL GENERAL ;
N INFORMATIONAL I=T+1 ICARD=1
HAZARD ARRAYS '
YES S YES
NO
SLOPE HAZ. LONG. HAZ, POINT HAZ. ),
H41-H48 H30-H38 H23-H27 —
o 31 i IMPR=IMPR+1
\ A A
FILL GENERAL
INFORMATIONAL
IMPR. ARRAYS
N N
YES )I{ YES {ES ES
NO IMPR. SLOPE IMPR. LONG. IMPR. POINT IMPR.
FILL PROPER FILL PROPER FILL PROPER FILL PROPER
ARRAYS ARRAYS ARRAYS ARRAYS
J=J+1 J=J+1 J=J+1 J=J+1
N0 IGR=10R2
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START

ADJUST
SISL(K,L) FOR
DITCH WIDTH

SUBROUTINE SLOPE

ITEMP1=FRONT SLOPE (H42 OR Cl5)
ITEMP2=FILL HEIGHT (H43 OR C16)
ITEMP3=DITCH WIDTH(H44 OR Cl7)
ITEMP4=Back SLOPE(H45 OR C18)

SISL(K,L)=
X.XX*VEL

+Y . EY

FIND CORRECT
ANGLE

%<Do 1001 K=1,5

-—><Do 1002 L=1,5

ADJUST
SISL(K,L) FOR
WATER IN
DITCH

ADJUST
SISL(K,L) FOR
ROUGH SLOPES

1002 1001
NS

FIND CORRECT FIND CORRECT
FRONT FILL FRONT SLOPE
HEIGHT
ERROR MESS.
OR UNDEFINED
> VALUES BRILURN

26



SUBROUTINE COST3

><Do 2 1=1,5

O
\
‘ RETURN ’

/-\ TAC(K,L)=((-1934.76%
2 TEMP)+12750*TEMP2+
\./\ 9679*TEMP3)

)I TEMP=SI (K, L)

TAC (K, L)=300000.
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SUBROUTINE REPAIR

START ASUM=0
SUM=0.0

YES

No—el ALONG 1= (ABS (C46-C45) )*5280

ALONG1=(ABS (H19-H18))*5280

SUM=SUM+IMP (KK ,K)*CS (KK,K)*ALONG1 ]<—<Do 5 KK=1,5

TEMP=X.X (OFSET (K))

(—<Do 6 K=1,5

ASUM=ASUM+TEMP*SUM @%&F( . 5%*ASUM*ENFR) /5280

RETURN
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SUBROUTINE ACCID

START ASUM=0.0
SUM=0.0

YES

NO— | ALONG1=(ABS (C46-C45))%5280

ALONG1=(ABS (H19-H18))*5280

T,

SUM=SUM+IMP (KK ,K)*TAC (KK , K) *ALONG 1 %<Do 5 KK=1,5 TEMP=X , X*OFSET (K) lé——< DO 6 K=1,5

ASUM=ASUM+TEMP*SUM e®ﬁ

AC=(ENFR*ASUM*, 5) /5280

RETURN
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SUBROUTINE NOIMPR

C22=H41

C15=H42
Cl6=H43
Cl7=H44
C18=H45
C19=H46
C20=H47
C21=H48
C45=H18

C46=H19

RETURN
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BI

APPENDTIX

COMPUTER PROGRAM SOURCE LISTING
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~S~oUmEwk

10
11
12
13
14

15

iJ
C

OB

98
TIME=300
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C*
C*
C*
C*
C*
C*
C*
C*
C*

GUARDRAIL UTILIZATION: A COST-EFFECTIVENESS
COMPUTER PROGRAM TO ANALYZE
W-BEAM GUARDRAIL FOR USE ON FILL SLOPES
A COOPERATIVE RESEARCH PROJECT BY THE NEBRASKA

DEPARTMENT OF R