COST-EFFECTIVENESS OF GUARDRAIL IMPROVEMENTS
FOR PROTECTING BRIDGE PIERS

IN DEPRESSED MEDIANS ON HORIZONTAL CURVES

by

EDWARD R. POST, P.E.

PATRICK T. McCOY, P.E.

WALTER E. WITT, P.E.

TERRY J. WIPF
PATRICK A. CHASTAIN
in cooperation with
NEBRASKA DEPARTMENT OF ROADS

CIVIL ENGINEERING DEPARTMENT
RESEARCH REPORT NO. TRD-03-002-78

DEDV% 7
NEERANSA

I

Engineering Research Genter

Gollege of Engineering and Technology
University of Nebraska

Lincoln, Nebraska 68588



COST-EFFECTIVENESS OF GUARDRAIL IMPROVEMENTS
FOR PROTECTING
BRIDGE PIERS IN DEPRESSED MEDIANS
ON HORIZONTAL CURVES

by

Edward R. Post, P.E.
Associate Professor of Civil Engineering

Patrick T. McCoy, P.E.
Associate Professor of Civil Engineering

Walter E. Witt, P.E.
Research Safety Coordinator
Nebraska Department of Roads

Terry J. Wipf
Graduate Research Assistant

Patrick A. Chastain
Undergraduate Research Assistant

Research Report No. TRD-03-002-78

Sponsored by
Engineering Research Center
College of Engineering and Technology
University of Nebraska
in cooperation with

Nebraska Department of Roads

August 1978

Civil Engineering Department
University of Nebraska-Lincoln
Lincoln, Nebraska 68588



ABSTRACT

Key Words: Guardrail, Roadside Safety, HVOSM, BARRIER VII

During the past two decades, many full-scale crash tests have been
conducted on guardrail located on level and flat terrain. However, little
attention has been given to the testing and placement of guardrail on embank-
ment slopes, and as a result, errant vehicles have vaulted over guardrail and
snagged on guardrail posts.

To investigate this problem, a typical site was selected on Interstate
80 near Lincoln, Nebraska on which a guardrail of current design, G4(2W)*,
was protecting bridge piers in a depressed median on curved horizontal align-
ment. The existing guardrail was 200 ft. long, offset 15 ft. from the roadway
and 4 ft. in front of the bridge piers, and its upstream anchored end was not
flared or safety treated.

Seven improvement alternatives were evaluated. BARRIER VII simulations
of a standard size automobile were conducted to obtain guardrail impact
severities. Severity adjustments were made to account for probable cases of
vaulting and snagging as predicted from HVYOSM bumper trajectories. Impact
condition probabilities were established to properly weight the severities
under all possible combinations of encroachment speed and angle.

The results of this study indicated that the most attractive improvement
alternative was guardrail and over a 20 yr life at 9% compound interest it
would result in (1) a reduction of 1.12 injury type accidents, and (2) a net
present worth injury accident savings of $60,500. The improvement consisted
of relocating the existing guardrail 2 ft closer to the bridge piers, reducing
its length from 200 to 95 ft, installing a rub rail, flaring the upstream
turned-down end, and providing vertical slip joints on the first 5 posts so
that the guardrail can breakaway under head-on type impacts. The feasibility
of providing downstream end anchorage is uncertain in this study because the
computer model simulations were made at one point of impact in the vicinity of
the upstream bridge pier.

*AASHTO Designation
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INTRODUCTION

The University of Nebraska is currently conducting a research project
in cooperation with the Nebraska Department of Roads to develop a cost-
effective policy for the use of guardrail in Nebraska.‘ A study of one
specific use of guardrail is presented in this report.

. During the past two decades, many full-scale crash tests have been con-
ducted on guardrail IOEated on level and flat terrain. However, little
attention has been inen to the testing and placement of guardrail on embank-
ment slopes and in depressed medians, and as a result, out-of-control
automobiles have Vau]ted over guardrail and snagged on guardrail posts under
various combinations of encroachment speed and angle.

One objective of this study was to select a typical site and investigate
‘fhe performance of guardrail located on a sloped embankment. The site selected
was located on a sharp horizontal curve of Interstate 80 near Lincoln, Nebraska.
On the site was located a guardrail of current design protecting bridge piers
in a depressed median. Primary emphasis was placed on mathematical computer
model simulations to ascertain the performance of the guardrail placement..
The models used were HVOSM and BARRIER VII. Impact condition probabilities
were established end used to properly weight the impact severities}of the
guardrail under all possible combinations of encroachment speed and angle.

A second'objective of this study was to define and evaluate improvement
alternatives. The probabilistic methods of Cost-Effectiveness‘and Benefit-
Cost were used to compare and priority rank the alternatives. Re]ationships
between 1mpact'sever1ty and (a) injury accident probability, (b) injury ac-
cident costs, and (c) collision maintenance costs were established to

facilitate in achieving this objective.



DESCRIPTION OF SITE

The site selected for the purpose of this study was a four-lane divided
highway section of Interstate 80. The interstate bypasses Lincoln, Nebraska,
on the north side where a small lake (Capital Beach) is located. This lake
forced designers to use a relatively sharp horizontal curve to negotiate the
terrain. Neai the P.I. of the curve a bridge overpass crosses the interstate
wifh concrete piers placed about 5 ft. from both outside shoulders and also
in the center of the median, as shown in Figure 1la.

The median is 40 ft. wide and has a maximum depression of about 3 ft.
below the edge of the travelled way. Side slopes in the median are 19:1 for
the shou]def, 8:1 out 6 ft. more, and then 4:1 down to the piers. The 2 ft.
diameter bridge piers located in the center of the median are 19 ft. from the
edge of the travé]]ed roadway.

The roadway consists of two 24 ft. P.C. concrete lanes travelling in each
direction with an outside paved shoulder of 10 ft. and a soil-treated inside
shoulder of 4 ft. The horizontal curvature is about 3 degrees on an upgrade of
2 percent. Supere]evétion of the roadway at the overpass is 0.07 ft/ft. The
ADT for this section of the interstate is 15,000 vehicles/day with an average
" speed of 58.7 + 4.0 mph. A plan view and cross sections of the terrain and its
coordinate system are shown in Appendix B.

The guardrail currently used to protect the bridge piers is a blocked out
W-Beam section mounted on 6 in. by 8 in. wood posts at a 6 ft.-3 in. post
spacing. The height of the guardrail is 27 1n.-abové the ground and is located
15 ft. from the left edge of the travelled roadway and about 4 ft. from the
face of the bridge piers as shown in Figure 1b. The total length of thé guard-
réil is 200 ft. and the upstream end is turned down and anchored but not

safety-treated.



FIGURE 1Ia

FIGURE 1| b

FIGURE |I. PHOTOGRAPHS OF BRIDGE PIER SITE



IMPROVEMENT ALTERNATIVES

Seven improvement alternatives were evaluated in this study. Details
of each alternative are presented in Table 1. Five of the a1tefnatives
(Alternatives J, 2, 3, 4, and 5) were guardrail-type improvements, and one
(A]ternative 6) was composed of Fitch Modules with a concrete median barrier
between the bridge piers. Also, in order to provide a basis for determining
the cost-effectiveness of protecting bridge piers in depre§sed median, Altef-
nate 7 (removing the existing guardrail and leaving the piers unprotected)
was included as one of the alternatives.

The primary objective of the five guardrail improvement alternatives was
to reduce the expected severity of impacts by encroaching vehicles. A secondary
consideration was to minimize the expected collision damage to the guardrail
system, thus reducing collision maintenance costs. The safety features included

among the five guardrail improvement alternatives were the following:

Flared, Safety Treated Upstream End -- The upstream end of each of the

five guardrail improvement alternatives was a flared, modified turned
down end design to prevent ramping and overturning of vehicles that

impact the upstream end.

Rubbing Ra11 -- Three of the alternatives include the addition of a

rubbing rail to reduce the probability of impacting vehicles snagging

on the guardrail posts.

Thrie-Beam -- Two of the alternatives featured the use of thrie-beam to



TABLE 1. IMPROVEMENT ALTERNATIVES

Standard Size Automobile: 3,800 1bs.
Encroachment Speeds: <45, 50, 60, and 70 mph
Encroachment Angles: <7.5, 10, 15, 20, 25, and >25 deg.

, ' Lateral Upstfeam Upstream - Downstream Rubbing
=4 Type Offset End End - . End Rail
e of Distances |Height |Length Flared Safety Anchored
g s Traffic Barrier Treated?

Pe From | From _
a8 Road | Piers Yes No Yes | No Yes No | Yes No
i , (ft) | (ft) | (in) | (ft)
Exist W-Beam [G4(2N)]b 15.0 4;2 27 200 X X X X
(see Figure 1) '
W-Beam [G4(2W)] 15.0 4.2 27 200 X X X X
(Modify Existing)
W-Beam [G4(2W)] |1 17.0 2.2 27 95¢ X X X X
Thrie-Beam (G9) 17.0 | 2.2 | 30 95¢ X X X X
W-Beam [G4(2W)] 17.0 | 2.2 | 27 | 95 | «x X X X
Thrie-Beam (G9) 16.0 | 3.2 | 34 95°¢ X X X X
Fitch Modules + 15 21 10 deg
CMB between Piers 19 32 22
_(see Figqure 7 )
Leave Piers Unprotected | 19.2

a. Modified Turned Down End [see Hirsch (10)]
b. AASHTO Designation (9)
c. Nebraska Department of Roads standard design shown in Figure 2 (11)
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increase the guardrail depth and thus reduce the probability of vaulting

and snagging.

Increased Lateral Offset Distance -- Four of the five guardrail improve-

ment alternatives had greater lateral offset distances from the traveled
way than did the existing guardrail. The increased lateral offset dis-
tance was intended to rgduce the probability of encroaching vehicles
impacting the guardrail because: (1) the guardrail would be further from
the traveled way and (2) the guardrail is closer to the piers and there-
fore it would not need to be as long to protect the piers. And, the
increased lateral offset distances were intended to increase the proba-

' bility of the guardrail properly intercepting the trajectories of those
vehicles that do impact the guardrail, thus reducing the chances of

vaulting and snagging.

Anchored Downstream End -- Two of the alternatives had anchored downstream

ends in order to prevent vehicle penetration of the guardrail.

The 1hcrementa1 cost-effectiveness and benefit-cost analyses of these alter-
natives which were conddcted in this study provided insight as to the cost-

effectiveness -and économic worthwhileness of each of these safety features.

And, thus a basis was established for developing a cost-effective policy

related to their use;



COMPUTER MODELS OF AUTOMOBILE

During the past three decades, many highway organizations have relied
heavily upon experience and judgment in the design of roadside appurtenanc-
es; and, trial and érror full scale tests were often conducted to determine
the feasibility of these appurtenances. Significant advancements in tech-
nology 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 in-
fluence of any one variable. Cpnducting many full scale tests can be both
time consuming and costly.

Mathematical model simulation provides a rapid and economical method
to 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 experi-
ence, 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 an automobile trav-
ersjng the depressed median described in the preceding section. HVOSM was
developed by McHenry (1,2) of the Cornell Aeronautical Laboratories and
modified for specific field applications by the Texas Transportation In-
stitute (3). |
The idealized-free-body-diagram of HVOSM is shown in Figure 3. The

model has 11 degrees of freedom and consists of four isolated masses. The
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masses of 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 coordinate system in space include: (a) linear transla-
tions of the sprung mass in three directions, (b) rofationa] 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
sysfem.

A standard size automobile weighing approximately 3,800 1bs was used
in this study. Thé properties of the selected automobile were defined in
previous research work conducted by Ross and Post (4,5) and Weaver (6) on
sloping grates in medians and roadside embankment slopes. The properties
of the selected vehicle are listed on the computer printout sheets in Appen-
dix A.

The terrain data, expressed in terms of Xx-y-z coordinates, are pre-
sented in Appendix B. The roadway, shoulder, and soil were assigned fric-
tion 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 (3) modified version of the
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HVOSM program was used in this study. On the average, 1 sec of event time
required approximately 1 min of time on the University of Nebraska IBM 360
computer sysfem; Computer costs per simulation ranged from 10 to 20 dol-
lars. In comparison, 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 ihstrumentation, and data reduction analysis

techniques including high speed photography.

BARRIER VII

The BARRIER VII program wasrut11ized subsequently in this study to
determine the.dynamic effect of an automobile interacting with a traffic
barrier system. BARRIER VII was developed by Powell (7,8).

The traffic barrier is idealized as a plane framework composed of
elastic inelastic one-dimensional elements of a variety of types. The auto-
m9b11e is idealized as a plane rigid body surrounded by a cushion of springs.
A large displacement dynamic structural analysis problem is solved by num-
erical 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 bar-
rier, and the effects of normal force, friction forces, and wheel drag |
forces are considered in determining its motion. Data necessary for input
to the program consist of the barrier configuration, the properties of the
barrier members and automobi1e and the velocity and trajectory of automo-
bile before impact. Output consists of barrier member forces, barrier de-
flections, time histories of automobile positions, and velocities and ac-

celeration of automobile.
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BARRIER VII is a two-dimensional program and therefore it placed Tim-
tations on this study. BARRIER VII cannot predict roll motion of the ve-
hicle, wheel snagging or vehicle vaulting. For this reason it was neces-
sary to use judgment to determine the severity of these particular situa-

tions.
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TRAJECTORIES OF AUTOMOBILE BUMPER

Experience has shown that the successful redirection or decelera-
tion of an automobile colliding with a traffic barrier is largely depend-
ent on the height of the vehicle bumper in relation to the height of the
traffic barrier. The normal impact height of a standard size automobile
relative to a standard W-beam design (G4W)*, a concrete median barrier
(MB5), and a 400 1b sand module is illustrated in Figure 4. Impact
bumper heights above noryé] can result in vaulting or ramping; whereas,
impact bumper heights below normal can result in guardrail post snagging.

In this study, the following criteria was used for evaluating the
performance of a traffic barrier using the Towest point on the corner of
the automobile bumper as the reference:

1. Guardrail

a) Normal Impact - - - Bumper point within Tower 2/3 portion
of beam depth

b) Post Snagging - - - Bumper point more than 5 in. below
bottom edge of beam

¢) Vaulting - - - - - Bumper point within upper 1/3 portion
of beam depth

2. Fitch Module:

a) Normal Impact - - - Bumper point within lower 3/4 portion
of module height

b) Ramping - - - - - - Bumper point within upper 1/4 portion
of module height

The encroachment conditions and terrain configuration must be taken
into consideration when investigating impact bumper heights. A computer

program was written (see Appendix D) to calculate bumper heights from

* Traffic Barriers designations in AASHTO (9)
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output provided by the HVOSM (3) computer model. The trajectories of
the bumper point in relation to the improvement alternatives are shown
in Figure 5. The performance of the traffic barrier alternatives are
summarized 1h Table 2. For example, post snagging would occur at 50 mph
and 10 deg for the existing guardrail and Improvement Alternative 5;
whereas, vaulting would occur at 70 mph and 20 deg for the existing

guardrail and Improvement Alternatives 1 and 6.
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TABLE 2

PERFORMANCE OF TRAFFIC BARRIER
IMPROVEMENT ALTERNATIVES

17

Impact Impact E”E Improvement Alternative
Speed Angle ‘E S .
(mph) (deg) =S 1 2 3 4 5 6 7
w
<45 <7.5
50
60
70
<45 10
50 S S
60 S S
70
<45 15
50 S
60
70 S S R
<45 20
50 S
60
70 v v R,V
<45 25
50 v )
60 v ) v
70 ) v Vv ) Vv ) R,V
<45 >25 V¥ |
50 y*= | ye
60 V* y* V* V* V* V¥ | RE
70 V* V* V* V* V* V* | R V>
*  Assumed
Blank = Normal Bumper Impact
S = Guardrail Post Snagging
V = Vaulting or Ramping
R = Rollover on CMB
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SEVERITY OF AUTOMOBILE COLLISIONS WITH TRAFFIC BARRIERS

The severity of an automobile colliding with a traffic barrier 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 (6).

G G ¢ re.1* Ts 2
ST = Gjcotal Auto = G1ong + G1at + | vert
total Occupant XL YL : GZL
where: ---Eq. 1
SI = Severity-Index
Gtota1 Auto = Resultant Auto Acceleration

“Resultant Tolerable Acceleration

Gtota'l Occupant

G1ong = Auto Acceleration along longitudinal
x-axis (see Figure 3)
G'Iat = 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 tolerable to an unrestrained occupant, and the automobile

accelerations will be averaged over a time duration of 50 msec. The rela-
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tionship between severity-index and injury levels will be discussed in a
later section. Tolerable acce1eration§ suggested by Weaver (6) for use in

the severity-index equation are shown in Table 3.

TABLE 3
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
Guardrail

The BARRIER VII (7,8) program was used to obtain severities for an
automobile colliding with a guardrail. As mentioned earlier in the report,
it was necessary to specify input values for the post, barrier rail, and
vehicle inertial properties. The values for the parameters used in this
study were obtained primarily from the work of the Southwest Research In-
stitute (13) in which BARRIER VII results were correlated with similar
full scale tests. Some correlation work was also done in this study.
Although the correlations that were made were not excellent with respect
to all variables obtained from BARRIER VII, the correlations were believed
to be satisfactory. The severity-indices (SI) computed for the guardrail
improvement alternatives are presented in Tables 4, 5, 6, 7, and 8.

One situation that had to be considered for this study was the prob-

lem of the vehicle impacting a bridge pier if the barrier rail deflections

exceeded the clear distance from the rail to the pier. Alternative 1 never
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TABLE 4. SEVERITY-INDICIES FOR ALTERNATIVE 1
VELOCITY-ANGLE - VELOCITY-ANGLE & VELOCITY-ANGLE g
(MPH)  (DEG) | - (MPH)  (DEG) (MPH)  (DEG)
50 « .10 0.59 60 - 10 0.73 70 - 10 1.02
50 - 15 0.79 60 - 15 1.02 70 - 15 1.11
"B - 20 1.02 60 - 20 1.09 70 - 20 1.10
50 = 25 1.17 60 - 25 1.35 70 - .25 1.44
TABLE 5. SEVERITY-INDICIES FOR ALTERNATIVE 2
" VELOCITY-ANGLE - VELOCITY-ANGLE - VELOCITY-ANGLE -
(MPH)  (DEG) (MPH)  (DEG) (MPH)  (DEG)
50 - 10 0.70 60 - 10 0.78 70 - 10 0.93
0.97 |
50 - 15 0.84 60 - 15 0.88 7 - 15 1.07*
1.05 1.14
50 - 20 0.84 60 - 20 1.21* 70 - 20 1.60*
0.85 1.07 1.14
50 - 25 1.08* 60 - 25 1.66% 70 - 25 2.17*
TABLE 6. SEVERITY-INDICIES FOR ALTERNATIVE 3
VELOCITY-ANGLE - VELOCITY-ANGLE 1 VELOCITY-ANGLE »
(MPH)  (DEG) (MPH)  (DEG) (MPH)  (DEG)
50 - 10 0.69 60 - 10 0.83 70 - 10 0.82
0.94
50 - 15 0.83 60 - 15 0.89 70 - 15 1.23%
. T.00 T2
50 - 20 0.86 60 - 20 1.15% 70 - 20 1.59%
0.94 1.03 T.18
50 - 25 1.16* 60 - 25 1.57% 7 - 25 2.36*

* Value based on vehicle impacting pier

because of excess rail deflection.



'TABLE 7. SEVERITY-INDICIES FOR ALTERNATIVE 4

el

VELOCITY-ANGLE s1 VELOCITY-ANGLE - VELOCITY-ANGLE &1
(MPH)  (DEG) » (MPH)  (DEG) (MPH)  (DEG)

50 - 10 0.70 60 - 10 1 0.78 70 =10 0.93
50 - 15 | 0.87 60 - 15 | 0.91 70 - 15 | 1.00
2 23
50 - 20 0.91 60 - 20 1.16* 70 - 20 1.57*
—1 0.94 1.18 1.27
50 - 25 1.13* 60 - 25 1.71* 70 - 25 2.35%

TABLE 8. SEVERITY-INDICIES FOR ALTERNATIVE 5

VELOCITY-ANGLE ST VELOCITY-ANGLE ST VELOCITY-ANGLE S
(MPH) (DEG) (MPH) (DEG) (MPH) (DEG)
50 - 10 | 0.69 60 - 10 0.83 70 - 10 0.82
50 - - 15 0.85 60 - 18 0.92 0 - .15 0.97
5 - 20 0.93 60 - 20 1.08 720 - 20 1a2l
1.13 : 1.25
S50 - 25 1.03 60 - 25 1.22*% 70 - 25 2.50%

* Value based on vehicle impacting pier

because of excess

rail deflection.
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fell into this category because the barrier rail deflection never exceeded
the clear distance of 4.2 ft. There were specific cases in alternatives

#2, 3, 4, and 5 where barrier rail deflections exceeded the minimum clearance.
It was evident that the SI would increase because of the possibility of pier
impact. The assumption made to increase the SI in cases of excess deflec-
tion was as follows. The SI will increase 1inearly as a function of
deflection of rail past the pier face. An arbitrary value of two times the
SI obtained by decelerations will be used for the situation in which the
maximum excess deflection takes piace. For example, the plot in Figure 6
used to generate increases. in SI for Alternatives 2, 3 and 4 will be based
on a maximum rail deflection in this group of 56 in. minus the clear
distance from rail to pier is 38 in. or 30 in. For alternative 5 in

Figure 6 the clear distance from rail to pier was 38 in. so that the

plot to generate increased SI values will be based on a maximum deflection
of 52 in. minus 38 in. or 13 in.

Adjustments of the guardrail severity-indices were also made for
those situations in which snagging and vaulting appeared to be a problem
as predicted from the HVOSM bumper trajectories (see Figure 5). In the
case of post snagging, the SI was increased by 75 percent; whereas, in
the case of vaulting, thg SI was taken as 2.5 which will result in an
injury accident probability of 100 percent.

In a1l of the BARRIER VII simulations the path of the vehicle prior
to 1mpaét was along a line thét would have intersected the upstream bridge
pier. It can be conjectured thaf had the point of guardrail impact been
further downstream that the vehicle would have penetrated the 95 ft.
length of guardrail of Alternatives 2 and 3 with unanchored downstream

ends. In the 70 mph/25 deg. simulations the last 9 guardrail posts failed
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completely; however, the vehicle was still redirected. This action
prompted the response of anchoring the guardrail downstream end in

Alternatives 4 and 5.
Fitch Energy Attenuator

Fitch energy attenuators were used in Improvement Alternate 6 to
protect the end bridge piérs. The particular system selected is widely
used in Nebraska and it consists of 15 modules ranging from 400 to 2100
pounds as shpwn in Figure 7.

In order tolobtain the decelerations of the vehicle during an im-
pact with the Fitch system, the vehicle's path through the barrels had
to be defined for the four different encroachment angles of 10, 15, 20,
and 25 deg. The paths selected are shown in Figure 7.

| The first step required in calculating vehicle decelerations was
to develop a smooth curve relating vehicle speed as a function of vehicle

penetration into the Fitch modules. The equation used to accomplish this

task was:
I
Vn = Vn-1 | W+ aW ---FE.2
where: W = vehicle weight

Wh= weight of sand in modules of row "n

Vn-1= vehicle velocity before impacting modules of row "n

Vo= vehicle velocity after crushing modules of row "n"

a = estimated percentage of modules in row "n" that
contribute to speed reduction

The vehicle decelerations were calculated over intervals of 1 ft.

from the velocity vS. penetration curve by use of the following equation:
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[ 2]
]
<

AV |
Zg-] - - =-E. 3
G

where: = vehicle deceleration at end of each 1 ft. increment
g = aéce]eration due to gravity = 32.2 ft./sec2
AS = 1 ft. increments along penetration axis
AV = velocity change over 1 ft. increments
V = velocity at midpoint of each increment

The vehicle decelerations and_sevérity-indices are shown in Table 9a.
Based on the discussions in AASHO (9), ramping was assumed to occur for
bumper impact heighfsvgreater than 24 in. An SI of 2.5 was assigned for
ramping. The severity-indices in Table 9a were based on a tolerable resultant
acceleration of 9 g's which was computed as the resultant of the longitudinal
{7 g's) and the lateral ( 5 g's) accelerations in Table 3 for unrestrained
occupants. Extrapolation was used to obtain values for encroachment angles
less than 7.5 deg. and greater than 25 deg. No consideration was given to
the vehicle impacting the bridge pier after crushing the Fitch modules because

in all cases the vehicle speed had been reduced to below 10 mph.



TABLE 9a

SEVERITY-INDICES FOR
ALTERNATIVE 6 (FITCH)

27.

VEHICLE PATH

Vehicle

Impact 10 deg 15 deg 20 deg 25 deg
Speed G SI G SI G SI G SI
(mph) (g's) (g's) (g"s) (g's)
50 7.6 0.8 6.3 0.7 8.9 1.0 9.8 1.1
60 10.0 1.1 9.3 1.0 | 13.1 1.5 | Ramp 2.5
70 1 13.8 1.5 1 12,0 1.3 | Ramp 2.5 | Ramp 2.5
Notes 1. Accelerations averaged over 50 msec
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Concrete Median Barrier

A concrete median barrier (CMB) was also used between the bridge
piers in Improvement Alternative 6 (see Figure 7). The severity of col-
Tiding with the CMB was obtained from the findings presented by Young
and Post (14) using the HVOSM (3) program. These fiqdings are presented

in Table 9b.
TABLE 9b
- SEVERITY-INDICES FOR ALTERNATIVE 6 (CMB)
VEHICLE a SEVERITY-INDICES
SPEED
(mph) <7.5 deg | 10 deg | 15 deg | 20 deg | 25 deg | >25 deg
<45 0.23* | 0.38* | 0.65* | 0.80* | 1.00 2.00
50 0.33 | 0.64 0.91 108 | 1.47 | 2.00
60 0.41* | 0.87* | 1.48 1.60* | 1.90 | Rollover
70 0.52 | 1.07 | Rollover|Rollover*|Rollover | Rollover

* Extrapolated or assumed

Non-Yielding Barriers

The severity of the vehicle impacting the bridge piers in Alternative
7 was assumed to result in an injury probability of 100 percent under all

combinations of encroachment speed and angle.
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SEVERITY-INDEX RELATIONSHIPS

The criteria used in the majority of the research work conducted
during the past decade for evaluating the safety aspects of roadside hazard
improvements were based on levels of vehicle acceleration that would be
tolerable to an unrestrained occupant. One method used to accomplish this
task was to define a Severity-Index which is computed as the ratio of the
measured resultant automobile acceleration to the resultant "tolerable"
automobile acceleration. An improvement resulting in a Severity-Index
value of one or less was considered to be safe; whereas, an improvement
resulting in a Severity-Index value greater than one was considered to
be Qnsafe. The work to follow will expand the existing technology to

include the probability of occurrence of roadside injury type accidents.

Injury Probability

An indepth discussion on a tentative relationship between Severity-
Index and the probability of occurrence of injury type accidents was recently
presented by Post (15) to the Transportation Research Board. The relation-
ship established for injury probability is shown in Table 10. For simpli-
city purposes in this study, the histogram relationship was approximated

by the two linear relationships as shown in Figure 8.

Injury Accident Costs

An approach very similar to that used by Weaver (16) was used to
establish a relationship between Severity-Index and Injury Accident Costs.
Referring to Table 11, the Severity-Index and Probability of an Injury Acci-
dent were expressed by a percentage distribution in terms of three accident

classifications: Property Damage Only Accidents, Injury Accidents, and Fatal
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TABLE 1b
RELATIONSHIP BETWEEN SEVERITY-INDEX
AND PROBABILITY OF INJURY ACCIDENTS
(AFTER POST 10)

Severity-Index Probability of

(s1). . Injury Accident
SI £ 0.5 0.1

0.5 <SI £1.0 0.3

1.0 < SI £ 1.5 0.5

1.5 < SI 5 2.0 0.7

2.0 < SI =2.5 0.8

2.5 < 81 1.0

Accidents. The total accident costs in Table 11 were determined by using the
following s1ightly adjusted societal cost figures for motor vehicle accidents

published by the National Highway Traffic Safety Administration (17):

PDO Accident - - - - $700
Injury Accident- - - $10,000
Fatal Accident - - -  $200,000

The histogram re1ationsh1p in Table 11 was approximated by the 1inéar
relationships shown in Figure 9.
Barrier Collision Maintenance Costs |

The length of guardrail damaged and the number of posts that failed
during an automobile collision were estimated from the BARRIER VII (7,8)
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PROBABILITIES, ACCIDENT CLASSIFICATIONS, AND TOTAL ACCIDENT COSTS

TABLE 11.

RELATIONSHIP BETWEEN SEVERITY-INDEX AND INJURY ACCIDENT

Accident Classification® Total
Severity-Index? Probability PDO ' Injury Fatal Accidegt
of Injur Accidents Accidents ~Accidents Cost
Accident (%) (%) (%) ($)
SI < 0.5 0.1 90 10 0 1,600
0.5<SI <1.0 0.3 60 40 0 4,400
1.0 < SI < 1.5 0.5 40 50 10 25,300
1.5 « ST < 2.0 0.7 10 60 30 66,100
2.0 < SI < 2.5 0.8 0 50 50 105,000
2.5 < SI 1.0 0 10 90 181,000
(TAC)

a o0 T o
L I )

Computed by HVOSM and BARRIER VII Simulations
Refer to Table 10
Assumed in similar manner as done in TTI Report (16)
Refer to Reference No. 16 ---- $200,000 per fatal accident

10,000 per injury accident
700 per property damage only

"2€
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computer simulations. 'The relationships between severity-index and guardrail
damage are shown in Figure 10 for installation lengths of 95 and 200 ft. As
evident, the longer 200 ft. guardrail is stiffer; and hence, the corresponding
damage is less for severity-indices greater than SI = 0.8. Based upon the
cost values in AASHTO (9), the collision repair costs for the standard W-Beam

and the Thrie-Beam were estimated as 9/10 of the current installation costs.
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IMPACT CONDITION PROBABILITIES

The impact condition probabilities wére computed by combining
distributions of vehicle speeds and encroachment angles. The vehicle
speed distribution used was obtained from an analysis of spot speed data
collected on rural interstate highway sections by the Nebraska Depart-
ment of Roads. It was determ1ned that vehicle speeds on these sections
were'norma11y distributed with a mean speed of 58.7 mph and a standard
deviatibn of £ 4;0-mph, The impact angle distribution used was that re-
ported by Hutchinsbn and Kennedy for median encroachments (18).

Assuming tha; these two distributions were completely independent,
they were combined. The combined distribution of vehicle speeds and
impact angles was then used to compute the impact condition probabilities
shown in Table 12. These probabilities indicate that the most Tlikely
impact condition is a speed-angle combination of 55-65 mph and less than
7.5 degrees. |

Using the point mass model presented by Ross (19), it was determined
that some high-speed, high-angle impacts were not possib]é. However, be-
cause of the lack Qf encroachment data on speed-angle combinations to sup-
port this conclusion, it was decided that adjustment of the impact condi-
tion probabilities to account for the apparent impossibility of high-speed,

high-angle impacts was not warranted.
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TABLE 12 - IMPACT CONDITION PROBABILITIES

IMPACT ANGLE (DEGREES)

Vehicle
Speed .
(mph) <7.5 7.5-12.5 12.5-17.5 17.5-22.5 22.5-27.5 >27.5
<45 0-000 0.000 0.000 0.000 0.000 0.000
: 45_55 0.083 0.035 0.021 0.014 0.009 0.012*
5565 0.369 0.154 0.092 0.062 0.039* 0.054*
65-75 0.027 0.011 0.007 0.004* 0.003* 0.004*
>75 0.000 0.000 0.000 0.000 0.000 0.000

* Condition not possible according to point mass model.
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EVALUATION OF IMPROVEMENT ALTERNATIVES

Roadside safety improvement programs must compete with other ongoing
highway programsAfor the 1imited funds available. The "Cost-Effectiveness"
and "Benefit-Cost" methods of analysis were used to compare the improvement
a1terhat1ves for protecting bridge piers in a median on curved horizontal
alignment. Both methods, which yield similar results, are management tools
for providing the highway administrator with a means of evaluating safety
improvement alternatives on a common data base to realize the greatest re-

turn on the investment to reduce injury accidents.

Cost-Effectivenéss Analysis

The cost-effectiveness analysis conducted in this study was based on
the cost-effectiveness priority approach formulated by Glennon (20), and
implemented in Texas for managing roadside safety improvement programs on
both non-controlled access roadways and freeways (21). The cost-effective-
ness measure used in this approach was:

Cost-Effectiveness = annualized cost of improvement alternative per

unit hazard reduction achieved
= cost to eliminate one injury (fatal or non-fatal)

accident

The measure of effectiveness was defined as the difference between the
hazard indices before and after an improvement expressed in terms of number
of fatal and non-fatal accidents per year. Thus, in order to apply the cost-
effectiveness priority approach in this analysis it was necessary to compute

the hazard index for each improvement alternative and its annualized cost.
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Hazard Index
The hazard-index was computed for each improvement alternative using
the following equation: ‘
ED : .
H = sg5 (HI; + HI, + HI,) ----Eq 4
where:

H = hazard-index for each alternative (Injury Accidents
per yr.)

HI1 = hazard-index for side type impacts

P(s) Ze > Lspenu) ]
Vv .

hazard-index for side impacts in which guardra11 bot-
tomed-out on bridge piers

Ps) ), ) [ (PPt ]
0 v
hazard-index for end type impacts

Prsea)p. 9 [(SPIPIN(L,) ]
0 v

V = encroachment speed: <45, 50, 60, 70 mph

HIo

HI

© = encroachment angle: <7.5, 10, 15, 20, 25, >25 deg.

Ef = encroachment frequency (see Figure 11a)
D = directional traffic split = 1/2
SP = impact condition probabilities (see Table 12)
Pi = injury accident probability for each combination of
encroachment speed and angle (see Figure 8)
P(s)* lateral impact probability at some offset distance

"s" (see Figure 11b)

—
—-—
n

length of traffic barrier - Lp



40.

-
N
]

effective length of traffic barrier in contact with
bridge pier due to bottoming-out '

= length along roadway from which vehicle could impact

-
w
I

the end of barrier

d (csc 0) + w (cot o)

width of vehicle = 6 ft.

a.
]

width of traffic barrier

B
n

Encroachment Frequency

Knowledge of the frequency at whfch vehicles encroach on the roadside
is very limited. Therefore, the encroachment frequency used by Glennon (20)
was assumed to be applicable for the purposes of this analysis. The rela-
tionship between encroachment frequency and ADT is shown in Figure 1la. The
ADT for the study site was 15,000 de which will result in an encroachment

frequency of:

= 1.1 + (0.000415) ADT ; for ADT>6,000

m
-+
I

7.3 encroachments per yr. per mile

Lateral Impact Probability

Given that an encroachment has occurred, the probability of a vehicle
impacting a roadside obstacle decreases as the distance from the edge of
the travelled roadway increases. Lateral impact probabilities were obtained

from the relationship used by Glennon (20) in Figure 11b.

Capital Costs
The construction costs of the improvement alternatives were estimated

using 1978 average unit cost data provided by the Nebraska Department of
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Roads. These cost figures are shown in Table 13.

Collision Maintenance Costs
The collision maintenance cost was computed for each improvement al-

ternative using the following equation:

Cym

E¢D  (cMy + CMy + CM3) -
5280 -
where:

Cy = collision maintenance costs for each alternative

($/yr)

CM; = collision costs for side Impacts
= Ps)) y [(sPes)Ly ) ]
e v
CMy = collision costs for side impacts in which guardrail
bottomed-out on bridge piers
= Pis)y ) [ (sPEs)Ly) ]
& v
CM3 = collision costs for end type impacts
= Plag)) ) [Py ]
CS = }co]lisié% é:sts for each alternative

(1) guardrail normal impact: refer to Figure 10

(2) guardrail post snagging: Increased SI by 25%

(3) guardrail vaulting : Decreased SI by 50%

(4) guardrail end impacts : ©<10deg; CS=$400
(not safety treated) 0>10deg; CS=$200

(5) guardrail end impacts : CS=$200
(flared and safety treated)



TABLE 13

CONSTRUCTION COSTS

; COST
sl ($/unit) Unit
W-Beam Guardrail, G4W* 8.14 ft
Thrie-Beam Guardrail, G9 9.39 ft
Concrete Median Barrier, MBS 14.04 ft
W-Beam End Anchorage 295.85 ea.
Thrie-Beam Adaptor 110.00 ea.
Removal of Guardrail 0.74 ft
Fitch Modules
400 1b 253.53 ea
700 1b 234.06 ea
1400 1b 223.11 ea
12100 1b 217.80 ea
Filler Material for Modules 12.50 cyd
4 in. Concrete Slab for Modules 1.50 ft2

* Increase unit cost for rub rail

by $2.

43.
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(6) Fitch System : AASHTO (9); CS=$1,025
(weighted cost and
includes 9% inflation factor)

A11 the remaining terms in Eq 5 have been previously defined in Eq 4.
The results of the hazard index calculations for each improvement al-
ternative are summarized in Table 14. Capital costs and collision mainten-

ance costs are also shown in this table.

Evaluation
The cost-effectiveness of one alternative (A) with respect to another

(B) was computed as follows:

c/E = CA-C8 -
Hp Hp
where
~C/E = cost-effectiveness ratio of alternative A with

respect to alternative B

CA, Cg = total annual costs of alternatives A and B (Cp3Cp)

Hp, Hg = hazard indices of alternatives A and B

The cost-éffectiveness ratio represents the cost to eliminate one in-
jury accident. Thus, the lower the cost-effectiveness ratio, the more cost-
effective is the alternative. Also, in this study, the alternatives were
compared in order of increasing total annual costs so that the total annual
cost of the base alternative was always less than, or equal to, that of the
improvement alternative (CgSCp). Therefore, a negative cost-effectiveness

ratio indicates that the improvement alternative is not cost effective, be-

cause it costs more and does not reduce the hazard index.



TABLE 14.
RESULTS OF HAZARD INDEX, CAPITAL COST, AND COLLISION MAINTENANCE COST COMPUTATIONS

ADT = 15,000
Ef = 7.3 Encroachments/mile-year

T Lateral Capital

Improvement | Offset Probabtlity Hazard Costs Collision | Total
Alterative Distance Index Maintenance | Annual
(ft) Side End (Inj. Accid) ' Costs Costs
Impact Impact per yr) ($) ($/yr) ($/yr) ($/yr)

Existing 15 0.84 0.74 0.081 0 v 0 .30 30

1 15 0.84 0.74 0.052 600 65 _ 25 90

2 17 0.80 0.69 0.025 1,600 175 15 ' 190

3 17 0.08 0.69 0.025 1,690 185 15 200

4 17 0.80 0.69 0.025 1,900 208 10 218

5 16 0.83 0.71 0.028 1,990 218 10 228

_ 15 (Fitch)
6 19 (CMB) 0.71 0.73 0.023 4,020 440 50 490
7 19 0.71 0.64 0.085 160 20 0 20

Note 1. Annualized capital cost using a 20-year service life, 9-percent interest rate, and zero salvage value.

17
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The results of the cost-effectiveness analysis are presented in Table
15. Alternative 7, removing the existing guardrail and leaving the bridge
piers unprotected, was the lowest cost alternative and, therefore, served
as the initial basis of comparison. It is obvious from these results that
Alternatives 3, 4, 5, and 6 are not cost-effective improvements. Compared
to Alternative 2, Alternatives 3, 4, and 5 cost more but do not reduce the
hazard index. And, of the remaining alternatives, Alternative 6 has the
highest cost per injury accident eliminated.

The most cost-effective alternative is Alternative 1, which involved
adding a rqbrai] to the existing guardrail and flaring and safety treating
its upstream end. It is the improvement that has the lowest cost per in-
jury, accident eliminated. Thus, from the cost-effectiveness point of view,
A]ternativé 1 is the improvement that should be made. Of course, this is
assuming that it is worth $2,120 to eliminate one injury accident. If it
is not, then Alternative 7 should be implemented. The following benefit-
cost analysis deals more directly with this question of the economic justi-

fication of improvement implementation.

Benefit-Cost Analysis
The Benefit-Cost method differs from the Cost-Effectiveness method in
that accident costs are taken into consideration. The relationship between
impact severity and injury accident costs was discussed earlier (see Figure

8}

Injury Accident Costs
The injury accident cost was computed for each improvement alterna-

tive using the following equation:



TABLE 15.

COST-EFFECTIVENESS ANALYSIS

Annual Hazard Cost-Effectiveness Ratios
Annual Collision Total Index
Improvement Capital Maintenance Annual (Inj. Accid.
Alternative Costs Costs Costs per yr.)
($/yr) ($/yr) ($/yr) vs. 7 vs. Existing| - vs. 1 vs. 2
7 20 0 20 0.085 - - - -
Existing 0 30 30 0.081 $ 2,500 - - -
1 65 25 90 0.052 2,120 $ 2,070 - -
2 175 15 190 0.025 2,830 2,860 $ 3,700 -
3 185 15 200 0.025 3,000 3,040 4,070 Infinite
4 208 10 218 0.025 3,300 3,360 4,740 Infinite
5 218 10 228 0.028 3,650 3,740 5,750 Negative
6 440 _50 490 0.023 7,580 7,930 13,790 $175,000

WA
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¢ = EfD (cIy + CIp + CI3) ---Eq 6

5280
where:
C1 = injury accident costs for each alternative ($/yr)
CI7 = accident costs for side impacts
= Pis)y Y [ (sP)ac)(Ly) ]
g ¥
CIp = accident costs for side impacts in which guardrail

bottomed-out on bridge piers

. P(S)Z; }; [ (SP)(AC)(Lp) ]

CI3 = accident costs for end type impacts

= p(s+3)§: E: [ (sP)(AC)(L3) ]
] v

AC accident costs for each alternative

(1) barrier normal impact : refer to Figure 9
(2) guardrail post snagging: Increased SI by 75%
(3) barrier vaulting : SI=2.5

A11 the remaining terms in Eq 6 have been previously defined in Eq 4.

Evaluation
The benefit-cost ratio of one alternative (A) with respect to another

(B) was computed as follows:

B/C = Ag-Ap ~==Eq 7

Ca-Cp
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where:
B/C = benefit-cost ratio of alternative A with respect to
alternative B
Ap, Ag = annual accident costs of alternatives A and B

Cas Cg = total annual costs of alternatives A and B.
The benefit-cost ratio indicates whether or not the additional cost of al-
ternative A results in sufficient accident cost savings to justify the in-
vestment. Thus, a bénefit-cost ratio greater than 1.0 indicates that the
additional investment is justified, and, therefore, A would be preferred to
B. A benefit-cost ratio less than 1.0 means that the additional investment
in A is not warranted.

The results of the benefit-cost analysis are presented in Table 16.
Compared to Alternative 7, removing the existing guardrail and leaving the
bridge piers unprotected, all of the other alternatives are economically
worthwhile. However, the incremental benefit-cost ratios indicate that Al-
ternative 2 is the best alternative. The additional cost of Alternative 2
with respect to the Tower cost improvements is justified by the increased
accident -cost savings that would be realized by its imp]ementation. Where-
as the higher cost improvements do not provide accident cost savings as
great as those provided by A1fernat1ve .

The results of the cost-effectiveness analysis indicate that Alterna-
tive 1 is the most cost-effective improvement, and the results of the bene-
fit-cost ana]ysﬁs indicate that Alternative 2 is the most economically
worthwhile improvement. The reason that the two methods do not point to
the same alternative is that the objectives of the two methods are differ-

ent. The objective of the cost-effectiveness method is to minimize the



TABLE 16.

BENNEFIT-COST ANALYSIS

| ANNUAL
ol COLLISION |  TOTAL ANNUAL BENEFIT-COST RATIOS
IMPROVEMENT | “Cocre MAINTENANCE| ANNUAL ACCIDENT
ALTERNATIVE $/YR) COSTS COSTS COSTS
($/ ($/YR) ($/YR) ($/YR)
VS. VS. EXISTING| Vvs. 1 VS, 2
7 20 0 20 $15,300 . - . -
EXISTING 0 30 30 7,350 795 - - -
1 65 25 90 2,920 177 74 - )
2 175 15 190 730 86 41 22 -
3 185 15 200 740 81 39 20 NEGATIVE
4 208 10 218 750 73 35 17 NEGATIVE
5 218 10 228 - 1,110 68 32 13 INEGATIVE
6 440 50 490 890 31 14 5 NEGATIVE

"0S
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cost of eliminating injury accidents. Whereas the objective of the benefit-
cost méthod is to maximize the investment at the assumed minimum attractive
rate of return (i.e., 9%), where the return on the investment is accident
cost savings.

Both methods have advocates, and both have been used in the manage-
ment of roadside safety improVement programs. However, it is beyond the

scope of this study to recommend one method or the other.
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SUMMARY AND CONCLUSIONS

The University of Nebraska is currently conducting a research project
in cooperation with the Nebraska Department of Roads to develop a cost-effective
policy for the use of guardrail in Nebraska. One area of concern is the use
of guardrail to protect bridge piers in depressed medians on horizontal curves.
Because of the nature of the terrain between the traveled way and the guardrail
in such locations, it is 1ikely that particular attention should be given to
the potential of encroaching vehicles to vault over the guardrail or snag on
guardrail posts. The purpose of this study was to select a typical site and
investigate the performance of a guardrail of current design protecting bridge
piers in a depressed median on a horizontal curve. In addition, improvement
alternatives were defined and evaluated.

The results of this study will serve as input to the revision of Nebraska
Department of Roads guardrail policy, which is currently underway. Also, the
methodology developed in the course of this study will be used to determine
cost-effective policies pertinent to other guardrail applications.

Although the results of this study are from an analysis of a specific
site, the following more general observations were made during the conduct of
the study:

(1) Guardrail protection of bridge piers located in depressed medians on
horizontal curves is economically justified.

(2) The standard W-Beam (G4W), with a rub rail, and the Thrie-Beam (G9) are
equally cost-effectfve in protecting bridge piers in depressed medians.

(3) Modified-turned-down-end safety treatment of the upstream end is a very

cost-effective improvement.
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(4) Providing maximum lateral clearance between the edge of the traveled
way and the face of the guardrail, subject to a minimum lateral clearance
between the face of the guardrail and the piers of about 2 ft, is a
cost-effective design policy; because the increase in hazardousness
caused by the relatively infrequent high-speed, high-angle impacts
bottomming-out on the piers is less than the decrease in hazardousness
due to the decrease in the number of impacts as a result of the increased
lateral clearance.

'(5) The hazardousness of a traffic barrier is directly proportional to its
longitudinal length along the roadway. Therefore, minimizing the length
of a guardrail installation is a cost-effective design policy. The
results of the benefit-cost analysis conducted in this study indicate
that reducing the length of the guardrail installation by 50% and
anchoring the downstream end (Alternatives 4 and 5) is an economically
justified improvement even though not as cost-effective as simply
reducing the guardrail length by 50% (Alternatives 2 and 3). However,
it should be noted that only one point of impact was considered in this
study and for impacts at this point downstream end anchorage was not
required. This may not be the case for other points, therefore the
feasibility of the shorter length of guardrail without the downstream
anchored is still in question.

(6) Protection of bridge piers in depressed medians with a Fitch Module-

Concrete Median Barrier system is not cost-effective.
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UNL-COST EFFECTIVENESS STUDY ON THE PLACEMENT OF GUARDRAIL CN QUTSIDE

HORIZONTAL CURVESe SPEED=50 MPHes ENCROACHMENT ANGLE=10 DEGes (RUN 1A)
INITIAL cduoiizb&s“

“PHIO = 3.857 DEGREES  XCO' = 204 .000INCHES PO £ 0.0 T DEG/SEC
THETAO= 0,333  #¢ YCO! =1798,800 ¢ Qo = 0.0 e
PSI0O = -10.000 ¢ ZCO0' = 170769 ¢ RO = 040 e

PHIRO = 00 0o _DELTAl= o.o *v  D(PHIRI/DT= 0.0 '
BSIFIDE 0.0 s TAZ T T DIPSIFIZDTE  0s0 ~RADZSC

DELTA3= o.o e
— g0 = BBU.000 IN/SEC -
? vo = [ I |
- L 2 ]
D(DEL!)/DT- X
g £ e E
D{DEL3)/DT= '
“YYRE DATA  — °~ ~~~~TERRAIN TABLCE ARGUMENTS =~
KT 1098000 LB/IN
SIGMAT = 3000 o
ANBDAY = ~T0.000 : T
AO =44004000 SOIL DAMPING= 0.001 SPI
Al = Be276 SOIL FRICTs = 0250
A2 22900.000 SSTIFF =  4000. LB/IN
A3 = 1780 T NO.X TEWNPS. = I3
A4 =3900.000 NO.Y TEMPSe = 19
AMU = 0200 NOe VAR AMU = 48
ONEGT = 1,000 TABLES L
COEFF. OF TIRE FRICTION
VS
(SPEED AND LOAD) DATA
ALPHA= 0.0 17(LB-MPH)
XKVTH= 0.0 1/7 NPH X
XKL= 0.0 1/LE | |
PT 2 PT 1
VEHICLE MONITOR POINTS Y
_ ;. ORI Z $
. (INs)  £INe)  CINe) : cé
POINT 1 81,517 39,500  12.138
POINT 2 81517 =39.500 12138
POINT 3-117.483 39,000 8.138
POINT 4-117.483 -39,000 8.138
' EAR
P7 4 P 3
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UNL-COST EFFECTIVENESS STUDY ON THE PLACEMENT OF GUARDRAIL CN OUTSIDE

HORIZONTAL CURVESe. SPEED=S50

MPH

ENCROACHMENT ANGLE=10 DEGes

(RUN 1A)

"PROUGRAM CONTRUL DATA
START TIME = 0«0 SEC
END TIME = 56500
INCR FOR INTEGRATT = ." S0 ¥
PRINT INTERVAL = 4 0«0EQ ;1Y
THETA MAX (TO SWITCH)= 70.000 DEG
UVWMIN{(STOPR) = Qe
TTPOQRMIN(STCPY =" OeU - e
INDCRB = =1 (=0eNO CURBs=1 CURBs=—1 STEER DEGeOF FREEDOM)
MODE OF INTEGRATION = i (=0 VARADAMS-MOULTe9=1 RUANGE-KUTTAs=2FIXeAM)
DTCMPL = Qe

ACCELEROMETER POSITIONS

(=1.0 SUPPLY INITIAL PGSITION)
(0.0 CTAR RESTS ON

X1 = =34.480 INCHES
YI = 040 e
21 = 4,000
2L = =SeU83
Y2 = =16.500 "7V =
Z2 = 3.138 *»
- DIMENS IONS ) N -
A = 5445170 INCHES KF = 100000 LBe/INe
& = 684+4830 KR = 105000 LBes/INe
TF = 61-0000 ¢ CF' = 304000 LBS.
YR = 60.0000 ' T CRY ¥ 45,000 LBSe
ZF = 10.1380 - ¢ EPSILONF= 04001 INe/SEC.
ZR = 12,0880 ¢ EPSILCNR= 0001 INe/SEC.
RHO = =2,0000 ¢ CF = 3.500 LB-SEC/IN
TTRW E 1440000 YV CR = 3.900 LB-SECZIN
AKFC = 300.000 LB/IN
AKFCP = 24000 LB/IN3
ONEGFC=  =3.000 IN
AKFE = 300,000 LB/IN
AKFEP = 2,000 LB/IN3
L B  OMEGFE= 5,000 IN
SUSPENSIGON DATA S
LAMBDAF = 04500
LAMBDAR = = 04500
_GMEGAF = s.ooo xucn&s -
TS = 464500 xncnes INERTIAL DATA =
a1 gmlte Lehves us © 8.8002 Lo.-secisea/in
KRS = 0+070 ROLL STEER CUEFFe =
= . ' . MUR = 08952 ' o
Aty o Meade AN IX = 6200.0 LB.-SEC.##2-IN
TTTOMEGRC = 4,000 IN - Iy = 34400.0
AKRE = 3004000 LB/ IN 1z = 3%%2363___ ;:
AKREP = = 2,000 LB/IN3 1R =  600.00 oo
GHEGRE. & - %009 AN G = 3864400 IN/SEC.#%2
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1900

480

GPUIs1)eYGP(1eJ)esZGP(1eJ)el=1s13 U=1+19

Jeu
99.000
139000

196000
50,000

103.000
133,000

195.000
100000

9ie00V

123.000

197 «000
150,000

88.000
125,000
178,000

200000

82.000
122,000

177 4000
2504000

89,000
129,000

170,000
3006000

95.000
120,000

162,000
350.000

S7 000
121.000
168.000

Qe0
16,700
15700
2302490

.
16870
14,690

230440

Q60
15030

136740

230440
0.0

14120
12710

19.440
0.0

12830
10790

19.220
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12670
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15520
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12470
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151000
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188.000
12010

85000
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187000
11030

94 .000
132.000

179.000
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100.000
132000

175,000
9.080

102,000
133.000
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3500V
17000
16520

24840
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230440
3S5.000

16070
14800
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35000
15370
13440

224140
35000
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15320
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11.030
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2JJ 6000
10050
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154000

200 eVJV
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1U% a0V
1959000
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45eUVV
18370
l3e 10V
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93000

15570
17030

22»840
76000

1617C

179030
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55000

15470
14960

19740
55,000

14770
13940

17,720
80,000

13.070
120920

SeV2V0
80,000

iveg7V
11520

8.6E0
81 .000

10600
10.810
8s.120

1Z&70
136.0G0

LE4 e DDV

15.7¢&0
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183.000

14,000
1244000
185.000

12.990
121,000
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115,000
1€5.000
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116000
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SeVVV
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550000
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Ve

80150
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70100
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APPENDIX

C. BARRIER VIT COMPUTER PROGRAM

INPUT DATA:

OUTPUT DATA:

Note:

Alternative No. 2
(70 mph/25 deg)
Interval Time at 280 msec

Last 9 guardrail posts
failed completely in the
unanchored downstream end
(see p. 71). However, the
vehicle was still redirected.



BARRIER VII o ANALYS [S W AUTOM33ILE BARRIERY - UeCoe ELERKELEYS ) L

ALTas Nde 2 ( 70 MPA

bt R L R R R Rt

*****3**3***‘*41‘******4*& AR FX e F R R Rk kkkkkkkhokkx 8**#*#***1*#*##***** H¥ k&

*#'#g*#i%#t#*#**

T CONTROL TNFORMATION

~ NUMBER OF BARRIER NUDES
NUMBER OF CONTRCL NODES
NUMBER OF NCOCE GENERATIONS

o

NUMBER OF INTERFACES

P

NUMBER OF MEMBERS =
NUMBER GF MEMBER GENERATIONS =
_ NUMBER OF DIFFERENT MEMBER SERIES =
NUM3ER  UF ACDITICNAL WE IGHT 3:T3 = 0
~ BASIC TIME STEP. (SEC) =
LARGEST ALLGWASLE TIME STEP (SEC) o
MAXIMUM TIME SPECIFIED (SEC) =
MAXe NOe OF STEPS WITH NO CONTACT = o
OVE®SHOOT INDEX =
ROTATIONAL DAMPING AULTIPLLER =
| T STEP=BY=STEP INTEGRATION TYPE =

QUTPUT FREQUENCIES

AUTOMOBILE DATA = B . ““
7 T "BARRTER DEFLECTICNS = 5 o ' R e i s

BARRIER FORCES = : ST R ' :

_ENERGY BSALANCE = 23

CONTACT INFOCPMATICN = 7]

PUNCHE) JCINT DATA = i -
7 PUNCHED TRAJECTORY = 90 ) ; PR
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AUTUMUBILE PrNOPRPERTIES

WE IGHT (L3)

8%
e [0
= =g U
& C
¢l
o

TMOMENT OF THERTIA [L8.IN.5EC2)
NOe GF CONTACT POINTS

NCe OF UNIT S5TIFFNESSES

NCOe. OF WHEELS

BRAKE CODE (1=0N, 0=0FF)
NCe CF OQUTPUT PCINTS

— Ol (O DYy

TR R TR TR [T

UNIT STIFFNESSES (K/IN/IN)

NG. BEFGRE AFTCR SCTTOMING

3UTTCMING B0TTIAOMINS JILUADING DISTANCE
B 0500 3020 4,000 1500
.3 U875 5.250 7.000

3 1.250 7.500 10.000

CONTACT PCINT DATA .

TTPOINT R =S STIFENESS. | "INTERFACE CONTACTS
CGORD GLEDL) Ny 5 50 :

1 —108400 15400 = 1 1 0 0 )

T T =108.00 27.00 I i 0 0 0
3 -1084.00 39,00 1 1 0 0 0

4 -96 400 27.00 1 1 0 0 0

5 -84,00 39.00 1 1 0 0 0

6 =72.00 TTT3Y.00 - § I 0 0 0

7 -42,00 39.00 3 1 0 0 Q

8 ~12.00 39.00 3 1 0 0 0

9 18400 33400 3 1 0 0 0

""" 10 T T 48,00 T TTT39.00 Py I 0 0 0

11 60400 29400 1 1 0 0 0

12 72400 39400 1 1 0 0 0

13 84400 394900 1 1 0 0 0

14 TTB4.00 27.00 1 1 0 0 0

15 84400 15,00 1 1 0 0 0

16 34400 3430 1 1 0 0 0

WHEE L COORDINATES (Itd)s STERR AMGLLES (CEG)sy AND DRAG FCiCES (LEB)

POINT o T R=0RD 5=0RD  STEER ANGLE DRAG FGRCE
1 5400 30.00 Vs Qa0 518600

) 2 ] ‘5[_5 '_QQ I _7‘“‘_3”0_0_00 000 518000 L I
3 -05.,00 - 39609 437400

o D

0.
4 -65e00 3000 Qo 437600

‘99



BEAM cLEMENT Sy . 100 SERIES

1 2
3.340D0 00 2.340D 00
2.0100 00 240100 00
7.5000 01 1.875D. 01
3.0000 04  3+000D 04
6+3200 00 Ged20D J0
1.0650 02 140650 02
%.4000 01 2,4000 01
_ 1.0000-01 _ 1.000D0-01

TYEE IWUMHAER
Me OF Te (Ina) ~— — 1 = 7
AREA (IN2)

LENGTH (IN)

YUUNGS MOUDULUS (KST)

WEIGHT (L3/FT7T)
YLIELD FORCE (K)
YIELD MOMENT (KelIN)
YIELO ACCUKACY LIMIT

T TR TR T TR I AT

POSTS5s 300 SERIES

TYPE NUMBER 1

"HE IGHT UF_THJDF-T'W\IT>- B 2o 100D 0L 2o

HEIGHT OF NODE J (IN) Je0 S
1.500D 0% -

A AXIS STIFFNESS (K/IN)
NY

B AXIS STIFFENESS (K/IN 1.6600 00 .

: O
EFFECTIVE WETSGHT (LC3) o 6.000D 01 5.000D 9
B AXIS YIELD AOMOANT (K. 10000 C4 .2.7300 O
A AXIS YIELD AOMENT (Ke ) Z2e134D 02 2e184D 0

YICLD ACCURACY LIMIT
SHEAR AT FATLURE (

_ i IOOOOD"‘OI 1.0000—-0
K
SHEAR AT FAILURE (K
&
I

T.0000 04 1.36G0D
1.040D0 ¢1 10400 :
1.000D 04 7.,4000 00
74000 00  7.4000 00

y —

)
4
N

DEFLN AT FAILUJURE (
DEFLN AT FAILURE (

I T TR T T T TR TR R (AT

T >m>

)
)

i

L9



INITIAL PCSITION AND vl GCITIES OF AUTC

SPEC IF 1IED BGQUNDARY PCINT I P . B - ) o o N
X ORDINATE OF POINT = G830 S Rt s
Y ORDINATE OF PCINT B 1.00

ANGLE FROM X AXIS TO R AXIS5 (DEG) = 25400 e e >4
VELOCITY IN R DIRECTION (M.PeH) = 70.00 T e e
VELOCITY IN S DIRECTINN (MePoF) = 040

ANGULAR VELUCITY (RAD/SEC) = 0e0

MINTAUM RESULTANT VELOCITY (M.P H) = 7 7 5,60 [rriERERAEY S ey i e
TRANSCATTONAL KINETIC ENERGY (K. IN) = 7510.47 . xoa e €

RCTATIONAL KINETIC ENSRGY (KelN) = 0.0

TOTAL INITIAL KINETIC ENERGY (KeIN) = __7510.47 IS . _ e e e e
AUTO TRAJECYCRY RESULTS =~ — ' e ey e

PT X—=0RD Y-0ORD ANGLE X-VEL Y=VEL . R-VEL S=VEL T-VEL ANGLE X=ACC Y-ACC R-=ACC S-ACC T-ACC ANGLE
TIME = 0.0~ SECS i ER

1 59266 -5Ge8 250 03.44% 2958 7000 -0,00 70,00 25.0 Q0 [0 ¥} Qe O 0.0 Q60 . 0e0
BARRIER DEFLECTIONS, TIME = 0.0 SECS
NODE ~ ~X<DFFL "~ Y=OFFL =~~~ ~“X=ORD -~ “¥y=g|y =~ — i - 5 I N, ——
age KRR EF: il NODE X-DEFA. Y-DEF]. X-0FL
1 0.0 040 0.0 3%.1 24 0e0 0.C 709.9
- 0.0 T T 0.0 TA.6T B1.3 i 28 Uel 00 72365
3 00 Cev L1472 23¢D > 00 0sC T4 T 6D
4 CeD OeC 22363 2064 27 CeO DeC ToSe9
_. S V.0 00 2995 174 S 283 PR 0.0 784.7
& 0.0 0.0 3739 14,2 29 Qe Deld - 303.4
7 0.0 Qa0 3925 13,0 30 Ce0 JeC 3222 : .
8 00 Q00 411e2 117 31 00 0ed 84 DeD
-9 . 0.0 0.0 _329e8  10.4 e 32 0.0 T0L.0 B59,. 7
10 0.0 0.0 44 5.4 el e e 00 0e0 5734
13 0.0 060 46761 7Ted 34 CeD Qe 8972
12 0.0 V0 48593 G2 35 0eQ Qe0 91569
33 0e0 00 = 593.4 47 36 0.0 7 0.0 93447
ia 0.0 00 523361 302 2 Va0 0.0 s
18 0e0 Qa0 54_1.8' 3.0 38 0«0 00
16 0.0 Oe0 56045 298 3G 0.0 0.0
-_! 7, e - _9 ° 0 . _ 0 c_&'_)_ 579__- 1 25 - 40 ) i T:G‘ N
13 Qe O VeV S99 T8 o3 41 Qed 5 )
19 0.0 0.0 61665 19 4.2 Vel Ve
20 U0 Oe0 6352 leS : Y] e RINe
_ glﬁ__ AO_-O___ o QeQ 55448 1e() = 4 4 O« Ve
22 0.0 0.0 6725 OeC 45 0.0 ODeD
23 Q.0 Qe 0 6312 Qe 3 4 () el W% ) 11222
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DelH
0«18
0.21
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Oe 31
0s22)
031
0e32
0.09
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"‘0.24
=0 «:33
—0.63
-0.86
-1.08
=TelS
-1 .25
—-1.27
-1.16
-1603
—=1.00
=G.95
= e D2
-0.91
=109
-1.03
-1.11
—-3+05
=528
-6.23
=te7C
Y402

—9025

Y=L F L

-0.26
“0. OO

Ve 0
=le 03
"Ooi:".
_Ooll

N0.17

Je € G
135

W
< et

SHel3

GeOW
1Y.07
13.¢4
17s15
20.08
2271
25.07
cde83
3239
35,82
3337
40e 3%
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47623
A a3

54.16
56.0%
59.01
E0e54
€0.93
58041
5311
46044
38.46
33t 5
27«65
1
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il it
LI
RIS, N

Salle I
e
(S )

~
N

X=Vil Y =N, gi=EN S=VEL T-VEL
A7 a0 604 AT7.58 176 1301
= 02300 SECES
X—=1RD Y-CKo g
Ost.. . 38e8 . o
7467 213
1426 4 2306
224 .5 204
299, 7 _ATa2 e = g
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Beams (100 Series)

Axial force is tension positive. Bending moments are

MEMBEER FORCESs TIME = 042300 SECS - positive clockwise on member ends.

BEAMS, 100 SERIES g e i sy
ME MECR NODE 1 NODE J TYPE FORCE T I=-MOMENT J=MCMENT F—CODE M—-CUODE
1 L . B 101 le?2. . 0 . De00 2,03 1 e
2 2 3 101 194 2403 3.406 1 1
3" 3 4 101 2o DD -3.46 0e.81 I 1
4 4 5. 101 250 -0e81 00 1. 1 1
8 & B 101 2636 -0601 ~2€450 1 1
& G 7 102 250 - —37.16 1 1
7 7 3 102 -48,79 1 1
8 8 9 102 ~62412 1 L
9 9 1o 102 ~78s400 1 3
10 1C il 102 —40.33 1 2
11 11 12 102 -Ge03 1 " q
12 12 13 102 24.78 1 1
13 13 14 10z 53,03 1 1
14 14 15 102 1 1
15 15 16 102 1 1
16 16 17 102 1 1
17 17 13 102 1 1
Lo 1 E 1) 107 1 1
19 16 29 102 1 1
20 20 2 102 1 i
21 21 22 102 1 1
o B 23 102 1 1
23 23 24 102 1 1
24 24 25 102 1 1
25 25 26 102 1 1
26 TTTZE T >7 102 1 1
27 27 23 o2 1 1
28 2 29 102 1 3
29 29 30 102 1 4
30 T30 31 102 . 1 2
31 31 32 102 ~69414 1 s 1
32 32 33 102 ~56.09 1 1
33 33 34 102 —34.78 1 i
3a T T34 5 102 13.36 1 1
35 35 36 102 7€.38 1 3
36 36 37 102 7322 1 2
37 37 38 102 5051 1 1
38 38 39 102 3T e 28 1 1
39 39 40 102 I 1Be88 1 1
40 40 41 102 €77 1 i
41 41 42 ) 102 —~2,99 1 1
[ TR a3 107 423 1 1
43 43 a4 102 ~3e86 1 1
44 44 45 102 -2439 1 1
a5 45 as 02 0«00 1 1
M - Code = flexural state indicator: F - Code = extensional state indicator:
1 = elastic; 1 = elastic;
2 = yielded at i only; 2 = yielded.
3 = yielded at j only;

4 = yielded at i and j.
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- POSTS, 300 SERIES ; :
B-MUOMENY A-MOMENT

MEMBER NODE I NODE J TYPE COnE
46 1 Q 301 3704 B e D9 " *
UM = [¥] 302 ; €Ee77 -0e17 1
43 3 0 302 035 0.16 Ta37 228 . 1
49 4 0 302 0e35 =005 7620 -1.01 1
50 5 0 3o2 033 . —0e40 701 - —~—8e45 1
51 6 0 302 Qe 39 -0e19 7¢43 —-3.96 1
52 10 0 302 Oeb% 3.94 13.44 32.80 1
53 14 0 3c2 0e0 060 3 0.0 De0 4]
54 18 0 302 Oe? 0.0 0.0 00 0
S5 22 Q 302 (VI ) 0.0 0«0 0.0 Q

- 56 26 0 302 0«0 0.0 00 8]

T By 30 0 302 »0 Qs 0 Qa0 Spoakye
58 34 0 302 Q0 T Dae0 < A
59 38 o] 302 B0 e :;;0}-0 ..

60 42 0 302 0O 0+ 0 0
G - R { 46 '3 302 0.0 0.0 0

Posts (300 Series)

Shear forces and bending moments are positive for forces
on the post in the positive A and B directions.

Code = state indicator:

elastic;

plastic hinge about A axis only;

plastic hinge about B axis only;

plastic hinges about both axes;

negative = in process of failing (e.g -7
indicates third of ten failure
steps);

0 = failed completely.
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ENERGY SALANCE, TIME = (42300 3ECS
TYPE OF P I CENT QF O S P ) s -,
ENERGY JR(G AUTG KE ' o
TRANSLATIONAL KeEe JF AUTH = 4740
ROTATIONAL K.Ee CF AUTO = ba? e i N
BARRIER KeEe ' = 6 B
ELASTIC ENERGY IN MEMJERS
. . _ BEAMS = I G ST S . oL S S d L T 3 - A, "
PUSTS = Ol e -
INELASTIC WORK ON MEMYUERS
BEAMS = 649 N ) ) I o
pl il 0.9 n -
ELASTIC ENERGY IN AUTU = 0.0
INELASTIC WORK CN AUTO = 0e9 - o ) T
DAMP ING LGSSES 4 = 546
AUTO-3ARRIER FRICTIUN LOSS = 2660 N ~
AUTO=PAVEMENT FRICTTON 1.055= 1.5 : g . - —er
SUM OF ALL CONTRIBUTIONS =  101.1
DATA ON AUTO-8ARRIER COMTACT, TIYE = 0.2800 SECS T N TS . o
AUTO CONTACT CONTACT BETAEEN e % NORMAL X Yo 1l
POINT  INTERFACE  NUDE AND I0E CCORD INATE COORDINATE FORCE FORCE F CRCE
F T 1 . g ¥ 36T T T T RR64350 T T51.59 S Sedl T T =4 .08 - -4.69
AUTOC TRAJECTCRY RESULTS :
PT  X-ORD  Y—ORD ANGLE X-VEL Y=VEL _R-VEL _S-VEL  T-VEL _ANGLE X-ACC Y-ACC R-ACC_ S-ACC T—ACC__ANGLE
TIME = 0.2900 SECS ' '
1 869.8 9.0 3e3 4747  5e85 4776  2.65 47.83 740 =0.33 =0.46 -0e36 —0.44 0.57 —125¢5

~
N

e
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APPENDIX
BUMPER HEIGHT COMPUTER PROGRAM
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$JCB
s 74.

DIMENS ION XCG(100)y YCG{100)s 2CG(100)s RULL (100)s PITCH(100),

C COMPUTER PRIOGRAM TU COMPUTE TRAJECTURY OF VEHICLE BUMPER RELATIVE TO TERRAI
¢

CTTTTTTTTUYAW(T00)Y, TITME(IO0Y, ITEWMP G S GP{S0,257 ZGP(50+,25)

2 XGP(50s1)
C

__gmgggggg_oﬁwgﬂlémﬁglgjglmygﬁ}CLE_ENCROACHMENT SPEED AND ANGLE

CREAIMS,100) NBXe N3Ys NPT, ISPEEDs IANGLE
C

_w%“yﬁrlQEE COORDINATES OF PUINT ON VEHICLE BUMPER
READ(5+,101) X3UMP, YBUMP, ZBUMP

C ;. ; ‘ :
C PUSITION AND ATTITUDE OF VEMICLE CENTER OF GRAVITY
c

DG 10 M=14NPT
KEAD(5+102) TIME(M)s XCG(M)s YCG(M)s ZCG(M)y ROLL{M)s PITCH(M),
1 _YAW(M)

T 10 CONTINUE ~

TERRAIN CUORDINATES :
NBX = NUMBER OF TEMPLATES ALONG X—AXLS

nOaNnan

NBY = NUMEER OF Y AND Z COORDINATES ON TEMPLATE

DO 20 I = 1.NB8X
READ(5,104) ITEMP(1)e XGP(lel)ds (YGP(IaJ)s 2ZGP(1sJ)s J=1,NBY)

T 20 CONTINUE
DO S0 I=1,N3X
XGP(1s1) = XGP(1s1)%1240
DO 90 J=1,N3Y

YGP{T,J) = YGAP(T,J)*12.0
ZGR(Ied) = ZGP(1+J)%*1260

90 CONTINUL
WRITE(64,600) ISPELCDs I[ANGLE

Ta. | WRITEXGgUEY R | e
c FIXED AXES COORDINATES OF PCINT ON VEHICLE BUMPER .
c A ST AR et

RAD = 3.141592654 7 T180.0
DO 50 M=1 NPT

R = ROLL(M) * RAD
P = PITCHI{M) * RAD
. = YAW(M) ¥ RAD ™

C
All = COS{PIXCNS{H)
Al2 = =COS(R)*SIN(H) + SIN L
Ald = SINUCOXSINUHY + CCSU(
A21 = COS(P)XRSIN(H)
A22 = COS(R)I®CO5(H) + SIN(
A2 = =CUS(H)*SIN(Rr) + cos
A3l = =5TN{P)
A32 = COS(PI®SIN(R)

" A33 = COS(P)%®COS(R)
X = XCGIM) T
Y = YCG(M)
Z = ZLCG(M)
XP = XsumMmpP )
YP = YRUM®D
ZP = Z3UMP

C
Xt: = X + AL1%XXP + A12%YP + Al13%ZP
YB = Y + A21%XP + A22%YP + A23%2p
ZB = Z ¥ A31¥XP ¥ A3IZ¥YP ¥ A33ZP

& R i
I = N8X - .1
JJ = NBY - 1

DO 22 1 = 1,11

IF( X3 oGTs XGP(Isl) eANDe X3 oLEe XGP(I+1,1)) GO TO 30
22 CCNTINUE
320 CONTINUE

[*]u) 24 J =

IF( YB «GE. Y
24 CONTIMNJE

32 CONTINUE
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ZGP(I+1+3)

C’ ~EQUATTON OF PLCANE TERRAIN SURFACE —— - : PR

Y

1«0

= (X I*Ya*u) + (X3%Y1%D) + (X2%Y3%D) — (X3*Y2%*D)

AT%XYIED) = (XZXY1#*D) g e .
2%Z1%D) + (Y1*Z3%D} + (YS*ZZ*Q) o (YZ*ZJ*D) :

*Z1¥0D) = (Y1%Z2%D)

1%22%D) + {(X3%Z1%D) + (XZ*ZJ*D} e (KS*Z&*D)

i
= £

*

&

C

X
CRZTD) = (XI®*Z3%D) —
X1%Y2%Z3) + (X3XY1%¥Z2) + (X2%Y3I*Z1) - (X3%Y2%21)

2%Y1%43) ~ (X1%Y3%22)

A 7XYD - AT R i
B/ XYD s i kol i g
C 7 X¥D

(Y
Y3
{
- X
(
(X

o

T T GR T VAR XE) T F (BRVE) F C -

C HFIGHT CF QUMRER ABOVE GROUND

C

Z

BUM = ZGR = 2B =
R /7 RAD
2 ~AD

' 50

aXa il

3 600

* #*

Co

FORMAT STATEMCNTS

H AD
T M)
TE

= /
= / R
= ME (
ITE(6+604) TeaXeYsZesResPoeHeXBeaYB+ZByZBUM
NTINUE

1
(
r

FURMAT(IHL W/ //7/7 7/ +sT42, * TRAJECTCRY OF VEHICLE BUMPER ON OQUTSIDE OF
HORLIZUNTAL CURVE® 9/ sTO2¢'SPEED=*9T70+12+sT739 *MPH® s/ sT62,5 ' ANGLE=",
T70, 12+, T73+°DEG* s//)

] 602

ER OF GF € ATTITUDE® .,
T864+ ' VEHICLE BUMPER'+T110,*VEHIC 1e THETL
/sT135  TIME® 4T21, ' X—COORD® » T304 ¥ RD® 5 T39 s ! GRO' »T52,

£ 4t 3 de(3 ¥

TROLL *

Ol *PITCH® s T71,*

v 49 "GROUND?® » '(IV)"
DEG)*+THL? ')"T92o'(
11Se*(IN)*S

0 Z=C00
vL IR )
T101,°*

—.—qo
w'--
e

1
»
92

ee e

1
o
»

L

1
(
T
"8e
®

T67.FB
FORMAT

'T209F802|T29|P8021738'F5099T¢9ﬁ98020T580F8 29

TI
7

D

T
IN)
T 4

2 8.8’T89’F8.2‘T98'p8 TlllvFﬁ.Zi/’
8

-
ool O
NS ]

)

FORMAT
FORPMAT
FCRMAT
Yop

L]
R
;]
(
FORMAT(T11
o207
(101
(8F1
(F10
€13

SENTRY

3

END



TRAJECTORY OF VEHICLE BUMPER ON OUTSIDE OF

HCRIZONTAL CURVE

SPEED= 50 MPH
ANGLE= - 10 DEG

VEHICLE CENTER OF GRAVITY VEHICLE ATTITUDE VEHICLE BUMPER VEHICLE BUMPER
X=COUGRY Y-COORD Z—-CI0RD ROLL PITCH YAW X—=COURD Y‘COORD Z;‘CUORD HL‘?}:;IUQB’OVE
—INY T UIND (1N) (DEG) ~ (DEG] ADEGY 7 (IN) (IN) 1) CIN)
2140411 1522.80 125,72 3.21 0 0.98  <5,40  2217.57 1475.05  134:29 10455
2353.51 150182  121.69 “&.52 098  —6.02 SA30TA0 TAS IR 120,78 12.16
2396612 1497+59 12077 4.58 1.04 -6416 2472499 1448.72  128.23 12436
2438.70 1493.33  T19.80 2515.47 1444.30  127+21 12.53
2481.26 1489.03 118.83 2557.97  1439.90 .ﬁ}zﬁ? 2 12.66
3553.79 [484.72 117.84 “2600.47 143555 125.30 12:72
2566431 1480439  115.84 3.94 2643.15 1431.51 124.48 12.66
260880 1476.04  T15:86 353 2685.50 1426598 123:76 12.54
2651427 1471.69 114489 3.08 2728.05 1422;30;' 123.oé 12.34
369372 T467.36  T13:92 2350 ~2770.62 T418.72 122.43 T2.11
2736.15 1463.07 112.95 2410 2813.21 1414.75 121.81 11.86
Z778.56  T458.84  1TT+98 I°58  1:29  =5:85  2855:82 410,90 12119 1159
2820497 1454470 11102 1aB7’ ense iNLeo 2698.46 1407419 120458 11.29
2B63+35 " T450.65 11006 059 29109 TE03.63  TI9:U% T2
2905473 1446.70  109.11 0el17 2983.73 1400416  119.28 1076
Z9%B.09  14%2.88 T08.15 0415 T 3026.3%5 139682  118:54 11.04 ==
2990.44 1439.i8  107.21 ~0439 3068.93 1393.56 117.78 11.12
3032.73 " T435.617  106+28 =057 ITTT+48 1390.50 11700 10.78
3075411 1432.17  105.38 ~0.74 315400 13387+33  116.27 1112 3
ITI7-33 " TA28. 63 104:49 <0392 319647 1384.31  115:56 3 777 7 S
3159.73  1425.59  103.64 1416 3238.89 1381.34  114.95 11.65
3202.03 T14223.,40 T 102.86 -1 50 323127 137837 -114047 o 11.72
32444 51 1419.26 102.14% -1 92 3323.58 1375640 l114.16€ 1104




1i.40

3236313 l41o.11 l»Ol.Sl -2ef4 Ve 122 —3e40 33065.85 13T72:38 114,01

3323.83  1412.%% . 100.97 -3.06 0.87 ~3.42 3408.09 1369.34  113.96 1107
3371.07 1402472 100449 -3.76 0.82 -3.48 3450429 1366421 114,02 10. 64
3413.29 1406443 100406 -4.51 0.76 -3459 3492.44 1362.97 114418 10.14
3455439 1403405 . 99.66 -5422 0468 S3e73 0 353453 1359458 114437 9.62
3497.63 1399459 99,29 -5.82 0460 -3.91 3576457 1356404  114.52 9.22
3539.34 1316405 93,94 -6.26 053 ~4.13 3618.56  1352.33 _ 114.56 10,95 .
3581499 1392441 $8.58 ~6457 0.47  ~4.38 3660.51 1348.43  114.49 11.23
3624002 1388466 98420 6481 OoaQ ' Sk BB 7 3702.43 1348.38 {14347 11.60
3666423 1384481 97.82 -7.03 035 -4.93 3744.30 1340.22  114.20 11.98
3708431 1380484 97.43 ~7+25 026 -5.21 3786415  1335.93 11409 12.35
3750.38 1376472 97.07 -7.56 0419  =5,48 3827.99 1331.53  114.03 12.67
3792.43  1372.45 96.78 ~7498 0.15 | 3869484 1327.05  114.07 12.91
3834.46 1368403 96.58 -8450 0.10 ~5497 3911.69 1322.48 114.28 12,99
3876043 1363445 96.48 -9.11 0.04 -6.16 3953.56  1317.84 114466 9.14 -
3918043 1358471 96.48 ~0378° . . ~0405. " "H6.30 3995.44 1313.12  115.22 8479
3960446  1353.84 96463 ~10.44 -0.12 ~6042 4037.33 1308431  115.90 8e384
4002445 1348435 96490 -11.04 -0.20 -6.51 4079.24 1303.41 116466 7.82
4044442 1343.74 _ G7.29 -11.55 -0.27 -6.58 4121415 1298438  117.47 7.28
4086.39 1338.54 97.78 -11.98 -0.36 6462 4163.07 1293.28 118.36 6469
4128436 1333.24 93.36 -12,30 -0.44 -6466 4204.98 1288404  119.24 9.96
4170.32 1327.34 93.95 ~12.52 ~0.51 -6470 4245.90 1282.67  120.09 8.98
4212427 1322434  $9454  =12.57 -0.54 6476 4288.79 127711  120.75  _ 8e20 X
4254.21 1316475 100408 -12.38 ~0.54 -6.84 4330.66 1271.34  121.17 7469
4296414 1311405 100453 =11e95  =0.52  =6.S5 ___ 4372.50 1265.346 121432 6.81
433395 1305427 100.8€ =1 1led9 ~-0.49 =710 4414.27 125913 121.19 598
4463471  1287.31  101e17 _ -Ba56 _ =0.30 =748l 4539.31 1239.34  119.48 .09





