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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 HVOSM 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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1. 

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 located on level and flat terrain. However, little 

attention has been given to the testing and placement of guardrail on embank

ment slopes and in depressed medians, and as a result, out-of-control 

automobiles have vaulted 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 

·the performan"ceof ·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 and 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. Relationships 

between impact severity and (a) injury accident probability, (b) injury ac

cident costs, and (c) collision maintenance costs were established to 

facilitate in achieving this 9bjective. 
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DESCRIPTION OF SITE , 

the site se1ected 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. Near the P.I. of the curve a bridge overpass crosses the interstate 

with concrete piers placed about 5 ft. from both outside shoulders and also 

in the center of the median, as shown in Figure 1a. 

The median is 40 ft. wide and has a maximum depression of about 3 ft. 

be10w 'the edge of the travelled way. Side slopes in the median are 19:1 for 

the shoulder, 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 travelled 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. Supere1evation 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 p·1an view and cross sections of the terrain and its 

coordinate system are shown in Appendix B. 

The guardran currently us·ed 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 in. above 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 lb. The total 1e,ngth of the guard

rail is 200 ft. and the upstream end is turned down and anchored but not 

safety-treated. 
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FIGURE I a 

FIGURE I b 

FIGURE I. PHOTOGRAPHS OF BRIDGE PIER SITE 
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IMPROVEMENT ALTERNATIVES 

Seven improvement alternatives were evaluated in this study. Details 

of each alternative are presented in .Table 1. Five of the alternatives 

(Alternatives 1, 2, 3, 4, and 5) were guardrail-type improvements, and one 

(Alternative 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 depressed median, Alter

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, Sa·fety 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 Rail -- 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 
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TABLE 1 • . IMPROVH1ENT ALTERNATIVES 

Standard Size Automobile: 3,800 lbs. 
Encroachment Speeds: <45, 50, 60, and 70 mph 
Encroachment An.gl es: <7.5,10, 15, 20, 25, and >25 deg. 

Lateral Upstream Upstream . 
Offset End End 

Distances Height Length Flared Safety 
Treateda 

From From 
Road Piers Yes No Yes No 
(ft) (ft) (in) (ft) 

lS.0 4.2 27 200 X X 

15.0 4.2 27 200 X X 

17 .0 2.2 27 9Sc X X 

17.0 2.2 30 95c X X 

17.0 2.2 27 9Sc X X 

16.0 3.2 34 9Sc X X 

lS 21 10 deg 
19 32 22 

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) 

Downstream Rubbing 
End Rail 

Anchored 

Yes No Yes No 

X X 

X X 

X X 

X X 

X X 

X X 

U1 
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6 3/ . 11 2.44 
7 37.31 2 .96 
8 49.84 321 
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(SEE TABLE B) 
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FIGURE 2. 

REV. NO DATE DESCRIPTION OF REVISION 
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STANDARD PLAN N° 704 

SAFETY BEAM 
GUARD RAIL 

APPROVED DECEMBER 21, 1973 SCALE 
DATE AS SHOWN 

~~ )J..1:Z.~) EB ROADWAY DESIGN ENGINEER 

GUARDRAIL INSTALLATION AT BRIDGE PIERS 
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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 late,ral offset distances from the traveled 

way than did the exis~ing guardrail. The increased lateral offset dis

tance was intended to reduce 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 incremental cost-effectiveness and benefit-cost analyses of these alter

natives which were conducted in this study provided insight as to the cost

effectiveness and economic worthwhi1eness' of each of these safety features. 

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

re1ated ' to their use. 
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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 error 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 anyone variable. Conducting 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 Hi ghway-Object-Simul ation-Model , designated as HVOSM, was used 

in the subsequent work to study the dynamic motion of an automobile trav

ersing the depressed median described in the preceding section. HVOSM was 

developed by McHenry (i,f) of the Cornell Aeronautical Laboratories and 

modified for specific field applications by the Texas Transportation In

stitute C~.L 

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) 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 lbs was used 

in this study. The properties of the selected automobile were defined in 

previous research work conducted by Ross and Post (i,i) and Weaver (~) 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 x-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 lbs 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 dri ver. 

The Texas Transportation Institute's (~) 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 system. 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 instrumentation, and data reduction analysis 

techniques including high speed photography. 

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 (I,~). 

The traffic barrier is idealized as a plane framework composed of 

elastic inelastic one-dimensional elements of a variety of types. The auto

mobile is idealizeda.s 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 

barri.er members and automobile 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

ce1eration ·of automobile~ 
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BARRIER VII is a two-dimensional program and therefore it placed li~

tations on this study. BARRIER VIr 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 dece1era-

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 normal can result in vaulting or ramping; whereas, 
i 

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 lowest point on the corner of 

the automobile bumper as the reference: 

1. Guardrail 

a) Normal Impact -

b) Post Sn~gging -

c) Vaulting-

2. Fitch Module 

a) Normal Impact -

Bumper point within lower 2/3 portion 
of beam depth 

Bumper point more than 5 in. below 
bottom edge of beam 

Bumper point within upper 1/3 portion 
of beam depth 

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 (~) 
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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 Fi gure 5. The p'erformance of the traffi c barri er a lternati ves are 

summarized in 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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Impact 
Speed . 
(mph) 

<45 
50 
60 
70 

<45 
50 
60 
70 

<45 
50 
60 
70 

<45 . 
50 
60 
70 

<45 
50 
60 
70 

<45 
50 
60 
70 

Impact 
Angle 
(deg) 

<7.5 

10 

15 

20 

25 

>25 

TABLE 2 

PERFOffi1ANCE OF TRAFFIC BARRIER 
IMPROVEMENT ALTERNATIVES 

,.... 
0') .... 

Improvement Alternative r::10 .... s-
+) ~ 
CIIS- 1 2 3 · 4 5 .... 10 
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V* V* V* V* V* V* 
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fflank = 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 

Tbe severity of an automobile colliding with a traffic barrier was 

expressed in tenns 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 (1£) 

and Weaver (2). ' 

_ Gtota 1 Auto SI = 
- Gtotal Occupant 

where: 

SI = Severity-Index 

Gtotal Auto = Resultant Auto Acceleration 

Gtotal Occupant = Resultant Tolerable Acceleration 

Glong = Auto Accel~ration along longitudinal 

x-axis (see Figure 3) 

Glat • Auto Acceleration along lateral y-axis 

Gv~rt = Auto Acceleration along vertical z-axis 

GXL = Tolerable Acceleration along x-axis 

GYL = Tolerable Acceleration along y-axis 

GZL = Tolerable Acceleration along z-axis 

---Eq. 1 

The severity-index computations in the subsequent wO,rk 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 accelerations suggested by Weaver (§) 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 (I,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 (1) 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 B. 

One situati·on 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 



20'. 

TABLE 4. 5EVERITY-INDICIE5 FDR ALTERNATIVE 1 

VELDCITY -ANGLE , SI VELO'CITY-ANGLE 51 VELO'CITY-ANGLE 51 (MPH) (DEG) (MPH) (DEG) (MPH) (DEG) 

50' - , 10' 0'.59 60' - 10' 0'.73 70' - 10' 1.0'2 

50' - 15 0'.79 60' - 15 1.0'2 70' - 15 1.11 

50' - 20' 1.0'2 60' - 20' 1.0'9 70' - 20' 1.10' 

50' - 25 1.17 60' - 25 1.35 70' - , 25 1.44 

TABLE 5. SEVERITY..:INDICIE5 FDR ALTERNATIVE 2 

, VELDCITY-ANGLE SI VELDCITY-ANGLE 51 VELDCITY-ANGLE 51 (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 70' - 15 1.0'7* 
1.0'5 1.14 

50' - 20' 0'.84 60' - 20' 1.21* 70' - ~D 1.60'* 
0'.85 1.0'7 1. 14 

50' - 25 1.0'8* 60' - 25 1.66* 70' - 25 2.17* 

TABLE 6. SEVE'RITY-INDICIES FDR ALTERNATIVE 3 

VELDCITY-ANGLE 51 VELDCITY -ANGLE 51 VELDCITY-ANGLE 51 (MPH) (DEG) (MPH) (DEG) (MPH) (DEG) 

50' ... 10' 0'.69 60' - 10' 0'.83 70' - 10' 0'.82 
U.Y4 

50' - 15 - 0'.83 60' - 15 0'.89 70' - 15 1.23* 
1.0'0' 1.12 

50' - 20' 0'.86 60' - 20' 1.15* 70' - 20' 1.59* 

0'.94 1.0'3 1.18 
50' - 25 1.16* 60' - 25 1.57* 70' - 25 2.36* 

* Value based on vehicle impacting pier because of excess rail deflection. 



21. 

TABLE 7. SEVERITY-INDICIES FOR ALTERNATIVE 4 

VELOCITY-ANGLE 51 VELOCITY-ANGLE SI V ELOC ITY -ANGLE SI (MPH) (DEG) (MPH) (DEG) (MPH) (DEG) 

50 - lO 0.70 60 - 10 0.78 70 - 10 0.93 

50 - 15 0.87 60 - 15 0.91 70 - 15 1.00 
1.13 1.23 

50 - 20 0.91 60 - 20 1.16* 70 - 20 1.57* 
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 SI VELOCITY-ANGLE SI VELOCITY-ANGLE SI (MPH) (DEG) (MPH) (DEG) (MPH) (DEG) 

50 - 10 0.69 60 - 10 0.83 70 - 10 0.82 

50 - 15 0.85 60 - 15 0.92 70 - 15 0.97 

50 - 20 0.93 60 - 20 1.08 70 - 20 1. 21 

1. 13 1.25 
50 - 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 ca~es 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 linearly 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 place. 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 rai1 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. or13 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, the SI was taken as 2.5 which will result in an 

injury accident probability of 100 percent. 

In all of the BARRIER VII simulations the path of the vehicle prior . 

to impact was along a line that would have intersected the upstream bridge 

pier. It can be conjectured that 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 



x 
w 
·0 
z 
I 

>.-
a:: 
w 

2 

> 5 w 
en 
LL.. I 2,:3 a 4 
o ~IMPROVEMENT 
~ ALTERNATIVE 
<t: 
W 
a:: 
u 
z 

W 
....J 
0.. -.-
....J 
::::> 

~O&-----------~-------------------------

23. 

o 10 20 30 
DEFLECTION OF RAIL PAST FACE OF BRIDGE PIER (in) 

FIGURE 6 

SEVERI.TY -INDEX ADJUSTMENT FACTORS WHEN 
GUARDRAIL BOTTOMS-OUT ON BRIDGE PIERS 



24. 

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 attenuat'ors were used in Improvement Alternate 6 to 

protect the end bridge piers. The particular system selected is widely 

used in Nebraska and it consists of 15 modules ranging from 400 to 2100 

pounds as shown in Figure 7. 

In order to obtain 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: 

where: 

- - - Eq. 2 

W = vehicle weight 

Wn= weight of sand in modules of row "n" 

Vn..;.l= vehicle velocity before impacting modules of row "n" 

Vn= vehicle velocity after crushing modules of row "nil 

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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- - - Eq. 3 

G = vehicle deceleration at end of each 1 ft. increment 

9 = acce1eration due to gravity = 32.2 ft./sec2 

~5 = 1 ft. increments along penetration axis 

~V = velocity change over 1 ft. increments 

V= velocity at midpoint of each increment 

The vehicle decelerations and severity-indices are shown in Table ga. 

Based on the discussions in AA5HO (i), ramping was assumed to occur for 

bumper impact hei9hts greater than 24 in. An 51 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. 



Vehicle 
Impact 10 deg 

Speed G SI 
(mph) (gls) 

50 7.6 0.8 

60 10.0 1.1 

70 13.8 1.·5 

TABLE 9a 

SEVERITY-INDICES FOR 

ALTERNATIVE 6 (FITCH) 

V E H I C L E PAT H 

27. 

15 deg 20 deg 25 deg 

G .SI G SI G SI 
(gls) (g"S) (g IS) 

6.3 0.7 8.9 I 
1.0 I 9.8 1.1 

9.3 1.0 13.1 1.5 i Ramp 2.5 

12.0 1.3 Ramp 2.5 jRamp 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

liding with the eMB was obtained from the findings presented by Young 

and Post (l!) using the HVOSM (~) program. These findings are presented 

in Table 9b. 

TABLE 9b 
.' SEVERITY-INDICES FOR ALTERNATIVE ~ (CMB) 

VEHICLE 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 1.18* 1.47 2.00 

60 0.41* 0.87* 1.48 1.60* 1.90 Rollover 

70 0.52 1.07 Rollover Ro11over* Rollover Rollover 

* Extrapolated or assumed 

Non-Yielding Barriers 

The severity of the vehicle impacting the bridge piers in Alternati,ve 

7 was assumed to result in an injury probability of 100 percent under all 

combinations of encro'achment speed and angle. 



29. 

SEVERITY-INDEX RELATIONSHIPS 

The criteria used in the majority of the research work conducted 

during the past decade for evaluating the safety aspects of ~oadside 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 unsafe. 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 (ji) 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 (~) 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 



TABLE 10 

RELATIONSHIP BETWEEN SEVERITY-INDEX . 

-AND PROBABILITY OF INJURY ACCIDENTS 

(AFTER POST ·.lQ) 

Severity-Index 
(SO 

51 S 0.5 

0.5 < SI :S 1.0 

1.0 < SI S 1.5 

1. 5 < SI S 2.0 

2.0 < SI S 2.5 

2.5 < SI 

Probability of 
_ . . InjufY Accident 

0.1 

0.3 

0.5 

0.7 

0.8 

1.0 

30. 

Accidents. The total accident costs in Table 11 were determined by using the 

following slightly adjusted societal cost figures for motor vehicle accidents 

published by the National Highway Traffic Safety Administration (12): 

PDOAccident - - - - $700 

Injury Accident- - - $10,000 

Fatal Accident - - - $200,000 

The histogram relationship in Table 11 was approximated by the linear· 

relationships shown in Figure 9. 

Barri~r 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 (~) 
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TABLE 11. 

RELATIONSHIP BETWEEN SEVERITY-INDEX AND INJURY ACCIDENT 

PROBABILITIES, ACCIDENT CLASSIFICATIONS, AND TOTAL ACCIDENT COSTS 

.. 
Accident Classificationc 

Severity-Indexa Probability PDQ Injury 
oflnjur~ Accidents Accidents 
Accident (%) (%) 

SI < 0.5 0.1 90 10 
; , . 

0.5 < SI < 1.0 0.3 60 40 

1.0 < SI < 1.5 0.5 40 50 

1.5 < SI < 2.0 0.7 10 60 

2.0 < SI < 2.5 0.8 0 50 

2.5 < SI 1.0 0 10 

a. Computed by HVOSM and BARRIER VII Simulations 
b. Refer to Table 10 
c. Assumed in similar manner as done in TTl Report (~) 
d. Refer to Reference No. 16 ---- $200.000 per fatal accident 

10,000 per injury accident 

Fatal 
Accidents 

(%) 

0 

0 

10 

30 

50 

90 

700 per property damage only 

Total 
Accide~t 

Cost 
($) 

1,600 

4,400 

25,300 

66,100 

105,000 

181,000 
(TAC) 

I 

W 
N 
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computer simulations. The relationships between severity-index and guardrail 

damage are shoWn 1'n Figure 10 for installation lengths of 95 and 200 ft. As 

evident, the longer 200 ft. guardrail is stiffer; an'd hence, the corresponding 

damage is less for severity-indices greater than SI = 0.8. Based upon the 

cost values in AASHTO(i), 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 condttion probabilities were 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 determined that vehicle speeds on these sections 

were normally distributed with a mean speed of 58.7 mph and a standard 

deviation of ± 4~O mph. The impact angle distribution used was that re

ported by Hutchinson and Kennedy for median encroachments (~). 

Assuming that 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 likely 

impact condition is a speed-angle combination of 55-65 mph and less than 

7.5 degrees . . 

Using the point mass model presented by Ro~s (12), 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 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 

Vehicle IMPACT ANGLE (DEGREES) 
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* 

·55-65 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 programs for the limited funds available. The "Cost-Effectiveness" 

and "Benefit-Cost" methods of analysis were used to compare the improvement 

alternatives 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-Effectiveness 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 (fl). 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 effecti ven'ess was defi ned as the di fference 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: 

where: 

----Eq 4 

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

HIl = hazard-index for side type impacts 

= p(s) L I: [(SP)(PI)(Ll )] 
0v 

HI2 = hazard-index for side impacts in which guardrail bot
tomed~out on bridge piers 

= p(s) I L [ (SP)(PI)(L
2
) ] 

o v 

HI3 = hazard-index for end type impacts 

= P (s+3) LL [(SP) (PI) (L.3) ] 
o v 

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

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

Ef = encroachment frequency (see Figure lla) 

o = directional traffic split = 1/2 

SP = impact condition probabilities (see Table 12) 

PI = inju'ry 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 llb) 

Ll = length of traffic barrier - L2 
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L2 = effective length of traffic barrier in contact with 

bridge pier due to bottoming-out 

L3 = length along roadway from which vehicle could impact 

the end of barrier 

= d (csc e) + w (cot e) 

d = width .of vehicle = 6 ft. 

w = width of t~affic barrier 

Encroachment Frequency 

Knowledge of the frequency at which 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 lla. The 

ADTfor the study site was 15,000 ~pd which will result in an encroachment 

frequency of: 

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

= 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 llb. 

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 ~ollision maintenance cost was computed for each improvement al

ternative using the following equation: 

where: 

CM = EfD (CMl + CM2 + CM3) 
5280 

---Eq 5 

CM = collision maintenance costs for each alternative 

($/yr) 

CMl = collision costs for side Impacts 

= p(s) L L [(SP) (CS) (ll ) ] 
e v 

CM2 = collision costs for side impacts in which guardrail 

bottomed-out on bridge piers 

= P (S) I L [(SP)(CS)(l2) ] 
e v 

CM3 = collision costs for end type impacts 

= p (s+3) I L [(SP) (CS) (l3) ] 
o v 

cs = collision costs 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 e~10deg; CS=$400 

(not safety treated) 0>10deg; CS=$200 

(5) guardrail end impacts 

(flared and s·afety treated) 

CS=$200 



TABLE 13 

CONSTRUCTION COSTS 

," 

ITEM ($/unit) 

W-Beam Guardrail, G4\~ 8~ 14 

Thrie-Beam Guardrail, G9 9.39 

Concrete Median Barrier, MB5 14.04 

W-Beam End Anchorage 295.85 

Thrie-Beam Adaptor 110.00 

Removal of Guardrail 0.74 

Fitch Modules 

400 1b 253.53 

700 1b 234.06 

1400 1b 223.11 

' 2l001b 217.80 

Filler Material for Modules 12.50 

4 in. Concrete Slab for Modules 1.50 

* Increase unit cost for rub rail by $2.00 
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COST 
Unit 

ft 

ft 

ft 

ea. 

ea. 

ft 

ea 

ea 

ea 

ea 

cyd 

ft2 
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(6) Fitch System 

(weighted cost and 

AASHTO (~); CS=$1,025 

includes 9% inflation factor) 

All 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: 

where 

C/E = CA-CS 

C/E = cost-effectiveness ratio of alternative A with 

respect to alternative B 

---Eq 6 

CA, CB = total annual costs of alternatives A and B (CA~CB) 

HA, HB = hazard indices of alternatives A and B 

The cost-effectiveness 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 (CB~CA). 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 

Lateral Lateral Capital 
Improvement Offset Probability Hazard Costs Collision Total 
Alterative Distance Index lMaintenance Annual 

(ft) Side End (Inj . . Accid) Costs Costs 
Impact Impact per yr) ($) ($/yr) ($/yr) ($/yr) 

Existing 15 0.84 0.74 0.081 0 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 

6 
15 (Fitch) 
19 (CMS) 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. 

~ 
(J'1 . 
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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 rubrai1 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, 

Alternative 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 

9) . 

Injury Accident Costs 

The injury accident cost was computed for each improvement alterna

tive using the following equation: 



TABLE 15. 

CDST-EFFECTIVENESS ANALYSIS 

Annual Hazard Cost-Effectiveness Ratios 
Annual Coll ision Total Index 

Improvement . Capital Maintenance Annual (Inj. Acc1d. 
Alternative Costs Costs Costs per yr.) 

($/yr) ($/yr) ($/yr) vs. 7 vs. Existing ys. 1 ys. 2 

7 20. 0. 20. 0..0.85 - - - -

Existing 0. 3D 3D 0..0.81 $ 2,50.0. - - -

1 65 25 90. 0..0.52 2,120. $ 2,0.70. - -
2 175 15 190. 0.0.25 2,830. 2,860. $ 3,70.0. -
3 185 15 20.0. 0..0.25 3,0.0.0. 3,0.40. 4,0.70. Infinite 

4 20.8 10. 218 0..0.25 3,30.0. 3,360. 4,740. Infinite 

5 218 10. 228 0..0.28 3,650. 3,740. 5,750. Negative 

6 440. 50. 490. 0..0.23 7,580. 7,930. 13,790. $175,0.0.0. 



where: 

Cl = EfO (CIl + CI2 + CI3) 
5280 

48. 

---Eq 6 

Cl = injury accident costs for each alternative ($/yr) 

CIl = accident costs for side impacts 

[ (5P)(AC)(L 1) ] 

CI2 = accident costs for side impacts in which guardrail 

bottomed-out on bridge piers 

CI3 = accident costs for end type impacts 

= P (s+3) L L [(5P) (AC) (L3) ] 
e v 

AC = accident costs for each alternative 

(1) barrier normal impact : refer to Figure 9 

(2) guardrail post snagging: Increased 51 by 75% 

(3) barrier vaulting 51=2.5 

All 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 

(8) was computed as follows: 

---Eq 7 



where: 
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B/C = benefit-cost ratio of alternative A with respect to 

alternative B 

AA,AB = annual accident costs of alternatives A and B 

CA' CB = 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 benefit-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 lower cost improvements is justified by the increased 

accident ·cost savings that would be realized by its implementation. Where

as the higher cost improvements do not provide· accident cost savings as 

great as those provided by Alternative 2. 

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 analysis 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 



ANNUAL ANNUAL TOTAL COLLISION 
IMPROVEMENT CAPITAL MAINTENANCE ANNUAL 
ALTERNATIVE COSTS COSTS COSTS 

($/YR) ($/YR) ($/YR) 

7 20 0 20 

EXISTING 0 30 30 

1 65 25 90 

2 175 15 190 

3 185 15 200 

4 208 10 218 

5 218 10 228 . 

6 440 50 490 

TABLE 16. 

BENNEFIT-COST ANALYSIS 

ANNUAL 
ACCIDENT 

COSTS 
($/YR) 

VS. 7 

$15,300 -
7,350 795 

2,920 177 

730 86 

740 81 

750 73 

1,110 68 

890 31 

BENEfIT~COST -RATIOS 

VS. EXISTING · VS. 1 

- -
- -

74 -
41 22 

39 20 

35 17 

32 13 

14 5 

VS. 2 

-

-

-

-
NEGATIVE 

NEGATIVE 

NEGATIVE 

NEGATIVE 

U1 
o . 
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cost of eliminating injury accidents. Whereas the objective of the benefit

cost method 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

mentof 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 likely 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 s~lect 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 wi'l be used to detennine 

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 m~de during the conduct of 

the study: 

(l) 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-effective in protecting bridge pi~rs 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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N . 

121.000 8.820 133.000 9.510 145.000 l().~ .. cO l 5 'i.OOO lO.U10 1~7.000 1 J .22u 

168.000 13.620 17 5 .0UU 13.220..> 19J.O,JiJ 8.720 223.vOu 8.12 J 



4JO.OOO 0.0 8.120 0\0.000 8.120 

91l.a1l0 10.100 98.000 10.300 108.000 

L22.000 7.890 134.000 8.570 140.000 

l8d.ooo 12.720 185.000 11.520 201.000 
4:5,).000 0.0 7.10J 40.000 7.100 

90.01l0 &.150 97.001l 9.000 104.000 

L26.000 6.870 138.000 7.S10 150.000 

L86.000 11.120 194.000 9.820 '·216.000 
SOO.OOO 0.0 6.070 30.000 6.1l70 

90.000 6.860 .93.000 7.1S0 108.000 

130.000 5.750 142.000 6.460 154.000 

190.000 10.020 201.000 8.420 225.000 
550.000 0.0 5.160 45.000 5.160 

106.000 7.000 114.000 7.0\1l0 122.000 

135.000 4.650 147.000 5.460 lS9.000 
194.000 9.120 204.v\)O 7.120 225.000 
600.00\) 0.1l 4.170 89.01l0 4.170 

113.000 6.200 122.000 6.200 127.000 

1,+1.0UO 3.760 153.000 4.47iJ 105.000 

198.000 8.020 210.000 6.020 225.000 

70.iJOO tl.12v &2.00,) 

, 9.9110 114.000 B.cOO 

9.320 157.000 10.010 

11. U 20 225.000 12.IJ20 
4S.000 1.10il 74.00i) 

9.600 11S.000 8.300 

8.240 1(;0.000 8.&60 

9.520 225.000 9.42J 
3S.001l 6.070 4S'.000 

8.400 122.000 b.400 

7.170 164.000 7.920 

8.020 230.000 8.020 
83.000 5.160 95.000 

6.600 129.000 5.100 

0.230 169.000 6.840 
6.620 2.30.000 6.~20 

101.001l 4.960 104.00.> 

5.700 133.000 4.400 

5.270 175.000 5.7S0 

5.420 230.000 5.420 

&. So Oil 

ll~.OuO 

171.000 

7 • ! 00 

123.1>00 

174.JJu 

6.070 

128.000 

17&.000 

:5. 88t) " 

132.000 

l86.JOO 

5.200 

13~.OOO 

187.000 

&tl.O")O 

~. J~O 

l2. 3~ 1.) 

86.jll~ 

7.0.20 

11.420 

78.000 

t>.<:>40 

10.521l 

98.0'00 

~.810 

9. S21l 

107.000 

3.8<;'0 

8.32i> 

0'1 
W . 

':#.21.) 

7.e9o 

0.010) 

6 • 1 51l 

5.400 



APPENDIX 

C. BARRIER VII COMPUTER PROGRAM 
INPUT DATA: Alternative No. 2 

(70 mph/25 deg) 

OUTPUT DATA: Interval Time at 280 msec 

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

64. 



· .- -_._-- ... - . -- _. __ . __ .- - -.-----. . . ---------------------.-----~-- -- - - -- _ .. ------

.* .. *~**.****¥*.**** •• *~.***.** •• ********************~*****$**** •• ***.*~ 

.· .•• . : .. : .. ·:*:.::~ .. ~.:~.;~::::;.:.:.L.:.1~::fc~~}l~;m •.... : ··-·-·· 
NUMBER OF BARRIER NODES 

- ----- NUMBER OF COI\TRCL NODES 
NUMBER OF NODE GEI\ERATION~ 

__ .. __ ~UW:l!~_~--':!f_ INTf(~FACES 

::: .. 

= 
= 
= 

",: :':";:" ::' ",: ':":"::':"::;: "'>::".:: ...... :::.;:;.: :;:::::':::{/~~{ \t{:::·, 
...... :. -' : :::':-:':::'::",i){:: . 

NUMBER OF MEMBERS .. -= ··.·6.1.· •.•. ·.·:>····· .... i:::i ))······ ·· 
NUMBER OF ME~BER GENERATIO~S = 5 ' 

__ ~U~~~~~....QIF~_gB.£NT_~E!-1BE~ ___ ~_::::E~R~I~E::..:S~ ___ = __ ~_2:.···.·_·· ·~------"''_______'c....;.;.."''"'--'--'_''_'_"'_'_'_'__'_'__'_'___'_~ ____ '___ ___ _ 

NUM8~R UF ACDITICI\AL ~ E IGHT SET5 = 0 

-- - r!~~~-~r~~;~!~~~ ~!1~~ i ~~.~ ,( SEC J=~!~als!!,;:- ." 
M A X • NO • 0 F S T E P S _ W~"!~ _"!9._C_g_.:...:N~r..:...A.:..:C=-T.:.....-___ --,--,---·...:..· . ..:::5..=:0_: ":""'-: ..... =.: .•• "----". ----' . .:.....::...""'--"--"~'___""'_ _ ___'_~ ___ ~ __ _ 

OVE9SHOOT r-Jcex o 
ROTATIONAL 0AMPING ~ULTl~LIER = 1.00 

--_.-- "STETT-t3Y -S f r:: p I~ATTTlf'CTVPF 

OUTPur fREQUfNCIES 

AUTO~08ILE DATA = 3 
-- --SA RR I ER ITFFL EC T (CN"S ---= --~---.-

BARRIER FORCES = 10 

ENERGY BALAN~E = 2J 
- - -~-- ---- - ~---------- - ----- -- -- -- .. -. ------- ---------.....:-.:..:.....:......-.:..-----------------

CCNTI\CT ["'FSP .... l\T[O~ = ') 
PU NC HE) J C!I'd 0 l. T ,\ = V ________ --_._---:----:----:-_:-:-:---_ _ _ _ ___ _ ______ ... _ 
PURCHEuIRAJ"FCTTIR"r- ---: - 0--- "-'--' ------

-~--.-- --.------- . 

0'1 
0'1 



, ' 

: , 

- -.-. -. - - -- -- --_._-------------------------- ._- - - - - -- - ----- --- -

'.' .:". :; .. ;.:;.>:\:. y ': .: .. ; .: : : ~.:' . ~ .. . ' 
.: '.<:,/.;" :.:,.:::: .. ,;':;:;'-'" 

UNIT STIFFNESSES (K/I~/JN) 
ND ~- ---· - - -tJITTj-R:~-----·- AFT Gl --------'-~~--"=mf¥_~ffl+-f'H'i';;.:...;;:;'""-......:.:..-'-----'---~...:.:...--'-......:.:..---------

30TTOMING '10TTQ~H,..j':; v,JLiJMJlNG 

1 
- - ---~~-- -

3 

CONTACT PCINT DATA 

-----pn]"Ni - --------R----- - - - -5 -·----
COORD (OO~D 

1 -l08.~O 1~.OO 
-- -~-- -- ----::-roe. 0 0 :~ 7. 00 

3 -108.00 3Q.OO 
4 -g6~aO 31.00 
5 -94.00 3~.OO 

> - - --- --6 --- - 72. 00 - -~vu---

7 -42.00 39.00 
8 -12.00 39.00 
9 18.00 3Q.OO 

- TO - . ---------4-(f;-OO---·------:1<r.1YO 
11 bO.I)O 3{}.DO 
12 12.00 30.00 
13 84.00 3~.OO 

---T4 --a4-;QO- ------- -2--r;O(f - -
15 84.00 15.00 
16 d4.00 :S. ,10 

1 
1 
1 
2 
3 
3 
.3 
2 
1 
1 
1 
1 
1 
1 

12.00 
12.00 
12.00 

12.00 
12.00 
12.00 
12.00 

WHEt.:L c:]m~DINATE!j (1 I j). ~;T,:t _l ~ M,~, ... Lt :S (I~E':';). AN I) Dr~t\G FCI,CES (LC) 

I 
2 
j 
4 

')4.00 
'~" • 0 0 

~u~ ;oS 
-65.0 !) 

STEER ANGLE 

30.000.0 518.00 
-30.00 0.0 sis.oo 

-- - ~ j-'f~ ~0...:;'.);--------O~.-.:;C;-, --------"4'-',7\ =-7~ • ...:J;-0~-

'0.00 0.0 437. JO 

1 
1 
1 
1 
1 
1 
1 
I 
1 
1 
1 
1 
t 
1 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
{) 

o 
o 

0 
0 
0 
0 
0 
0 
0 
0 
0-
0 
0 
0 
0 
0 

--------------

U 
0 
0 
0 
0 
0 
0 
0 
0 
0 
U - 0--
0 
0 

------- --

en 
en 



---- --- ----- . ~--- -----------------------: 

P05T~. 300 SE~lES 



INITIAl. PCSIT( O ~ AND Vt ·~t.(jC [TIl ~~ ()F l\iJTC 

SPECIFIED BOUNDARV PDINT 
X " OnnfliiATE"" -flF""Pnn-n- ~ -.-
V Olm.I NATE OF PCI NT 

= 

= 

1] 
-()5 ?;~"(,--

1.QO 
...... 

ANGLE FROM X AXIS TO R AXIS (DEG • 
VELO-Cl'V-· lfr ':<-·-1)TR1:1:"fT dr..-- p , .f'l.ffi
VELOCITV IN S DlnECTln~ ( ~ .p.~) 
ANGULAR VELuC IT '( (f~A(.'/S E C) 

. ___ •. _. __ "":_._ .. _ .. _ __ ·..::2~s..:e-OO .•. _ ____ . __ .. __ . .... . 
70.00 

= 0.0 
= 0.0 

M INI ,'W"M HE sulTANT""VF.U1Cl TV ' f'>( ~ p~m --. . .5 ~~-,> - -----.. ---~ 

. . _ • _____ _ • _ _ .....:.o- . _ _ _ ~ 

TRANSUTTON"AL K H-I2T rc cN"EffGY -- (K ;-m,---=' - --<'--5"1 ~r-'-------~-' .. . '" ---.-.----- .. - - .... 
ReTATIONAL KINETIC ~~ ~ WGV (K.lN) = 0.0 

TOTAL INITIAL KINETIC EN~RGV (K.rN) = 7510.47 '- .. -. - " ... :;.:~: . . - '- - _." '-- . .... . - .~ ... -~--~-'-, ---:-- ' 

.:. .. :: .... 

-- -- - -.-~ .. -- ....., .. -~+,------'---------- --- _.- .. - .-- .... --- .- - -- -_ .. - .-.. _- ,-.-- --.-- _. -- -- --- -_ .. . _ -, -

PT X-ORO V-ORO ANGLE X-VEL V-VEL R-VEL S-VEL T-V t::L X-Ace Y-r~cc H~ACC S-ACC: T-AGC ~NGLE 

T 1 ME-="()--;-~ -s:a:-S-
__ • . _ . . ______ 0. __ _ . ______ . __ _ . 

.o~o • 

1 592.6 -69.9 25.0 63.44 29.se 70.00 -0 ... 00 70.-00 25.0 O.li 0.0 0.0 0.0 ~.O 
( 

.:;,0: ,0:.-

_ _ "" ... ..,.' :..... _-'- ..:::~ __ . ..: _ _ - __ ... _ .. . _ . .. __ .~:~._ . . _.c· . . __ . . ================:.=::.:.::::..:.=-... : '.:~='~:::::~.: :::: ::;:; .. _.- ~.-:-:==::=::::------:::.::==.--=--.. -- --:. _. 

BARRIER DEFLECTIONS. TIME = u.u st:;(;S 

NOiJE 

1 0.0 
- '"2- -- 1)-;-0-

3 0.0 
4 0.0 
5 0.0 

- 6 .- - --0-;0 
7 0.0 
a 0.0 
9 0.0 

-- - rl.Y""-·- . 0-;'0 
11 0.0 
12 0.0 
13 0.0 -- - lor ' - - -(f;:-O'- - ---
15 0.0 
16 0.0 
17 0.0 '- - i 3" .. - --.) ; 0 
19 0.0 
20 0.0 
21 0.0 22- - -- 0-'; 0 - - - -. 

23 0.0 

... -~- - -- -

u .0 . J9. 1 
7'~ • 15- -- '-" jr~ ~r --- "-

! -i 'J • 2 2 3 • 5 
22 ·,. j 20.4 
299.5 11.4 • 
3-7) ; -9- - ----- - · r4'-~ -----:---
392..5 13. \) 
411.2 11.7 
429.8 10.4 

. - "44 J . "4" ' - --"-- -' 'J"; -1-- ' 
467.1 7.6 
485.13 6.2 

0.0 
0.0 
0.0 
o.c 
0.0 
0.0 
0.0 
0.0 
0.0 
0;;0 
0.0 
0.0 
0.0 
(r.o 
0.0 
0.0 
0.0 
0.-<5 

5 0 ·l • 4 4 .,-:=.-7 ___ _ 
-·-------523-; T 4 .• 2-

0.0 
0.0 
0.0 
0.0 -' 
0.0 

541.83.0 
56<,) .• 5 ' 2.i;A 
579.1 .. 2.5 
-Sq ~-8------;~ . T-- - -
t,l 6 '. 5 i. • <) 

63 ~·. 2 1.5 
6Sj.8 i. O 

- -- () 7 :~ • 5 - - ' 0 • (: 
(1 • . ~ 

/Yt>o£ 

26 
?7 
28 
2 9 
:.30 
.:il 
:12 
33 
34 
35 
36 
37 
38 
.39 
,~ 0--
I~ 1 
42 
: . .: 
'-l !~ 
'.5 
I~n 

X-VE F:/. 

0.0 
0.0 
0.0 
C.O 
0.0 
0.0 
c.o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
o~o 
,) • J 
0 .0 
Cl • ,) 
0.0 
0 .0 
(; . (; 

Y-)JEFL X - ORD 

0.0 709.9 
o .0 7 ,! i1. 5 
0 .(' 147.2 
(). G ·!t::>5. 9 
o. 0 7:S4.1 ~ 
,).0 803.4 
Il • C 62 2 • a . '.: 

O.J 
u.::? 
0.0 
0. 0 

o • 0 84 J .9 '. --'-_-----'-''-'--? 
' -'-'0-;;0 - -i3-~-

0.0 8703.4 
v.o !:\9 7.2 
0.0 __ ~9~1~5~.~9~~~-= __ ~~~ 

- '0-;-0-- - 9,~4". 7/.' .. 
0.0 953 •• ·~ 

g : g . ~~:ltL;;>:t;;ibt;;:O'~< 
' 0;0 -. - - .~~. 0.0 

J. ' ) 1023.4 0.0 
0 . 0 1047.2 0.0 
) . 0 t n~ 5.9 0.0 
~, • U 1 0 d 4 '. -1 '.' .·.0. o.·.t,, _ 

~ :g ~!~~:: "g;f~ 



PT X-ORC Y-c I~ ,") Y-Vi:-: l , ·'-'/EI. :-i-VEL . T-VE L >-: - , C (, ' y - i . L <. 

r I '/, l:: -:::; o. ,"' '1"0 .) :~ f. C ',' 
1 361.4 d.O 5.1 .~ 7. f, : ', 1.16 

dAR~r~q DEFLECTIO~S. rl~ ~ - O.2dOO SEes 

N OI)~ X-DEFL 

o. 12 
2 o ~ 15 
j O.lh 
.~ 0.16 
'.5 o • i 5 
,'. .. ' D • 16 
? 0.18 
;> 
~; 0 .. 21 
9 0.25 

10 0.29 
1 1 0.31 
I -~ t'_ o • :~ , 
Ij O •. :H 
14 0.32 
15 0.09 
16 -0.10 
17 -0.24 
1>3 ";'u .3'3 
1 'J -0.6J 
20 -0. !'!6 
21 -t.Ofl 

' Z2- '- '';'1- .15 
23 -1 .25 
2'~ -1.21 
25 -1 .16 
26 -1.03 
2 -, -1 .00 
28 -G.95 
29 -0.93 
30 -O~91 
31 -1 .01 
32 -1 .09 
33 -1 '.0<;; 
34 -1 .03 
:~~ -1 • 1 1 
::36 -) .tl5 
:; 7 -3. O~) 
3fj -4.37 
3C) -s .2fJ 
40 -6.23 
41 -7.2;:: 
42 -8.22 
43 -6.49 
44 -t' .'le I. ~) -SJ.u2 
4t -9. 2 ~~ 

Y-U.':f L 

-0.26 
-o~-oo 

0.0 ',1 
-0.0'" 
- 0 • L~ It 
-b.1 1 

(I. 17 
..) • f : 4-
1.35 
2.38 
:. ~ 1 J 
U.O'-} 

1 r.07 
13. ~~ 
17. 1 ,-:) 
20.u8 
22.71 
2S.07 
ZtJ.P3 
32.39 
3:', • p .. ~ 
3d.:'7 
40.{34 
43.L~3 
45.;:>4 
t~7. ;~3 
4~t. ') .~ 

50.65 
c::: -"'> - . ~ _f_ • .,,:) _. 
54.16 
56.(;",+ 
5<1.01 
60.54 
cO.!:.;] 

' 5d.41 
5 3 . 1 1 
46.44 
3 {1. '~ 6 
3.3 .. t j 

27.6:; 
21.~.3 
1~.~3 
12. :;5 

c, • :1 
6.0] 
~ ~ . ~ ~ () 

X'-IlRD 

'0.1 
74.7-- -

149.4 

'-'1 1. • . ~ 

V-CFd} 

<!3.b 
20. ,4 
17.2 

-'{ '4.2 
i3.2 
1.2.J-

il30.0 11. ,~ 
".4H. f • n ; -5--- - --
4l,7.4 1~.8 

4 f ·f, • 1 1'~ .2 
504. 7 l~. 8 
52~. 4 Ct-;t-, - - .---- -- -, - - . 
S4 1 .9 20. 1 
!>60.4 22.8 
571:i.9 25.2 
~:'97 ... . -2 r~4---- -- --'-- '-
615.9 30.7 
634.3 3:1. d 
l.l'5'~.7 36.<:; 671 '; y- --,- - - "'3'g-:; 0 - " - - --.,.".-.,---- -,- , -. - .- -. , -,- .. - -.. 
690.0 41.3 
70<3.6 43.5 
'f? I. 3 45.4 '·;· 
74 ;:, • ? - -- 4 .,';--Y---, - --, 
1":>5.0 4~.(} 
-f?:.t.7 ::'lO.!'} 
I'h12. :~ 5;! • ,~ 

, -~i21 .3 " 5li~'2----'- '-' --:-- ,--- . ,- -- .. --- - --- - , 
i]:; ') • 9 56 .6 
n~;8. 6 5<1.0 
d~·!.4 6(1.5 

.iiCit1.2 
<n/~.G 

93:~. 9 
'I~ ,) • 4 
')(. t '. 0 . 
')0::'.7 

1 ,H) 3.5 
l('21.2 
l ' ).J~. O 
1 ,)~) 7 • ':; 
i ' l " '.).'; 
t ,; ~.~ ...... ' . 
! 1 1 ,~ • t J 

() () ~5' 
511.4 
5J.l 
4l· . • 4 
39.-5 ,- - , 
33.7 
2 ', • ., 
2·1.6 
1 ~;-~ ~ 
1 ~ ~ • J 

( ) .. :., 
( I . d 

. ------- . -- -- - -, 

. ,-re,:" 

- 1 • 1 I - t • ! ',' 

1 - ,'<U_ "I, C '- ~ , • 

1 • (,7 - l 2. ') • ',; 

en 
\0 . 



Beams (100 Series) 

Axial force is tension positive. Bending moments are 
positive clockwise on member ends. 

:~~~~R 1 °20~~R IE'; NOJE J TVPEF-OR:t~·~"'·~--·--· ·i=;:'~!itf.N~ , .. J-MCMENT F-COOE lot-CODE: 
1 1 2 101 I ~12·': ". 0.00 2.03 1 1 
2 " '"2- .-.- ' J " 1 ('l 1 • <) 4 - 2' • 03 .3 • 4 ti 1 i -'-
J ' .J ~ 101 2.::!O -3.46 O.AI 1 1 
4 4 5. 101 2.50 -0.81 0.01 1 1 

-~'~ - ---~'{ - ------~--~-'--~-lg~~~~~~~i~~~" 2~~~8r~~~-i-. ~1-:~0~~~~~~:j.·~i~~~i.~.1.1~ ... :~. ~.~~~ .. -:~. ~~~~.~:~~~g~~~~:~~~~~~~ 
7 7 j 102 , ........••...... ·.;:s.3.3~ .• · .• · ... :.:.: .• :··.' .• :· •. ·.a ........ ?9.

9

s
· .. ·· •. · ••..•• ':.·: .•. ,·· .. : •...... , . '>:" "('" "=-:7": 8~ ...• :.· .... 7012.09. 1 1 ~ ~ 1 ~ ~ g ~ ... .' .. <:··:ii;.I~~:II : ~ 5 

1 () 1 C - . 1 1 -- .--- --1-:0-.:;:22--~~~~---:;4::;..;.'-'?1 ~2~=-"-'-'"........;---"'7~8...-::.'-'-!0!"'0;-~~~~--:0\-'O;::-:."'-.3=-='3'--~-----"1'---~---"'?'---

11 11 12 102 4.14 o\O.J~ -6.03 1 1 
12 12 13 lO~ 4.15 6.03 24.78 1 1 
13 13 14 · 102 4.10\ .-24.78 53.03 1 1 

--- - --!!--- - Ii lr -~~~~~~~~:7· ~-,~, ~~ ~:-~-:~!+' J~;~i~i~{~f~'s-~-1~;=~=1~r_·=~,:.i~!5'~~,.I~J,~.·~:,!~1·.:~8.37·.;~~-;-'·~:-~-~-: .. ~N -N~i~·~~I~~~iH~~--~i~-~--~!~-
17 17 113 l.02 : .. ·t:: ·lf·;;a7,~.'·::/\.: 0 '. ·'$6.·e:8 1 1 
1 (J - -. - I F I) . . ----1;::-0~?~-~-~"""""'4"".c-:;J:;-;2~""-"''''---'-----....;;5=''6:=-=-. ~8-:::8:---'--~-~-=:3c::9:-::.:..-:6:<-C7-·· ~~~----7-1~~~~~7-1~-

It) 1<; .~) 10:-' ~ • .34 -]·~.66 21.<;5 1 1 
20 20 ~l 102 4.36 -21.95 4.01 1 i 

21 2 1 .2 ;~ ___ ~1-,;;0c7.~"~-~~---:=~;:::;4;"-.";;4~1=,.--,-.-=.,....",."""""-ri4iC.-o0~I~-.::-~--,-..,..,,.,---:;;1""'\J=-' .:.-:.:;.O.:;:O,---~~----:l,--~~_._--=I~_ 

--ir ~-- n--~- if iH ·;?~~.~~\f. ::';!2~§i! · i i 
20 -- -.--- -~(.-- -·----2.7 ·- --- -~Tl.;.0""2c----'""-"---'-"f4""'.""'7=-*7-=~=-"~"--'-"()?'~:;:::,~...::...~1...;;9::'"-.:......;;.--'---·---;:6...;;q':-".""7~_-==~~~~--71~~-~---::-1 

27 27 23 102 4.BO bY.73 -73.84 1 1 
28 ~e 29 102 4.82 73.84 -76.79 1 J 
2Cl 29 :..10 ]02 4.H5 70.79 -00.40 1 4 

- - ~o- Jo ---~~--- -~~1~O~~2-~-~--~:~:~~~~~g~l~;~:-. -_-.. -~7, ~N.-·~~~A~D~"~.4~·· ~O~· ~~-··.-. -~--~1~6~.~2~3~· ~~~~1~~~~~2~ 

~~ ~ 1 ~ ~ ~ '~ .~ ,. $."P;7:(;' b ;··.ii •••. ; .•.. · .• 5~. 6.&...9.· •.•. ·.·.···.20l~ .. :..................' . :.536.- ~. ":".= 7~'~8 ~ ! 
.3.3 :1 3 .3 4 1-0 2 "\:: 4 :;;97;" ;<v,. :::·:.i.. v <;7 - "" 1 1 
~f4 -- - - - 34 -J5-- ~~-Tl-:'i:0...;.;~.----~""'-'--'-'-''---i4'-'''.~7 3=-:' ~"'-'-'----'-"'-"-~3;;;.4~.-='7""'O<--"-~-----'71...,3<'-.::.....3~6~-~--::1~~~~-71 ~~ 

35 35 36 102 4.06 -13.36 7e.3D 1 J 
36 3b 37 102 2.03 -78.33 7.3.22 1 2 
37 37 3d 10~ 1.50 -73.22 50.51 1 1 

.- 3g- .. ~--~ ~ - ~ r- ~~7-r-:<-~-'i:.~'--~-:-' '-" -<-•• ·: """-.• ·' ••• .".."; -;:·.·.2.'.·,.,,;·.:.·,·, •. jt.*.·.;':-i ••. :.·.:.9,·:.~· .... ·:.·.~ ....• .;:..~ ..... : . ...,. •.•.•... ,., ...•• -..................... :-...•.• -' ...,i . ..,..·i.,....:-···~--.. g;..g::-·· ••. -=-:-::~:-':iA::....·-· . "'. ' ~~~-3-::i:-:::':-";:""~=-4~a--~--7·~~~~~~7-~~-
40 40 41 to:! "'7-~ . ~18~a4 6.77 1 l 
41 ~ 1 42 10 ?-O.87-6.77 -2.99 1 1 
-4 '2- -'------ ~T- · 4-5--- ----~10 ;~ - 0./10 2.99 4.2J I 1 
43 43 44 lO~ ).J6 4.23 -~.e6 1 1 
4<+ 1~4 ·i5 10,! V.J! 3.e6 -2.::59 \ 1 
45 __ '!..~ __ '~''> .. _____ .... _ }().! 0.27 2.3q 0.00 1 . ..1- _ _ 

.. ; ..... : ..... ;. ..... : . 

" - 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. 

'" <.:> . 



. POSTS. 300 SFRIES 
MEMBER NOOE I ~Of.)E J TYPE 

46 1 0 301 
47 2 0 302 
4<:3 3 0 ~i oJ ~! 
4Q '4 0 30~ 
~O 5 0 :Iv.:! 
51 (, 0 302 
5? 1 0 0 302 
53 1 4 0 .iO 2 
54 18 0 302 

.' ? 
<C.&.- 0 :102 

f) 

0.32 
0.35 
0.35 
0 • .33 
0.35 

Z ' 
-0.01 
0.16 

-0.05 
·-0.40 
-O.IQ 

3.94 
0.0 
0.0 
0.0 
0.0 

a .... MO ME NT 
· 37.04 

6.77 
7.37 
7.2G 
7.01 
7.43 

13.44 
0.0 
0.0 

.0.0 
o 0 

A~M~:~f7NT 
, 8 • . 99 
-0.11 

.3.20 
-1.01 
-0.45 

.:":. :.'" 
..... ... ,'.:":" 

...... ", 

3.96 
32.80 

0.0 
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: 
1 = elastic; 
2 = plastic hinge about A axis only; 
3 = plastic hinge about B axis only; 
4 = plastic hinges about both axes; 
negative = in process of failing (e.g -7 

indicates third of ten failure 
steps) ; 

o ~ failed completely. 

.COt>:E 
1 
1 
1 
1 
1 
1 
1 
o 
o 
o· 

.. ~: Q . 

·0 :,,····· 

....., 

..... . 



TYPE OF tNtRGY --- -------- ----

TT<At'SLATIONAL K.t:. _JF- AUT ' J :: 
ROTATIONAL K.E. OF ~uro 
o ARH IE R K. E • 

ELASTIC ENERGY l~ ~EM~~RS 
BEAMS 
P-U5T S 

INELAc) T IC WURK ON MEM'JEPS 
Of:AMS 

:: 

= 

POS T~ - -- ---- -

ELASTIC ENERGY IN AUTD 
INELASTIC WORK ON _ AUTO 

DAMPING LOSSES 

= 

= 

AUTO-dARRJER FRICTIUN - LOSS = 
AU1U-?AV8itENT FR ICTTD:-.j - UJ~C; -= 

SUM oF 'ALL ' CONTR IfHJT lONS 

0.2 - o.T--

----,-------- ------ --- ---

0.0 
o • ~ ____ ___________ ~~_'_ ___ _ 

... ~O. 0 
1.5 

101 • I 
. - .•.. _ _ _ - - _---"'--c..---""','; '_- _ 

--- ------~- ------- - - - --- --,----

----------"'----'-----~ 

DA T ,\ ON _~U_~9_= q_A RR.!. ER CO tJ T ~ t; T .!..._! r :~E = 0.2 e 0 () _S;:;:;,,:;;E,.::C:;..:S;;..--,,-__ ___ ,_ --_-_ -:- -- ----- - ---- ----- --- - - - -- --------

AUTO 
POINT 

13 

CONTI\CT 
INTEf.CFACf~ 

-1-

COr,a _-\C T BET~EEN 
NUC)E .\N;J iLl"'t: 

AUTO TRAJECTORY RESULTS 

PT X-ORO 

TIME = 0.2900 SEes 
1 869.8 9.0 J.~ 47.47 

-'X -- y 

COORD!NATE CdOR f) I NAT E 

---- - --- - - .. --------
" ,," .:', 

:5.85 47.76 ;! • 6 S ,~ 7 • 83 

NURMAL 
-FORCE 

X 
FORCE 

7.0 -0.33 -0.46 -0.36 -0.44 

- - - ---- - -------

'. ; .. ~~::,.: . 
y , .:,;', 

FURCE 

0.57 -125.~ 



73. 

A P PEN D I X 

D. BUMPER HEIGHT COMPUTER PROGRAM 



~JOU 74. 
C CO~PU1 E~ p~nG~A~ TU COMPUTE TRAJECTURY OF VEHICLE BUMPER RELATIVE TO TER~AI 
C ' 

DIMD-I510N XCG(lOO). YCG(lOO). ZCG(lOO). RCJLl.(lOO). PIT('H(lOO). 
--... ---- ---l-YAwTT(Hrr~lTi\1ETnfor_._rnrMP.T50 ), ,XGPP(SO)" YGP'( 50·.25). ZGP(,50 .25) , 

~ NUM:F:G:~:5::~~ POINTS, VEHICLE ENCRO,4C:HMtNT S?eE.o .?A2~ ' ANG4E - .. -, -C-~,-'-'-- -","'-- '- ' -""-'- ' - '---'- . --.... - .... - -. . -. ,,- .. -.-. - .- .---. ----:-

~f .<\jl(5dO(}) NtJX, Nil". NPT, ISPEEO. IANGLE 
C 
C VE~lCLF COQRDINATES OF PUINT ON VEMICLE ~UMPER · .. ,--C- - ---· .--. -.... - --.- ,- ... ---... ..... -,-.- .. - ... - ,- -.. -------- ..=........:::..::;..,...:.;-=-'-.-------

READ(5.101) XaUMP. YI:1UMP. ZBUMP :::" ,:. .~',,: 

.. ,';' 

DCJ 10 M=l.W:>T 
~<C ,<\t)(5tl02} TI~~l:(M). XCGPI). veG("'), ZCGPO. ROLL(M). PITCH(M). 

1 YAwO-1) -.. .. -.--. 'TO- -C:-d}:{f 'n,ilJE-- -."-. ,-- -- -----.-.---.---,- -. ----,-------_._--------------'- _.-.-. 
C 
C TERRAIN COORDINATES 
C NHX:= NUi'40r:!~ OF TEI'1PLATE5ALONG X,-AXIS - .. c--· .--. Na-y-=- NU ,.~t.:; eR '~·m= -V-·-ANDZ-coorwI NATES ON TEMPLATE 
C 

DO 20 I : 1. N ex 
R E ~D ( 5 • 1 0 4- ) 1 rEM P ( 1 ). X GP ~ 1 , 1 ) • (YGP(I.J). ZGP(l.J), J-=l.NBY) 

--. ----"2 o - cONiT"NU"E -- -----'" -.-,,--- . 
DO 90 1-=1,NdX 
XGP(l,l) -= XGP(1,l)*12.0 
00 90 J-= 1 9"4dY 

.. -------~-C; .. J,.-· =-YG~(T-._:T1Ti270 

. ~~.:'. 
--------- -----"-'-~----

ZGP(I.J) -= lGP(I.J}*12.0 
qo CONTINUL 

~RITE(6.600) ISPECD, IANGLE ___ ,.-.....,-~...-
wRITE'T6"'~O\J2T -- -----·-.. --·-- , "',," 

~ FIXED AXES COORD 'H4ATES Of · PC INT ON VEHicL:fiaUMPE~ > 
C : ,.";' ".'.",."'" '.' 

RAO :; r~r~1592654 -T 
DO 50 "'1= 1 .NPT 

180.0 

H = ROLL(~) '* RAD 
p= PITCH(M) • RAO 

----.---rr=-'(~;.T)-.-J:fAD---... . .... , ...... : .. : 

c Al1 .= COS (I" ).COS( H) . . '"i: .. :' ..•.. 
A12 = -COS(R).SlN(H)+ , SiNCR).SlN(P)*coSttH '''· 

----;--. i\ 13 - -~TfHl<n-g- IN (Fl) + c c s no * ~I N (fl ) * cOs ( H) 
A21 = COS(P).~lN(H) 
A2~ = COS(R)*COS(H) + SlN(R>*SIN(P)*SlN(H) 

--- -_._.,'----_. 

A 2 :1 :; - ell S ( H ) • SIN (to + COS (I~~)~*-=S-=I..:.N.:,.C:,.:P,-:!-) __ *,..:S:.,.;I:.,;N~( .:..;H:..::)~....,.......---,-~---,,_..,,-____ _ m ; ~mm~~~~~ l- · · . .:rt,',~ . : ".,. ,::: ..•••...••....••. , ••. , .• ,'.,: .•.. ,,',': .. ,:,'.', .. "',., , " 
--------' - '" .-...:.----- ,- .. -~----'-" - ":'...;.' ----'-""-'--'-'--'--~-'----~----C ---- .--l<-::-.:x: C G ( M ) 

C 

'r -= VCG(C"') 
Z = LeG(M) 
XP - Xt3lJMP 
YP ::: Y f"lU~i~ ,:J 
ZD = l.lUMt-> 

-= x + Al1*XP + A12*VP + A13*LP XI::. 
'Ie -------za :; y + i\;~ 1 '* XP + A ?'3-. .;;,2;"::i*:1:YTiP~7+~Ar2 ... ~J";l;*:"'iZ~P=""'0:'=.."..-.---:-;----,,--~~--:----,-:----------

::: Z + A31*XP +-,.32*YP +A3?*,~~ ),. ;/,} .•.. 
C = N8X - . 1 

- Nay "!" 1 

.. . ~ . 
: : ..... :{< :'::\. )}'.: ,:.'.,- ',::,:: "', ; i:~':';, .... -:t::;~:~~ ~.: "': ":): 

... : .', :·;:.,:·>;}·.:·::)·::~::::\~;t·.:.: · .. : :', -,-'.,". :::. "/,', . .... ' . . ..... ::" ~ .~~:> :: / ~r::\:.:: . ',,: 

XGPCld) .AND. XB .LE. XGP(I+l.l» GO TO 30 
22 

* (XGP(I,l)-XGP(l+l,l)*(XB)) 
IF( Y~ .GE. 'Ill .ANn. VB .LE. Y22) 

24 CONTINJE 
-----w32 CONTIN~E .. -; ....... . ,'," ... . .......... . 

-, -........... : ..... .. ; ...... . 
. •. .. 

GO TO 32 

'", ~' .. : . 



C 
Xl = XGP(Iol) 
YI .;: YGP(l.J) 

.- -rf- ", . l'::;·rYCf. J f 
X c ;.:. X GP e I , 1 ) 

r y~ = YGP(I.J+I) 
3 Z2= ZGP(I,J~l) r . - .--. - - . ' - 'X ~J-'= -X~prf+f ~-'n-'- '- -------. -- -----.--
) Y3= YGP(I+I.J) 

Z3 = ZGPeI+l.J) 

-.-. '-~'-EaUAT ION" -ur- -PLAN~lrmrA iN sORFACt·· 
c 

D :: 1.0 

" 
" :' 
'.' 

XY0 = eXl*Y2*O) + (X3*Yl*D) + (X2*Y3*D) - (X3*Y2*O) 
.- -'- ' --- ., - .--~ --( XT*Y3.-uJ-- -:;;--rXZl'yfllitfr- - '-' - ----; 

A = (Y2*Z 1*0) + (Yl*Z.3*O) ~ ("3*Z2*0),.. · (Y2*Z3*O) · 

) * B - = (r~~~i~~6) -+ (T~;;~~~~; H.( X~.l~*l1: l . _ f~~*i2.;6)·<i': ... 
·--·-·----.... · - --~=--rxzQ~ (X 1*23*0) 

c = (Xl*V2*Z3) + (X3*Vl*Z2) + (X2*Y3*ZI) - (X3*Y2*Zl) * - (X2*V1*L3) - (Xl*V3*Z2) 
c r ' - .. ----.----"A-. : -A- -r-x'Yn- ----- - -------. -:---

l B = B / ~YD 
~ C = C / XY0 

.";":"_ i":;:' -.. ... . 
: " : .. ::.~(, : .. 

)-.-- -~-- . - - - - . ---L ·G1r"=-- \A*·xFJ1- -.-rrf*'Y1rr . + ·-cC""··c....·· '-'--'-----'-----'-'-'--'---'--'--'-

C 
C HFl~HT ~F UUM~ER _SOVE GROUND 
C 

.---- - -- ZBTr....,-:- LGff"-:-..:.---Zg-·----·-
R = R / ~'.~D 
p = p / f<A() 
H = H / RAG -:--------·-...,.--==-- -rrME:.rM'---------

c 

WRI1C(6.~04) T.K.Y.l.R.P.H.XB.Y~.Z8,ZBUM 
50 CCNTUWE 

C f I j R ,.., A T S TAT Lot C NT 5 
C 

75. 

600 F~R~AT(lHl./////.T42.'TP~JECTCRY OF VEHICLE BUMPER ON UUTSIDE Uf * HG~lZUNTAL CURVE',/.T62,'SPEED=·,T70.12,T73,'MPHt./.T62,'ANGLE='. * T 70. 12_, T 7 ~.!.~..Q_~ G '2!' / ) ___ ..,-. ----., __ -,----"...._~ __ ....,.--,-,-_..,.,.,... __ ~..,....,... ____ -'--_____ _ 

C 602: ~~~i; ~m~~~ :~~~~~~:~~i!!~t~~1_J~~.~~~¥f~g,;VE' . 
*'RCLL·,T61,'~ITCH·.T71.·YAW·.T81.·X-COOPOt.T90.·Y-COCRD·.T~9. 
* 'Z-COLlRD'. T 114. ' GROUNL>' • /. T 13. • (SEC) • • T2 3. ' ( IN) • • T32 • • ( IN) , • T 41, * '( un • • T '32 , • (DE G ) , • T 6 1 • • (DC G ) t • T -, 0 , , (D E G) • • T 83 • • ( IN) • • T 9 2 • ' ( IN) • • 
* T101.'(lNJ',Tl15.'( IN)',/) ----t--.. ------- -------.. -· .. ',' 

604 FOKMAT(111.F8.4.T20'F8.2.Ta9'f6.2.T~a,Fe.~~J~9 ;f'a.~,T58.F8.2, 
.. T 61. F 8.2 • T 80 .F.B. 2. T 89 ,F6.Z. .• T.gB.F$.:e~Tll1 ,fe.ia./) ...... :: .. :.,: 

100 FORMAT(10IS) 'J ./.,. 
1 0 1 FOR MAT ( e ~ 1 0 ~ 3 ) ----''---'---....;;...;........--'-----'------.;;........-'-'--'--''---------
102 FOPMAT(FIO.4.7Fl~.2) 
104 FCR'-1AT(i3.F7.0.(10F7.0» 

i STOP . ----- .---.-.- f:NO-- - ·'--- -- - -- ···- -· ·-- - ·· --.---- - ---. 

SENTRY 
. ' ;. 



----------- ---.------ ._------- ----- - -------_.- .--- . . - -~-~ 

TRAJECTORy OF VEHICLE DUMPER ON OOTSH5E OF tiTIffTZoNT4l. CURVE ----.--------.. ----- . 

V~HICLE C~~TEH Of G~AVITY 

X-COCK() Y-COOKD Z-ClJORD ( It,,.,-- ·-----, rfiH ( IN) 

~ 140. P 1522.80 

2353.51 1501.82 

~C-.""'1""'O;---'1;'-;493 • 33 

.481.26 1489.03 
.: ..... 

1484.72 

2566.31 14110.39 

2608. 90" --r4"'n, ~O-4-

2651.27 1471.69 

2693.12 14h7.36 

2736.15 1463.07 

271'8.56 145A .-gq.-

2820.:)7 1454.70 

2863 • .3 :) 1450.6~ 

2905.73 1446.'0 

,t9.'H3.09 1442.88 
. . , .. 

2990 • 44 1 439 • 1 8 

3075.11 1432.17 

.3 1 1 7. 43 "' T 428 ~-n""3 

3159.73 1425.59 

3244. n 1419.~6 

121.69 

120.77 

11 9.80 . 

115. 8:6 

li4~89 

1l3~92 

112.95 

111.98 

110.06 

109.11 

' 10tle15 

107.21 

106.2~ 

105.38 

104.49 

103.64 

102.14 

SPEED= $0 MPH 
ANGL§-=lO ()f:G 

--------------' 

VEH 1 CLE A TT 1 TUOE VEHICLE BUMPER V~HICLE dJMPE~ 
HLIGHT AuOVE 

ROLL PITCH YAW X-COURD Y-COORO Z-COORO GROUNQ 
--....... (rio;.; .. E~.r.(;'. ):----.7(.7-0"'. li;.,..,~ .. Gp.. .. Tl~· '--.. '{. .... ·O"'.:E"'· .. GF-· T):-: -_. -:-, -:-'" --c...,-. -(,-7-1 ~N"):":::--'--TTN ) - (' -INT)'=-. -- ---~(~fN)' . - ---

3 ~ 2 1 .·q~94 .<:.f~~~~ .... ". '*;il t • 57 147$.05 ·'i:J 4~ 29 
,;;-;:; . " 

4.52 0.98 -6.02 2430.49 1453.14 129.26 

4.511 1.04 -6.16 2472.99 1448.72 128.23 

3.94 1.23 -6.24 2643.15 1431.51 124.48 

3.5.3 .u ••.•.•••• · 1.2~L · ..•. ···· h6 .. 42 ." '. 2685.50 

... :). OS ·- ' j;2& .,'.' N,' \~~~.~§. , .. '. " 2728.05 

14·26.96 12.th?6 
", . .... ;- -', ..... . 

142a~8~) ". 12;3 .. 09 · 
2 ~ 60 ",:£,1··" . " 6~ ~~j "" ". '. '2 7 7<:5 ~ '6 2 . 1418.72 

2.10 

.1.58 

1.07 ; 

0.59 

0.17 

~Q.l .5 

-0.74 

-1.16 

1.28 

1.29 . 

····· f~?9 

1.30 

-6.06 

.... 5.65 

"' -45~~~"""" 
· s·! ;i ··/ 

-5.02 

· 1_;3,9. .: .. ~:4.i'l2 · .u •• 
. '.' - .... , "::":"::\::.,". :;:::'.::~:.:"'. 

.... 1 ~29 ·······/ ;;1i~4j 

1 • 2 7 . -~.l~ ...> . 

1.23 -3.92 

1. 19 -3.72 

1.14 -3.56 

1.09 3.46 

1.01 -3.41 

2613.21 1414.75 

2855.82 {410.90 
; ..... " 

2898.46 .. 1407.19 

Z't}41.09 1403~63 

2983.73 1400.16 

121.81 

121.19 

. 120.58 

119.94 

119.28 

...•. 4026.3. 1396 .. 8.2 .- 118!54 ·· 

·· ;a06a.93 · IJ$93~56 . \i7~: 78 
3111.48. I.3QO.40 117.00 

315~.OO 13i:17.33 116.27 

1 J 5. 50 

3238.89 1381.34 114.95 

1375.40 114.16 

10.55 

12.10 

12.36 

12.5.:i 

·:· 12.66 

12.66 

12.34 

12.11 

11.86 

. 11 • 59 

11.29 

11. 02 

.0.76 

11.12 

10.78 

11.12 ...... en 
---.-1 .... 1- .---.:44--· - - ... 

11.65 

11.72 

11. u4 

--._. _---------_ .. _--- --_. --------- ------



) 236. :; ~~ 1416.11 

332c3.C33 1 412 • '~,. 

3413.29 

101.51 

. 100.(,,7 

100.06 

-J.06 

-4.51 

u. '·) 2 -').40 3365.85 1.3 7 2. ~18 114.01 11.40 

0.R7 -3.42 3408.0<:1 136-;.34 113. <:J6 

...:°:...:.=--=8-=2=--___ --=3'_'.'-4~13'___ ___ _"3:....4-:..:5~-..:::0'_'.~2:::.9~_ 1 3 6 6 • 2 1 1 1 4 ."--"0....:2=---____ -"-10:::....:: • ....::6"...4.;... 

0.76 -3.59 '.3492.44 1362.97 114.18 10.14 

~_~2 .. ~.~~_~~~ .• ~? _ ___ 9=--=-9....: • ....:6=-6-=-_ _ ___ ---=5::...;.::...;2=2=--__ -=-O-=.-,6""8=-...· ____ .... ....::3""··"".-.::'7....::3"-'-· . ...;:::'-',··_ .. -'-' ._·, ""3=5'-'3"..."'.:....:::..""5:.:3_~1=3c..::5"...9.~.-=5::..:8=---__ 1"-.:.-"1_4::...:.=-.3:=..!7 _ _____ ~9.b4 
3497.63 1399.59 -5.82 0.60 -.3.91 1356.J4 114.5~ 9.22 

-6.26 0.53 -4.13 3618.56 1352.33 1 1 4. 56 _____ ""1-=0:....: ...... 9.::...=5 
: ~ : 

1392.41 3531.J9 <;8.513-6.57 O. ·47~4 .. 38 " 3660.511348.43 114.49 11.23 

~3~6....:2~4~.~i-=2=---=-1-=3~8~B. · 66 ___ ~98.20~ __ '____-~.·~6'-'.~8~1 ___ ~0~.~.~4~2~_·_·:~>~.~~:4=-\~~6~<~··~L:'~-·~~·~- ~· ~·~.~· 3L~7~· ~0~2~.24~3L--21~3~4~4~.~3~8'--_· ~i~lL4~· ~t'-'3~4~. _~ ___ ~IL~I~.~6~0~ ___ _ 

3666.~3 

37J8.31 -_. ----- - --- -

3750.38 

.;i792.43 

3834.46 

3876.48 

3918.43 

4002.45 

4044.42 

4086.39 

1384.81 97.82 -7.03 0.35 -4.93 3744 • .30 1.340.22 114.20 11.9B 

_9-=-.:.7...:.:....4.:...:::3 _____ - 7 • 2 5 ___ ..:;:0....:.:...;2=6 ___ -..,.5=-.=.:..::2::.;.1 ____ ...;3=--=.7....::8'"-.6=-:: • ....::1::..:5"'-----'I=..o:::3...::3:.:5=-=..~<)....::3"--_--'1=--"1...;4'_'.~0~9~ ____ ~1 .=..2 • ~3:...:5~ __ . 

1376.72 97.07 -7.56 0~19""'5~48 3827.99 1331.54 12.67 

1.3., 2 • 4 ~:::..' - __ --=9'-'6= _.=-:..7....:8=--___ ·_-_7"".; . ..::; • ..:;;9,"'8=--· __ ----'-". 0,,-.' .,,---=1.-"5,--' _ ._ .. ,. -"-,,: --'i --';-~··.·· •• "".S"_' .• ·~"-'-: 7=-.·· ·...:.·~_: _ ._ .... _. __ -=3'-"8"'--6"'.-".'9....::.::...;8""4...:..-_=-1..:;;30..;:2:.·-<-7-=.'-'0::...;5=-·_ 

114.Q3 

114.07 12.91 

1368.03 96.58 -8.S0 0.10 -5.97 3911.69 1322.48 114.28 12.99 

1363.45 

1358.71 

96. 4 8~ ____ ----=:.9....::.'-1~1 ____ 0:::....:: • ....::0=--4-=--__ .,--....::6:;...· =,.,.::1....::6=----:--:--:-

· ... 6~j6 ·· .: .... -0.05 

3953.56 1317.84 

1313.12 

114.66 9.14 

8.79 3995.44 115.22 

96.63 -10. "4 ___ -.....:0:;....~1-=2=----: __ -'--6=-· -= • .....:4-:....:2=-· ____ 4 0 . .3 7 • 33 1.308.31 115.90 , 8.34 

1348.d5 96.90 -11.04 -0.20 -6.51 4079.24 1303.41 116.66 7.82 

1343.74 <;'.29 ____ -_1"--"1 .55 _ _ _ -~0=__.~2~7 ___ -~6'_'.=__5~8'--___ ~4~1~2~1...:.'-1~5~_~1~2'-'9=--8~.~3~8~_~1~1~7'-.~4~7'___ _____ ~7....::.~2~8'--__ 

1338.54 97.78 -11.98 -O.~6 1293.28 118.36 6 ·.69 

41_28.36 __ _ 1333_- 24-,-__ 98.34- -12.30 -0.4-4 

~6.62 

. .,.6.66 

41(13.01 

4204.98 1288 ._0_4 _ __ 1_1_9_.~....::4 __ _ 9.96 

4170.32 1 '327. a4 93.95 -12.52 -0.51 4245.<)0 1282.67 120.09 8.98 ..... 
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