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Timber Pole Safety by Design

DON L. IVEY and JAMES R. MORGAN

ABSTRACT

A breakaway design for the modification of timber utility poles that will radi-
cally increase the safety of passengers in impacting vehicles has been devel-
oped and comprehensively tested. This design is called the Hawkins breakaway
system (HBS). The system not only accomplishes the goal of increasing safety
but exhibits characteristics of significant advantage to a utility company. A
statement of safety philosophy applicable to the evaluation of roadside struc-
tures has been prepared. It can be used as the basis for the evaluation of any
proposed safety improvement relative to roadside geometry and structures. It
was used here to develop compliance tests for breakaway utility poles and to
evaluate the results of those tests. Analysis of the literature relative to the
cost-effectiveness of breakaway utility poles reveals that there will be a
positive societal benefit associated with carefully selected applications.

Timber utility poles carrying power and communication
transmission lines on highway rights-of-way are an
anachronism. They represent a critical discontinuity
in the "forgiving roadside," a concept developed and
accepted in the 1960s and that state DOTs have
striven to make a reality ever since. Timber utility
poles are different from structures such as signs,
luminaire supports, and hydraulic structures. They
are owned by someone other than the highway or
transportation entity responsible for the roadway.
These transportation agencies have been hesitant,
except under reconstruction conditions, to require a
utility company to move or modify its facilities.
There has been no consensus as to precisely who
should be responsible for the influence on safety of
timber utility poles within the highway right-of-way.
In the past many utility companies appear to have
assumed that highway safety was the responsibility
of highway agencies. Although at times that attitude
may have been justified, it may no longer be in the
best interest of pole owners. Devices now exist that
provide cost-effective safety treatments for exposed
structures without significant detrimental influence
on the primary objective (i.e., the transmission of
power and information).

Until 1982 Southwest Research Institute (SwRI)
performed most of the work in applying breakaway
technology to timber utility poles. Beginning with a
1973 study by Wolfe and Michie (l) various arrange-
ments of holes, grooves, and saw cuts were used to
weaken the pole at its base so the pole would fall
more easily during a vehicle impact. Another weakened
zone was introduced near the top of the pole so that
under impact conditions the middle section of the
pole would break away leaving the top portion still
connected to the utility lines. The best of these
designs was called RETROFIX.

It appears that both the utility industry and the
FHWA decided that RETROFIX should not be implemented.
This was primarily because the pole was significantly
weakened in its capacity to withstand environmental
loads. To try to overcome the strength problem and
other concerns of industry, the FHWA contracted with
SwRI to develop a slip base breakaway design. The
slip base designed by Bronstad for utility poles and

Safety Division, Texas Transportation Institute, The
Texas A&M University System, College Station, Tex.
77843.

used by Labra et al. (2) appears to be an adaptation
of the triangular, three~bolt, multidirectional slip
base developed by Edwards (3). It represents the
first application of conventional slip base
technology to a timber utility pole.

The primary objective of this work was to build
on the conventional slip base technology to develop
an implementable design. In addition to production
of a more effective breakaway shear connection at
ground level, this required overcoming the problems
of pole detachment, conductor failure and entangle-
ment, and the falling pole. This objective has been
realized. A combination of a slip base lower connec-
tion and a progressively deforming upper connection
has been subjected to five compliance tests. This
combination of lower and upper connections has been
named the Hawkins breakaway system (HBS) after D.L.
Hawkins, who may have been the first to suggest slip
bases on roadside structures (4). These tests have
been compared on an acceleration, velocity change,
and probability of injury basis to calculated values
for unmodified poles. They also have been compared
with a statistically derived probability of injury
estimate for unmodified poles developed by Mak and
Mason (5). The compliance tests conducted meet the
criteria defined by NCHRP Report 230 (6).

The test selection was made using a new statement
of safety philosophy that is described in detail in
the full report (7). These comparisons will be de-
tailed in a later section of this paper, but the net
result may be stated as follows: In collisions at
speeds of from 20 to 60 mph using automobiles of
from 1,800 to 4,300 1b gross vehicle weight (GVW),
the average probability of severe injury [abbrevi-
ated injury scale (AIS) > 3] has been reduced by
91 percent. In collisions at speeds of from 40 to 60
mph, the probability of severe injury has been re-
duced by 97 percent. These reductions are far in
excess of what most researchers considered probable.
Zegeer and Cynecki (8) use example values of 30 and
60 percent reduction in injury and fatal accidents
in their benefit-cost studies for FHWA. Although the
60 percent value may not be unreasonable if AIS
injuries of 1 are considered, it appears that inju-
ries would be heavily biased to the minor and moder-
ate injury levels (AIS levels 1 and 2). Thus
Zegeer's and Cynecki's use of the 60 percent over-
all reduction in injury and total accidents may
still be too low when accident costs for the break-



away design are calculated, and the HBS would be
cost-effective in a wider spectrum of conditions
than was predicted.

The HBS design consists of a slip base similar to
those developed by TTI 17 to 20 years ago for use on
sign and luminaire supports (4): an upper hinge
mechanism and structural support cables (overhead

guys) (Figure 1). The slip base connection is unique
in that it is a six-bolt connection to reduce weight.

FIGURE 1 Modified utility pole installation.

These mechanisms are activated on impact and are
intended to reduce the inertial effects of the pole
on the errant vehicle while minimizing the impact on
utility service. Typical performance of the HBS is
shown in Figure 2. The slip base 1is designed to
withstand the overturning moments imposed by in-
service wind loads and, at the same time, slip when
subjected to the forces of a collision.

A lower shear plane is created through installa-
tion of a slip base at an elevation of 3 in. above
grade. The elevation of the slip base is intended to
avoid snagging on the underside of an errant vehicle.
This shear plane consists of two 5/8-in.-thick plates
separated by a 26-gauge keeper plate (intended to
maintain a bolt circle diameter of 15 1/2 in.) and
by washers 2 1/2 in. in diameter by 1/8 in. The base
plates are connected to each other by six l-in.-
diameter high-strength bolts with washers 2 1/2 in.
by 1/4 in. These bolts are torgued to 200 ft-1b.
Connection of the wooden utility pole to the slip
base is through a steel pipe or tubing (Figure 3).
These tubes are nominally 12 in. in diameter and 30
in. long and are welded to the base plates. In addi-
tion, the base plates are braced by 5/8-in.-thick
stiffeners that are welded to both the base plate
and the steel tube.

The upper hinge mechanism is sized to adeguately
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transmit service loads while hinging during a col-
lision to allow the bottom segment of the pole to
rotate out of the way. This connection consists of
two four-part pole bands installed above and below a
saw cut through the pole and four straps connecting
the two pole bands. The pole bands and straps are
further secured to the pole by means of l-in.-diam-
eter through bolts as shown in Figure 4. At the bot-
tom pole band, the bolts pass through the ends of
the straps. At the lower end, the bolt holes are
separated from four 1/2-in.-long slots by a 3/16-in.
section of steel. Initial bending resistance is pro-
vided by the strength of this 3/16-in. margin. When
the margin is punched out, resistance is offered by
friction between the straps and bolts and by bending
of the straps. When significant rotation has oc-

curred, the bolts bear on the end of the slot,
thereby providing the required ultimate bending
strength. This upper connection reduces the

effective inertia of the pole and minimizes the
effect of any variation in hardware attached to the
upper portion of the pole during a collision. The
entire HBS system 1is designed to achieve the in-
dustry standard safety factor of four before ulti-
mate failure. This design has been verified by
static tests.

A series of tests was conducted to verify the
performance of the HBS. In selecting the test matrix,
it was necessary to define and adhere to a specific
safety criterion. That criterion is:

A new structural design for a highway auxiliary
structure should be strongly considered for imple-
mentation if

1. The new design results in significant im-
provement in safety for the majority of drivers and
passengers,

2. The new design does not result in a signifi-
cant deterioration in safety for any group of vehicle
occupants, and

3. There are no other proven designs of equal or
better cost-effectiveness that produce a safer con-
dition for a larger spectrum of vehicle occupants,

Although this safety criterion may appear to be
self-evident, its acceptance could allow use of
structures that vastly improve the safety of the
traveling public while not meeting all requirements
of NCHRP Report 230 (6) or Transportation Research
Circular 191 (9). Although the HBS does meet the
requirements of NCHRP Report 230 and Transportation
Research Circular 191, it will be demonstrated here
how the alternate safety criterion can be applied.

The specific case under consideration is that of
utility poles. The questions derived from the alter-
nate safety criterion are:

1. Will breakaway poles result in a significant
improvement in safety for the majority of drivers
and passengers?

2. Will the design result in a significant
deterioration in safety for any group of vehicle
occupants (in this case, for drivers of very small
cars)?

3, Are there other proven structural designs of
equal or better cost-effectiveness that produce a
safer condition for a larger spectrum of vehicle
occupants?

It will be shown in later sections that breakaway
utility poles implemented selectively, as suggested
by both Mak and Mason (5) and Zegeer and Cynecki
(8), will satisfy the proposed criterion. To prove
that compliance, it was necessary to test proposed
designs to determine if Element 1 was achieved. The
approach to that was to select a series of compliance



Impact

Upper conpection
starts to bend

S1ip base activities

Lower part of pole
starts to rotate

Upper connection is
fully activated

Lower part of pole -
rotates above vehicle ¥

Vehicle drives
under pole

-

o - p—

FIGURE 2 Function of Hawkins breakaway system during a vehicle collision.
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FIGURE 3 Lower connection—slip base.
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FIGURE 4 Upper connection—pole band with modified slotted straps.

crash tests that would encompass a clear majority of
impact conditions.

The tests selected are given in Table 1. The pri-
mary purpose of each test is shown in the final
column. The actual test conditions achieved are
shown in parentheses. For example, in Test 1 the
actual vehicle weight was 1,826 1lb and the speed
determined at impact was 39.9 mph.

HBS PERFORMANCE

The compliance tests outlined in Table 1 were con-
ducted. These tests were performed on 40-ft, Class 4
timber utility poles retrofitted with the HBS. The
results are detailed by summary sheets in Figures
5-9. In Table 2 changes in velocity, changes in
momentum, and maximum average 0.050-sec accelerations
are empirically determined for each test. The prob-
ability of injury estimates (percentage AIS > 1,
percentage AIS > 3, and percentage PI) are made in
the following ways:

TABLE 1 Compliance Tests for Breakaway Utility Poles

* Method 1, percentage AIS 1 and percentage AIS
3. For the tests conducted, this estimate can be
made using Mak's and Mason's equation for velocity
change (AV) and momentum change (aM) (5). For
the hypothetical case of the same vehicle conditions
on a nonbreakaway pole, a third equation by Mak,
depending on vehicle impact speed (V), may be used
to make the AIS estimates. Table 3 gives Mak's and
Mason's equations.

* Method 2, probability of
This estimate can be made
developed by Buth et al. (l10). It depends on the
highest average 0.050-sec resultant acceleration
level determined from the test. For the hypothetical
case of the same vehicle conditions and a nonbreak-
away pole, the acceleration level must be calculated
to obtain a probability of injury (PI) estimate from
the same relationship. Table 3 gives the relation-
ship described.

injury (percent).

using a relationship

Although the comparison between any two injury

Vehicle Weight Vehicle
Test (test inertia Speed
No. mass, 1b) V (mph) Vehicle Attitude Primary Purpose of Test
1 1,700-1,900 38-42 Frontal, mid-50% Determination of probability of injury reduction for the most
(16) (1,826) (39.9) (close to center) critical element of the design spectrum
2 1,700~1,900 18-22 Frontal, mid-50% Determination of probability of injury reduction for the
(12) (1,775) (19.9) (close to center) lowest kinetic energy level at which pole structural activation

would be expected

3 3,200-3,600 38-42 Frontal, mid-50% Determination of probability of injury reduction for the mid-
(13) (3,365) (40.7) (close to center) range of automobile kinetic energy
4 2,300-2,700 58-62 Frontal, outer 50% Determination of vehicle dynamic reaction to eccentric col-
(14) (2,500) (60.0) (quarter point of bumper) lision
5 4,300-4,800 58-62 Frontal, mid-50% Assessment of pole structural integrity at the highest kinetic
(15) (4,331) (56.8) (close to center) energy level encompassed by the design spectrum

Note: numbers in parentheses refer to test numbers described in the text.



0.050 s 0.198 s
TR~ Test No. . « s wiw e o o o 4859-16 Impact Speed . . . . . . .
Date . .« w aw «a % o« @ 2/03/85 Change in Velocity . . . .
Test Article . . . . . . . Breakaway Wooden Change in Momentum . . . . .
Utility Pole Vehicle Accelerations
-t Lower Connection . . . . . Slip Base (Max. 0.050 s Avg)
0 Upper Connection . . . . . Pole Band No. 3 Longitudinal . . . . .
Vehicle. . . . . . < « & « 1979 Honda Lateral . . .
Civic Occupant Impact Veloc1ty
Vehicle Weight Longitudinal. . . . . . .
Test Inertia . . . . . . 1826 1b (829 kg) Lateral « : « w
Gross. Static o v « s v w 2160 1b (981 kg) Occupant Ridedown Acce]erat1ons
Vehicle Damage Classification Longitudinal. . . . . . .
TAD: ¢ @ 5 & ¢ w % 3 @ 12FC2 Lateral s « % s s « @ W %
DG 5w w w v & w5 8w 12FCEN2
Maximum Vehicle Crush
Bumper Height. . . . . . 10.0 in (25.4 cm)

FIGURE 5 Summary of results for Test 4859-16 (Compliance Test 1).

FIGURE 6 Summary of results for Test 4859-12 (Compliance Test 2).

0.508 s

39.9 mi/h (64.2 km/h)
11.5 mi/h (18.5 km/h)
957 1b-s

0.499 s

Test Nogs: o » 5 w w s . . . 4B59-12 Impact Speed. . . . . . . . . 19.5 mi/h (31.4 ¥m/h)*
Date . . . .. .. ... . 2/20/85 Change in Velocity* . . . . . 11.3 mi/h (18.2 km/h)
Test Article . . . . . . . Breakaway Wooden Change in Momentum* . . , . 5 1b-s
Utility Pole Vehicle Accelerations
Lower Connection . . . . . Slip Base (Max. 0.050 s Avg)
Upper Conmection . . . . . Pole Band No. 2 Longitudinal. . . . . . . =6.7 g
Vehfcle « ¢ & % s % & @ 2 1979 Honda Lateral .. . . & .« & aite . 0.7¢
Civic Occupant Impact Velocity
Vehicle Weight Longitudinal. . . . . . . 10,1 fps (3.1 m/s}
Test Inertia . . . . . . 1775 1b (806 kg) Lateral . . . . .. 3.5 fps (1.1 m/s
Gross Static . . . . . . 2115 1b (960 kg) Occupant Ridedown Accelerat1ons
Vehicle Damage Classification Longitudinal. . . . . . . -2.19
TAD. . e % owos v om on LEFLE Lateral = » s v w v+ ww Lld99
cpe. .o L .« . 12FCEN1
Maximum Vehicle Crush *Impulse period computed from 0 to 0.500 sec.
Bumper Height. . . . . . 8.0 in (20.3 cm)



0.000 s 0.243 s 0.607 s
Test No. . . + « « + « . . 4859-13 Impact Speed . . . . . . . . 40.7 mi/h (65.5
Date : @ 5 ¢ @ o w8 w ow w oLelf85 Change in Velocity . . 10.8 mi/h (17.4
Test Article . . . . . . . Breakaway Wooden Change in Momentum . . . . . 1655 1b-s
Utility Pole Vehicle Accelerations
Lower Connection . , . . . Slip Base (Max. 0.050 s Avg)
Upper Connection . . . . . Pole Band No. 2 Longitudinal . . . . . . -6.7 ¢
Vehicle. . + + « « &« « « » 1980 Chevrelet Laterdal « & w s 5 5 w9 1.4 g
Malibu Occupant Impact Ve]oc1ty
Vehicle Weight Longitudinal. . . . . . . 11.9 fps (3.6 m
Test Inertia . . . . . . 3365 1b (1528 kg) Lateral « « & s 5 & % s 6.3 fps (1.9 m
Gross Static i « w e @ 3700 1b (1655 kg) Occupant Ridedown Accelerations
Vehicle Damage Classification Longitudinal, . . . . . . -1.4 g
TAD. v i o0 0 o oo om o o 18 12FC5 Lateral . . . . . . . l.lg
BDC% o % 5 5 oae Gl 5 0B 12FCEN2
Maximum Venicie Crush
Bumper Height. . . . . . 18.7 in (47.5 cm)
FIGURE 7 Summary of results for Tesi 4859-13 (Compliance Test 3).

0.000 s 0.049 s 0.173 s 0.297 s
Test No. . .+ .« . . . . . 4859-14 Impact Speed . . . . . . 60.0mi/h (96.5 km/h)
Date = ¢ = % % s & % s 3/22/85 Change in Veloc1ty . v .. 11.0mi/h (17.7 km/h)
Test Artlcle ....... Breakaway Wooden Change in Momentum . . . . . 1253 Tb-s

= Utility Pole Vehicle Accelerations
s Lower Connection . . . ., . Slip Base (Max. 0.050 s Avg)
Upper Connection . . . . . Pole Band No. 3 Longitudinal . . . . . . -10.2 g
Vehicle. . . . . . . . . . 1975 Chevrolet : Lateral . . . «s=13¢g
Vega Occupant Impact Ve1oc1ty

Vehicle Weight Longitudinal. . . . . . . 15.6 fps (4.8 m/s)
Test Inertia . . . . . . 2500 1b (1135 kg) Lateral . . . . No Contact
Gross Static . . . 2830 1b (1285 kg) Occupant Ridedown Acce]erat1ons

Vehicle Damage Class1f1cat1on Longitudinal. . . . . .. -1.8¢
TAD. . . . . .. .« . . 12FR3 Lateral . . . . . .. .. NA
coc. . S R E s & R 12FREN2

Max imum Veh1c1e Crush
Bumper Height. . . . . . 15.0 in (38.1 cm)

FIGURE 8 Summary of results for Test 4859-14 (Compliance Test 4).



BE AT

0.000 s

0.101 s 0.218 s 0.415 s
Test NO. « « se.a s s s » o 4859-5 Impact Speed. . . . . . . . . 56.8 mi/h (91.4 km/h)
Date . . « « S5k & B 2 & 6/29/84 Change in Velocity. . . . . . 7.0 mi/h {11.3 km/h)
Test Avticle v o 6 v 5 5 Breakaway Wooden Change in Momentum. . . . . . 1487 1b-s
Utility Pole Vehicle Accelerations
Lower Connection . . . . . . Slip Base (Max. 0.050 s Avg)
Upper Connection . . ., . . . Pole Band No. 2 Longitudinal. . . . . . . -4.9¢g
Vehicle. . . . . . . . . .. 1979 Chrysler Lateral . . . . . vieew 060
Newport Occupant Impact Velocity
Vehicle Weight Longitudinal. . . . . . . 10.7 fps (3.3 m/s)
Test Inevtia o & o o 5 « & 4331 1b (1966 kg) Lateral o oo @ i &« NONE
Gross Static . .+« < v . 4665 1b (2118 kg) Occupant Ridedown Accelerations
Vehicle Damage Classification Longitudinal. . . . . . . -0.8 g
TAU. « v % 3 4 @ % % = & 12FC4 Lateral . . . . .. ... No Contact
€DC: 5 ¢ w s TR AR 12FCEN3
Maximum Vehicie Crush
Bumper Height. . . . . . . 28.0 in (71.1 cm)
Hood Height. . . . . . .. 22.0 in  (55.9 cm)

FIGURE 9 Summary of results for Test 4859-5 (Compliance Test 5).

TABLE 2 Injury Rate Levels for Compliance Tests

0.050-sec Avg  Probability of Injury for

Change in Velocity Change in Momentum Acceleration Unmodified Pole

Test AV AIS>1 AIS>3 aM AlIS=1 AIS=>3 P1 AlIS>1 AIS»>3 PI
No (mph) (%) (%) (Ib-sec) (%) (%) g %) (%) (%) (%)
1 11.5 66.0 1.42 987 52.3 0.38 8.0 215 81.3 22.4 100
(21 . 11.3 65.7 1.39 915 5135 0.36 6.7 15.1 70.2 2.5 60
(3|2) 10.8 64.9 1.31 1,655 61.5 0.74 697 151 81.3 22.4 66
513) 11.0 65.3 1.34 1,253 56.8 0.50 10.2 35.0 87.8 76.5 79
(5] 4 7.0 57.2 0.83 1,487 59.7 0.63 4.9 8.1 72.6 2.58 26.5
Note: numbers in parentheses refer to test numbers described in the text.

TABLE 3 Probability of Injury Equations

Description Equation

Mak and Mason (5)

Percentage AIS as a function of momentum
change, AM (1b-sec)

Mak and Mason (5)

Percentage AIS as a function of impact speed,
V (mph)

Mak and Mason (5)

Percentage AIS as a function of change in
velocity, AV (mph)

Buth and Ivey (10)

Probability of injury (%) as a function of
highest resultant 50-msec acceleration,
Ar (g’s)

% AlS > 1 =-63.5 + 16.87 Ln(aM)

% AIS > 3= 100/[1 + ¢85-0:00097(AM)
% AIS > 1 =22.2+16.03 Ln(V)

% AIS > 3 =100/[1 + ¢ 5-08-0-121(V))
% AIS> 1=22.5+17.83 LN(V)

% AIS > 3= 100/[1 +¢5-62-0-12(8V);

PI=0.336 Ar
P=0.336 Ar
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FIGURE 10 Comparison of injury levels from HBS
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rate levels for any test can be seen by examining
Table 2, it is somewhat easier to compare those
levels using Figqures 10 and 1l. These bar graphs
were developed for each test speed using Method 1
and present the average injury level for all tests
at that speed. In Figure 10 it is seen that a sig-
nificant improvement results. The greater improve-
ment, however, is shown by Figure 11. A major de-
crease in the AIS > 3 injury rate is demonstrated.
This decrease, for the five compliance tests con-
ducted, averages 91 percent. It is apparent from
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AlS 23
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FIGURE 11 Comparison of injury levels from HBS
compliance tests with unmodified pole injury levels

(% AIS 3).
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Figure 11 that the reduction becomes more pronounced
as the speed increases. There is a slight advantage
at 20 mph that progresses to a major improvement at
60 mph. For the 40- and 60-mph test conditions, the
probability of injury greater than AIS = 3 is reduced
by 97 percent.

Finally, Figure 12 was constructed using all
available test data and a computer simulation. This
figure shows the various zones of interaction be-
tween vehicles and HBS-modified poles. It also shows
the calculated failure boundary for unmodified Class
4 timber utility poles. The activation boundary for
the HBS occurs at about 10 mph for small vehicles
and will decrease slightly as vehicle weight in-
creases. As speed increases, the next zone is where
the lower connection is activated and the pole is
pushed in front of the impacting vehicle. The vehicle
then stops and the pole leans on or descends on the
vehicle. The velocity of the falling pole is so low
that significant passenger compartment intrusion
will not occur. This was illustrated by Compliance
Test 2.

In the next zone the vehicle will go completely
under the pole, but the pole will make contact with
the roof or truck structure as the vehicle moves
through. Passenger compartment intrusion will be
minimal in this zone because of the rotation of the
lower pole segment to a position where it will
glance off or be pulled across the roof structure.
The zone is not precisely defined but will vary as
vehicle structural stiffness and coefficient of
restitution vary. Finally, the zone where the pole
clears the vehicle after impact is everywhere to the
right of Curve C. This is the zone illustrated by
compliance Tests 1 and 3-5.

COMPLIANCE WITH NCHRP REPORT 230

It should be recognized that the recommendations for
timber utility poles were considered extremely ten-
tative by the writer of NCHRP Report 230 (6). The
development of breakaway devices for these structures
was in its infancy and no one was sure it could be
done. The recommendations for "Occupant/Compartment
Impact Velocity" and "Occupant Ride Down Accelera-
tion" were based more on what the author considered
possible than on what would be preferred. In Table 8
of NCHRP Report 230, an acceptance factor of 1.33
was recommended. This resulted in values of AV of
30 fps and acceleration of 15 g's.

It appears now that breakaway timber utility poles
can be engineered to perform significantly better
than the values that were recommended in 1981 would
indicate. This can be seen by comparing the results
of tests recommended in NCHRP Report 230 for break-

change and acceleration given previously in this
paper. Table 4 gives this comparison. The required
tests are 60 and 61, although in this case test 61
is substituted for 60; 62 is a more demanding test.
The other test conducted was not required but is
described as a possible supplementary test in Table
4 of NCHRP Report 230 (6). This is Test S64, an
1,800-1b vehicle at 40 mph impacting at the center
of the bumper.

As can be seen, the HBS results are well below
the maximum values given by NCHRP Report 230 for
timber utility poles and fundamentally meet the re-
quirements for signs and luminaire supports. They
are well within the requirements for ridedown ac-
celeration and, with one exception, meet the oc-
cupant/compartment impact velocity. That exception
is Test 61 in which a AV of 15.6 fps was ob-
served, compared with a recommended limiting value
of 15 fps. Given the variability in crash testing,
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there is no reason to be overly concerned by this
result. It appears that an acceptance factor higher
than the 1.33 value proposed in 1981 might be con-
sidered for timber utility poles.

CONCLUSION

A breakaway design for the modification of timber
utility poles that will radically increase the safety
of passengers in impacting vehicles has been devel-
oped and comprehensively tested. It is called the
Hawkins breakaway system (HBS). This system not only
accomplishes the goal of increasing safety but ex-
hibits characteristics of significant advantage to a
utility company.

An alternate safety criterion to be applied in
the evaluation of roadside structures also has been
developed. It can be used as the basis for evaluation
of any proposed safety improvement relative to road-
side geometry and structures. It was used to develop
compliance tests for breakaway utility poles, but its
applicability is general to the roadside environment.

Analysis of the literature relative to the cost-
effectiveness of breakaway utility poles reveals
that there will be a positive societal benefit as-

TABLE 4 NCHRP Report 230 Compliance Tests

sociated with carefully selected applications. The
work of Zegeer and Cynecki (8) may be used to define
appropriate applications, although Sicking and Ross
(11) have recently developed a somewhat more compre-
hensive benefit-cost analysis.

Detailed conclusions are

°* The HBS has been adapted and applied to 40~
ft, Class 4 timber utility poles (4/0 construction).
The primary system developed for this type of con-
struction consists of a slip base, an upper hinge
mechanism, and overhead guy support cables. This
adaptation of the HBS virtually eliminates the
chance of serious injury in a wide range of vehicle
collisions,

* Excellent performance has been achieved for
vehicles ranging from 1,800 to 4,500 1b at speeds of
from 20 to 60 mph. Mak and Mason (5) have found that
there is little chance of serious injury at speeds
lower than 20 mph, even for an unmodified pole.

* The original cost of the HBS for a single
pole modification should be less than $800. It is
estimated that a three-person crew with a digger-
derrick and insulated aerial device can make all of
the necessary repairs within a 4-hr period following
an accident. Assuming an area with congested traf-

Weight Speed AV a
NCHRP TTI
Test Test Suggested Achieved Suggested Achieved  Suggested Achieved Suggested Achieved
Designation Designation (1b) (1b) (mph) (mph) (fps) (fps) (g’s) (g’s)
61
(substitute for 60) 4859-14 2,250 2,500 60 60.0 30 15.6 15 1.8
62 4859-12 1,800 1,775 20 19.5 30 10.1 15 2.1
564 4859-16 1,800 1,826 40 399 30 12.0 15 1.0
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End view

Side view

Fully activated
upper connection

FIGURE 13 HBS-modified utility pole after a high-speed collision (Test 4859-3).

fic, energized electric power lines, and night work
conditions, the manpower, material (including a new
pole but excluding breakaway hardware), and equip-
ment costs are estimated at $875. Because a new pole
will not always be required, the average cost may be
somewhat lower. In addition, some of the breakaway
hardware may need to be replaced (miscellaneous nuts
and bolts and a keeper for low-speed impacts, plus
two straps in higher speed impacts). The cost for
replacement of breakaway hardware should be less
than $150.

* On the basis of the results of the compliance
tests reported here, it appears that most other types
of Class 4 construction could be treated in a similar
manner, yielding similar results.

The HBS is ready for implementation. Used selec-
tively, it holds the potential to make a significant
reduction in the 1,600 deaths and 100,000 injuries
that occur annually as a result of collisions with
timber utility poles (12). In addition, significant
advantages to utility companies will accrue as
selective implementation is wundertaken (7). One
major benefit is illustrated by Figure 13. After a
vehicle collision, a utility maintenance crew will
find a shortened pole, with conductors still intact
and functioning, instead of a tangle of conductors
and broken pole segments.
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Pennsylvania’s Guide Rail Standards:

A Cost-Effective Change

LOUIS C. SCHULTZ, Jr., et al.

ABSTRACT

In 1985 the Pennsylvania Department of Transportation implemented a systematic
techniqgue to inventory the condition and location of guide rail and median bar-
rier along Pennsylvania's highways. This process has been developed to supple-
ment the department's systematic technique to analyze and manage Pennsylvania
pavements (STAMPP), the foundation of the department's total roadway management
information system. A major recommendation of the task force that developed the
guide rail inventory was to review the department's guide rail standards and
warrants and, where feasible, to make revisions. A special task force, com-
prised of district, county, and central office personnel reviewed other states'
criteria and research reports and consulted with a number of state and federal
officials. The AASHTO cost-effectiveness approach that is detailed in AASHTO's
"Guide for Selecting, Locating, and Designing Traffic Barriers" (1) was then
used to develop guide rail warrants that are both cost-effective and safe. The
task force also recommended several other changes to the department's guide
rail standards that will result in a more efficient use of resources without

compromising the safety of the roadside environment. The recommended changes
and the procedures used are outlined in this paper.

The older, nonstandard guide rail systems on the
Legislative Route network are in a general condition
of disrepair. The more recently installed sections,
which represent just a small portion of the overall
system, are in an acceptable condition. Statewide
there has been a varying commitment of resources to
upgrading and repair. As a result much of the system
is not consistent with current standards and not
capable of functioning in the desired manner. Because
of the large size of the guide rail system, updating
and repair within fiscal abilities would require
rechanneling of resources from other equally or more
important programs, such as resurfacing, surface
treatment, or bridge repair.

OBJECTIVES

A task force was assembled to analyze the problem
and recommend appropriate actions for reaching an
overall solution. To accomplish this end, the task
force was to

1. Evaluate and reestablish guide rail warrants
using a cost-effectiveness analysis,

2. Identify areas where existing guide rail can
be removed,

3. Review design standards and recommend areas
of cost reduction, and

4. Recommend an implementation program.

METHODOLOGY

search was conducted to
determine existing warrants for guide rail place-
ment, cost-effectiveness approaches to guide rail
selection, and reduced criteria for guide rail

An extensive 1literature

Pennsylvania Department of Transportation, Harris-

burg, Pa. 17120.

selection on primarily low-volume roadways. As a
result of the literature search, it was determined
that the existing warrants for guide rail, presented
in the 1977 BAASHTO "Guide for Selecting, Locating,
and Designing Traffic Barriers" (1) and adopted by
the Pennsylvania Depar tment of Transportation
(PennDOT) as warrants, were for the most part used
on a nationwide basis. However, the need to consider
the cost-effectiveness of guide rail installations
is emphasized in a number of publications.

Calcote (2) notes that "it has become of critical
importance that a cost-effectiveness formulation be
included as an aid in the decision-making policy."
The 1977 AARSHTO barrier gquide includes an entire
chapter, Chapter VII, that addresses guide rail use
based on encroachment frequencies, which depend on
average daily traffic (ADT); severity of impact
against a warranting feature; embankment slopes and
heights; and available clear zone. This analysis
evaluates three alternatives for every situation:

* Remove or reduce the hazard so that shielding
it is not necessary (e.g., flatten slopes);

* Install a barrier; or

* Do nothing (leave the hazard unshielded).

The task force also reviewed a revised cost-
effectiveness procedure that was presented by the
National Highway Institute and included in a 1980
supplement to the AASHTO guide (3). The Georgia De-
partment of Transportation developed criteria for
cost-effective guide rail selection that contains
reduced clear zone widths based on lower ADTs, em-
bankment slope, and operating speed, as well as
significantly reduced warrants for fill heights and
embankment slopes based on ADT. The Georgia criteria,
which have been accepted by their FHWA division of-
fice, were used as a model procedure for determina-
tion of revised warrants based on traffic volumes
and roadway geometry (see Appendix).

In any analysis of or decision on use of guide
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rail at a specific site, several criteria are eval-
vated in their order of importance:

* Embankment slope and height,

* Presence of fixed objects that may present a
hazard, and

¢ Clear zone.

The present PennDOT Design Manual, Part 2, cri-
teria allow calculation of reduced clear zone width
based on traffic volume. The task force thought that
the widths obtained from these calculations could be
more easily presented as a table of numbers for
site-specific operating speed and ADT and developed
Table 1. Previous research had established that B85
percent of all vehicles that leave the roadway re-
cover within 30 ft of the edge of pavement. This
30-ft-wide clear recovery area has long been a part
of Pennsylvania's design criteria. After careful
review and discussion, it was the consensus of the
task force that this 30-ft figure should be retained
as the desirable maximum clear recovery area, with
site-specific reductions as indicated in Table 1.

TABLE 1 Clear Zone Widths (ft) by ADT and Operating Speed

13

TABLE 2 Guide Rail Warrants (ft) for Fill Heights and Slopes

ADT
Fewer Current
More Than Than Criteria
Slope 5,000 751-5,000 400-750 400 (all ADT)
11/2:1 4 6 9 17 2
231 8 10 16 31 5
2°142:1 12 16 25 49 8

objects and nontraversable hazards. Again, a revised
DM-2 table was developed (Table 3).

FINDINGS AND RECOMMENDATIONS

1. Guide rail warrants should be revised to
reflect the fill heights given in Table 2.

2. Guide rail should not normally be used to
protect utility poles and trees.

3. Design Manual, Part 2, Chapter 12 should be
revised as discussed in this paper.

4, The height of weak-post systems should be
reduced to 30 in. for all new construction.

5. The height of all strong-post systems should

ADT be reduced to 27 in. and rub rails should be elimi-
nated for all new construction.
Fewer
More Than Than
Slope 6,000 2,000-6,000 800-2,000 250-800 250
Operiting Spesd — A0 uph TABLE 3 Warrants for Fixed Objects
3:1 fill 20 18 17 15 13 Guide Rail
4:1 fill 18 17 15 14 12 Required
6:1 fill 17 16 14 13 11 _—
Flat 15 14 13 11 10 Fixed Objects Within Clear Zone Yes No
6:1 cut i5 14 13 11 10 — - - — — -
4:1 cut 15 14 13 11 10 Sign support (ground mounted)
3:1 cut 15 14 13 11 10 Post of breakaway design X
Sign bridge supports X
Operating Speed = 50 mph Concrete base extending 6 in. or more above ground X
Lighting poles and supports of breakaway design X
3:1 fill 30 30 30 30 30 Bridge piers and abutments at underpasses X
4:1 fill 27 24 22 20 18 Retaining walls and culvert headwalls 6 in. or more above
6:1 fill 21 19 17 16 14 ground X
Flat 20 18 16 15 13 Trees X
6:1 cut 20 18 16 15 13 Utility poles X
4:1 cut 18 16 15 14 12 Lighting poles with high-mast lighting X
3:1 cut 16 15 13 12 11
Operating Speed = 60 mph
3:1 fill 30 30 30 30 30 6. Bridge approach treatments as shown in the
4:1 fili 30 30 30 30 28 standard drawings should be modified. If guide rail
6:1 fill 30 30 27 25 22 is needed strictly to protect a parapet end, it
Flat 30 27 25 23 20 . )
6:1 cut 28 25 23 21 19 sh?uld consist of 25 ft of ';‘ype 2-SC with no rub
4:1 cut 25 23 21 19 17 rail and 25 ft of Type 2-5 with no rub rail and a
3:1 cut 20 18 17 15 14 standard end treatment. If the rail height cannot be

An in-depth analysis of Georgia's embankment slope
and fill-height criteria was performed to evaluate
the applicability of Georgia's numbers to typical
conditions in Pennsylvania. A table for reduced cri-
teria was developed (Table 2). The analysis was
highly dependent on the severity index assigned to
sets of slope and height conditions and was cal-
culated using a formula developed through testing
results reported in NCHRP Reports 115 (4) and 174
(5): log SI = 0.556 + 0,160 log h + 0.324 log s,
where SI is the severity index, h is the embankment
height, and s is the side slope of the embankment.

A reanalysis was conducted using computer programs
containing Pennsylvania-specific criteria and cost
data. Finally, a review of the same cost-effective-
ness methods was made for the warrants for fixed

kept at 27 in., the rub rail should be used.

7. Drawing RC-54, sheet 1 of 3, Note 4 should
be revised. The minimum distance from a solid ob-
struction to the beginning of the gquide rail should
be changed from 125 to 50 ft.

8. Use of the training tape on guide rail design
should be discontinued until it is modified. This
modification should be done so that issuance of the
new tape can coincide with that of the standard
revisions noted previously.

9. The department's administration should
formulate a reguest to the legislature that the tort
laws be revised to place the burden of safe opera-
tion of motor vehicles on the driver. The right to
initiate litigation or a tort claim should be denied
to those operating outside the provisions of the law.

10. When an engineer is reviewing plan details
and considering the need for guide rail, he should
evaluate the previous accident history, the roadway
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geometry, and the like in deciding, on the basis of
his engineering judgment, whether to install guide
rail.

11. Although the proposed guide rail warrants
provide for a cost-effective approach to guide rail
installation or removal, the district engineer re-
tains the option of providing guide rail treatment
at locations with high impact potential, where per-
sonal safety would be compromised, or in socially
sensitive locations.

IMPACTS OF CHANGES

It is estimated that the recommended modifications
to the guide rail criteria will save the department
approximately $4 million each year. The savings ac-

crue from the following sources:

Reduced length of protection at bridge

parapets $2,184.000
Elimination of rub rail on 2-S guide

rail 1,700,000
Reduced need for guide rail due to fill

height revisions 1,235,000

Reduced length of 2-8 guide rail at
fixed objects

Subtotal

BAnnual cost to remove unwarranted
guide rail

Net annual savings

101,250
$5,220,250

1,800,000
$3,420,250

The task force estimates that 40 percent of the
guide rail in Maintenance Functional Classification
(MFC) D and E routes can be removed at a cost of
$1.00 per foot. This work would be accomplished dur-
ing a 4-year period and would result in the
$1,800,000 annual cost figure. Other calculations
and data supporting these findings are as follows:

1. Impact of changing the present minimum 100 ft
of 2-S guide rail to 25 ft of 2-S for bridge parapet
connections only. Annually an average of 719 bridges
undergo updating of three of the four lengths of
guide rail warranted for the bridge ends: 719 x
225-ft reduction x $13.50 per linear foot (LF) =
$2,184,00.

2. Impact of changing strong post from 33-in.
height with rub rail to 27-in. height without rub
rail. Annually 400,000 LF of 2-S and 2-SC are placed;
rub rail cost = $4.25: 400,000 x $4.25 = $1,700,000.

3. Impact of deletion of guide rail due to £fill
height revisions. 400,000 x 25% = 100,000 LF (50%
2-8, 50% 2-W); average run = 500 LF; 200 runs x 2 =
400 end treatments. Annual savings:

2-5 50,000 LF x $13.50 $ 675,000
200 breakaway cable terminal end

treatments x $950 190,000

2-w 50,000 LF x $6.00 300,000

200 2-W end treatments x $350 70,000

Total $1,235,000

4, Impact of changing minimum 100 ft of 2-S to
25 ft of 2-5 for fixed-object warrants other than
bridges at 100 locations annually: 100 x 75 ft x
$13.50 = $101,250.

5. Impact of changing post spacing on low-volume,
narrow roads with speed of 40 mph or less from 6 ft
3 in. to 12 ft 6 in. (not adopted): post ($43.42) +
offset bracket ($7.52/12.5 ft) = $4.07 per foot
(rounded to $4.00 per foot); D and E W-beam rail
annually is maintained or upgraded and 50 percent of
that could be installed at 12 ft 6 in.: 3,000,000 LF
X 5% x 50% x $4.00 = $300,000.
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IMPLEMENTATION

The task force recommends that steps be taken to
immediately implement the proposed revisions to the
guide rail criteria and standards. It is recognized
that there are certain procedural clearances that
must be given before final adoption as policy. How-
ever, the potential savings of $3.5 million per year
is considered significant enough to warrant issuing
interim criteria via a strike-off letter. This will
enable the immediate application of these criteria
on all projects currently being designed or sched-
uled for design this fall and winter.

It has been estimated that, if these criteria are
followed, approximately 40 percent of all guide rail
on MPC D and E roads can be eliminated, thus elimi-
nating a maintenance problem and improving roadside
aesthetics. The task force recommends that all un-
warranted guide rail be removed as soon as feasible,
with all work to be completed within 4 years. This
work can be accomplished either by department forces,
within their annual work plans, or by contract, as
is now done for guide rail repair and upgrading.

Finally, the task force recommends that the esti-
mated $4 million annual savings that will be realized
be applied to upgrade substandard guide rail that
will still be required under the new criteria. This
is imperative if the real benefits, more miles of
improved guide rail along Pennsylvania's highways,
are to be realized. An annual program to systemati-
cally upgrade substandard guide rail in accordance
with these criteria can produce savings in terms of
improved highway safety, reduced tort liability, and
decreased maintenance needs. Moreover, it is recom-
mended that each district, as part of its annual
Energy Conservation, Congestion Reduction, and Safety
Improvement Program, include a project to upgrade
guide rail protection at bridge parapets. This is an
area of increasing tort claims, and the department
may be able to significantly reduce its tort liabil-
ity exposure by doing so. More important, obvious
safety benefits will be realized by protecting the
motoring public from blunt bridge ends.

The task force identified one additional con-
sideration, use of strong-post guide rail at 12 ft 6
in, spacing on low-speed, low-volume roads. It was
the consensus of the task force that motorists would
be unable to strike this gquide rail at sharp angles,
thus minimizing the probability of pocketing. More-
over, savings of $300,000 per year are projected.
However, because of the lack of adequate research,
this was not included in the package of modifications
presented for department-wide review. It is recom-
mended that this suggestion be considered for future
research to determine what the effects will be when
12 ft 6 in, strong-post guide rail is struck at flat
angles.
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APPENDIX--CALCULATIONS SUPPORTING REVISIONS TO
EMBANKMENT WARRANTS

Concept

The concept used to develop new warrants for guide
rail installation was the cost-effectiveness selec-
tion procedure detailed in AASHTO's "Guide for Se-
lecting, Locating, and Designing Traffic Barriers,"
(1) published in 1977 and supplemented in 1980 (2).
The 1980 supplement includes a set of design charts,
which were developed by the state of Georgia and ap-
proved by the FHWA, based on this procedure. These
charts served as a starting point for the task force
in the development of new guide rail warrant
criteria.

The AASHTO cost-effectiveness procedure is a
technique that objectively compares alternative
solutions at problem locations. The alternatives
that are routinely considered by the designer are

1. Can the fixed object be eliminated?

2. Can the fixed object be relocated?

3. Can ‘the fixed objects' impact
reduced (e.g., made breakaway)?

4. Should the object be shielded?

severity be

Obviously, one of the first three alternatives is
clearly a preferred action because overall roadway
safety will be enhanced. However, it is not always
possible to eliminate, relocate, or convert to
breakaway all fixed objects along the highway. Thus
the designer must evaluate the cost-effectiveness of
installing quide rail to shield the object or leaving
the object unshielded. Recognizing that guide rail
is itself a hazard, the cost-effectiveness procedure
has been used to evaluate the costs associated with
installing guide rail versus the costs of leaving a
slope unprotected. The break-even point has been
determined on the basis of the degree of slope and
roadway volume. At fills above this break-even
height, guide rail is found to be more cost-effec-
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tive. Below this height, it is more cost-effective
to leave the slope unprotected.

The cost-effectiveness procedure uses two princi-
pal formulas:

Cat = Ci (CRF) + Cd Cf + Cm + Covd Cf - Cs (SF)
and

Cad + Ci (CRF) + C4d Cf + Cm - Cs (SF)

where

Cat = total annual cost associated with the
obstacle,
Cad = total annual direct cost associated with
the obstacle,
Ci = initial cost of the installation of the
obstacle,
Cd = average cost of damage sustained by the
obstacle per accident,
Cm = average maintenance cost per year for the
obstacle,
Covd = average occupant injury and vehicle damage
cost per accident,
Cs = estimated salvage value of the obstacle,
CRF = capital recovery factor,
SF = sinking fund factor,
Cf = collision frequency (accidents per year)
based on

Ccf = [Ef/10,560] [(L + 62.9) PL + 5,14 P2]
where

Ef = encroachment frequency (encroachments
per mile per year) based on AASHTO's
Table 5.1.16 (1) for given ADTs,

L = horizontal length of the roadside
obstacle (ft),

Pl and P2 = probability of an encroachment
equaling or exceeding a given lateral
displacement (&), and

A = lateral placement of the roadside
obstacle from the edge of pavement.

To develop warrant criteria for guide rail on
slopes, Cat was calculated for guide rail installa-
tions for the following conditions:

A

Rail Slope Pl P2

ADT A£8)  (f®)  EE @ ®
20,000 10 12 7.5 93 90
5,000 8 10 2.0 95 93
2,000 6 8 3.4 97 95
750 4 6 1.4 98 97
400 2 4 0.8 99 98

For an ADT of 20,000 vehicles per day, this means
that guide rail was assumed to be placed 10 ft from
the edge of pavement, and the slope is assumed to
begin at a point 12 ft from the edge of pavement. As
noted in a subsequent section of this Appendix, the
Ef was further modified by multiplying by 1.5 to
account for Pennsylvania's accident history.

Guide rail 1lengths of 150, 300, 500, 750, and
1,000 £t were analyzed to determine the Cat for each.
The Cat for a slope of the same length was then set
equal to the Cat for guide rail to, in essence, work
backward to determine the maximum height of slope
that would be acceptable from a cost-effectiveness
standpoint. With all other factors known, this equa-
tion was solved for Covd, the average accident cost
associated with the slope. This dollar value was
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equated with a severity index from the Covd/SI chart
(Table A-1). The height of slope was then determined
using the formula (3):

log SI = 0.566 + 0.160 log h + 0.324 log s

where

SI = severity index determined previously,

h = height of fill, and

s = slope of fill.
Three slopes were analyzed: 1 1/2:1, 2:1, and
2 1/2:1. Values of h were determined for both a

weak-post and a strong-post installation for each
ADT, length, and slope condition. In each case, the
most conservative height was then selected.

TABLE A-1 Modified Covd Table, Based on Pennsylvania
Accident Cost Data

PDO Injury Fatal Total Accident

Severity  Accidents Accidents Accidents Cost, Covd
Index (%) (%) (%) (€3]

0 100 0 0 1.680

1 85 15 (4] 3,390

2 70 30 0 5,100

3 55 45 0 6,810

4 40 59 1 11,380

5 30 65 5 23,961

6 20 68 12 45,122

7 10 60 30 97,746

8 0 40 60 184,692

9 0 21 79 239,036
10 0 5 95 284,799

Note: based on fatal accident = $299,100, injury accident = $13,080, and prop-
erty-damage-only (PDO) accident = $1,680.

All calculations were performed using a computer
program on a microcomputer, The results are discussed
in a subseguent section of this Appendix.

A similar approach was used to evaluate the cost-
effectiveness of installing guide rail to protect
trees and utility poles. Single poles 1 ft in diam-
eter, single trees 1 ft in diameter, and lines of
trees 150, 300, 500, 750, and 1,000 ft in 1length
were all analyzed to determine the most cost-
effective treatment. Cat values for guide rail were
compared with Cat values for trees and poles, with
the lowest Cat identifying the most cost-effective
approach.

Modified Covd Table

The AASHTO guide includes a table that translates
severity index into Covd by multiplying NHTSA's cost
figures for fatal, injury, and property-damage-only
(PDO) accidents by the percentage of each that is
assumed to occur at each severity index. This table
was modified by using accident cost data that are
more current and appropriate to Pennsylvania (Table
A-2).

Ef Modification

The Ef factor is used in the formula to compute the
frequency with which a roadside hazard is struck and
is based on the ADT of the roadway.

The Ef values shown in Figure 5.1.16 of the AASHTO
guide are representative of encroachment data based
on observations conducted on relatively flat medians
along tangent sections of multilane facilities.

It was thought that these values were not repre-
sentative of encroachments along the secondary system
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TABLE A-2 AASHTO Table of Accident Costs Based on
NHTSA Accident Cost Data

PDO Injury Fatal

Severity Accidents Accidents Accidents Total Accident

Index (%) (%) (%) Cost ($)
0 100 0 0 500
1 85 15 0 1,550
2 70 30 0 2,250
3 55 45 0 3,650
4 40 59 1 7,425
5 30 65 5 20,025
6 20 68 12 41,200
i 10 60 30 94,500
8 0 40 60 183,000
9 0 21 79 238,575

10 0 5 95 285,375

Note: it is assumed that fatal accident cost = $300,000, injury accident cost =
$7,500, and PDO accident cost = $500.

in Pennsylvania and that they should be modified to
represent conditions on Pennsylvania's highways.

Glennon and Wilton (4) found that accident rate
is directly proportional to encroachment frequency.
Therefore the accident rate on Pennsylvania's sec-
ondary roadways compared with the accident rate on
multilane facilities was computed and then the AASHTO
Ef values were increased in the same proportion.

Figure A-1 graphically depicts the results of the
analysis and shows that a factor of 1.5 should be
used at all ADT levels.

Modified Severity Index

The AASHTO guide contains a table (5.1.12) of sever-
ity indices for a multitude of fixed objects and
hazardous features. The task force attempted to
verify the indices for selected features by compar-
ing the percentage of fatal, injury, and PDO acci-
dents attributed to each with the actual Pennsylvania
percentages taken from the 1982, 1983, and 1984 Sta-
tistical Summary of Accidents on All State Highways.
The results of this analysis are given in Table A-3.

It can be seen that there is little correlation
between the percentages assumed by AASHTO and the
actual percentages that occurred in Pennsylvania
from 1982 to 1984.

To better equate severity index to actual condi-
tions and to permit its use in the equation, it was
decided to use the formula developed by Glennon to
compute SI for each roadside feature under consider-
ation.

The use of Glennon's formula,

SI = (24F + 6I + P)/N
whete

F = number of fatal accidents for the condition,

TABLE A-3 Severity of Accidents

AASHTO
(assumed percentage)

Pennsylvania
(actual percentage)

Feature Fatal Injury PDO Fatal Injury PDO
Guide rail 1:5 50.5 48.0 1 53 46
Bridge end 5.0 64.2 30.8 84 16 0
Trees 2.3 65.5 32.2 60 40 0
Utility poles 1.2 64.3 345 30 60 10
Piers and abutments 2.0 61.9 36.1 84 16 0
Sign supports 1.3 51.0 47.3 4 63 33
Culverts 1.8 60.5 37.3 60 40 0
Ditches 1.5 58.2 40.3 NA NA NA
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RATIO OF ACCIDENT RATES
Divided vs Undivided Roadways

L]

20. 0=
== ratio

—~17.59 | - divided
= ¥=5, 3E-84X-0, 31304
5 158 o divided
T
: 12,5+ —— undivided
= ¥=8, 1E-04X-0.333b4
E R «  uncdivided
-
I~

7.5+
e §
=
=
a5, 0
=
S 54

¢. ..................
0. 0= T T T
0 2000 4000 b6DOOD

8000 10P0Q 12000 14000 L6000 18000 20000

A DT (1000's)

FIGURE A-1 Ef modification.

I = number of injury accidents for the condition,
P = number of PDO accidents for the condition, and
N = total number of accidents for the condition,

resulted in the SI values and their
Covd values given in Table A-4 (see also Table A-1).

Examples of SI Calculations

Guide Rail

SI

(276 x 24 + 9,168 x 6 + 8,724 x 1)/18,168

SI 3.87 (rounded to 3.9)

GR Covd = $10,923
Trees

SI

(366 x 24 + 10,348 x 6 + 5,076 x 1)/15,790

SI 4,81 (rounded to 4.8)

Tree Covd = $21,445

Utility Poles

SI = (318 x 24 + 17,559 x 6 + 9,435 x 1)/27,312
SI = 4.48 (rounded to 4.5)
Pole Covd = $17,671

TABLE A-4 Modified Covd

accompanying

Cost Data

For all calculations, the task force used cost data
that were specific to Pennsylvania. These assure
that the figures derived are appropriate to the con-
ditions experienced in the commonwealth. The follow-
ing list gives the figures and the sources from which
they were derived:

1. Accidents: based on figures used in Pennsyl-
vania's Highway Safety Improvement Program
* Fatal accidents: $299,100
* Injury accidents: $13,080
* PDO accidents: $1,680
2. Cost of installation: based on contract bid
prices for the installation of guide rail
* Weak-post guide rail: $10.00 per foot
* Strong-post guide rail: $16.50 per foot

These costs include

1. Average damage cost: $400 per incident, based
on assumed damage of 25 ft if strong post and 37.5
ft if weak post

2. Average maintenance cost: $1.50 per foot,
based on actual costs recorded in the department's
highway maintenance management system

3. Estimated salvage value: $3.00 per foot, based
on contract estimates for W-beam in place ($5.00 per
foot) versus W-beam installed by contract but sup-
plied by the department ($2.00 per foot)

No. of Pennsylvania Accidents

(1982-1984)

Covd
Fatal  Injury PDO  Total SI= (see Table A-1)

Feature (F) (I (P) (N) (24F +61+P)/N  ($)

Guide rail 276 9,168 8,724 18,168 3.9 10,923
Bridge end 56 733 351 1,140 5.3 30,309
Trees 366 10,348 5,076 15,790 4.8 21,445
Utility poles 318 17,559 9,435 27,312 4.5 17,671
Piers and abutments 16 489 284 789 4.6 18,929
Sign supports 48 2,134 1,980 4,142 3.8 10,466
Culverts 39 1,345 769 2,153 4.5 17,671
Ditches 54 3,030 2,080 5,164 4.2 13,896
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4, Economic factors: based on a 20-year life for
the guide rail and a 6 percent interest rate (the
rate assumed in developing Pennsylvania's 1984-1996
Twelve-Year Transportation Improvement Program)

* Capital recovery factor: 0.087
* ginking fund factor: 0.027

Program Output

The microcomputer program output provides the fol-
lowing data:

* Cat (weak)--total cost of installing and
maintaining a weak-post guide rail system.

* Cat (strong)--total cost of installing and
maintaining a strong-post guide rail system.

Each Cat value was then divided by the collision
frequency (Cf) factor for the appropriate ADT clas-
sification to compute the average occupant injury
and vehicle damage cost (Covd) that is expected to
occur for that type of installation.

To determine the SI of a slope that will incur
the same average accident cost, the following steps
were then followed:

1. The SI value for each Covd was determined
from Table A-1.

2. The formula log SI = 0.56 + 0.160 log h +
0.324 log s was solved for each combination of ADT,
length, and slope (1 1/2:1, 2:1 and 2 1/2:1) to find
h.

3. The resulting heights of slopes are given in
tabular form in Table A-5.

TABLE A-5 Permissible Unprotected Slope Heights (ft)

ADT
Length
Slope (ft) 20,000 5,000 2,000 750 400
11/2:1 150 4 T 6 9 17
300 4 9 6 11 19
500 5 9 6 11 21
750 5 9 6 11 22
1,000 5 9 6 13 22
2:) 150 8 14 10 16 31
300 8 16 10 21 35
500 9 16 10 27 37
750 9 16 10 21 39
1,000 9 16 10 24 39
2 1/2:1 150 12 22 16 25 49
300 12 25 16 33 55
500 14 25 16 33 58
750 14 25 16 33 62
1,000 14 25 16 38 62

Analysis of Data

An analysis of the values given in Table A-5 reveals
the following general principles:

1. As ADT decreases, reduced accident frequency
permits greater slope height.

2. As rate of slope decreases, reduced severity
permits greater slope height.

3. Within the same rate of slope and ADT range,
the greater the length of slope, the greater the
slope height.

These findings were expected and, to a certain
degree, validate the method of analysis. One excep—
tion occurs in the 5,000-ADT column. The values shown
for this volume in the table appear to be unreason-
able compared with the rest of the data. A further
review of the assumptions and input values uncovered
a discrepancy in the Ef value used in this volume
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range. Figure 5.1.16 in the AASHTO guide shows a
break in the equation between 0 and 6,000 ADT with
(in the present case) both the 2,000- and 5,000-ADT
ranges severely affected.

A detailed analysis of Pennsylvania's accident
data on roadways in all ADT
linear relationship with no apparent spike in the
lower volume ranges. It was therefore decided to
smooth out the peak in the AASHTO data by compressing
the volume ranges and using an average value to de-
scribe the range between 750 and 5,000 ADT.

Because each rate of slope within an ADT range
was represented by a range of permissible slope
heights, it was decided to introduce a factor of
safety by selecting the lowest height regardless of
length.

Table A-6 gives the results of the compression of
volume ranges and the minimum height selections. It
represents the recommended warrants for the use of
guide rail on embankments.

ranges showed a more

TABLE A-6 Embankment Warrant Criteria

ADT
>5000 751-5,000 400-750 <400
(slope (slope (slope (slope
Slope height f1) height f+) height f+) height f+)
11/2:1 4 6 9 17
21 8 10 16 31
2 1/2: 12 16 25 49

The analysis performed for trees and poles indi-
cates that it is most cost~effective not to place
guide rail in front of individual trees and poles.
The calculations further indicate that it is more
cost-effective to install guide rail than to leave
lines of trees unprotected for all ADTs and lengths
(150 ft or longer) analyzed. However, this is con-
trary to current department policy. The task force
considers the existing policy (to not routinely pro-
tect lines of trees) to be appropriate because each
condition must be evaluated on its own merits; sound
engineering judgment must be exercised in deciding
whether guide rail should be used or trees should
remain exposed.
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Events That Produce Occupant Injury in

Longitudinal Barrier Accidents

MALCOLM H. RAY, JARVIS D. MICHIE, and MARTIN HARGRAVE

ABSTRACT

Since the early days of highway safety research the design of longitudinal
traffic barriers has been greatly influenced by two basic assumptions about the
mechanism of occupant injuries. First, it has been assumed that the severity of
occupant injury is directly related to the intensity of vehicle collision ac-
celerations in the first barrier collision., It has been thought that the risk
of occupant injury would be decreased by developing roadside features that would
prevent high values of vehicle acceleration. The second assumption has been
that occupants of vehicles involved in multiple-impact accidents would be sub-
jected to the highest risk of injury in the first collision. Because vehicle
speed and kinetic energy are generally greatest in the initial collision, it
has been reasoned that the most severe occupant trauma occurs during the first
collision event. Recent research at Southwest Research Institute has indicated
that ensuring a smooth redirection is a more effective means of improving oc-
cupant safety than trying to limit vehicle lateral accelerations. It was found
that occupants are rarely injured severely in a collision with a longitudinal
barrier that smoothly redirects the vehicle. In the light of these recent find-
ings, many of the typical assumptions made in designing and evaluating highway
safety hardware may not be as appropriate as was once thought. Data from sled
tests, accident data analysis, and full-scale crash tests indicate that the
likelihood of an occupant sustaining serious injury in a collision with a
longitudinal barrier is quite low if the vehicle remains upright and is smoothly

redirected.

Since the early days of highway safety research, the
design of longitudinal barriers such as guardrails,
bridge rails, and median barriers has been greatly
influenced by two basic assumptions about the causes
of occupant injuries when vehicles collide with such
devices. It has been assumed that occupants are sub-
jected to the highest risk of injury during the
vehicle's initial collision with a longitudinal bar-
rier; subsequent collisions with the same or other
roadside features have been presumed to be less
hazardous because of lower vehicle speeds. Second,
the probability of severe occupant injury has been
assumed to be directly and primarily related to the
intensity of vehicle collision accelerations. It has
been thought that by designing roadside hardware to
limit high values of vehicle accelerations the fre-
quency and severity of occupant injuries would be
diminished.

A recent study performed at Southwest Research
Institute (SwRI) and sponsored by the FHWA produced
findings that indicate that these traditional as-
sumptions may not be completely accurate. The results
of this study indicated that (a) even when subjected
to what have generally been considered severe impact
conditions, occupants are not severely injured and
(b) vehicle trajectory and stability after the
initial collision are major factors in the causation
of occupant injuries.

M.H. Ray, Southwest Research Institute, San Antonio,
Tex. 78284, J.D. Michie, Dynatech Engineering, Inc.,
San Antonio, Tex. 78207. M. Hargrave, Safety Design
Division, FHWA, Turner-Fairbank Highway Research
Center, 6300 Georgetown Pike, HSR-20, McLean, Va.
22101.

FLAIL SPACE MODEL

Traditionally, the dynamic performance evaluation of
longitudinal barrier systems was accomplished by
assessing vehicle kinematic and dynamic gquantities
derived from carefully controlled crash tests. 1In
addition to requiring that the vehicle be smoothly
redirected and remain upright, the peak 50-msec
average lateral and longitudinal accelerations were
acquired and evaluated on the assumption that the
severity of occupant injury in a longitudinal bar-
rier collision was primarily a function of the
vehicle's collision dynamics. Chi (1) provides an
informative historical evaluation of the many pre-
NCHRP Report 230 injury evaluation criteria.

NCHRP Report 230 (2) advocated the use of the
flail space concept and occupant risk criteria that
linked vehicle kinematics to the occupant's risk of
sustaining physical injuries. The occupant risk
factor is the hypothetical impact velocity of the
occupant with the vehicle interior: the greater the
occupant impact velocity the more severe the result-
ing injuries. The occupant is assumed to behave as a
free missile that continues to travel along the pre-
collision trajectory and at the precollision velocity
while the vehicle responds to the collision forces.
In essence, the vehicle compartment moves toward the
occupant, striking the occupant at a determinable
velocity. This concept allows all of the previous
occupant severity indices to be unified in a single
value: the occupant risk factor.

At the time NCHRP Report 230 was written, there
was little evidence to establish threshold values
for the occupant-to-passenger compartment impact
velocity required to prevent severe injuries., Some
data were available for frontal occupant impacts
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into the windshield from crash cushion studies. No
data were available, however, [or occupanht lateral
impacts into the door during redirectional colli-
sions. In addition, there were no comprehensive data
available to establish appropriate flail space di-~
mensions for calculating the occupant risk factor.

To better define the flail space envelope, a sur-
vey was made of typical 1978 to 1984 vehicle interior
dimensions to determine the distribution of flail
space distances. The following equation, which can
be used to calculate the occupant's impact velocity
with the vehicle interior when the vehicle is not
yawing, illustrates the importance of the flail di-
mension (s).

v = 2asl/2 (1)
where

v = occupant-compartment impact velocity (fps),

A = average vehicle accelerations (ft/sec?), and

s flail distance (ft).

For relatively 1long collision events, such as
redirectional collisions, the occupant impact veloc-
ity increases as the square root of the appropriate
flail space distance given the same average acceler—
ation. This implies that occupants in "“spacious"
compartments where the flail space is maximized are
more at risk. Table 1 gives a summary of the results
of a passenger compartment survey that was performed
using data from the New Car Assessment Program
(NCAP) on 1978 to 1984 passenger sedans. To create a
"worst case" scenario the passenger was assumed to
be small (i.e., 5th percentile female) and seated in
the right front passenger position with the seat in
the rear-most position. The NCHRP Report 230 (2)
value of 2 ft was found to be an appropriately con-

TABLE 1 Typical Passenger Compartment Clearance Dimensions

Median® 75th Percentile®

Dimension® Range? Distance Distance
HW 15-24 20 22

CD 19-24 21 22.5

CS 10-17 13 15

HS 7-13 9 10

AD 1-7 4.5 5.5

HD 5.5-9.5 6 8

HH 11-20 14 15

HR 4-10 6 7.5

KD 3-10.5 7 8

—
WD

ADimensions are for a 5th percentile female seated in the driver position with the seat in its
rearmost position.
The dimensions are, to a small degree, functions of vehicle weight. The values reported
are for 1978 to 1984 passenger automobiles with core weights greater than 3,680 Ib.

Transportation Research Record 1065

servative yet realistic value for the longitudinal
flail distance compared with 22 in., shown in Table 1
for the dimension HW. For the lateral flail dis-
tance, values in Table 1 range from 7 to 13 in. for
the dimension HS, and a 12-in. lateral flail dis-
tance, as suggested in NCHRP Report 230, was deemed
appropriate. The data in Table 1, then, indicate
that the NCHRP Report 230 suggestions of 1 ft in the
lateral direction and 2 ft in the longitudinal di-
rection are, indeed, representative of flail dis-
tances in the vehicle population.

ANTHROPOMETRIC DUMMY SLED TESTS

To establish a link between the flail space model
and occupant protection standards used by NHTSA, a
series of sled tests was conducted in which unre-
strained anthropometric dummies were observed during
simulated small car frontal and side impacts. Three
frontal tests were performed in which the passenger
compartment underwent velocity changes of 25, 35,
and 45 fps at acceleration rates of 4.7, 9.8, and
16.6 g's, respectively. Four side impact tests were
performed in which the passenger compartment experi-
enced velocity changes of 20, 30, 35, and 45 fps at
constant accelerations of 2.6, 9.4, 14.1, and 18.4
g's, respectively.

A 1979 Honda Civic passenger compartment body
buck with standard bucket seats and glass windows
was used in these seven tests. A Part 572 5th per-
centile female dummy instrumented according to FMVSS
208 was positioned in a normal attitude with the

| S N
FIGURE 1 Typical frontal impact.

seat in the rearmost position for the frontal tests.
A 165-1b, 50th percentile male side impact dummy
(SID) was used in the side impact tests. Figures 1
and 2 show sequential photographs from the test
series and illustrate typical tajectories of the
occupant in frontal and side impacts. A summary of
the sled test findings is given in Table 2.

The findings given in Table 2 generally confirm
the hypothesis that the simulated occupant behaves
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FIGURE 2 Typical side impact.

like a free missile. The occupant risk factor com-
puted from the sled acceleration pulse using the
free missile assumption compares favorably with test
signals produced from the dummy accelerometers for
both frontal and side impacts. The calculated oc-
cupant impact speed was reasonably close to the

TABLE 2 Sled Test Results
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observed values given in Table 2 although the cal-
culated values become more accurate as the acceler-
ations increase and thus there is a tendency to
overestimate the occupant risk factor at low ac-
celerations.

For frontal impacts, the dummy responses tend to
support the 30-fps occupant risk value suggested in
NCHRP Report 230. A head injury criteria (HIC) score
of 1345 occurred when the anthropometric dummy head
struck the windshield at about 46 fps. By inter-
polating the data in Table 2 it was estimated that a
head impact velocity of 40 fps would result in a HIC
of 1000, the critical value established in FMVSS
208. In NCHRP Report 230 a safety factor of 1.33 was
applied to the 40-fps limit to arrive at the 30-fps
design limit. Chest accelerations also exceeded the
FMVSS 208 60-g criterion for the 46-fps dummy impact
condition. In redirectional tests, however, the
longitudinal occupant risk is generally not a criti-
cal parameter because longitudinal accelerations are
rarely sufficient to propel the occupant to the in-
strument panel. For this reason, the remainder of
this ‘paper will be primarily concerned with the
lateral occupant risk factor.

For the side impact sled tests, the anthropometric
dummy responses were surprisingly low. In NCHRP Re-
port 153 (3) lateral vehicle accelerations of 5 g's
were considered high. For Test 2540 in Table 2, the
sled was accelerated laterally at 18.6 g's, and the
resulting HIC was a mild 316, well below the FMVSS
208 threshold of 1000, The maximum occupant risk
factor was calculated to be about 25 fps, which ex-
ceeds the design limit of 20 fps suggested in NCHRP
Report 230. It should be noted that the actual
lateral flail distance of 6.5 in., rather than the
12-in. value suggested in NCHRP Report 230 was used

Left Side Impacts

Test No,
Sled response®’?
Change in velocity (fps)
Acceleration (g ’s)
Occupant risk data
Time to head impact (sec)®

2534 2533 2535 2540
20 30 35 40
-3.6 -8.0 -15.0 -18.4

0.092 0.049 0.048 0.042

Average sled acceleration (g ’s) -2.6 -9.4 -14.1 -18.4
Measured occupant impact velocity (fps) 7.7 14.8 21.8 24.9
Calculated occupant impact velocity (fps) 9.5 18.1 22.2 25.3
Head injury criteria data
HIC 37 121 193 316
HIC duration (sec) 0.012 0.006 0.010 0.006
Head severity index 52 163 221 569
Thoracic trauma index data
Sping g ’s—T12y 12.5 36.4 32.1 65.2
Upper 1ib g 's— LUR, 10.7 30.4 47.7 46.7
Assumed age (yr) 41 41 41 41
Weight (1b) 165 165 165 165
TTI 69 91 97 113
Probability of AIS > 3 (%) 0 3 6 16
Frontal Impacts
Test No. 2538 2537 2539
Sled response®P
Change in velocity (fps) 25 35 45
Acceleration (g ’s) -5.6 ~10.9 -16.8
Occupant risk data
Time to head impact® 0.140 0.105 0.085
Average sled acceleration (g ’s) 4.7 -9.8 -16.6
Measured occupant impact velocity (fps) 21.1 33.2 45.6
Calculated occupant impact velocity (fps) 235 34.4 45.8
Head injury criteria data
HIC 87 468 1345
HIC duration (sec) 0.061 0.030 0.014
Head severity index 30 55 94
Peak chest acceleration (g ’s)

29.7 55.0 94.4

3 Buck was a 1979 Honda Civic passenger compartment.

cSI;I': impact dummy was used in side impacts and Part 572 5th percentile female in frontal collisions.
Flail distances were measured as 22.5 in, longitudinal and 6.5 in, lateral and used in velocity calculations.
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FIGURE 3 Probability of injury versus TTI.

in determining the occupant impact velocities given
in Table 2.

Another injury measure better suited to side im-
pacts is the thoracic trauma index (TTI). Eppinger
et al. (4) developed a family of curves that relate
the TTI to the probability of sustaining a given

level of injury. This relationship is shown in
Figure 3 and the TTI is defined by the following
equation:

TTI = 1.4 Age + 0.5 (LURy + TlZY)

[Weight (165 1b)] (2)
where
Age = occupant age (years),
LUR left upper rib y acceleration (g's), and

T12§ Spinal y acceleration (g's).

Even at a vehicle lateral acceleration of 18.6 g's
and an occupant impact velocity of 24.9 fps, the
probability of a hypothetical 4l-year-old, 165-1b
occupant (TTI = 113) sustaining an BAIS of 3 or
greater is only 0.16, and the probability of sus-
taining an AIS of 4 or greater is nil as shown in
Figure 3. The probability of severe injury (AIS >
4) is quite remote for this occupant even under im-
pact conditions that are generally considered to be
severe.

The sled tests illustrated two important points.
First, simulated occupants do behave like free mis-
siles during collisions and their impact velocities
can be calculated if the compartment geometry and
the vehicle accelerations are known. Second, the
lateral occupant risk design limit of 20 £fps sug-
gested in NCHRP Report 230 as well as vehicle ac-
celeration values contained in NCHRP Report 153 may
be unnecessarily conservative.

ACCIDENT ANALYSIS OF OCCUPANT INJURIES

To further investigate this apparent noncriticality
of the lateral occupant risk factor during redirec-
tional crash tests, a number of longitudinal barrier
accident cases were examined in detail. Because 5
percent (5) of all fatal accidents, as the data in
Table 3 indicate, can be attributed to an impact
with a longitudinal barrier, the conclusions of the
last section might reasonably be questioned.

TABLE 3 Distribution of Most Harmful Events
Where the First Object Struck Is a Longitudinal

Barrier (5)

Longitudinal Barrier Is

First Harmful Event
Most Harmful Event No. Percentage
Overturn, noncollision 453 31
Other noncollision 116 8
Non-fixed objects 115 8
Longitudinal barrier® 442 31
Pier/abutment/parapet end 73 5
Other tixed objects 242 17
Total longitudinal barrier® 1,441 100
Total fatal accidents 27,516

2Most harmful event may not necessarily be the first harmful
event. It may include subsequent impact with same bridge rail or
a bridge rail across the highway,
Longitudinal barrier necidents represent 5.2 percent of the
27,516 fatal accidents.

To examine the importance of the lateral occupant
impact velocity in real highway accidents, it was
necessary to isolate those accident cases in which
the lateral occupant impact velocity was the princi-
pal injury-producing mechanism. All cases in which
some other aspect of vehicle dynamics or barrier
performance could have caused the occupant injuries
were screened from the data base leaving only those
cases in which the

* Barrier was the first item struck by a pas-
senger sedan;

* Vehicle was tracking before the first impact
(i.e., heading angle and velocity vector were within
10 degrees);

* Vehicle was smoothly redirected after the
first impact; there were no signs of vaulting, pene-
tration, or severe post-wheel snagging in the first
impact;

* First impact was not with a bridge pier, bar-
rier terminal, or end treatment; and

¢ Vehicle did not roll over as a result of the
first impact.

Using these criteria, 26 accident cases were
selected from the narrow bridge study data base of
124 bridge-related accidents (6). Of the 124 narrow
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TABLE 4 Characteristics of 81 Bridge Rail Accidents®
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Result of Second Impact

No Redirected Redirected
Second or Spun Out into Another Vault/
Impact to Rest Roadside Feature Rollover Override Total
Vehicle tracking at first impact
Redirected or skidded to stop 7 9 8 2 26
Snagged 4 2 1 7
Penetrated 1 1
Vault/override 2 2 3 | 8
Rollover 2 2
Total 14 13 13 | 2 44
Vehicle not tracking at impact
Redirected or skidded to stop 7 13 20
Snagged 3 5 | | 10
Rollover 3 3
Vault/override 1 2 1 4
Total 15 20 2 1 32
Total 29 33 15 2 2 81

4Data from Calcote and Mak (6).

bridge cases, 43 were eliminated because they in-
volved a first collision with an end treatment or
guardrail-bridge rail transition. Table 4 gives
characteristics of the remaining 81 narrow bridge
accidents that occurred along the midspan of the
barrier system. The vehicle was not tracking in 46
percent of the cases, and, of the cases in which the
vehicle was tracking, only about half met the per-
formance criteria listed previously. Occupants suf-
fered serious to critical injury in only 3 of the 26
eligible cases.

To supplement this small sample size, the Longi-
tudinal Barrier Special Studies (LBSS) data base
from the National Accident Sampling System (NASS)
for the years 1982 and 1983 was surveyed and 139
cases out of a total of 555 were deemed eligible.
The total number of eligible cases was therefore 165.

One of the most basic and widely used measures of
occupant injury is the Abbreviated Injury Scale (AIS)
(7):

w
L)
w

Injury
Minor
Moderate
Serious
Severe
Critical
Unsurvivable

Non-life threatening

mmpwmr—'l

} Life threatening

Each individual injury is assigned an AIS score by
the accident investigator. For example, minor cuts
and scratches on the face may be scored as an AIS of

TABLE 5 Distribution of Injury in Three Data Bases

1 and a broken rib may be reported as an AIS of 3. A
frequently used measure of the severity of all oc-
cupant trauma is the maximum AIS (MAIS)., The MAIS is
the highest AIS experienced by the occupant. Thus
the MAIS of the occupant with facial cuts (AIS = 1)
and broken ribs (AIS = 3) would be 3.

Injuries of AIS 4 or above are defined as life
threatening. The intent of NCHRP Report 230 was to
select an occupant risk design limit such that oc-
Cupants would not sustain an injury of AIS 4 or
greater.

Table 5 gives the distribution of the MAIS in
each of the three data sources. Nearly 90 percent of
the eligible cases in Table 5 (134 minor cases and
14 serious cases) exhibit injuries that are below
the design injury limit of AIS 4, Only 2 percent of
the eligible cases exhibit severe injury. It appears
that the majority of vehicle occupants escapes severe
injury when the vehicle is smoothly redirected and
remains upright after a longitudinal barrier colli-
sion. Unfortunately the severity of occupant injury
is unknown in almost 9 percent of the eligible cases
(eight AIS-7 and six AIS-9 cases). There are two
ways in which an NASS investigator can code an un-
known injury. An AIS of 9 is used when the occupant
cannot be located or departed the accident scene
before any officials arrived. Generally an AIS of 9
indicates no injury or only minor injury because the
occupant was capable of leaving the scene.

An AIS of 7 indicates that there was an injury
but its severity is unknown. Unlike the AIS of 9, an
AIS of 7 is often used by NASS investigators when

Eligible Cases?

Known Injury Severity

Unknown Severity

Minor, Serious, Severe,

Total 0< MAIS< 2 2< MAIS< 4 4< MAIS< 7 MAIS=7 MAIS=9

Cases in
Source Data Base No. Percentage No. Percentage No. Percentage No. Percentage No. Percentage
1982 NASS LBSS 292 61 20.9 6 2:1 1 0.3 4 1.4 1 0.3
1983 NASS LBSS 263 50 19.0 7 2.1 0 0.0 4 15 k) 1.9
Narrow bridge 124 23 18.5 1 0.8 2 1.6 0 0.0 0 0.0
Three data bases, combined 679 134 19.7 14 2. 3 8 1.2 6 2.3

aEligib]e cases are those in which (a) longitudinal barrier was struck by a passenger automobile; (b) vehicle was tracking before impact (i.e., heading angle and velocity vector are within 10
degrees); (c) vehicle was smoothly redirected after first impact; no vaulting, rollover, severe snagging or penetration; and (d) first impact was not with an end treatment or transition.
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TABLE 6 Relationship Between an AIS of 7 and Police-Reported Accident

Severily

No. of Probabl Probabl

Probability of? Eligible” No e JohEbie

Police-Reported AIS-7 Above Above
Injury Severity AlS=2 AIS>4  Cases AIS 2 AIS 4
O-none 0.0050 0.0001 0 0.0 0.0
C—possible 0.0927 0.0016 1 0.0927 0.0016
B—nonincapacitating 0.1592 0.0057 3 0.4776 0.0171
A—incapacitating 0.4181 0.0438 3 1.2543 0.1314
K—fatality 0.6104 0.4416 0 0.0 0.0
U—unknown 0.2210 0.0166 l 9.2210 0.0166
Total 8 2.0456 0.1667
Figure used 2 0

“From 1984 NASS CSS data
These are the eight cases with AIS 7 from Table 5.

severe 1injury occurs but supporting documentation
such as autopsy or hospital records cannot be ob-
tained.

The NASS Continuous Sampling System (CSS) data
for 1984 were used to calculate the probability of
an AIS of 7 being coded when severe injury occurred.
As the data in Table 6 indicate, the probability
that any of the eight cases coded as AIS 7 included
injuries greater than or equal to an AIS of 4 is
quite low. All eight AIS-7 cases and all six AIS-9
cases can therefore be grouped with those below the
AIS of 4 guideline. Thus the eight AIS-7 cases and
the six AIS-9 cases can be grouped with the 134
minor injury cases and the 14 serious injury cases
to show that 98 percent of the eligible cases
indicate an acceptable level of occupant injury.
Severe injuries were noted in only 2 percent of the
eligible cases.

The 17 serious and severe injury cases in Table 5
were reconstructed in detail to determine exactly
what feature of the accident caused these injuries.
Each of the 17 cases studied with serious to unsur-
vivable injuries would have passed the two provisions
of the NCHRP Report 230 criteria that require the
vehicle (a) to be smoothly redirected and (b} to
remain upright. With only three exceptions, all of
the cases in Table 7 involved a subsequent collision
with the same or another roadside feature. The re-
construction process therefore involved determining
the speed and angle for two or three collisions. The

TABLE 7 Summary of Cases with Serious to Unsurvivable Injuries

vehicle deformation energy was calculated using the
damage analysis portion of CRASH3 (8), barrier de-
formation energy was estimated using BARRIER VII
(9), and energy dissipated by tire-ground friction
along the trajectory was estimated by hand analysis
methods. By proceeding from the last event to the
first and summing all of the energies of vehicle and
barrier deformation with the energies lost through
tire-ground friction and braking, a reliable esti-
mate of the impact speed can be produced.

Occupant injuries were assigned to particular
impact events with, in most cases, a high degree of
certainty. When there was uncertainty the injury was
assigned to all phases equally. Figure 4 shows a
typical diagram of vehicle trajectory, occupant in-
juries, and vehicle interior. Using these pieces of
information, it is possible to match injuries with
the events that caused them. For example, the dislo-
cation of the occupant's left shoulder shown in
Figure 4 can be assigned to the first collision.
This is confirmed by the damage to the driver's side
door shown in the interior sketch and the vehicle's
position shown in the trajectory sketch. The lacera-
tions on the right side of the head can be assigned,
on the basis of the occupant contact points in the
interior sketch, to the second collision. Because it
is difficult to determine which phase of the accident
caused the concussion it was attributed equally to
both impacts. The occupant risk factor can be cal-
culated from the impact conditions using a method

First Impact

Second Impact

Vehicle Occupant
Data Weight No. of Speed  Angle Risk Speed  Angie
Base Case No. Role® (lb) Impacts  (mph) (degrees) MAIS (fps) (mph) (degrees) MAIS Object Struck
NASS 83-53-010T PUI 3,365 2 90 26 2 37 66 38 2 Bridge rail
NASS 82-81-078V DUI 3,397 3 70 2 1 6 67 16 2 Guardrail
NASS 82-75-507V DUI 1,813 2 46 15 0 15 ? 90 4 Bridge pillar
NASS 83-32-532V DUN 2,546 2 56 3 0 7 37 90 2 Utility pole
NASS 83-53-010T DUN 3,365 2 90 26 1 37 66 38 2 Bridge rail
NASS 83-39-131V DUN 3,161 2 69 o 4] 12 37 45 3 Median barrier
NASS 82-52-083T DRI 3,444 1 31 34 3 46 None
NASS 82-35-125V DRI 3,541 2 ? 2 0 ? 2 9 2 Guardrail
NASS 82-78-511T DRI 4,535 1 57 35 2 48 None
NASS 83-02-071T DRI 2,338 2 49 17 0 16 28 90 3 Tree
NASS 82-55-293V DRN 3,041 2 46 7 0 8 38 72 2 Ditch
NASS 82-06-513Z DRN 3,981 1 34 10 3 8 None
NASS 83-30-516T DRN 3,062 2 71 3 0 10 49 17 ) Median barrier
NASS 83-77-517T DRN 2,811 2 23 2 1 2 9 45 2 Median barrier
NASS 83-02-523W DRN 4,208 2 64 10 0 12 59 29 2 Median barrier
NBS 80-03-04-068 DUN 3,977 2 61 8 1 5 52 19 3 Bridge rail
NBS 80-03-22-071 DUN 3,980 4 48 10 Q 12 33 90 S Bridge pillar
NBS 79-12-03-049 DRN 4,318 3 52 8 0 4 20 90 4 Wingwall

p = passenger, U = unrestrained, I = impact side, D = driver, R = restrained, and N = nonimpact side.
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FIGURE 4 Typical accident reconstruction summary sheet, Case NASS 82-02-078V.

developed in another phase of this project and then
compared with the actual level of injury experienced
in each phase of the accident.

A summary of the 17 cases studied in detail is
given in Table 7. When the MAIS for each of the
multiple impacts is examined, it becomes apparent

Report 230 design limit
e o

Non-life-%rnutemng Injry
2— ] 0 o

I— o m; o

MAXIMUM ABBREVIATED INJURY SCORE

0 cthogxh@

T 1
0 10 20 30 40 30
LATERAL OCCUPANT RISK (f/s)

FIGURE 5 Occupant injury versus lateral occupant
risk factor.

that none of the occupants suffered severe injury in
the first impact. Recalling that these 17 cases are
those 2 percent of eligible cases in which severe or
serious injury occurred, it appears that the first
impact in all 165 eligible cases in Table 5 resulted
in injuries less than the design 1limit of AIS 4.
Indeed, 96 percent of all eligible cases resulted in
only minor injuries: 134 minor injury cases from
Table 5, 13 of the 17 cases summarized in Table 7, 6
of the 8 AIS~7 accident cases, and all AIS-9 cases.

The original intent of this research was to dis-
cover some relationship between the occupant risk
factor and the actual level of injury sustained in
real highway accidents. The data proved to be sur-
prising. Figure 5 shows a plot of the occupant risk
factor versus the MAIS for the first impact of each
of the serious and severe injury cases in Table 7.
None of the 17 accident cases resulted in a life-
threatening injury after the first impact. Figure 5
illustrates the apparent relationship between the
occupant risk factor and the MAIS. Injuries greater
than or equal to an AIS of 4 do not appear likely
until the occupant risk factor is in excess of 40
fps, twice the design limit suggested in NCHRP Report
230.

TYPICAL VALUES IN FULL-SCALE CRASH TESTS

The sled test data indicated that serious injuries
were not likely to occur under what have generally
been considered to be severe impact conditions. How
useful, then, is the occupant risk factor for eval-
uating longitudinal barriers?

Since NCHRP Report 230 was published in 1981,
nearly 300 full-scale crash tests have been performed
at SwRI. Rarely has a test device been disgqualified
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TABLE 8 Occupant Risk Values for 15 Bridge Rail Crash Tests (10)
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50-msec Avgb

Vehicle

Impact Conditions? Occupant Risk Acceleration
Test Speed Angle Frontal Side® Front Side
No, (mph) (degrees) (fps) (fps) (g’s) (g’s) Comments
NBR-1 60.7 19.3 7.2 21.8 -5.8 12.6 Smooth redirection
NBR-2 61.4 24.9 3.0 21.6 -6.3 8.4 Smooth redirection
NBBR-1 61.4 20.0 5.3 20.7 -4.9 13.5 Smooth redirection
NBBR-2 58.4 24.3 =¢ 9.9 ~5.9 8.2 Smooth redirection
NCBR-1 59.7 18.8 14.0 22.7 -8.1 12.9 Smooth redirection
NCBR-2 60.0 25.0 16.6 31.2 -6.9 17.9 Smooth redirection
OBR-1 58.6 18.8 0.8 19.9 %33 10.2 Smooth redirection
OBR-2 60.8 24.3 20.9 26.0 =52 13.9 Snagged hood
OBR-3 60.0 25.0 0.9 28.2 =52 15.9 Smooth redirection
KBR-1 61.9 20.3 11.5 20.4 =75 11.2 Smooth redirection
KBR-2 60.5 24.0 30.0 23.3 -8.3 13.4 Severe snagging
OHBR-1 60.6 19.6 7.3 20.6 -5.6 11.4 Smooth redirection
OHBR-2 60.0 25.0 7.0 25.1 =6.1 121 Smooth redirection
LABR-1 60.4 18.8 - 23.6 -4.4 12.8 Smooth redirection
LABR-2 59.7 19.1 14.0 22.8 =53 10.8 Smooth redirection

uZO-dﬂsn't‘ tests utilized Honda Civics and 25-degree tests utilized Plymouth Furys.

Cme transducer data,
Hypothetical occupant did not displace the required 24 in.

because of the occupant risk criteria alone. Table 8
gives a brief summary of the impact conditions, oc-
cupant risk measurements, and 50-msec average ac-
celerations from a research project (10) that in-
volved a number of crash tests of operational bridge
rails. Bridge rails are generally rigid barrier sys-
tems and therefore provide minimal energy dissipation
during collisions; the highest values of the occupant
risk factor should be observed during bridge rail
tests. The data in Table 8 indicate that even in
rigid barrier collisions the occupant risk factors
are generally in the same range that was shown to be
noncritical for the sled tests in Table 2. The prob-
ability of an occupant sustaining injuries of AIS 4
or greater is remote for these 15 typical rigid bar-
rier installations.

Clearly there are two problems with using the
occupant risk criteria for evaluating longitudinal
barrier crash tests. First, as the sled test and
accident data imply, serious injury does not appear
likely at the current NCHRP Report 230 design limit
of 20 fps or even at a more liberal value of 30 fps.
The accident data imply that severe occupant injury
is not 1likely until occupant lateral impact veloc-
ities of at least 40 fps occur. Second, the occupant
risk is nearly always below 30 fps even in rigid
barrier tests. Hence, although the flail space con-
cept is both accurate and simple to use, it does not
provide a measure that is meaningful in assessing
longitudinal barrier crash tests.

DISCUSSION

How then are occupants being injured and killed in
the nearly 1,500 fatal longitudinal barrier accidents
that occur each year (5)? Some clues may have been
suggested earlier in this paper.

In more than 80 percent of the cases summarized
in Table 7, the vehicle struck another roadside ob-
ject after being successfully redirected from the
first collision. For all of the vehicle occupants
that experienced secondary impacts, the MAIS was
greater in the second impact than the first, some-
times by a large margin. For example, after the first
barrier impact in NASS Case 83-02-071T the occupant
had sustained no injuries. After the vehicle was
redirected, however, it collided with a tree; the
MAIS for the second collision was 3. Often, in the

cases summarized in Table 6, the occupant sustained
no injuries during the first redirection only to
become involved in another, much more serious, sub-
sequent collision. Clearly, redirection into other
roadside features poses a serious hazard to vehicle
occupants.

There are several possible reasens for this in-
crease in injury rate for occupants of vehicles that
are redirected from a longitudinal barrier and sub-
sequently strike other roadside features. Although
the impact speed is nearly always less in second
collisions, the angle frequently increases. In Table
7, the second impact angle was larger than the first
in all of the multiple-impact cases. Frontal impacts
may be more injurious than side impacts because of
the greater amount of flail space in which the oc-
cupant may accelerate as discussed earlier in this
paper. Therefore, as the impact angle becomes larger,
the impact will become more frontal. Because oc-
cupants have larger flail distances available in
frontal collisions they may be at greater risk of
sustaining injury.

Another important feature of the secondary colli-
sion is the occupant's position in the passenger
compartment. At the time of the initial collision
the occupant is usually positioned correctly in the
seat. During the first redirectional collision the
occupant will strike the door surface and rebound
beyond his preimpact position. Thus, if a second
collision occurs, a larger flail space is available
in which to accelerate to a higher velocity. Figure
6 shows a set of sequential photographs of an anthro-
pometric dummy taken during a longitudinal crash
test in which the vehicle unintentionally struck two
barriers. The dummy struck the door in the first
collision, rebounded beyond its original seating
position, and then struck the door again at a higher
velocity during the second collision. The dummy's
flail distance was more than two times greater in
the second collision.

Although considerable attention and effort have
been devoted to defining and measuring vehicle ac-
celerations during longitudinal barrier crash tests,
little effort has been directed to affecting the
after-collision trajectory of the vehicle. This lack
of attention to the postimpact trajectory can be
attributed to both the unrecognized importance of
this phase of the test by the technical community
and the unpredictability and frequently erratic be-
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FIGURE 6 Effect of occupant position on occupant risk factor.

havior of the vehicle caused by wheel and frame
damage as well as imprecise braking controls. Even
with improved braking controls, the authors are not
confident that the after-collision vehicle trajectory
would be a good crash test assessment criterion.

On the other hand, by changing the emphasis of
barrier design from reducing vehicle accelerations
during a collision to effecting more predictable
vehicle trajectories, longitudinal barrier developers
may be able to improve the vehicle's postimpact tra-
jectory and greatly increase the safety of the vehi-
cle occupants.

Although a number of possible reasons have been
suggested for the causes of occupant injuries after
the initial collision with a longitudinal barrier,
the data are not sufficient to suggest the magnitude
of the redirection problem. Cumulatively, however,
postimpact vehicle trajectory and stability appear
to be crucial to providing protection to vehicle
occupants.

The ultimate objective of longitudinal barrier
designers is to protect occupants by shielding vehi-
cles from more hazardous roadside objects and to
shield pedestrians from traffic., It is often a dif-
ficult task to determine what specific aspects of a
design will work best toward these goals. For many
years longitudinal barrier designers have attempted
to find a balance between the often conflicting goals
of barrier flexibility for vehicle occupant protec-
tion and barrier strength for vehicle containment.

The discussions in previous sections have sug-
gested that these goals need not conflict. A longi-
tudinal barrier system that performs correctly,
smoothly redirecting the vehicle without serious
snagging, vaulting, penetration, or rollover, will
not subject the occupant to lateral collision forces
of a magnitude great enough to cause severe injury.
Thus, if designers ensure that longitudinal barriers
perform "correctly," vehicle occupants will generally
be well protected in redirectional collisions.

Occupant accelerates toward door
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Occupant strikes door assembly
at 35 fps

Although the foregoing discussion indicates that
the occupant risk factor may not be the critical
evaluation factor in longitudinal barrier tests, the
authors recommend that these measurements continue
to be taken especially because they are easily cal-
culated from vehicle dynamics. Moreover, the vehicle
kinematics and occupant risk determinations are
critical for other roadside hardware evaluation
tests such as those of crash cushions and breakaway
supports.

CONCLUSIONS

There are two principal conclusions to this study.
First, when a tracking vehicle strikes a longitudinal
barrier and is smoothly redirected and remains up-
right, the risk of severe occupant injury in that
collision is quite small. Although the flail space
model and the occupant risk criteria are useful and
simple tools for estimating the behavior of occupants
in a collision environment, they do not appear to be
a discerning assessment factor for redirectional
tests. In the absence of snagging, barrier penetra-
tion, or rollover, it is not likely that high values
of occupant-interior impact velocity will be ob-
served. Because NCHRP Report 230 already requires
smooth redirection and an upright vehicle, the oc-
cupant risk factor is a redundant evaluation cri-
teria.

Second, the postimpact trajectory of the vehicle,
though difficult to predict or control, is an im-
portant feature of barrier performance and should be
more carefully considered in future longitudinal
barrier development and testing. Although it is
doubtful that postimpact trajectory can be explicitly
used as a test evaluation criteria, it is a feature
of motor vehicle collisions that should receive more
attention from the highway safety community. The
authors are confident that this aspect of wvehicle
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and appurtenance interaction can be used to develop
even more creative and innovative methods of provid-
ing an even higher level of safety on our nation's
highways.
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Discussion

John G. Viner*

The authors' first conclusion states that, in track-
ing vehicle impacts with longitudinal barriers in
which the outcome is a smooth redirection with no
overturn, "the risk of severe occupant injury in
that collision in quite small,"” and high values of
occupant~interior impact velocity are "not likely."
Thus the authors state that the occupant risk factor
is a redundant evaluation criterion in redirection
crash tests conducted according to NCHRP Report 230
procedures. The relevant data in this paper (four
side~on dummy tests and 165 accidents) do not support
this conclusion. When viewed from the broader per-
spective of other data from NASS, a somewhat inverse
hypothesis may be supportable.

DUMMY DATA

The calibration procedures recommended by the NHTSA
were not followed in the dummy tests. The data in
Table 2 indicate that measured values of spine and
upper rib acceleration (used in calculating TTI,
which in turn is used to estimate the probability of
AIsS > 3) do not consistently increase with in-
creasing test AV. The values of TTI for the 40-fps
test are in the area of the AIS > 3 versus TTI
curve (Figure 3), where small changes in TTI produce
relatively large changes in this estimate. The 20-
and 30-fps tests are close to this region of the
curve. These side-on tests were made with a flail
space distance of 6.5 in.; yet, as noted by the
authors, the measured flail space values from the
1978-1984 NCAP tests ranged from 7 to 13 in. and the
NCHRP Report 230 procedure uses 12 in.

The apparent inconsistency in the dummy data sug-
gests that the failure to follow the recommended
calibration procedures has affected the validity of
the data. If a 12-in. flail space had been used, as
recommended by NCHRP Report 230 (and the authors),
the dummy accelerations would have been larger. Be-
cause the estimate of probability of injury (AIS >
3) is quite sensitive to increases in dummy acceler—
ations, a repeat of these tests using a 12-in. flail
space is likely to result in significantly larger
estimates of injury probability.

ACCIDENT DATA

The authors' conclusion that the risk of severe in-
jury (AIs > 4) is "quite small” in tracking vehi-
cle impacts with longitudinal barriers, if the vehi-
cle is smoothly redirected without overturning, is

*0ffice of Safety and Traffic Operations R&D, HSR-30,
U.S. Department of Transportation, Turner-Fairbank
Highway Research Center, 6300 Georgetown Pike,
McLean, Va. 22101.
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debatable. The 2 percent (3 of 165) of the eligible

longitudinal barrier cases with AIS > 4 is compar-
able to the national estimate from NASS 1984 data
that 1.5 percent of all run-off-road accidents
(trees, rollovers, ditches, guardrails, etc.) result
in AIS > 4 injuries. The NASS estimate is calcu-
lated from 4,911 investigated accidents in which the
first harmful event occurred outside the shoulder of
the road.

A similar comparison can be made with the AIS >
2 cases in this paper. The 17 AIS > 2 cases repre-
sent 11 percent of the eligible accidents. From the
1984 NASS data on accidents in which the first harm-
ful event occurred outside the shoulder, 12 percent
had AIS > 2. Thus, at both the AIS > 2 and the
AIS > 4 —ievels, the eligible longitudinal barrier
cases (tracking vehicles that strike in the length
of need and that are redirected by the barrier and
remain upright) were found to be comparable with
roadside accidents in general.

End impacts, overturns, penetrations, and vaulting
accidents with longitudinal barriers, which were
excluded from the eligible longitudinal barrier ac-
cident cases in this study, are more severe than
impacts that result in smooth redirection. This
suggests that tracking vehicle impacts with longi-
tudinal barriers are more likely to result in AIS > 2
and AIS > 4 injuries than are run-off-road acci-
dents in general.

Although the intent of longitudinal barriers is
to protect the traveling public from the more serious
roadside hazards, the finding in this study that
under favorable conditions (no end impacts, roll-
overs, etc.) the severity of injury to occupants of
tracking vehicles in longitudinal barrier impacts
was the same as that of roadside accidents in gen-
eral deserves further attention. The authors' obser-
vation that the 300 tests examined by NCHRP Report
230 criteria have rarely resulted in occupant risk
criteria alone disqualifying a device thus suggests
further study to see if lowering or revising the
occupant risk criteria should be considered.

LATERAL OCCUPANT RISK DESIGN LIMIT

The measure of effectiveness used by the authors for
the accident analysis, likelihood of AIS > 4, was
selected because "The intent of NCHRP Repo:E'23O was
to select an occupant risk design limit such that
occupants would not sustain an injury of AIS 4 or
greater.” This is not the case. As stated on page 30
of NCHRP Report 230, "Accident statistics from France
(22) indicate that injuries of AIS 3 or greater were
sustained in 50 percent of side impact cases for a
AV of at least 30 fps (9.4 m/s). Where the com-
partment space is not intruded, an upper lateral
occupant impact velocity of 30 fps (9.1 m/s) appears
to be a reasonable limit. . . ." NCHRP Report 230
recommends that a factor of safety of 1.5 be used
with this limit value giving a 20-fps design limit
to lateral AV in the appropriate crash tests.

This interpretation of AIS 4 as a design limit
rather than a 50 percent chance of AIS > 3 makes a
difference because the AIS scale is not a linear
scale of injury outcome. For example, from the 1984
NASS estimates of accidents with first harmful events
outside the shoulder, accidents with a maximum AIS
of 3 result in fatalities in 5.4 percent of the
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cases whereas, with an AIS of 4, fatalities result
in 15.6 percent of these cases. For comparison, 1.2
percent of all such accidents are estimated to
result in fatalities.

In Figure 5, the authors compare the calculated
AV from the 17 reconstructed accidents (in which
AIS > 2) with the actual injuries sustained in the
first impact in these cases. The authors state that
the original purpose of this research was to discover
some relationship between lateral AV and likelihood
of injury. Looking at the data from the point of view
of the quote from NCHRP Report 230 (see Figure 5),
only four cases had a calculated AV of at least 30
fps. One case was AIS 3 and two were AIS 2. This is
consistent with the 50 percent chance of AIS > 3
in this selected limit. -

CONCLUSIONS

1. The dummy data used to support the authors'
first conclusion are questionable because (a) recom=-
mended calibration procedures were not followed, (b)
the data showed apparent contradictions, (c) the
flail space used in these tests was less than either
that found from vehicle measurements or NCHRP Report
230 recommendations, and (d) the calculated likeli-
hood of AIS > 3 injuries is quite sensitive to the
dummy data values.

2. The accident data do not support the authors'
assertion that the risk of severe occupant injuries
in the selected longitudinal barrier cases is small.
Rather, from NASS 1984 data, the outcome of these
longitudinal barrier collisions (under the favorable
conditions of excluding end impacts, rollovers,
vaulting, snagging, and underride) was found to be
comparable to that of roadside accidents in general.

3. The authors found that the current occupant
risk criteria are rarely a discerning assessment
factor in redirection tests. Yet, a set of longi-
tudinal barrier accidents with characteristics as-
sociated with successful crash test outcomes (no
vaulting, no overturn, redirected vehicle, etc.) was
found to have severities identical to roadside col-
lisions in general.

4, In summary, the data in this paper, when sup-
plemented by a comparison with roadside accidents in
general, do not support the authors' conclusion that
the occupant risk factor in redirectional crash tests
is redundant. Rather, the data indicate that either
the allowable lateral limit of AV should be lowered
from the current value of 20 fps or the severity of
the impact conditions (test speed-angle combinations)
should be increased.

The link between measurements made on the crash
test pad in redirectional-type crash tests and prob-
ability of injury has been recognized as a research
need by specialists in this area for a number of
years. The authors' use of the relatively new side
impact dummies and reconstructions of accidents that
have been investigated in depth is indeed valuable
in increasing our current tenuous understanding in
this area. Further study to see if the lateral AV
limit of 20 £fps should be lowered or test severity
increased should be considered. The NASS and
National Crash Severity Study data bases can be used
to help interpret the results of such studies.
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Authors’ Closure

In the preceding discussion by a member of Committee
A2A04, the discussant correctly states in his final
summary that "the link between measurements made on
the crash test pad in redirection-type crash tests
and [the] probability of injury has been recognized
as a research need by specialists in this area for a
number of years." There have indeed been few in-
vestigations into the relationship between measure-
ments made during full-scale vehicle crash tests and
the risk of injury to vehicle occupants in real-world
accidents. The data discussed in the paper represent
a first step in an area that demands much more at-
tention from the research community. The discussant
has raised a number of topics and has helped to focus
critical and creative thinking on these important
issues. The authors are indebted to the discussant's
diligence and insight and for this opportunity to
further clarify our findings.

There are a number of specific gquestions in the
discussion, but nearly all of them hinge ultimately
on one of two issues: (a) the value and validity of
data taken in the anthropometric dummy sled tests
and (b) the acceptable level of injury specified in
NCHRP Report 230 (1).

SLED TEST DATA

Figure 7 shows a plot of the dummy response data for
the side impact sled tests given in Table 2 of the
paper. The discussant states that because the spinal
and lower rib accelerations vary slightly the data
are flawed. Figure 7 shows that all of the data are
within normal experimental tolerances. Furthermore,
data for frontal impacts, also given in Table 2 of
the paper, confirm that an occupant head impact
velocity of 40 fps into a late-model vehicle wind-

1400
O FRONTAL IMFACT.
= R0l o SIDE IMPACT
& 1000 e S e
& g0 :
3 i
2 600 5
= H
T 400 4 }
200 1 :
L i
Ji’.’)), =ty
0 10 70 30 40 SO 60
OCCUPANT IMPACT VELOCITY (Fps)
70 70
o
_ 60t 7 60
o S0t ésm .
E -t
= 30 = SE!
: =2}
é 20 1 ; 20+
S 10 . % 104 /o
0 10 20 30 40 (I i

0 20 30
LATERAL OCCUPANT IMPACT
VELOCITY tFps)

FIGURE 7 Sled test dummy responses.

LATERAL DCCUPANT IMPACT
VELOCITY (fps

Transportation Research Record 1065

shield will produce an HIC of about 1000. This is
also shown graphically in Figqure 7. Thus the data
are within the range of expected values, and the

abbreviated test procedures used in this exploratory
research appear to be both adequate and appropriate.

The discussant apparently misunderstands the pur-
pose of these sled tests: to examine the actual dummy
response at various levels of occupant impact veloc-
ity. A flail distance of 6.5 in. was used in the
sled tests because that was the actual distance mea-
sured between the head of the 50th percentile male
side-impact dummy and the driver's-side door window.
One of the basic assumptions of the flail space model
is that human response to a collision is best
quantified as a function of the occupant impact
velocity. If two physiologically similar occupants
experience identical occupant impact velocities,
their responses should be similar regardless of the
interior geometry or acceleration history of the
vehicle. The NCHRP Report 230 lateral flail distance
of 12 in. is used in evaluating full-scale crash
tests to provide the worst case impact velocity given
a particular acceleration history. In contrast, the
purpose of these sled tests was to measure actual
dummy responses at the occupant impact velocities
actually experienced.

ACCEPTANCE INJURY THRESHOLD

Another key point of contention appears to be the
question, "What should the upper bound for occupant
injury severity be: AIS 2, 3, or 4?" Michie (12), in
the original formulation of the flail space and oc-
cupant risk concept, suggested that:

In line with current Federal Motor Vehicle
Safety Standard (FMVSS) 208, an upper design
limit for occupant protection falls between
Codes 3 and 4.

This approach was restated in NCHRP Report 230 (1,
p.30):

An attempt has been made to set threshold
values at a level equivalent to the American
Association of Automotive Medicine Abbre-
viated Injury Scale (AIS) of 3 or less (3).
AIS-3 classifies the resulting injury as
severe but not life threatening.

Contrary to the discussant's understanding that NCHRP
Report 230 specifies that the occupant has a 0.50
probability of receiving AIS-3 injuries, that report
states in the passage quoted that all injuries of
AIS 3 or less are acceptable though hardware devel-
opers should always strive to minimize occupant in-
jury. Hence, the intention of NCHRP Report 230 is
primarily to eliminate life-threatening injuries,
that is, injuries of AIS 4 or greater.

When the acceptable injury range of AIS of 3 or
less had been established, appropriate occupant im-
pact velocities corresponding to the AIS-3 severity
level were set based on the limited accident and
research studies available to the author of NCHRP
Report 230. A nominal 40-fps velocity was selected
for occupants striking the windshield or instrument
panel, and 30-fps velocity was selected for occupants
striking the door. The 40-fps velocity threshold was
well supported by research experience, in contrast
to quite 1limited knowledge of human tolerance to
side impacts. It was assumed in NCHRP Report 230
that occupant injury severity is a function of oc-
cupant impact velocity and that this injury severity
would be lessened by reducing these impact veloc-
ities. Accordingly, reduction factors were applied



Transportation Research Record 1065

to the 40- and 30-fps threshold velocities to arrive
at design values of 30 and 20 fps for longitudinal
and lateral impacts, respectively.

One of the objectives of this research program
was to explore the relationship assumed in NCHRP
Report 230 between lateral occupant impact velocity
and injury in real-world accidents. As shown graphi-
cally in Figure 5, there were no occupant injuries
during the first vehicle impact that were greater
than AIS 3 even for occupant risk values of nearly
50 fps. From these data points, it appears to the
authors that the lateral impact threshold 1limit of
30 fps may be too conservative and could be increased
to 35 or 38 fps without adversely affecting occupant
injury level. Simply stated, the design value of 20
fps may be unnecessarily restrictive, especially for
more rigid longitudinal barrier systems, and could
be relaxed to a design value of 25 or 30 fps.

CONCLUSION

The development of roadside safety hardware has been
an active field of research for more than 25 years.
Many of the attitudes and assumptions of the earlier
years have become solidly cast into our present
thinking about occupant protection with little regard
to the validity of those assumptions today. The tax-
onomist Steven J. Gould has said that "Good science
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is self-correcting" (4); good engineering should
also be self-correcting.

This study has suggested that the current 20-fps
design limit for the lateral occupant impact velocity
is not as crucial in mitigating injuries in redirec-
tional collisions as was once believed. The effort
spent by hardware developers in meeting this overly
restrictive measure might better be spent in effect-
ing improvements in other phases of the collision,

namely the postimpact trajectory.
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Low-Maintenance End Treatment for Concrete Barriers

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

ABSTRACT

The development of a low-maintenance crash cushion end treatment for concrete

barriers is described.
energy-absorbing elements, (b)
without damage to any components,

Features of the cushion include (a)
sufficient strength to withstand most impacts
(c) width approximately the same as that of

no sacrificial

the standard concrete safety shaped barrier, and (d) compliance with NCHRP Re-
port 230 safety standards after only minor modifications. Results of six full-
scale crash tests on the cushion are described.

Maintenance activities on heavily traveled urban
freeways have become a major problem for most trans-
portation agencies. Metal beam barriers on these
freeways are frequently struck and must be repaired
after most accidents. In recognition of these prob-
lems, highway engineers have begun to replace metal
beam barriers with the almost maintenance-free con-
crete safety shaped barrier. However, the ends of
these rigid concrete barriers pose both safety and
maintenance problems. When left exposed or sloped to

Texas Transportation Institute, The Texas A&M Uni-
versity System, College Station, Tex. 77843.

the ground, the rigid barrier end is a severe haz-—
ard. Efforts to mitigate this hazard include the use
of crash cushion end treatments, flared ends, ends
buried in earth berms or back slopes, and transition
to a W-beam that is then terminated with a guardrail
terminal. All of these safety treatments present
some safety or maintenance problems, or both.

The crash cushion is probably the safest concrete
barrier end treatment in use. However, crash cushion
maintenance can be costly. All existing crash
cushions use expendable energy-absorbing elements to
attenuate head-on impacts, which destroy one or more
of these energy-absorbing elements. Replacement of
the damaged elements is costly, and for those end
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treatments that are struck frequently, repair costs
during the life of an end treatment can be greater
Lhan initial costs. In an effort to reduce main-
tenance requirements associated with the use of con-
crete barriers on the roadside, a study was under-
taken to develop a low-maintenance crash cushion end
treatment for the concrete safety shaped barrier.

In this paper are described the findings of a
research study funded by the Texas State Department
of Highways and Public Transportation (1l). The reader
should refer to the cited report for more information
about this study.

DESIGN CONSIDERATIONS

A large portion of crash cushion repair costs is
associated with the repair or replacement of damaged
components. The most effective method of cutting
repair costs is to limit component damage by elimi-
nating sacrificial energy-absorbing elements and
strengthening other components. Maintenance costs
can be cut further by reducing the size of the end
treatment to cut the number of impacts.

Many concrete barrier end treatments must be
placed very close to the traveled way. If a cushion
is to have application at such sites, it must be
nacrow--ideally no wider than the standard concrete
barrier. Narrow crash cushion end treatments must
perform as a crash cushion when struck head-on and
as a longitudinal barrier when struck downstream.
Therefore the objective of this research was to de-
sign a low-maintenance crash cushion end treatment
for concrete barriers that wounld (a) not have any
sacrificial energy-absorbing elements, (b) have suf-
ficient strength to withstand most impacts without
damage to any components, (c) be approximately the
same width as the standard concrete safety shaped
barrier, and (d) meet nationally recognized safety
standards (2).

ENERGY-ABSORBING ELEMENTS

The initial phase of crash cushion development in-
volved a search for a material or device that could
absorb large amounts of energy at high strain rates
without sustaining any damage. Numerous chemical,
plastic, and rubber companies were contacted during
the search, and a large number of potential energy-
absorbing materials were located. Samples were ob-
tained of all materials that had the basic properties
of interest, including Norsorex, Sorbothane, open-
and closed-cell polyurethane and polyethelene foams,
and several natural and synthetic rubber compounds.
Spring manufacturers were also contacted regarding
the potential use of steel springs as energy-absorb-
ing devices.

Each of the candidate materials was evaluated to
determine durability, response to static and dynamic
loading, and cost and energy absorption per unit
weight. Ultraviolet radiation and freeze-thaw tests
were conducted to determine material durability, and
high-speed (75-fps) and low-speed compression tests
at several different temperatures were conducted to
determine response to loading. Several rubber com-
pounds were found to have the necessary durability
and loading response for use in a crash cushion end
treatment. The rubber cylinder, when used as ship
and dock fenders, has been shown to absorb large
amounts of energy and to be resistant to damage dur-
ing impact loadings (3,4). Therefore a cylindrical
rubber element was chosen for the energy-absorbing
cartridge in the low-maintenance crash cushion end
treatment.

The response of rubber cylinders to static trans-
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verse loadings has been thoroughly studied both
empirically and theoretically (3-5). These studies
have shown that for any particular rubber compound
the static stiffness of a rubber cylinder is a func-
tion of the ratio between the outer diameter (D) and
the wall thickness (t). Therefore the static stiff-~
ness of large-scale rubber cylinders can be deter-
mined by measuring the stiffness of scale-model
cylinders with similar D/t ratios.

However, study of the dynamic response of rubber
cylinders to transverse compression has been quite
limited. The nonlinear characteristics of rubber and
the large strains associated with the collapse of a
cylinder make dynamic analysis virtually impossible.
Therefore an empirical study of the dynamic force
deflection characteristics of rubber cylinders was
undertaken. One-fifth-scale-model cylinders, made
from several different rubber compounds, were ob-
tained in a variety of wall thicknesses. The scale-
model cylinders were then tested statically and at
three different impact speeds (5, 30, and 75 fps) to
determine their force deflection characteristics.
Figure 1 shows a sketch of the test setup used in
the dynamic tests. Note that the test configuration
allowed the sample to be compressed fully at a con-
stant velocity.

The energy absorbed during a dynamic test has
three sources: (a) inertia, (b) elastic stiffness,
and (c) damping. As shown in Figure 1, when the bore
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FIGURE 1 Scale-model cylinder dynamic testing
configuration.
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of a test specimen was completely collapsed, ap-
proximately one-half of the specimen had been ac-
celerated to the speed of the impact plate, while
the other half was virtually stationary. The energy
absorbed by the inertia of the specimen was then
estimated from the impact velocity and the mass of
the specimen as

E; = 1/2 m V?
where

Ei = energy transferred to cylinder due to
inertia (in.=-1b),

m = mass of cylinder (lb-sec?/in.), and

V = velocity of impact plate (in./sec).

Energy absorbed due to the elastic stiffness of the
specimen was measured from static testing. Energy
attributable to internal damping within the specimen
was then estimated from results of dynamictests as

Eq = E¢ = Ej - Eq
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selected compound were then fabricated and tested
statically and dynamically to verify the 1loading
response of large cylinders. Table 1 gives the esti-
mated and the measured energy absorption charac-
teristics of the full-scale rubber cylinders. As
shown in the table, predicted values based on scale-
model testing were quite close to measured values.

The cushion was then designed to attenuate head-on
impacts with a single row of rubber cylinder energy-
absorbing cartridges. The cushion was modeled for
head-on impacts as a series of lumped masses and
springs. The principles of conservation of energy
and momentum were then employed to determine the
impact severity of various sizes of vehicles as
discussed in Ivey et al. (6). This analytic
procedure is based on the assumption that the rubber
cylinders will collapse one at a time such that one
cylinder is almost completely collapsed before the
next cylinder begins to be crushed. The final
cushion design contained six thin-walled (1.75-in.)
cylinders at the front of the cushion and seven
thick-walled (4.5~in.) cylinders at the rear.
Head-on impact severity measures predicted by the
conservation of energy and momentum analysis are
given in Table 2.

where Scale-model cylinders of the selected compound
. . were tested dynamically at -20°F and 120°F to deter=-
Eq = energy attributable to internal damping mine the effects of temperature variation on the

(in.-1b),
Ey = total energy absorbed during dynamic test
(in.-1b), and
energy absorbed during static testing
(in.~1b).

Ee

The energy absorbed by internal damping was found to
be approximately the same for the tests at 30 and 75
fps. It can be concluded that damping within the
tested rubber materials is of a hysteretic nature.
Therefore energy absorbed by the rubber cylinders,
with the exception of momentum transfer, is largely
independent of impact velocity.

For purposes of estimating the energy absorbed by
a full-scale cylinder, it was assumed that the ratio
of elastic energy absorbed to damping energy absorbed
was constant for each rubber compound and was unre-
lated to cylinder size or wall thickness. Static
force deflection characteristics of large-scale rub-
ber cylinders can be estimated directly from tests
of scale-model specimens as mentioned earlier. Anal-
ysis of the results of dynamic scale-model tests
indicated that thin-walled rubber cylinders do not
absorb significant amounts of energy. Therefore the
crash cushion design would have to use relatively
thick-walled cylinders, which weigh in excess of 300
1b, and the front of the cushion would rely on
momentum transfer to slow a colliding vehicle. The
hardest rubber compound included in the study was
selected for use in the cushion in an effort to
reduce the total amount of rubber required. The
selected compound is an 80-durometer natural rubber
material.

Two 28-in.-diameter rubber cylinders, with wall
thicknesses of 1.75 and 4.5 in., made from the

stiffness of the rubber. The variation in the energy
absorbed, given in Table 3, was found to be less
than 35 percent from the lowest test temperature to
the highest. Because the front of the terminal be-
haves as an inertial cushion, it was possible to
design the end treatment to perform acceptably at
both temperature extremes.

END TREATMENT DESIGN

The final end treatment design, shown in Figure 2,
consists of a single row of rubber cylinder energy-
absorbing cartridges separated by steel diaphragms.
A rubber cylinder is placed vertically in front of
the end treatment to capture colliding vehicles and
prevent override or underride of the cushion. The
remaining rubber cylinders are placed horizontally
to allow unrestrained collapse of the cylinders.
Thrie-beam fender panels attached to the diaphragms
and four 5/8-in. longitudinal cables provide redi-~
rectional capabilities. Fender panels are attached
to the diaphragms with hinges to allow the thrie-
beams to open outward without damaging the panels.
Steel springs are used to prevent the fender panels
from opening under wind loadings.

The rubber cartridges do not have sufficient
elastic stiffness to completely restore the system
after it has been struck. Four lightweight cables
are attached between the diaphragms to allow the
cushion to be pulled back into place after an impact.
The end treatment is designed to sustain most impacts
without replacement of any parts and to be restored
to its original configuration in less than an hour.

TABLE 1 Full-Scale Test Results and Scale-Modeling Predictions

Sample (in.) Static Energy Dynamic Energy

(in.-1b) (in.-1b)
Wall Outside
Thickness Diameter Length Measured Predicted Measured Predicted
1,75 28 24 23,940 22,510 74,280
1.75 28 24 23,880 22,510 74,280
4.50 28 24 180,360 134,640 231,600 215,400
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TABLE 2 Predicted Occupant
Impact Velocities for 60-mph Head-

On Impacts

Vehicle Longitudinal Occupant
Weight Impact Velocily

(b) (ft/sec)

1,300 32

2,250 31

3,000 30

4,500 28

TABLE 3 Summary of Frozen Sample Testing

Ratio of Wall Energy Absorbed

Diameter to (in.-1b)

Thickness of —_— Change
Sample Unfrozen Frozen (%)
0.06 152 182 19.7
0.09 330 443 34.2
o3 616 837 35.9

FIGURE 2 Low-maintenance end treatment.
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PRELIMINARY TESTS

Three preliminary full-scale crash tests were con-
ducted in an effort to find any design flaws before
compliance testing. All three tests involved a
4,390-1b 1975 Ford Torino striking the cushion
head-on.

Tests 1 and 2

The first test was conducted at 30 mph with an un-
instrumented vehicle. The cushion performed well and
stopped the vehicle in approximately 15 ft. The test
vehicle exhibited no tendency to vault over or
underride the cushion. The vehicle rebounded off the
cushion at approximately 5 mph. As shown in Figure
3, the test vehicle was only lightly damaged and
cushion damage was limited to minor bending of some
of the skid shoes under the steel diaphragms.

FIGURE 3 Test vehicle and low-maintenance end treatment after
30-mph impact.

The cushion was pulled back into place in less
than an hour and a second test was conducted at 40
mph. The end treatment smoothly decelerated the test
vehicle over a distance of 17.5 ft and vehicle damage
was light. The vehicle again rebound off the cushion
at approximately 5 mph. Some of the hinges supporting
the thrie-beam fender panels were damaged and the
legs under the leading diaphragm were bent when they
contacted the legs under the second diaphragm. Figure
4 shows the end treatment and test vehicle after the
second test.
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FIGURE 4 Vehicle and end treatment after 40-mph impact.

Test 3

The hinges on the front of the cushion were replaced
with larger hinges and the method of attachment to
the diaphragms was improved to reduce the possibility
of damage. The legs on the first diaphragm were re-
moved and replaced with a single leg in the center
such that it would not contact the legs on the second
diaphragm during impact. The test vehicle was then
instrumented and a third test was conducted at 51
mph. The test vehicle was smoothly decelerated and
was pushed back out of the cushion at approximately
7 mph. The vehicle was only moderately damaged, as
shown in Figure 5. All occupant risk values, given
in Table 4, were well below recommended limits (2).
The end treatment was pulled back into place in less

TABLE 4 Summary of Crash Test Results
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FIGURE 5 Vehicle and end treatment after Test 3.

than an hour and, with the exception of some of the
new hinges, was undamaged.

COMPLIANCE TESTING

NCHRP Report 230 (2) calls for four full-scale crash
tests of barrier end treatments. One of these tests
calls for a 1,800-1b automobile to strike the middle
of the end treatment at 60 mph and 15 degrees. Stan-
dard thrie-beam barriers and cable-supported narrow
end treatments with thrie-beam fender panels have
performed well under these tests conditions (6,7).
It was therefore decided that this test would be
eliminated from the matrix and the remaining three
crash tests would be conducted.

Test 4

After completion of the third test, the hinges were
redesigned to withstand an impact load of more than
200 g's. The new hinges were fabricated from 3/4-in.
steel pipe and rod and 1/8-in. steel plate. Com-
pliance testing was then begun with a 1979 Honda
that weighed 1,810 1b striking the cushion at 58 mph
and zero degrees. The center of the test vehicle was
offset 16 in, from the center of the cushion. The
small automobile was smoothly decelerated to a stop
over a distance of approximately 17 ft. As the front
of the vehicle came to a stop, the rear began to
spin out. As shown in Figure 6, the vehicle was yawed
approximately 90 degrees from its original direction
of travel when it stopped.

The modified hinges contacted the next fender
panels and prevented the front five cells from col-

Occupant Ridedown

Vehicle Occupant Impact Accelerations
Vehicle Impact Angle of Stopping Velocity (ft/sec) (10 msec avg g’s)
Test Weight Speed Impact Point of Distance
No. (Ib) (mph) (degrees) Impact (ft) Longitudinal Lateral Longitudinal Lateral
1 4,390 30 0 Nose 15 -8 = = =
2 4,390 40 0 Nose 17.5 -2 =7 -2 =8
3 4,390 51 0 Nose 22.5 22.0 - 749 =
4 1,810 58 0 Nose at 16-in. 175 35:5 4.2 9.0 1.5
eccentricity
5 4,500 57 0 Nose 23.5 26.4 NA 14.1 NA
6 4,420 61 25 8th fender panel NA 327 18.9 20.9 32.5

Note: NA = occupant did not strike side of vehicle,

INot measured.
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The cushion and test vehicle were damaged moder-
ately, as shown in Figure 7. One of the redirec-
tional cables snagged on a diaphragm and was broken,
and one of the lightweight restoration cables between
the diaphragms was cut. As a result, the cushion
could not be pulled back into position as in previous
tests. In addition, there was minor damage to several
of the hinges and the legs under the diaphragms.
There was still some minor contact between the 3/4-~
in. rods on the hinges and the fender panels. There-
fore it is recommended that the hinges be replaced
with a £flat plate design. This design should be
slightly stronger than those used in the tested
design.

FIGURE 6 Vehicle and end treatment after Test 4.

lapsing completely. As a result, the longitudinal
occupant impact velocity was somewhat high at 35.7
fps, whereas the recommended value is 30 fps and the
maximum allowable impact speed is 40 fps. If the
hinges had not prevented the front cells from col-
lapsing completely, the test vehicle would have
traveled approximately 2.5 in. further between im-
pacts with each diaphragm and therefore the occupant
impact velocity would have been much lower. There
would have been 1little additional speed reduction
between diaphragms because the front cells do not
absorb a significant amount of enerqgy. The occupant
impact velocity can be estimated for this condition
by integrating the accelerometer curve from the test
and adding 2.5 in. of free travel (no acceleration)
after collapsing each cell. The predicted occupant
impact velocity £rom this type of analysis is ap-
proximately 31 fps.

As the data in Table 4 indicate, all other sever-
ity measures with within recommended limits (2). No
components of the crash cushion were damaged, and it
was restored with less than 4 man-hours of labor.
After the fourth test the hinges were notched to
prevent contact between hinges and the downstream
fender panels.

Test 5

The fifth test involved a 1978 Mercury Grand Marquis
that weighed 4,500 1lb striking the cushion head-on
at 57 mph. The cushion performed well and brought
the vehicle to rest over a distance of approximately
23 ft. All measures of occupant risk were below
recommended limits as the data in Table 4 indicate.
The vehicle rebounded off the cushion at 10.5 mph.

FIGURE 7 Vchicle and end treatment after Test 5.

Cushion repair was accomplished by replacing two
5/8~in.-diameter lateral restraint cables and two
1/4-in.-diameter restoration cables. It should be
noted that the damaged lateral restraint cables were
old and may have been frayed or damaged during pre-
vious research. However, it is recommended that all
lateral restraint cables be visually inspected after
every accident.

Bnalysis of test films indicated that all of the
energy required to push the vehicle out of the
cushion originated from the large-diameter cylinders
at the rear of the treatment. If the 10.5-mph exit
velocity is a significant concern, vehicle rebound
can be virtually eliminated by placing displacement
limitation devices on the redirectional cables at
the sixth diaphragm. These devices would allow the
diaphragm to be freely pushed backward but would
limit any forward motion of the diaphragm after the
vehicle was stopped.
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Test 6

The final test on the end treatment involved a
4,420-1b Ford LTD striking the cushion at 61 mph and
25 degrees. The center of the test vehicle was di-
rected at the center of the barrier end to maximize
the possibility of the vehicle snagging on the end
of the barrier. The test vehicle was redirected and
exited the barrier at a very low angle.

During the test the lateral support element at
the front of the concrete barrier gave way and the
front of the barrier deflected 4 in. As the barrier
was deflected, it rolled away from the impacting
vehicle thereby extending the lower curb face beyond
the edge of the treatment. The wheels of the test
vehicle snagged somewhat on the exposed lower face
and generated relatively high 1longitudinal and
lateral forces on the automobile. Although barrier
anchorage for field installations would 1likely be
more substantial and limit this problem, it is
recommended that the barrier end be transitioned to
a vertical wall to further reduce the likelihood of
such an occurrence.

The end treatment was not damaged heavily for a
test of this severity, as shown in Figure 8. Repair
would have been limited to the replacement of the
last diaphragm, two thrie-beam fender panels, one
wood block-out on the face of the concrete barrier,
and one redirectional cable. No rubber cells showed
any sign of damage. As in most impacts of this

severity, the test vehicle sustained considerable
damage.

FIGURE 8 Vehicle and end treatment after Test 6.
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CONCLUSIONS

A low-maintenance crash cushion end treatment for
concrete barriers has been successfully designed and
crash tested. The cushion (a) does not have any sac-
rificial energy-absorbing elements, (b) has suffi-
cient strength to withstand most impacts without
damage to any components, (c) is not significantly
wider than the standard concrete safety shaped bar-
rier, and (d) has been shown to meet nationally rec-
ognized safety standards (2) » Rubber cylinder
energy-absorbing cells used in the cushion have
withstood six relatively severe crash tests and show
no signs of significant damage.

The crash cushion end treatment described here
represents a significant step toward reducing main-
tenance costs associated with such devices. The
cushion can withstand relatively severe head-on im-
pacts—-small automobiles traveling at speeds of up
to 60 mph and large automobiles traveling at speeds
of up to 50 mph--without sustaining damage to any
components. These impact conditions include more
than 95 percent of expected head-on accidents (8).
After these accidents the cushion can be repaired in
less than an hour and total repair cost should he
less than $100. Further, even high-energy head-on
and relatively severe side impacts do not cause a
great deal of damage to the system. Finally, the
design concepts proven in this study could be easily
adapted to other types of cushions with a potential
for similar reductions in maintenance costs.
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Guide Rail and Drainage Facilities

G. J. MALASHESKIE et al.

ABSTRACT

In 1983 the Pennsylvania Department of Transportation implemented a systematic
technique to analyze and manage Pennsylvania pavements (STAMPP), its first com-
plete pavement management system. With STAMPP as the foundation, the department
has embarked on the development of a total roadway management information system
(RMIS), which to become functional reguires the addition of guide rail and
drainage conditions. A special task force, comprised of district, county, and
central office personnel developed the techniques with which to inventory and
collect the condition data for gquide rail and drainage facilities, assigned
treatment strategies and related costs to deficient conditions, and proposed
methods for implementing identified survey results. The result is a more com=-
plete roadway management system, which allows department management to more
effectively manage approximately 43,000 mi of highway pavements, shoulders, and

appurtenances.

In 1983 the Pennsylvania Department of Transportation
implemented its first complete pavement management
system, a systematic technique to analyze and manage
Pennsylvania pavements (STAMPP). This methodology
provides department personnel with an objective,
useful tool to more effectively manage approximately
43,000 mi of highway pavements and shoulders. STAMPP
is now being used as the foundation of a roadway
management information system (RMIS), currently under
development by the department. In the development of
the RMIS, the STAMPP task force identified a need
for inclusion of data on guide rail, median barrier,
and drainage facilities, along with the pavement and
shoulder data being collected in STAMPP., This would
result in a more complete roadway management system.

To identify the information required, and to
develop a methodology to acquire that information, a
special task force comprised of district, county,
and central office personnel was formed. The task
force members represented a variety of engineering
and managerial disciplines: highway maintenance,
design, pavement management, planning, and highway
safety. These individuals were charged to evaluate
and recommend techniques by which to systematically
inventory and collect the condition data for guide
rail and drainage, to assign appropriate treatment
strategies to deficient conditions, and to implement
these results as enhancements to STAMPP.

In their initial sessions, the task force adopted
the following working objectives:

1. Develop a uniform 100 percent inventory and
survey of statewide guide rail and drainage facility
conditions;

2. Identify appropriate condition criteria,
recommend treatments, and estimate associated costs:
and

3. Develop factors relative to the inventoried
guide rail and drainage items for use in allocating
maintenance monies to the counties.

Pennsylvania Department of Transportation, Transpor-
tation and Safety Building, Room 1009, Commonwealth
and Foster Streets, Harrisburg, Pa. 17120.

The task force also adopted the following co-
objectives from the STAMPP Pavement Condition Survey
Field Manual (1):

1. To provide a uniform statewide condition
evaluation that would improve decision making;

2, To provide management with the information
and tools to monitor the condition of the network,
assess future needs, establish county condition
rankings, and optimize investments;

3. To provide condition information to fulfill
the requirements of Pennsylvania Act 68 (1980), which
requires the allocation of maintenance funds to the
individual counties based on need;

4, To provide information for monitoring the
performance of various pavement (guide rail and
drainage) designs, materials, rehabilitation, and
maintenance techniques; and

5. To provide information for identifying candi-
date projects for maintenance and betterment pro-
grams.

Over a period of several weeks, the task force
developed the criteria and survey input forms to
conduct the inventories of guide rail, median bar-
rier, and drainage facilities on the state's high-
ways. These criteria and forms underwent several
stages of revision as a result of field surveys con-
ducted by the task force members and meetings held
with personnel in the more urban districts. The re-
sult is an inventory that satisfies the previously
stated objectives and yields the following benefits
to the department:

1. It provides condition information to fulfill
the requirements of Act 68, enabling the department
to modify the RPQI portion of the formula to allocate
maintenance funds to individual counties. Overall
needs will be better defined as a result of the in-
formation that will be gathered.

2. The information collected on the condition of
barrier and drainage systems can be used to generate
work plans for county maintenance operations.

3. In conjunction with the current STAMPP data,
guide rail and drainage condition data can be used
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in the development of the department's annual Highway
Restoration Program.

4., Overall system management is enhanced. All
managers, whether at the district, county, or central
office level, will have the necessary information to
better assess their future needs.

5. The survey forms that were developed will
facilitate the collection of information that can be
readily integrated into the roadway information data
base (RIDB). Ultimately, this information will be
available to develop automated straight line diagrams
(SLDs) , which indicate, among other things, the type
and location of all traffic barriers and drainage
facilities along each section of highway.

6., It improves the department's ability to ad-
dress tort claims associated with guide rail or
drainage conditions. The additional information that
will be available to all managers will enable them
to assess their needs and better establish logical
priorities for improvements. This 1is true at the
county level, in the development of annual mainte-
nance work plans; at the district level, in the
development of the annual Highway Restoration Pro-
gram; and at the central office level, in the estab-
lishment of overall program guidelines.

GENERAL INFORMATION AND SURVEY DEVELOPMENT

Both the guide rail and the drainage surveys were
developed to be compatible with STAMPP methodology
for conducting visual condition surveys. The existing
STAMPP segments and offset distances are used to
locate barriers and drainage items.

The 1initial surveys for both gquide rail and
drainage will be inventories as well as condition
surveys. The guide rail survey will be done on 100
percent of the highway network system on an annual
basis. In the case of drainage, the complete survey
of the system will be phased in over a period of 4
years, by doing 25 percent of each of the Primary
Commercial Network (PCN) and the Off-PCN roadways
each year. It is recognized that periodic updates
will be required to quantify the condition of the
drainage or barrier elements; however, this will not
necessarily have to be done on an annual basis. To
keep the inventory data current for both barriers
and drainage, a means will be established to auto-
matically update the information whenever work is
accomplished by department forces or under contract.
This will require some software development and an
interface with other department recordation systems.
The result will be an up-to-date inventory that will
require less resurveying and will therefore be less
expensive to maintain.

GUIDE RAIL SURVEY

The task force considered existing department design
criteria and maintenance techniques when developing
the guide rail inventory and condition survey format.
Some of those considerations included the Standard
Roadway and Bridge Construction Drawings, the Highway
Design Manual, Part 2, Chapter 12, on Guide Rail and
Median Barrier, the Maintenance Manual criteria on
guide rail maintenance and replacement, the Highway
Features Inventory-System, and other existing plan-
ning criteria used for 1I-4R, 3R, and betterment
project development.

After discussions with district personnel, pri-
marily in the commonwealth's two major urban areas,
it was decided that the end treatments and actual
systems currently found on roadways would be speci-
fied on the survey forms and used in the inventory,
as opposed to a previous plan to merely include sys-
tems broken down by cable or panel, and strong or
weak posts. The additional time reguired to do a
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more detailed inventory was considered a good trade-
off for getting a more complete inventory and accu-
rate cost estimate of needs for maintenance and
repairs.

Guide rail and median barrier system conditions
are observed for extent and severity of post deflec-
tion, cable sag, system deterioration, hardware con-
dition, and system height. Treatments and associated
costs were identified for the various conditions or
combinations of conditions. These are used in esti-
mating the total needs relative to barrier condition
and also in the development of STAMPP project cost
estimates and are based on actual repair and con-
struction costs currently being quoted on Pennsyl-
vania contracts.

The condition of the system end treatments is
identified as functional or nonfunctional on the
basis of the ability of the treatment to perform its
intended function. For bridge connections, only a
current strong-post W-beam rail system with appro-
priate connection hardware and reduced post spacing
in the vicinity of the structure is considered func-
tional.

An important aspect of the survey is the identi-
fication of potentially unneeded guide rail and
median barrier. The task force recommended that re-
moval of existing nonfunctional systems be stressed,
with update only where truly needed. The task
force's sentiments were strongly reinforced by dis-
trict personnel, and a reassessment of warrants and
standards has been mandated by department management.
It was also recognized that the department did not
fully use the cost-effectiveness approach outlined
in the 1977 AASHTO "Guide for Selecting, Locating,
and Designing Traffic Barriers" and subsequent
publications.

A reevaluation of placement options for typical
existing conditions was recommended in accordance
with the AASHTO cost-effectiveness analysis. This
will include guide rail along cut-and-fill slopes,
along tree-lined rural roadways, in areas where
speeds have been reduced, and so forth.

Subsequent to development of the survey format, a
second task group was convened to consider existing
national and Pennsylvania warrants for barrier use
and to evaluate revisions to design criteria in ac-
cordance with the AASHTO barrier guide Chapter 7
cost-effectiveness approach. Easy-to-use criteria
were developed for use as a guideline for checking
the "candidate for removal" block and revised stan-
dard criteria were recommended for consideration.
These criteria are more liberal than previous cri-
teria in that they recognize motorists' ability to
safely negotiate certain slopes and fill heights.
Moreover, they take into account the probability of
a motorist losing control and encountering the slope.
If these criteria are adopted, significant cost sav-
ings can be realized through reduced maintenance
needs where barrier is removed and lesser construc-
tion costs on 3R projects. Removal of old and unwar-
ranted barriers and a program to update warranted
barriers will provide the motoring public with the
most cost-effective and safe system practicable.
Moreover, by reassessing barrier warrants, the de-
partment will be able to upgrade the truly needed
barrier systems without spending limited funds on
questionable or unneeded installations.

The guide rail survey form is shown in Figure 1,
and treatment strategies and costs are given in
Tables 1-4.

DRAINAGE SURVEY
Development of a drainage survey form, as in the

case of guide rail, started with identification of
appropriate inventory items. It was recognized that
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TYPE DATE
DIST. CTY. P/S APPL LEG.RTE. SPUR EQ. BEGIN STATION BEG. MILEPOST BEGIN DESCRIPTION SURF . (MMDDYY)
rmirmammrrrrnm Yy rrrrrrarrrrrri [T1 30/40/50 FLEXIBLE FYYyrITl
O T T T T T T A 1 I | 1O T N T O N 001 0 L 0 O O 1 0 | L1 ) 60/80/90 RIG.BASE LR )

70 RIGID
ADT U/R TRAF.RTE. MFC LENGTH END STATION END MILEPOST END DESCRIPTION WIDTH  DIR 0831 0BS2 O0BS3
1 1 I 1 O T S I e T T O I O I B I | 0 Iy By I I
r END_TREATHENT T SYSTEN CONDITION 1 _EXTENT _SEVERITY T SEGMENT | END_TREATHENT
| OFFSET YPE F/NF R/L__ | TYPE <1041 _10-40z1>40%] ® POSTS | | OFFSET TYPE F/NF |
1 I POST DEFLECTION 7 y 330° M : 7
W O O | L NONE| & > 15-30° {1 I [ | | )
I : i 0 1 3 <15°
!

END TREATMENT CODES = [C107%] 10-40#1>404] LENeIH_ |

------------------ CABLE SAG 7 ] 32" |

(0) NONE [NONE| 4 5 ¢ 6-12" |ttt

(1) FIST I | | ] 3 <6" | CANDIDATE | |

(2) TERMINAL END SECTION (BURIED) 1 1 1 | FOR REMOVAL | |

(3) BRIDGE CONNECTION I g <1071 10-40Z[>40Z] LENGTH I e

(4) BREAKAWAY CABLE TERMINAL {BCT) [ DETERIORATION 7 8 9 IROTTED/RUSTED THRU/BROKENI |

(5) END ANCHOR | NONEl 6. | S 6__|STRUCTURAL RUST/CRAGKED 11|

(6) IMPACT ATTENUATOR | 1 | o |1 2z 3 _|SURF. RUST/SPALLED/ZDENTEDI] = —meemeeee -

(7) SLOPEO CONCRETE END SECTION | T i | SIDE-DOZING | |

(8) OTHER I HARDMARE —T‘wlqozl zo-wzlnnz} PIECES | | REQUIRED | |

(C) CONTINUE - IF NOT END OF SYSTEM II l 1 0 1 2 3 [HISSING/DEFECTIVE : ----------

F/NF = FUNCTIOMAL/MON-FUMCTIONAL | HEIGHT ) ‘Imlcxwl 10-40%[5404]  INCHES | |
I {0 L1 [_ 2 T3 J<Z9" comC./<24" OTHER
R/L = RIGHT/LEFT L /[ 1
[SEGHENT | ENO YRE T CcooitIon T “SEVERITY T SEGHENT | EMD TREATHENT |
|___OFFSET | TYPE | J e [ Il oFFseT TW |
b POST DEFLECTION >30° I I
[0 18 1 It J (HONE 15-30° {5 81 15 5 85 l ]
i | | e T

SYSTEM TYPE CODES IC 5 SRl 0317 LENGTH 1 i

----------- - Il CABLE sas >12" 1]

(A) STRONG POST CABLES (1-A, 1-B, 1-C) I [FoONE 6-12" I eemeeee———

(B) MEAK POST CABLE (1-W) 11 | | | o - : <6 1] CANDIDATE ] |

(C) STRONG POST W-BEAM WITH RUB RAIL ] A D f 11 FOR REMOVAL | |

AND OFFSET BRACKET (2-S, 2-SC) 1l LENG JI meeeeeeee

(D) :Igo:fm Pg:hu-asm WITH OFFSET BRACKET “ DETERIORATION ROTTED/RUSTED mnumoxeuu

(2-A, 2-B) [N TRUCTURAL RUST/CRAGKED.
(E) STRONG POST W-BEAM W/0 OFFSET BRACKET || ) | M:Ni B %;n;&%s%sgnub/o!menn ----------
AMD RUB RAIL (£-A; £-D) L sl 11 SIDE-DOZING | |

(F) MEAK POST W-BEAM (2-W, 2-NC, 2-WCC) 1]~ HARDWARE HONE <1071 10-40%1540%] PIECES | Il REQUIRED I |

(6) STRONG POST W-BEAM, DOUBLE-FACED (2-C) || 1 " T 5 IMISSING/DEFECTIVE 1l  eeeeee -

(H) WEAK POST W-BEAM, DOUBLE-FACED (2-WM) || i P 0 I =, 1]

(I) MEAK POST BOX BEAM (3-WM, 3-WMC) I} HEIGHT " TnoNET<10%[ 10-40%15407] TNCHES ) 1]

{J) CONCRETE SAFETY SHAPE 1" 0 7 i <29" COMC./<24" OTHERS ||

(K) OTHER [ N B [ =

FIGURE 1 Guide rail survey form.

the drainage inventory needs would be much different
in urban, curbed areas than on the rural roadway
system. After much discussion within the task force
and comments from the urban districts, inventory
items were agreed on that included pipe and other
structures less than 8 ft in width measured along
the roadway ccnterline (structures 8 ft or greater
are included in the structures inventory), inlet
control, outlet control, outlet ditches, and parallel
ditches. Treatments and related costs are based on
normal maintenance treatments wherever possible and
action is indicated based on flow conditions, struc-
tural conditions, and physical condition of the pipe,

TABLE 1 Guide Rail Treatment Strategies

structure, inlet or outlet, ditch, and any apparent
roadway distress caused by structure failure.

Figure 2 is the sample drainage survey form;
Tables 5 and 6 give treatment strategies based on
drainage conditions and associated treatment costs.

CONDUCTING SURVEYS

It is the intent of the task force that the initial
guide rail and drainage surveys be inventories as
well as condition surveys. To properly indicate
present and future needs, a 100 percent survey of

Extent and Severity

Low Medium High

1 2 3 4 5 6 7 8 9
Condition (<10%) (10-40%) (>40%) (<10%) (10-40%) (>40%) (<10%) (10-40%) (>40%)
Post deflection X X X 2 2 2 3 3 4
Cable sag X X 1 1 2 2 3 3 3
Deterioration X X X 1 1 3 3 3 4
Hardware 1 3 3
Height 2 2 2
Note: 1 =routine maintenance, 2 = reset (repair in place), 3 = replace in kind, and 4 = update only if system does not meet current standards.

Combinations for update if system does not meet current standards: A6 + B9, B9 + C8, and A8 + B9,
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TABLE 2 Treatment Strategies—
Nonfunctional End Treatments

Concrete
Type Cable System Panel System Barrier
0 3,4 3 3
1 34
2 3
3 4 34
4 3
5 34 3
6 3 3 3
7 3
8 4 4 4
C
Note: 1 = routine maintenance, 2 = reset (repair in place),

3 = replace in kind, and 4 = update only if system does not
meet current standards.

TABLE 3 Treatment Costs for Guide Rail Systems

1. Routine 2. Reset/Repair 3. Replace
System Maintenance in Place in Kind 4. Update
A 1.50 4.38 6.20 11.50
B 1.50 4,38 6.20 6.20
C 1.50 5.75 16.50 16.50
D 1.50 5.5 11.50 11.50
E 1.50 5.75 10.00 11.50
F 1.50 5.5 10.00 10.00
G 1.50 8.00 19.00 19.00
H 1.50 5.75 16.80 16.80
I 1.50 12,78 33.00 33.00
J 1.50 3.50 23.50 23.50
K 11.50

Note: costs in dollars per linear foot,

the identified inventory items is essential. Proper
updating of the system, to include newly constructed
features, repair or replacement of existing features,
and elimination of features, is necessary in order
to make the system functional.

The task force assessed various options for con-
ducting each survey and assigned relative costs to
the various options. For the guide rail survey, four
options were presented for consideration:

* Option 1: Conduct the survey annually in con-
junction with the present STAMPP survey by the addi-
tion of a third person in the STAMPP vehicle., It was
anticipated that the third person would be able to
do the guide rail survey and the STAMPP shoulder
condition survey. This method would eliminate the
need for additional survey vehicles and other as-
sociated equipment. One drawback to this option is
the anticipated initial reduction of approximately 2
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mi per day in the STAMPP survey production. This is
expected to happen only the first time the survey is
made, because this will be both a condition survey
and an inventory. Long-term production should
actually increase. Estimated annual cost is $363,000
compared with $215,000 for the STAMPP condition sur-
vey alone.

* Option 2: Use of separate survey crews to
conduct each of the guide rail and STAMPP condition
surveys. The advantage is that the efficiency of
each survey will not be affected; however, additional
personnel, vehicles, and equipment are required. The
cost of two separate sets of survey crews is esti-
mated at $356,000.

¢ Option 3: Have the two-man STAMPP survey crew
perform a second pass on each roadway segment to
pick up the guide rail survey. This would signifi-
cantly reduce survey efficiency and may be prohibi-
tive in terms of time required; however, advantages
include reduced personnel and equipment needs. Esti-
mated cost is the same as Option 2.

* Option 4: Conducting the survey by engineer-
ing consultant contract was discussed at length and
judged to be cost prohibitive, although no actual
cost estimate was derived. Advantages are reduced
department personnel and equipment needs and non-
interference with the STAMPP survey.

The task force recommendation was to use Option 1
because the estimated survey costs were in line with
the other options presented and would make available
a yearly update of guide rail needs for development
of the counties' annual work plans and allocation of
maintenance monies.

The drainage survey will have to be conducted
separate from the STAMPP and guide rail surveys be-
cause it will entail considerable "walking"” of each
segment to assess conditions of drainage items and
measure extents of some conditions. Regardless of
how the survey is conducted, it is imperative that
as many drainage locations as possible be identified
before going into the field by checking as-built
plans, when available. This will increase efficiency
of the field survey as well as provide a check to
assure that as many of the drainage items as possible
are located and inventoried.

To replace the current trained observer survey
(TOS) cycles in the maintenance allocation formula
it was recommended that the drainage survey initially
be conducted on the Off-PCN roads, with emphasis on
those roads scheduled for surface improvement or on
the 4-year plan because these are considered to
generally have more urgent drainage needs. One
option for conducting the survey was to have the
assistant county maintenance managers responsible
for inventorying and evaluating drainage conditions
over approximately an 8-year period in advance of

TABLE 4 Treatment Costs for Nonfunctional End Treatments

3. Replace in Kind 4. Update
Cable Panel Cable Panel
Type System System Concrete System System Concrete
0 240 750 140 750 750
1 750 750
2 750
3 144 550 550
4 1,200 1,200
5 240 500 750
6 1,000 1,000 1,000
T 140
8 240 750 140
C

Note: cost in dollars each.
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FIGURE 2 Condition survey input form—drainage,

TABLE 5 Drainage Treatment Strategies

Pipe Structure

Condition Extent Style (0-3) Style (4&5)
Physical, E 0 1 1

1 1 1

2 2 7

3 4 7

4 lor2 lorz
Structural, F 0 1

1 1

2 3

3 4

4 lor2
Flow, G 0 1

1 2

2 5
Ditch erosion, J 0 1

1 3

2 6

Note: 1 = do nothing, reinspect in § years; 2 = do nothing, reinspect in 2 years;
3 = repairfresel; 4 = repluce; 5 = flushfclean and inspect; 6 = reline; and 7 =
requires inspection by bridge inspection personnel (SIRS). Combination for
replacement (4): Flow condition G = 2 + roadway deflection H = 1,

their yearly surface improvement program or 4-year
plan.

Another option was creation of a maintenance
technician position as an assistant to each as-
sistant county manager. This technician would be
responsible for coordination of the survey with
county forces over a 2-year period. A general option
was to mandate conduct of the survey, starting with
the Off-PCN roads, to be completed over a ?2-year
period, allowing the district engineer to decide who
will conduct the survey. Some available personnel
options included consultant contract, coordination
by district staff, county staff, temporary or part-
time personnel, and workfare people. It is estimated
that at 5 mi per day for a two-man survey team,
17,600 man-days will be required to conduct the
drainage survey.

The task force could not agree on a single, most
favorable option. Thus no specific recommendation
was made about who should conduct the drainage sur-
vey. The option of allowing the district engineers
the choice of personnel appeared to make the most



Malasheskie et al. 43
TABLE 6 Treatment Costs—Drainage Items
Parallel
Pipe and Box Muitiple Small Pipe and and
Treat- Pipe-Arch Culvert Pipes Structures Inlets and End Culvert End Outlet Erosion
ment Outlets Walls Sections Ditches Control
1
2
3 <36 in,, $23.00/LF
>36 in,, $46.00/LF $100.00/LF $75.00/LF $35.00/ft2 $400.00 each $100.00 each $100.00 each
4 <36 in,,$62.00/LF $1,200.00 each <36 in., $500.00
each
>36in., $122,00/LF  $125.00/ft? $105.00/ft2 $135.00/ft2 $1,500 each $250.00 each >36 in., $1,000.00
with grate each
5 $2.50/LF $36.00/LF $7.50/LF $36.00/LF $25.00 each $25.00 each $25.00 each $1.00/LF
6 $15.00/LF
7 $300.00 each

Note: LF =linear foot. Circled numbers represent style (see Figure 2).

sense because they would be better aware of their
district and county personnel commitments and needs
and any budgetary constraints.

The drainage survey has built-in cycles of re-
inspection based on existing condition, inability to
assess conditions because of present survey limita-
tions, and the degree of inspection expertise re-
quired on small structures. However, it was generally
recommended that, after the initial inventory and
condition survey, reinspection should be performed
at 5-year intervals unless a shorter period is deemed
more suitable.

STAMPP ENHANCEMENTS

It was recommended that side-dozing and swale grading
be included in the STAMPP survey; however, only
side-dozing was considered appropriate because swale
grading is generally included in the shoulder cutting
treatment for a buildup condition in the shoulder
portion of the STAMPP survey. Several other RMIS
system enhancements were also recommended:

1. Add an assistant county manager designation
to each STAMPP segment to expedite county data
acquisition for development of annual work plans.
This can be built into the RMIS currently under
development by the department.

2, In developing project cost estimates (2),
drainage costs, based on the condition survey, should
be added to the normal project assessment software
programming. Guide rail costs, again based on the
condition survey, should be provided as an option
for project cost estimate development in a manner
similar to that in which maintenance and protection
of traffic, mobilization, and engineering are cur-
rently handled.

3. Include the guide rail and drainage inventory
items in the development of the automated straight
line diagrams.

OUTPUT AND SOFTWARE NEEDS

The formats used for each of the guide rail and
drainage survey forms require some specific software
programming to assure that output needs are properly
addressed.

For the guide rail form, programming will be re-
quired to account for a continuous string of guide
rail that extends onto an adjacent STAMPP segment,
continues onto a ramp, or continues onto an inter-
secting road (centerline route or local). The system
must be able to output an indication of need for an
update to end treatments and systems identified as
Yother" or "none." Bridge connections identified as

"nonfunctional® should also have an automatic update
treatment indicated. The cost of this update should
include the standard bridge terminal section and 25
ft of 2-SC guide rail, for estimation of needs or
development of a project cost estimate.

On the drainage form, multiple pipes will require
programming to determine the number of pipes at the
location. Inlets and outlets identified as "unde-
termined" for programming purposes should be included
with drop inlets without grates, although no costs
for treatment are to be specified. Similarly, the
physical or structural condition "unknown" must
automatically be programmed to indicate the need for
a more detailed reinspection.

Continuous parallel ditches and storm sewers with
drop inlets acting as junction boxes (identified as
"continuous") require programming to connect ditches
and storm sewer systems from one STAMPP segment to
the other. As in the case of continuous guide rail
systems, this will be more important when imple-
mented on the automated straight line diagrams.

The input of data from both surveys will need
some program edits to control faulty information.
Summary treatment screens as well as condition sum-
maries by segment and other information generally
output in the existing STAMPP data analysis program-—
ming (2) should be made available. The ability to
have preprinted forms for subsequent surveys must be
built into the program because this will signifi-
cantly increase survey efficiency and thereby reduce
survey costs.

It was recognized that the counties will generally
want to use the data available from the surveys in
developing their annual work plans and preparing
guide rail and pipe repair or replacement contracts.
Computer program formatting for generation of these
reports should also be made available.

The districts, counties, and central office will
be able to obtain the following typical information
from each survey:

Drainage

1. Number of feet of pipe by size and condition
per county,

2. Number of feet of pipe by size and condition
per Legislative Route (LR),

3. 1Inlets needing repairs by LR,

4. 1Inlets needing reconstruction or replacement
by LR or county,

5. Ditch cleaning needs (footage),

6. Pipe footage reqguiring flushing,

7. Inlets needing cleaning by LR and county,

8. Outlet ditches needing cleaning (footage) by
LR and county,

9. Ditches needing repairs or material place-
ment, and
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10. Pipe survey needs per
manager section.

year by assistant

Guide Rail

1. Total amount of guide rail not within current
standard (location);

2. Amount of guide rail requiring repair (loca-
tion);

3. Amount of guide rail requiring replacement or
updating (location);

4. Amount of guide rail for suggested removal
(location) ;

5. End treatments needing repair;

6. End treatments needing replacement or up-
dating;

7. Costs for treatments, replacements, and up-
dating;

8. Percentage of "candidate for removal" in the
system; and

9. Inventory of needs by guide rail type.

SURVEY IMPLEMENTATION

To effectively implement the proposed guide rail and
drainage inventories and condition surveys, several
steps were considered important:

1. Review by the existing STAMPP task force and
upper department management for concurrence on pro-
posed inventory and condition surveys. This was done
in December 1984.

2. Development of condition survey manuals for
each survey. Draft condition survey manuals were
developed in early 1985 for immediate use and pre-
liminary evaluation of survey technigues.

3. Pilot surveys to assess adequacy of survey
forms and developed condition survey manuals were
conducted in April and May 1985 on a sample of all
state roadway <classifications in York County,
Pennsylvania, and changes were subsequently made to
the condition survey manuals (3,4). The pilot survey
consisted of preliminary condition surveys of guide
rail and drainage conditions on approximately 60 mi
of Legislative Routes, conducted by an in-house sur-
vey team, whose results were compared with those
obtained independently on the same roadway sections
by a separate quality assurance survey team. For
both surveys, a one-to-one agreement was obtained
for the condition items being evaluated within #*1
deviation in excess of 90 percent of the time (Fig-
ures 3 and 4).

4, Develop a training program for survey person-
nel. Training was given to department personnel co-
ordinating conduct of the surveys and to all survey
personnel in May 1985 for the guide rail condition
survey. Training for the drainage condition survey
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FIGURE 3 Guide rail survey—total deviation
from quality assurance.
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FIGURE 4 Drainage survey—total deviation
from quality assurance.

has been developed and is to be given in August and
September 1985.

5. Development of a quality assurance (QA) plan
to monitor survey effectiveness and accuracy. This
plan will be developed by the Roadway Management
Division of the department’s Bureau of Bridge and
Roadway Technology, whose responsibility it will be
to conduct survey QA.

6. Develop appropriate systems needs for use
directly on the mainframe computer, with modifica-
tions to the STAMPP programs made as appropriate.

7. Conduct surveys and perform required QA.

8. 1Interface the guide rail and drainage surveys
with STAMPP and include in the RIDB.

The Pennsylvania Department of Transportation is
committed to the use and implementation of the sur-
veys discussed in this paper and described more com-
pletely in the condition survey manuals. By properly
using the information obtained from conducting these
surveys, the department will be in a better position
to cost-effectively manage state tax revenues for
the construction, maintenance, and general operation
of the 43,000-mi state roadway system.

The department stands ready to share its survey
systems with other interested governmental agencies
that wish to adopt similar management tools for their
roadway systems, but cautions that conditions, ex-
tents and severities, and treatments and associated
costs contained herein have been selected specifi-
cally for Pennsylvania. Other systems may have to be
modified accordingly.

By the end of this year, the department will have
more experience with the operation of the guide rail
and drainage condition surveys because the initial
surveys will have been performed. Again, the depart-
ment is most willing to share the results of these
initial surveys with interested parties.
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Real-World Impact Conditions for

Run-Off-the-Road Accidents

KING K. MAK, DEAN L. SICKING, and HAYES E. ROSS, Jr.

ABSTRACT

Information is presented on real-world impact conditions for accidents involving
roadside objects and features based on in-depth accident data. Of particular
interest are the distributions of impact speed and angle for various functional
classes. Other considerations relating to impact conditions, such as vehicle
orientation at impact, are also discussed. The potential applications of the
information presented in this paper are illustrated with two examples, one in-
volving the full-scale crash test matrix and the other involving benefit-cost

procedures.

In the design of roadside safety appurtenances and
features, it is desirable to have information on the
real-world impact conditions to ensure that the ap-
purtenances and features will be effective in serving
the intended purpose of mitigating the consequences
of impacts by errant vehicles. The impact conditions
refer primarily to impact speed and angle, but there
are also other considerations, such as the orienta-
tion of the vehicle at impact and the area of impact
on the vehicle.

To obtain such detailed information, in-depth
investigation and reconstruction of accidents are
required. Police-level accident data do not provide
sufficient detail for this purpose. Also, the acci-
dents have to be either a census or a statistically
representative sample in order to establish the dis-
tributions of impact conditions. Unfortunately, the
costs associated with in-depth accident investigation

The Texas Transportation Institute, The Texas A&M
University System, College Station, Tex. 77843.

and reconstruction are high and few programs of this
nature have been undertaken.

Two such data sources (1,2) were identified and
analyzed as part of a study conducted for the FHWA
on severity measures for roadside objects and fea-
tures (3). The first source provides data on a sta-
tistically representative sample of pole accidents
collected over a 20-month period from two study
areas: Bexar County (including the city of San
Antonio), Texas, and a nine-county area around Lex-
ington, Kentucky. The second source includes a census
of accidents involving bridge rails, bridge or para-
pet ends, and approach guardrails in a 15-county
area around San Antonio, Texas, over a 2l-month
period.

After screening for nonapplicable cases, 472 pole
accident cases and 124 bridge accident cases were
merged for use in the study. Note that the actual
sample size available for analysis is slightly less
than 596 because some of the cases have unknown im-
pact speed or angle. Also, the pole accident cases
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are weighted in accordance with the statistical sam-
pling scheme. The results of the analysis are sum-
marized in this paper, followed by discussions of
two example applications of the information under
real-world accident conditions for roadside objects
and features.

REAL-WORLD IMPACT CONDITIONS

For the purpose of this paper, the impact conditions
are defined by impact speed for point objects (e.g.,
pole supports) and by both impact speed and angle
for longitudinal objects (e.g., guardrails and median
barriers). The emphasis of this paper is on the dis-
tributions of impact speed and impact angle. However,
there are other considerations relating to impact
conditions, such as the orientation of the vehicle
at impact, the area of impact on the vehicle, and
postimpact trajectory of the vehicle. Brief discus-
sions of these other considerations will also be
presented.

Impact Speed and Angle Distributions

Using the in-depth accident data from the two pre-
viously mentioned sources, the distributions of im-
pact speed and angle are first determined individ-
vally (i.e., univariate distributions). A number of
theoretical distributions, such as normal, exponen-
tial, and negative binomial, were fitted to the data
and it was found that a gamma function provides the
best fit for both univariate impact speed and impact
angle distributions. Mathematically, the gamma dis-
tribution function is expressed as

-
clxj) = Il (1/1r (o) 891} to~lp=t/Bat

where

Xj = impact speed or angle,
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c(xj) = cumulative probability of x,
[ dummy variable for integration, and
a,B = estimated coefficients.

Note that the gamma function is uniquely defined
by the two coefficients, o and B. The cumulative
gamma distribution functions for impact speed and
angle for the combined data are graphically shown in
Figures 1 and 2, respectively.

The process involved in determining these distri-
butions is briefly described as follows. The empiri-
cal cumulative distribution function for impact speed
or angle based on the observed data is first deter-
mined:

c(xj) = Number of accidents with x < x;/Total
number of accidents

where xj is impact speed or
cumulative probability for xj.

Different distribution functions are then fitted
to the empirical distribution function using non-
linear least square regression. The gamma function
is found to provide the best fit to the data and is
therefore selected. The empirical cumulative per-
centages are also shown in Figures 1 and 2, and it
is evident that a good fit is provided by the gamma
distribution.

Because the impact conditions for 1longitudinal
objects are defined by both impact speed and angle,
it is necessary to determine the joint distribution
for impact speed and angle. The actual data are
arbitrarily divided into a 6 x 6 matrix and various
known joint (bivariate) distributions are fitted to
the data with little success. This is not surprising
because the univariate impact speed and angle dis-
tributions are best estimated by gamma functions and
there is no known means of mathematically expressing
a joint gamma distribution.

The alternative is to assume that the impact speed
and angle distributions are independent of each other
so that the cell probability is simply the product
of their marginal probabilities., The concern is of
course with the wvalidity of the independency as-
sumption.

angle and c(xj) 1is
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FIGURE 1 Impact speed distribution for combined data.
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FIGURE 2 Impact angle distribution for combined data.

It should be pointed out that the goodness-of-fit
test is very sensitive to the outlying cells (i.e.,
those cells with either very low or very high impact
speeds or angles). Variations in the intervals of
the matrix in these outlying areas could alter the
results of the goodness-of-fit test. However, the

The data indicate that there is a weak negative
correlation (-0.153) between impact speed and angle
(i.e., higher impact speeds are associated with
slightly lower impact angles). However, the correla-
tion is so weak that any error introduced would
likely be minor. A chi-square goodness-of-fit test

was used to evaluate this hypothesis and the results
indicate a reasonably good fit between the expected
and the observed values, as indicated by the data in

probabilities associated with the outlying cells are
very low and the errors introduced would therefore
be relatively small.

Table 1. In other words, it may be argued that the

1 It should be borne in mind that the impact speed
errors introduced by the independency assumption are

and angle distributions are influenced by various

fairly minor and acceptable for estimation purposes. roadway, roadside, and traffic characteristics. It
TABLE 1 Results of Goodness-of-Fit Test
Encroachment
Angle (%)
Encroachment < 5 6 - 10 11 - 15 16 - 20 21 - 30
Speed {(mph)
0.0088 0.0206 0.020H8 0.0155 0.0168
0 - 10.0 (4. 4) (10.03 (10.2) (7.8) (8.4)
0.004 0.018 0.022 0.022 0.014
(2) (9) (N (11) (1)
0.02106 0.0505 0,0502 0.0381 0.0812
10,1 -.20,0 (10.8) (25.3) (25.1) (19.1) (20.6)
0.014 0.052
{17 (26)
0.0219 0,0419
20.1 - 30.0 (11,0) (21.0)
0.020 0.022
(10) (11)
0.0169 0.0323
30.1 - 40.0 (8.5) (16.2)
0.012 0,038
(6) 13) (19)
0.0114 0.0201 0.0218
40,1 - 50.0 (5.7) (13.4) (13.3) (10.1) (10.9)
0,016 0.030 0,038 0.016 0.018
(8) (15) (19) (8) (9)
0.0164 0.0386 0.0383 0.0291 0.0314 0.0157 0.1695
> 50 (8.2) (19.3) (19.2) (14.6) (15.7) (7.9) (84,8)
0.032 0.052 0.024 0.032 0.026 0.010 0.176
(16) (26) (12) (16) (13) (5) (88)
0.0970 0.2274 0,2259 0.1715 0.1854 0.0928 1.0000
Total (4B.5) (113.7) (113.0) (85.8) (92.7) (46.4) (500)
0.098 0.260 0.174 0.174 0.170 0.088 1.000
(49) (130) (81) (87) (85) (44 {500)
Legend: Expected Percentage Chi Square = 38,2
(Expected Freq.) Degree of Freedom = 31
Observed Percentage pval = 0,175 (Reasonable Fit)
(Observed Freq.) Correlation = -0,153
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TABLE 2 Coefficients of Gamma Distribution
Functions for Speed and Angle by Functional

Class
Impact Speed Impact Angle

Functional Class o B8 a i
Freeway 5.878 9.789 2.560 6.037
Urban arterial 3.293 7.687 2.241  6.992
Urban collector/local  2.940 7.061 3.319 4973
Rural arterial 2.367 15.817 1715  8.749
Rural collectorflocal  4.165 6.986 1.884 8.172
Combined (all data) 2.542  12.693 2.482  6.393

Xy
Note: Gamma distribution function c¢(xj) = f
1]

a-1 -t/8
futree}t e T

would not be possible to account for all of these
factors, so highway type is used as a gross surrogate
measure for all such characteristics.

The data are stratified by functional class and
the impact speed and angle distributions are deter-
mined for each of the functional classes. The sample
sizes for some of the functional classes are too
small and thus these classes are grouped together
for analysis purpose (e.g., major and minor arterials
and collectors and local streets). Also, the sample
size for rural freeways is too small for any mean-
ingful analysis. It was therefore decided that the
impact speed and angle distributions for rural free-
ways would be approximated by those of urban freewayn
and expressways. Thus only five functional classes
are included in the analysis.

Functional Class

Sample Size

Freeway and expressway 191
Urban arterial 148
Urban collector or local 134
Rural arterial 65
Rural collector or local _58
Total 596

Given that the combined data (i.e., all functional
classes combined) are best fitted by the gamma dis-
tribution, it is logical to assume that the gamma
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distribution would also apply to the individual
functional classes. On the basis of this assumption,
the impact speed and angle distributions for the
individual functional classes are estimated. The
fits for the individual functional classes are, as
expected, not as good as that for the combined data
because of the smaller sample sizes. This is the
reason for making the assumption that the gamma dis-
tribution function applies to the individual func-
tional classes.

Table 2 gives a summary of the coefficients of
the univariate gamma distribution functions for im-
pact speed and angle for the five functional classes
and the combined data. The probabilities of various
ranges of impact speed and angle for the five func-
tional classes and the combined data are given in
Tables 3 and 4, respectively.

Again, assuming that the independency assumption
is valid for the individual functional classes as
well as for the entire data set, the cell probabil~
ities for each of the five functional classes can be
computed easily (Tables 5-10).

Other Considerations

There are other considerations, in addition to im-
pact speed and angle, that relate to real-world
impact conditions. Even though the emphasis of this
paper is on impact speed and angle, these other con-
siderations should also be taken into account in
defining the real-world impact conditions for acci-
dents involving roadside objects and features. These
other considerations are also addressed in the two
studies (1,2) used for determining the impact speed
and angle distributions, highlights of which are
summar ized next.

For pole impacts, the front of the vehicle is the
most frequent area of impact (72.9 percent)., Impacts
with the back of the vehicle are extremely rare,
accounting for only 1.9 percent of pole accidents.
Side impacts are involved in approximately 25 percent
of pole accidents (13 percent for the right side and
12,2 percent for the left side), and they result in
much higher injury severity than frontal or rear
impacts.

For impacts with longitudinal barriers, more than

TABLE 3 Impact Speed Probability Distribution by Functional Class

Impact Urban Rural

Speed Urban Collector/ Rural Collector/

(mph) Freeway  Arterial Local Arterial Local Combined
<10 0.0020 0.1030 0.1810 0.0763 0.0468 0.0904
11-20 0.0507 0.3086 0.3718 0.1829 0.2439 0.2222
21-30 0.1548 0.2796 0.2529 0.1983 0.2989 0.2261
31-40 0.2208 0.1678 0.1203 0.1681 0.2115 0.1743
41-50 0.2100 0.0823 0.0481 0.1264 0.1136 0.1174
51-60 0.1560 0.0358 0.0174 0.0886 0.0518 0.0730
>60 0.2057 0.0229 0.0086 0.1594 0.0335 0.0965

TABLE 4 Impact Angle Probability Distribution by Functional Class

Impact Urban Rural

Angle Urban Collector/ Rural Collector/

(degrees) Freeway  Arterial Local Arterial Local Combined
<5 0.0974 0.1155 0.0526 0.1723 0.1491 0.0970
6-10 0.2351 09,2313 0.2046 0.2354 0.2330 0.2274
11-15 0.2322 0.2169 0.2484 0.1936 0.2011 0.2258
16-20 0.1731 0.1623 0.2007 0.1397 0.1477 0.1716
21-25 0.1125 0.1089 0.1326 0.0946 0.1003 0.1145
26-30 0.0675 0.0685 0.0777 0.0618 0.0651 0.0708
>30 0.0822 0.0965 0.0833 0.1026 0.1037 0.0928




TABLE 5 Impact Speed and Angle Distributions for Freeway

Impact Impact Angle (degrees)
Speed
(mph) <S5 6-10 11-15 16-20 21-25 26-30 >30 Total
<10 0.0002 0.0005 0.0005 0.0003 0.0002 0.0001 0.0002 0.0020
11-20 0.0049 0.0119 0.0118 0.0088 0.0057 0.0034 0.0042 0.0507
21-30 0.0151 0.0364 0.0359 0.0268 0.0174 0.0104 0.0127 0.1548
31-40 0.0215 0.0519 0.0513 0.0382 0.0248 0.0149 0.0181 0.2208
41-50 0.0205 0.0494 0.0488 0.0364 0.0236 0.0142 0.0173 0.2100
51-60 0.0152 0.0367 0.0362 0.0270 0.0176 0.0105 0.0128 0.1560
>60 0.0200 0.0484 0.0478 0.0356 0.0231 0.0139 0.0169 0.2057
Total 0.0974 0.2351 0:2322 0.1731 0.1125 0.0675 0.8222 1.0000
TABLE 6 Impact Speed and Angle Distributions for Urban Arterial
Impact Impact Angle (degrees)
Speed
(mph) <5 6-10 11-15 16-20 21-25 26-30 >30 Total
<10 0.0119 0.0238 0.0223 0.0167 0.0112 0.0071 0.0099 0.1030
11-20 0.0356 0.0714 0.0669 0.0501 0.0336 0.0211 0.0298 0.3086
21-30 0.0323 0.0647 0.0606 0.0454 0.0304 0.0192 0.0270 0.2796
31-40 0.0194 0.0388 0.0364 0.0272 0.0183 0.0115 0.0162 0.1678
41-50 0.0095 0.0190 0.0179 0.0134 0.0090 0.0056 0.0079 0.0823
51-60 0.0041 0.0083 0.0078 0.0058 0.0039 0.0025 0.0035 0.0358
>60 0.0026 0.0053 0.0050 0.0037 0.0025 0.0016 0.0022 0.0229
Total 0.1155 0.2313 0.2169 0.1623 0.1089 0.0685 0.0965 1.0000
TABLE 7 Impact Speed and Angle Distributions for Urban Collector/Local
Impact Impact Angle (degrees)
Speed
(mph) <5 6-10 11-15 16-20 2125 26-30 >30 Total
<10 0.0095 0.0370 0.0450 0.0363 0.0240 0.0141 0.0151 0.1810
11-20 0.0196 0.0761 0.0924 0.0746 0.0493 0.0289 0.0310 0.3718
21-30 0.0133 0.0517 0.0628 0.0508 0.0335 0.0197 0.0211 0.2529
31-40 0.0063 0.0246 0.0299 0.0241 0.0160 0.0093 0.0100 0.1203
41-50 0.0025 0.0098 0.0119 0.0097 0.0064 0.0037 0.0040 0.0481
51-60 0.0009 0.0036 0.0043 0.0035 0.0023 0.0014 0.0014 0.0174
>60 0.0005 0.0018 0.0021 0.0017 0.0011 0.0007 0.0007 0.0086
Total 0.0526 0.2046 0.2484 0.2007 0.1326 0.0777 0.0833 1.0001
TABLE 8 Impact Speed and Angle Distributions for Rural Arterial
Impact Impact Angle (degrees)
Speed
(mph) <5 6-10 11-15 16-20 21-25 26-30 >30 Total
<10 0.0131 0.0180 0.0148 0.0107 0.0072 0.0047 0.0078 0.0763
11-20 0.0315 0.0431 0.0354 0.0256 0.0173 0.0113 0.0188 0.1829
21-30 0.0342 0.0467 0.0384 0.0277 0.0188 0.0123 0.0203 0.1983
31-40 0.0290 0.0396 0.0325 0.0235 0.0159 0.0104 0.0172 0.1681
41-50 0.0218 0.0298 0.0245 0.0177 0.0120 0.0078 0.0130 0.1264
51-60 0.0153 0.0209 0.0172 0.0124 0.0084 0.0055 0.0091 0.0886
>60 0.0275 0.0375 0.0309 0.0223 0.0151 0.0099 0.0164 0.1594
Total 0.1723 0.2354 0.1936 0.1397 0.0946 0.0618 0.1026 1.0000
TABLE 9 Impact Speed and Angle Distributions for Rural Collector/Local
Impact Impact Angle (degrees)
Speed
(mph) <5 6-10 11-15 16-20 21-25 26-30 >30 Total
<10 0.0070 0.0109 0.0094 0.0069 0.0047 0.0030 0.0049 0.0468
11-20 0.0364 0.0568 0.0490 0.0360 0.0245 0.0159 0.0253 0.2439
21-30 0.0446 0.0696 0.0601 0.0441 0.0300 0.0195 0.0310 0.2989
31-40 0.0315 0.0493 0.0425 0.0312 0.0212 0.0138 0.0219 0.2115
41-50 0.0169 0.0265 0.0228 0.0168 0.0114 0.0074 0.0118 0.1136
51-60 0.0077 0.0121 0.0104 0.0077 0.0052 0.0034 0.0054 0.0518
>60 0,0050 0.0078 0.0067 0.0049 0.0034 0.0022 0.0035 0.0335
Total 0.1491 0.2330 0.2011 0.1477 0.1003 0.0651 0.1037 1.0000
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TABLE 10 Impact Speed and Angle Distributions for Combined Data

Impact Impact Angle (degrees)
Speed
(mph) <5 6-10 11-15 16-20 21-25 26-30 >30 Total
<10 0.0088 0.0206 0.0204 0.0155 0.0104 0.0064 0.0084 0.0904
11-20 0.0216 0.0505 0.0502 0.0381 0.0254 0.0157 0.0206 0.2222
21-30 0.0219 0.0514 0.0511 0.0388 0.0259 0.0160 0.0210 0.2261
31-40 0.0169 0.0396 0.0394 0.0299 0.0200 0.0123 0.0162 0.1743
41-50 0.0114 0.0267 0.0265 0.0201 0.0134 0.0083 0.0109 0.1174
51-60 0.0071 0.0166 0.0165 0.0125 0,0084 0.0052 0,0068 0.0730
>60 0.0085 0.0200 0.0198 0.0151 0.0101 0.0062 0.0082 0.0879
Total 0.0970 0.2274 0.2258 0.1716 0.1145 0.0708 0.0928 0.9913
three-quarters (77.4 percent) cf accidents involve studies are not necessarily geographically

more than one impact, and half of these accidents
involve three or more impacts. The injury severity
of the accidents increases with the number of im-
pacts. This clearly illustrates the importance of
the postimpact trajectory of the vehicles.

For the first barrier impact, only slightly more
than half (51.2 percent) of the vehicles are tracking
at impact whereas more than one-quarter (26.0 per-
cent) of the vehicles are yawing at more than 30
degrees at impact. For subsequent barrier impacts,
the impact speeds are lower, but the impact angles
are higher than for first barrier impacts. The per-
centage of vehicles yawing at greater than 30 degrees
increases from 26 percent for the first barrier im-
pact to more than 40 percent for subsequent barrier
impacts. Similarly, the percentage of side and back
impacts doubles from less than 25 percent to more
than 50 percent. This indicates that, for subsequent
impacts, the vehicle trajectories are more abrupt
although the impact speeds are lower.

Discussion

Caution should be exercised in using the results
presented in this paper. It should be recognized
that there are limitations associated with the data
sources and the analyses. The results presented
should be viewed only as an intermediate step in the
effort to better define the distributions of impact
conditions based on the best data currently avail-
able. As new and better data become available, the
distributions should be updated and improved as ap-
propriate. A brief discussion of some of the limita-
tions associated with the two data sources used in
the study follows.

First, the impact conditions refer only to re-
ported accidents. It is well known that some acci-
dents are not brought to the attention of law en-
forcement agencies or are not reported by the police
for a variety of reasons. The impact conditions of
these unreported accidents could be significantly
different from those of reported accidents. For
example, the majority of these unreported accidents
might be at low impact speeds and angles, which would
drastically alter the distributions. Unfortunately,
the extent of such unreported accidents is not known
and it is not possible to estimate the effects of
such unreported accidents on the distributions of
impact conditions as presented in this paper.

Second, accidents involving pole supports and
appurtenances at bridge sites are not necessarily
representative of all run-off-the-road accidents.
For example, pole supports and appurtenances at
bridge sites are likely to be placed relatively
close to the roadway. This reduced extent of lateral
offset may have some, albeit unknown, effect on the
distributions of impact conditions. Similarly, the
sites where the data were collected in the two

representative.

Third, functional class is used as a gross sur-
rogate measure for the various roadway, roadside,
and traffic characteristics that could influence the
distributions of the impact conditions. Some examples
of such influencing characteristics are lane and
shoulder width, horizontal and vertical alignment,
lateral offset, roadside slope, and traffic volume
and speed. It would be desirable to evaluate the
effect of each characteristic individually, but the
sample size is too small for such detailed analysis.

EXAMPLE APPLICATIONS

Information on real-world impact conditions can be
helpful in the design and evaluation of roadside
safety appurtenances and features. Two example ap-
plications are illustrated. The first example is a
comparison of the full-scale crash test matrix cur-
rently in use and real-world impact conditions. ‘the
second example involves the use of the information
in a benefit-cost model for evaluating highway oafety
improvements.

Full~-Scale Crash Test Matrix

The full-scale crash test matrix for performance
evaluation of roadside safety appurtenances has
evolved over the years (4-7) with little considera-
tion given to real-world impact conditions. It would
be interesting to see how the full-scale crash test
matrix currently in use would compare with real-world
impact conditions.

Tables 11 and 12 are reproduced from Tables 3 and
4 of NCHRP Report 230 (4) and give the current
recommended minimum and supplemental full-scale
crash test matrix for roadside safety appurtenances,
respectively. Tests that involve large vehicles are
excluded from this comparison because the accident
data pertain only to passenger vehicles.

The comparisons are divided into two parts: those
for point objects, such as breakaway or yielding
supports, crash cushions, and barrier ends, in which
only impact speed 1is considered; and those for
longitudinal barriers in which both impact speed and
impact angle are included.

For point objects, the crash test speeds are
either 20 or 60 mph except for one supplemental test
at 40 mph for yielding or base-bending supports.
Table 13 gives a summary of the percentage of im-
pacting vehicles with speeds of up to 20 mph,
greater than 40 mph, and greater than 60 mph for
various highway types. It is evident from the table
that there are major differences in speed distribu-
tions among the various highway types.

As may be expected, freeways have the highest
impact speed distribution, followed by rural ar-
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TABLE 11 Crash Test Conditions for Minimum Matrix (4)
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Impact Target Impact
Test Vehicle Speed Angle® Severity(n
Appurtenance Designation Typeld (mph) (deg) (ft-kips) Impact Point® Evaluation Criteria®
Longitudinal Barrier(s)
Length-of-Need 10 45008 60 256 97-9,+17 For post and beam systems, midway A,D,E.H,I
between posts in span contianing
railing splice
1 2250S 60 150 18-2,+3 For post and beam systems, vehicle A,D,E,F,(G),H,1
should contact railing splice
12 1800S 60 150 14-2.+2 For post and beam system, vehicle A,D,E,F,(G),H,I
should contact railing splice
Transition 0 45008 60 25 97-9.+ 17 15 ft upstream from second system A,D,E.H.1
Terminal 40 4500S 60 250) 97-9.+17 At beginning of lenth-of-need A,D,EH,I
41 45008 60 [470) 541-33.+%4 Center nose of device C,D,E,F,(G).H,J
42 22508 60 150) 18-2.4) Midway between nose and lenth-of- C,D,E,F,(G),H,1,J
need
43 22508 6000 o 270-26.+ 47 Offset 1.25 ft from center nose of C,D,E,F,(G),H,J
device
44 1800S 60 150 14-2.+42 Midway between nose and length-of- C,D,EF.(G),H,I,J
need
45 1800S 60(0) o 216-21.+37 Offset 1.25 ft from center nose of C,D,E,F,(G),H,J
_device
Crash Cushion® 50 45008 60 ol 541-53.+94 Center nose of device C,D,E,F,(G),H,J
51 22508 600 04 270-26.+ 47 Center nose of device C,D,E,F,(G),H,]
52 1800S 60t o6 216-21,+37 Center nose of device C,D,E,F,(G),H,)
530 45008 60 200 63-6.+11 Alongside, midlength C,D,E,H,I1,J
54 45008 60 10-150 54]-5).+%4 0-3 ft offset from center of nose of C,D,E,F(G),H,J
device
Breakaway or
Yielding Support®© 60 22508 20 ®) 30-4.+4 Center of bumper(m,n) B,D.E, F.(G).H,J
61 22508 60 x) 270-26.+47 At quarter point of bumper®™ B,D,E,F,(G),H,J
62 1800S 20 (%) 24-3. 43 Center of bumper(m.n B,D,E,F,(G),H,J]
63 18008 60 &) 216-21.+37 At quarter point of bumper( B,D,E,F.(G).,H,]

(a) Includes guardrail, bridgerail, median and construction barriers.

(b)  Includes devices such as water cells, sand containers, steel drums, etc.
(¢)  Includes sign, luminaire, and signal box supports.

(d)  See Table 2 for description.

(e) + 2 degrees

() IS =1/2m (vsin 8)> where m is vehicle test inertial mass, slugs: v is impact speed, fps: and 8 is impact angle for redirectional impacts or 90

deg for frontal impacts, deg.
(8) Point on appurtenance where initial vehicle contact is made.

(h)  See Table 6 for performance evaluation factors; ( ) denotes supplementary status.

@) From centerline of highway.
G) From line of symmetry of device.

(k)  Test article shall be oriented with respect to the vehicle approach path to a position that will theoretically produce the maximum vehicle
velocity change; the orientation shall be consistent with reasonably expected traffic situations.
) See Commentary, Chapter 4 Test Conditions for devices which are not intended to redirect vehicle when impacted on the side of the de-

vice.

(m) For base bending devices, the impact point should be at the quarter point of the bumper.
(n)  For multiple supports, align vehicle so that the maximum number of supports are contacted assuming the vehicle departs from the high-

way with an angle from 0 to 30 deg.

(0)  Fordevices that produce fairly constant or slowly varying vehicle accelerations; an additional test at 20 mph (32 kph) is recommended for
staged devices, those devices that produce a sequence of individual vehicle deceleration pulses (i.e. *‘lumpy’’ device) and/or those devices
comprised of massive components that are displaced during dynamic performance (see commentary).

terials, and urban collectors and local streets have
the lowest. The percentage of impacting vehicles
with speeds of up to 20 mph ranges from a low of 5
percent for freeways to a high of 30.9 percent for
urban arterials and 37.2 percent for urban collec-
tors and local streets. Freeways and rural arterials
have substantial percentages of accidents with im-
pact speeds above 60 mph (20.6 and 15.9 percent,
respectively), and those for the other highway types
are quite low, ranging from 0.9 to 3.4 percent. The
percentages of impact speeds above 40 mph are again
highest for freeways (57.2 percent) and lowest for
urban collectors and local streets (7.4 percent).

For longitudinal barriers, the two major test
conditions are at impact speeds of 60 mph with impact
angles at 15 or 25 degrees. Table 14 gives a summary
of the percentages of accidents with impact condi-
tions that exceed one or both of these criteria. It
is interesting to note that, unlike those of impact
speed, the distributions of impact angles vary little
among the various highway types. This supports the

assumption of independency between impact speed and
angle. The 15-degree impact angle is slightly above
the median (55th percentile) and the 25-degree impact
angle represents roughly the 85th percentile.

When both impact speed and angle criteria are
taken into consideration, the percentage of acci-
dents that exceed both criteria is actually quite
small. For instance, even for freeways, only 3 per-
cent of the accidents have impact speeds of more
than 60 mph and impact angles greater than 25 de-
grees, and 9 percent of the accidents have impact
speeds of more than 60 mph and impact angles greater
that 15 degrees. This suggests that the current
full-scale crash test conditions for longitudinal
barriers are actually rather stringent.

The results of the comparison of the crash test
matrix and real-world impact conditions point to the
desirability of the multiple service level concept
(8) . Currently, appurtenances are designed under one
set of test conditions regardless of the applica=-
tion. As a result, appurtenances may be underde-
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TABLE 12 Typical Supolementary Crash Test Conditions (4)
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Impact Target Impact
Test Vehicle Speed Anglete) Severity(
Appurlenance Designation Type(@ (mph) (deg) (ft-kips) Impact Point® Evaluation Criteria®
Longitudinal Barrier® For post and beam system, at mid
Length-of-Need S13 1800S 60 2060 25-2,+4 span. A,D,E,H,I
For post and beam system, vehicle
S14k 45008 60 150 36-4.+6 should contact railing splice. A,D,E,H,I
For post and beam system, vehicle
Si5@ 40,000P 60 150 237-8.+41 should contact railing splice. A,D,E
For post and beam system, vehicle
S160 20,000P 45 760 14-2.+3 should contact railing splice. A.D,E
For post and beam system, vehicle
S17t0 20,000P 50 1560 77-9.+16 should contact railing splice. A,D.E
For post and beam system, vehicle
Si80 20,000P 60 150 111-1+19 should contact railing splice. AD.E
For post and beam system, vehicle
S19 32,000P 60 150) 97-9.+17 should contact railing splice. A,D,E
For post and beam sytem, vehicle
S206) 80,000A 50 150 0] should contact railing splice. A,D®
For post and beam system, vehicle
S21ts) 80,000F 50 15 U] should contact railing splice. A.D®
Transition S31P 45008 60 150 36-4.+6 15 ft upstream from second system A,D,E.H
S32(@ 40,000P 60 156 237-23, +41 15 ft upstream from second system A,D.E
Terminals S46() 45008 60 15600 36446 At beginning of length-of-need A,D,E.H
S47(q) 40,000P 60 1540 237-21.+41 At beginning of length-of-need A.D.E
Crash Cushion® {NONE)
Breakaway or Yielding
Support(© S64 1800S 40 ) 9614, +15 Center of bumper(m.n} B,D,E,F,(G),H,J

For notes (a) through (o), see Table 3.

(p)  Multiple Service Level | structural adequacy test; see Commentary, Chapter 4.
(@) Multiple Service Level 3 structural adequacy test; see Commentary, Chapier 4.
(r)  Utility bus stability test; S16 for Multiple Service Level | appurtenance; S17 for Multiple Service Level 2 appurtenance; S18 specified

for Multiple Service Level 3 appurtenance.

(s)  Cargo/debris containment test; vehicle, cargo, and debris shall be contained on traffic side of barrier.

(t) Not appropriate for articulated vehicles.

TABLE 13 Percentage of Accidents by Impact Speed
and Highway Type for Point Objects

Percentage at

Highway Type <20 mph >40 mph >60 mph
Freeway 5:1 572 20.6
Urban arterial 30.9 14.1 2.3
Urban collector/local 372 7.4 0.9
Rural arterial 18.3 37.4 15.9
Rural collector/local 24.4 19.9 3.4
Combined 22.2 28.7 9.7

signed for certain conditions and overdesigned for
others. It may be desirable to establish different
performance standards or guidelines for use with
different applications.

One possible approach is to select the test con-
ditions at a given percentile of real-world impact
conditions. Table 15 gives impact speeds, rounded

TABLE 14 Percentage of Accidents by Impact Speed, Angle, and
Highway Type for Longitudinal Barriers

. - >60 mph >60 mph
Highway Type >60mph >15° >25°  and >15° and >25°
Freeway 20.6 43.5 15.0 8.95 3.08
Urban arterial 2.3 43.6 16.5 1.00 0.39
Urban collector/local 0.9 49.4 16.1 0.42 0.14
Rural arterial 15.9 399 16.4 6.36 2.62
Rural collector/local 3.4 41.7 16.9 1.40 0.35

Combined 97 45.0 16.4 4.34 1.58

o[l Lo the nearesL 5 mph, for Lhe various highway
types at different percentiles. It is evident from
the data in the table that, for a given percentile,
the impact speed varies greatly among the various
highway types. For example, the current test speed
of 60 mph corresponds to the 90th percentile impact
speed for all highway types. However, the 90th per-
centile impact speeds for individual highway types
range from a low of 40 mph for urban collectors and
local streets to a high of 70 mph for freeways and
rural arterials.

TABLE 13 Percentile Impact Speed by

Highway Type
Percentile Impact Speed (mph)

Highway Type 85th 90th 95th
Freeway 65 70 80
Urban arterial 40 45 50
Urban collector/local 35 40 45
Rural arterial 60 70 80
Rural collector/local 45 50 60
Combined 50 60 70

An appurtenance designed for freeway use could be
overdesigned for applications on urban streets and
vice versa. It appears logical and perhaps more
cost-effective to have different performance stan-
dards or guidelines for testing appurtenances in-
tended for different applications. For example, a
lower test speed of 45 mph may be sufficient for
guardrails designed for use on urban streets, which
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might allow for reduced post sizes or increased post
spacing. This in turn could result in lower costs
for the appurtenances and still allow a reasonable
level of performance to be maintained.

Information other than impact speed and angle may
also be useful in assessing the crash test matrix.
For example, side impacts account for nearly 25 per-
cent of point object accidents with much higher re-
sultant injury severity. It is also known that the
breakaway mechanism for pole supports may not func-
tion properly in some side impacts. An additional
side impact test in the current test matrix may be
desirable.

The postimpact trajectory of impacting vehicles
and subsequent impacts are other areas of concern
about impacts with longitudinal barriers. The poten-
tial hazard with postimpact trajectory is recognized
in the current testing procedures, and evaluation
criteria based on exit speed and angle and redirec-
tion into the traffic lanes have been established.
Nevertheless, a closer examination of the postimpact
trajectory of the vehicle may be desirable.

Little attention has been given to vehicle yawing
at impact, and its effect on the performance of ap-
purtenances is virtually unknown except that it in-
creases the probability of nonfrontal impacts. Given
the high proportion of nontracking vehicles at impact
for reported accidents, it may be desirable to study
the effect of vehicle yawing on the performance of
appur tenances.

Benefit-Cost Model

Benefit-cost (B-C) procedures are used to determine
if the benefits from a safety improvement Jjustify
the associated costs and to rank improvements in
priority order so as to maximize the benefits for a
given funding level. Inputs to the B-C model include
the angles at which vehicles depart from the travel-
way for the determination of the number of expected
accidents at a given site, and impact speeds and
angles for the estimation of the severity of the
accidents, the costs for repairing roadside facil-
ities, and the performance of safety devices.

Accident prediction algorithms are frequently
based on an encroachment probability model. The model
assumes that inadvertent encroachments are randomly
distributed along the roadway and that these errant
vehicles travel along a relatively straight path
after leaving the travelway. The path of an en-
croaching vehicle and the probability of an accident
are therefore directly related to the angle of en-
croachment. However, only limited data on the dis-
tribution of encroachment angles are available from
a few encroachment and special accident studies
(9-12) that do not distinguish among encroachment
characteristics on different classes of highways.

The severity of accidents involving roadside ob-
jects and features is strongly related to the impact
speed and, for longitudinal objects, also the angle
of impact. Repair costs for roadside appurtenances
and the performance of safety devices have been shown
to be related to the kinetic energy and lateral mo-
mentum of impacting vehicles (4,9,13). The perfor-
mance of safety devices is especially important when
trying to determine the appropriate performance level
at a specific site.

Joint impact speed and angle distributions have
not been available directly from accident data. A
point-mass cornering model has therefore been used
to relate impact speed distributions to impact angle
distributions. Furthermore, the impact speed data
are based on estimates by police officers (11,12),
which are highly unreliable.

The impact speed and angle distributions described
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herein have been incorporated into revised B=C
procedures (see paper by Sicking and Ross in this
Record) in an effort to improve the accuracy of
encroachment probability B-C algorithms. This in
turn could provide better estimates of the probabil-
ity of an accident occurring, the severity of an
accident when it does occur, the likelihood that an
appurtenance would perform satisfactorily, and the
repair cost for the appurtenance. All of the afore-
mentioned probabilities and costs are important to
the overall B-C analysis.

Other information related to impact conditions
may also contribute to the B-C analysis even though
it is not incorporated in the current procedures.
For example, vehicle orientation at impact, such as
side impacts into pole supports, may have a signifi-
cant influence on accident severity. These potential
effects have not been evaluated, in part because of
the lack of information on impact conditions. Some
of the information presented in this paper may be
suitable for incorporation into the B-C procedures
in the future.

SUMMARY

In this paper is presented information on the real-
world impact conditions of accidents involving road-
side objects and features based on in-depth accident
data. Of particular interest are the distributions
of impact speed and angle for various functional
classes. The potential applications of the informa-
tion presented herein are illustrated with two exam-
ples, one involving the full-scale crash test matrix
and the other involving B-C procedures.
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Discussion

J. D. Michic*

The authors address an important topic and attempt
to develop impact angles and speeds tor vehicles in
roadside collisions. Although the authors caution
the readers about the limitations of the data, their
presentation of findings to four significant figures
(i.e., Tables 2~-10) suggests that the results are
extremely precise. I not only gquestion the inferred
precision of the angle and speed models, I also
question the representativeness for all roadside
collisions of the accident data. The last point is
most important because it bears directly on basis
assumptions for cost-benefit analyses of roadside
safety.

The paper is based on police-reported accident
cases that were subsequently investigated and recon-
structed. Police-reported accidents represent only
about one-third of the 18 million highway accidents
that are annually reported to all sources (National
Safety Council, 1980-1982 data). Moreover, it has
been determined by Galati (1) and by Bryden (NYDOT
Proposal for Project 180-1, June 1983) that as few
as 10 percent of longitudinal barrier collisions may
be reported. For obsolete longitudinal barriers lo-
cated on older, lower traffic volume roads, the per-
centage of unreported driveaway collisions is be-
lieved to decrease to approximately 60 percent. Thus
the data base used by the authors reflects only a
part (i.e., 10 to 40 percent) of roadside collisions.
This would not be a problem if the reported accident
data base were representative of all roadside colli-
sions. Indeed, the authors recognized that the less
severe collisions are underrepresented, especially
the low-speed and low-angle impacts with longitudinal
barriers. Obviously, the models are thus skewed to
the more severe impacts. Although I question the
validity of the impact speed model, my dgreatest

*Dynatech Engineering, Inc., 30l South Frio, San
Antonio, Tex. 78207.
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concern 1s with the impact angle model. Although a
gamma function certainly provides the best fit for
the reported accident data set, it is opined that an
exponential function (which differs greatly from the
gamma function) would have resulted if a more repre-
sentative sample had been available.

A secondary concern is the generalization of model
application from only bridge rail data to longitudi-
nal barriers in general. Bridge rails are peculiar
to the longitudinal barriers set in that they are
(a) generally located closer to the traveled way and
(b) generally more rigid. Barrier offset distance
affects the maximum potential angle at which a vehi-
cle can turn into a barrier and attendantly affects
the spectrum of impact angles. Barrier rigidness may
affect vehicle damage and the number of unreported
driveaway collisions. To illustrate the difference
between bridge rail and 1longitudinal barriers, the
authors report that 77.4 percent of impacts resulted
in one or more subsequent impacts; because bridge
rails are rigid and located near the traveled way,
they readily redirect the errant vehicles across the
highway and often into another bridge rail or fixed
object. In contrast, Bryden and Fortuniewicz (see
their paper in this Record) showed that multiple
impacts occur in only 26 percent of the reported
cases. Clearly, bridge rail accident data are not
representative of longitudinal barrier collisions,
at least with regard to the propensity for secondary
impacts.

The data sets used by the authors represent the
most complete description of a group of roadside
collisions, but the data suffer from (a) lack of ex-
posure information such as traffic volume, operating
speed distribution, vehicle types and distribution,
and density of roadside features and (b) measurement
or estimate of unreported accidents from continuous
monitoring technigues (very expensive) to highway
damage repair records or periodic photologging of
scuff marks on barriers. The approach suggested by
Cirillo (2) appears to address these limitations.

The authors are to be commended for addressing a
most important aspect of roadside safety. Having ac-
curate speed and angle impact models is crucial to
effecting a more rational crash test matrix and pro-
viding more realistic cost-benefit analysis pro-
grams.
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Authors’ Closure

The authors would like to thank J.D. Michie for his
thoughtful comments on the paper. We agree with the
comments in general but would differ on some of the
specific points. First, some cell probabilities,
especially those for joint impact speed and angle
distributions, are very small and require four deci-
mal places to provide one significant figure. For
example, the cell probabilities for impact speed of
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10 mph and less on freeways are on the order of
0.0001 to 0.0005 for the various impact angle ranges
(see Table 4 of the paper). The use of four decimal
places is maintained throughout all the tables for
uniformity and does not imply extreme precision.

Second, the authors recognize the importance of
exposure and attempt to control for exposure by using
highway functional class as a surrogate measure. The
sample size is not large enough for more detailed
breakdown, as suggested by Michie, to include expo-
sure measures such as traffic volume, operating
speed, and vehicle type.

The authors recognize and agree in principle
with Michie on the limitations of the accident data
used in developing the impact angle and speed dis-
tributions. There is no question that a certain per-
centage of accidents involving roadside objects is
not reported to the law enforcement agencies for a
variety of reasons. A number of studies, some of
which are cited by Michie, attempted to determine
the extent of unreported barrier accidents by com-
paring the number of scuff marks, scrapes, and dents
on barriers with reported barrier accidents (first
harmful event only). The results vary greatly among
the studies, and there is no consistent trend.

The authors have some doubts as to how meaningful
and accurate these estimates of unreported accidents
are. It is the opinion of the authors that many of
these barrier scuff marks, scrapes, and dents are
caused by vehicles, such as large trucks, and main-
tenance and farm equipment that are on the shoulder
intentionally and are thus not unreported accidents.
Also, damage to barriers can be caused by secondary
impacts that would not be identified when only first
harmful events are considered.

For instance, in an ongoing study conducted by
the Texas Transportation Institute (TTI) for the
FHWA, all accident reports for 1982 were manually
reviewed for two sections of freeways in San Antonio,
Texas, in an effort to identify concrete median bar-
rier (CMB) accidents. It was found that 40 percent
of the CMB impacts were not the first harmful event
but were subsequent to vehicle-to-vehicle impacts.
Also, multiple impacts with the barrier were noted
in many of the accidents. A simple comparison of
scuff marks, scrapes, and dents on barriers and re-
ported barrier impacts as first harmful events would
have incorrectly identified these subsequent impacts
as unreported accidents.

This discussion does not imply that there are no
unreported barrier accidents but simply that we have
pitifully little information about these "unreported
accidents.” This brings us to a more fundamental
concern: whether and how we should account for these
unreported accidents in the design and performance
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evaluation of roadside appurtenances. There is no
available information on these unreported accidents
and it is unlikely that such data will become avail-
able in the foreseeable future. Assumptions and con-
jectures could be made about the characteristics of
these unreported accidents, such as an exponential
distribution for impact angles, mentioned by Michie.
However, the fact remains that we simply do not know.
The authors would argue that it is better and more
practical to use available data from reported acci-
dents than to depend on unsubstantiated assumptions
and conjectures about unreported accidents, Further-
more, it can be argued that it is better to err on
the side of overstating the impact severity because
this will generally result in greater use of improved
safety features.

The discussions presented in the paper on impact
conditions other than speed and angle, such as areas
of impact on the vehicle, vehicle yawing at impact,
and subsequent impacts, are direct excerpts from the
two referenced studies and are included in the paper
for information purposes. It is certainly not the
authors' intention to suggest that bridge rail acci-
dents are representative of other longitudinal bar-
rier collisions. However, the authors believe that
the issues raised with the bridge rail accidents
would also apply to other longitudinal barrier acci-
dents, though the magnitude of the problems may be
different. For example, subsequent impacts may be
more frequent for bridge rail accidents than for
other longitudinal barriers as pointed out by Michie,
but this should not negate the concern for subsequent
impacts.

Another point raised by Michie is the effect of
barrier offset distance on the impact angle at which
a vehicle strikes an object. The authors agree that
the potential for higher impact angles increases as
offset distance increases. However, the potential
for reduced impact angle (or no contact at all) also
increases with greater offset distance because
drivers, if in control of steering or braking, or
both, will typically try to steer back to the road-
way or stop, or both, before striking the object.
Indeed, the data reported in the paper suggest that
impact angle is somewhat independent of offset dis-
tance.

In summary, though the authors differ with
Michie's comments on specific points, the comments
are well founded and reflect the general lack of
available information in this area. The authors
recognize the limitations of the materials presented
in the paper but hope that the information will be
of some utility to researchers in the roadside
safety area.
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A Low-Maintenance, Energy-Absorbing Bridge Rail

W. LYNN BEASON, T. J. HIRSCH, and JOHN C. CAIN

ABSTRACT

A low-maintenance, energy-absorbing bridge rail has been developed for use in
high traffic volume situations where the cost of repairing conventional bridge
rails has become prohibitively expensive. The new bridge rail is designed to
meet or exceed current bridge rail design guidelines. It incorporates railings
and posts made of steel tubing and rubber energy absorbers and is designed to
be installed on new or existing standard bridge decks. Results of crash tests
show that the bridge rail can smoothly redirect a 4,500-1b (2043-kg) automobile
impacting at a velocity of 60 mph (96.6 km/hr) and an angle of 25 degrees and

remain in service with no maintenance.

If exposed to a more severe impact, the

bridge rail may have to be repaired, but the bridge deck will remain undamaged.
Finally, the hew energy-absorbing rail occupies less bridge deck area than do

conventional bridge rails.

Bridge rails currently in use are capable of smoothly
redirecting automobiles that strike them. However,
virtually all types of bridge rails require some
type of repair when they are subjected to moderate
to severe impacts. The types of damage normally in-
curred include damage to the bridge rail, bridge
rail posts, and bridge deck. The damage is more
prevalent with metal bridge rails, but even concrete
parapet bridge rails are susceptible to damage when
exposed to severe impacts. In many cases the costs
assuciated with bridge rall repalr can be greater
than the original installation costs. Repair and
maintenance costs can become overwhelming on high-
volume, multilane expressways where bridge rails are
subjected to a greatly increased risk of impact.
There is a need for an alternative bridge rail that
can redirect errant automobiles without being
damaged.

The research reported in this paper was directed
toward development of a low-maintenance, energy-
absorbing bridge rail that meets or exceeds current
bridge rail design criteria. The bridge rail devel-
oped incorporates structural steel tube railing and
post members and rubber energy absorbers. Further,
the bridge rail is designed to be installed on stan-
dard Texas State Dcpartment of Highways and Public
Transportation (SDHPT) bridge decks. No special deck
reinforcement is required. Therefore the bridge rail
can be installed on either new or existing bridge
decks. This paper is a discussion of the development
and testing of the new bridge rail.

DEVELOPMENT OF THE ENERGY-ABSORBING BRIDGE RAIL

The objective of the research presented in this paper
was to develop an energy-absorbing bridge rail that
conforms to current bridge rail design standards and
that can withstand the impact of a 4,500-1b (2043-kg)
automobile traveling at a velocity of 60 mph (96.6
km/hr) and impacting at an angle of 25 degrees with
no damage. Further, it was desired to develop a
bridge rail that can be installed on either new or
existing bridge decks. Development of the energy-
absorbing bridge rail involved a study of related
bridge rail test results, a conceptual design of the

Texas Transportation Institute, The Texas A&M Uni-
versity System, College Station, Tex. 77843-3135.

bridge rail, and static testing of critical com-
ponents.

Previous Research

Results of crash tests on different types of conven-
tional bridge rails show that current deck-to-post
and deck-to-concrete parapet connections are not
capable of transferring the loads associated with
severe automobile impacts into the bridge deck with=~
out significant damage to either the bridge rail or
the bridge deck (1,2). This was found to be the case
with both steel and concrete bridge rails. Further,
it was found that the accelerations associated with
vehicles striking many conventional bridge rails
exceed the limits set forth in NCHRP Report 230 (3).

Results of the previous research have shown that
the performance of bridge rails can be improved by
incorporating an energy-absorbing mechanism. These
results show both that vehicular accelerations can
be reduced and that the magnitudes of the forces
transferred to the bridge slab can be attenuated
through the use of an energy-absorbing bridge rail
(4-7) . However, the initial costs associated with
the different types of energy-absorbing bridge rails
surveyed are much higher than the initial costs as-
sociated with conventional bridge rails. In addition,
none of the energy-absorbing bridge rails surveyed
was maintenance free following the large automobile
crash test. Further, none of the energy-absorbing
rails surveyed can be attached to standard bridge
decks., Therefore the previously developed energy-
absorbing bridge rails have not gained widespread
acceptance.

New Bridge Rail

The decision was made early in this project to
develop an energy-absorbing bridge rail that employs
a stiff rail supported at regular intervals by flex-
ible energy-absorbing supports. Figure 1 shows an
idealized section of the new energy-absorbing bridge
rail. This arrangement allows impact forces to be
spread over a dgreater distance along the length of
the bridge rail than is the case for conventional
bridge rail systems that employ flexible rail sec-
tions and stiff posts. Consequently, more of the
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FIGURE 1 Idealized energy-absorbing bridge rail.

bridge deck is brought into action to resist impact
forces.

Conceptually, the bridge rail could be made of
either concrete or steel. The authors opted to use a
bridge rail made of two square steel tubes that are
stacked one on top of the other and skip welded along
their length. This type of bridge rail is not sus-
ceptible to local crushing or buckling problems be-
fore development of full plastic flexural capacity.
Similar rails have been used in two other recent
Texas Transportation Institute (TTI) projects (8,9).
Further, the steel tubes needed to fabricate the
rail are commonly available in a wide range of sizes.

In previously developed energy-absorbing bridge
rails, the energy-absorbing element has been a steel
member that absorbs energy by either crushing or
deforming (4-7). The authors chose to use rubber
energy absorbers in the development of the bridge
rail presented herein. The rubber energy absorbers
used are primarily manufactured for use in marine
dock-fendering systems. Rubber energy absorbers of
this type are available from a variety of manufac-
turers. The rubber used is highly resilient, it re-
mains elastic when subjected to large strains, and
it is resistant to the elements of nature. Further,
it is readily available in a wide range of different
geometries. A cylindrical rubber energy absorber was
chosen for the current application.

To complete the system, the energy absorbers
needed to be supported in a manner that allowed the
impact loads to be transferred into the bridge deck.
There are several different ways in which this could
be accomplished. One way would be to mount the energy
absorbers to the face of a concrete parapet. This
option would be acceptable if the rail were to be
mounted on a new bridge, but this approach would be
prohibitively expensive for a retrofit operation.
Therefore the authors chose to support the rubber
energy absorbers with steel posts.

Conventional steel bridge posts are welded to
base plates that are attached to the bridge deck
with anchor bolts. Previous tests on conventional
bridge posts show that the bridge deck is severely
cracked and spalled before the post reaches its full
potential (l). As a result, severe damage is often
done to the bridge deck in even moderate impacts. As
stated earlier, one of the major objectives of this
project was to prevent damage to the bridge deck. To
accomplish this, a new bridge post design was devel-
oped.

Figure 2 is a sketch of the new bridge post
developed for this project. The bridge post is at-
tached to the deck with three bolts that pass through
the deck. The mounting holes in the bridge deck can
be cast during construction or they can be drilled
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FIGURE 2 Energy-absorbing bridge post.

after construction. When the post is subjected to a
lateral force, both a shear force and a moment must
be transferred into the bridge deck. The post is
designed such that the bolt farthest from the edge
of the slab transfers the shear into the deck. This
is accomplished by control of the mounting hole
tolerances. The moment is transferred into the deck
through a couple that develops between the inboard
contact force and the tensile forces in the two bolts
near the edge of the deck. The inboard force is
transferred to the bottom of the deck through a
neoprene bearing pad. The outboard force is trans-
ferred to the top of the deck through base plates
that rest on neoprene bearing pads. In both cases
the load experienced by the bridge deck is a com-
pressive load as shown in Figure 3. The magnitudes
of the contact stresses are controlled by the sizes
of the bearing areas.

The weight of the rail is supported by a square
steel tube that passes through the center of the
cylindrical energy absorber and through a sleeved
opening in the post, as shown in Figqure 2. During
installation of the bridge rail the energy absorber
is compressed slightly and striker plates are at-
tached to the back side of the support tube with
bolts. The entire assembly is then held firmly in
place by the compressive force locked into the energy
absorber. The sleeved opening is larger than the
support tube so that when the rail is subjected to a
lateral force the impact force is transferred to the
post through the energy absorber as the support tube
passes freely through the post.
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In selecting the final member sizes for the
energy-absorbing bridge rail, the authors relied on
structural analysis techniques for beams on elastic
foundations, results generated using the BARRIER VII
crash simulation program (10), results of selected
static tests, and engineering judgment. As a result
of these considerations, the bridge rail was made of
6- X 6- x 1/4-in. (15.2- x 15.2- x 0.64-cm) steel
tubing and the bridge posts were fabricated using

7- x 7= x 1/4-in. (17.8= x 17.8= x 0.64-cm) steel
tubing. The cylindrical rubber energy absorbers
chosen had 8=-in. (20.3-cm) outer diameters, 4-in.

(10.2-cm) inner diameters, and were 10 1/2 in. (26.7
cm) long. Complete fabrication details of the final
energy-absorbing bridge rail are available elsewhere
(11) .

Static Bridge Post Tests

Before construction of the prototype bridge rail, a
series of static tests was conducted to verify the
combined performance of the post, energy absorber,
and bridge deck. These tests were conducted using
energy-absorbing bridge posts that were mounted on a
short section of bridge deck overhang 7.5 in. (19.1
cm) thick, This bridge deck section was constructed
using standard details (11). Mounting holes for the
bridge posts were cast into the bridge deck section,
Load was applied to the bridge post with a horizontal
hydraulic cylinder mounted so that the line of action
of the applied load was 21 in. (53.3 cm) above the
bridge deck. Results of the tests show that

1. The rubber energy absorber-plunger mechanism
operates smoothly even when the lateral locad contains
a significant longitudinal component;

2., The onset of major yielding in the post occurs
at a lateral load of 25,000 1lb (115.6 kN);

3. The ultimate strength of the post is 29,000
1b (129.0 kN);:

4. Failure of the post was the result of multiple
plastic hinges that formed at different points on
the post; and

5. There was no cracking in the bridge deck sec-
tion at the ultimate load.

These results verified that the new bridge post per-
formed as designed.

FULL-SCALE CRASH TEST RESULTS

Full-scale testing of the energy-absorbing bridge
rail was conducted at the TTI proving grounds in
Bryan, Texas. All tests were run in accordance with
criteria presented in NCHRP Report 230 (3). The pur-
pose of the tests was to evaluate the performance of
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the energy-absorbing bridge rail in terms of struc-
tural adequacy, occupant risk, and vehicle exit tra-
jectory.

The tests were conducted using the 59-ft (18-m)
section of the energy-absorbing bridge rail shown in
Figure 4. NCHRP Report 230 specifies that a 75-ft
(22.9-m) section of the bridge rail should be tested;
however, it is the opinion of the authors that the
performance of the bridge rail is not affected by
this deviation. Further, the acceptance of the

shorter section allowed the use of an existing stan-
dard SDHPT bridge deck.

FIGURE 4 59-ft (18-m) section of energy-absorbing bridge rail.

The bridge deck used is approximately 15 years
old and has been used in at least three other TTI
bridge rail tests, As a result, thc bridge deck has
accumulated a significant amount of cracking and
spalling, which is typical of actual bridge deck
damage. Figure 5 shows an example of the worst bridge

FIGURE 5 Example of worst bridge deck damage before testing.

deck damage before testing. The energy-absorbing
bridge rail was mounted on the existing deck so that
this worst area of spalling was located between two
posts. No attempt was made to repair any of the
cracked or spalled areas in the bridge deck. The
necessary mounting holes were drilled in the deck
using a coring machine without regard for the place-
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ment of internal reinforcement. This procedure would
be typical of a retrofit operation.

Two tests involving a full-sized automobile and a
subcompact automobile were conducted on the bridge
rail. The tests were conducted in order of increasing
severity using the same bridge rail. Complete photo-
graphic and accelerometer data are available else-
where (11). Short discussions of the test results
are presented next.

In Test 1 a 1,802-1b (818-kg) Honda Civic struck
the energy-absorbing bridge rail at a velocity of
62.6 mph (101 km/hr) and an angle of 16 degrees.
Figures 6 and 7 show the test vehicle and bridge
rail after the test. Figure 8 shows a summary of the
test results. The test vehicle was smoothly redi-
rected with an exit angle of only 0.5 degrees. The
damage to the impacting automobile was considered
moderate given the severity of the impact. The maxi-
mum dynamic deflection of the bridge rail was 4.6
in. (11.7 cm) and the permanent deflection of the
face of the rail was 0.6 in. (1.52 cm). This per-
manent deflection was the result of slack in the
post-to-deck connections. The bridge deck experienced
no cracking or spalling as a result of this test.

In the second test, a 4,500-1b (2043~kg) Oldsmo-
bile Delta 98 struck the bridge rail at a velocity
of 61.0 mph (98.1 km/hr) and an impact angle of 25.5
degrees. The same bridge rail used in Test 1 was
used in Test 2. Figures 9 and 10 show the test vehi-
cle and bridge rail after the test. Results of this
test are summarized in Figure 11, In this test the
automobile was smoothly redirected with an exit angle
of only 2.0 degrees. In the opinion of the authors,
the damage done to the vehicle was significantly
less than would be expected if the automobile struck
a rigid bridge rail such as a concrete parapet. The
maximum dynamic deflection of the energy-absorbing
bridge rail was 7.2 in. (18.3 cm) and the permanent
deflection relative to the original face of the rail

Test No. « « . & . 4 . . 2417-1 Impact Speed. . . . . . . 62.56 mi/h (100.7 km/h)
Date < =« & & » v oow e w 9/21/85 Impact Angle. . . . . . . 16.0 degrees
Rail . . . . . . . . . . Low-maintenance, Exit Angle. . . . . . .. 0.5 degrees
energy-absorbing Change in Velocity. . . . 7.7Y mi/h (12.5 km/h)
bridge rail Change in Momentum. . . . 639 1b-s
Post & « 4i 4 & & @ & & @ IX7x} ‘in Occupant Impact Velocity
Structural Steel Longitudinal. . . . . 11.7 fps (3.6 m/s)
Tube Lateral . . . . . .. 20.4 fps (6.2 m/s)
Post Spacing . . . . . . 6.25 ft (1.91 m) Occupant Ridedown Acceleration
Length of Installation . 59 ft (18 m) Longitudinal. . . . . -0.6 g
Rail Deflection Lateral . . . . . .. 8.7 g
Maximum . . . . . . 0.38 ft (0.12 m) Vehicle Daniage Classification
Permanent. . . . . . 0.05 ft (0.02 m) TR E R EELE R E . 11LD4
Vehicle. . . . . . . . ., 1979 Honda Civic ¥DT . v v & 5 & & 4 & 11LDES2
Vehicle Weight
Test inertia . . . . 1,802 1b (818 kg)
Gross static . . . . 1,972 1b (895 kg)

FIGURE 8 Summary of test results of Test 1.
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FIGURE 9 Test vehicle after Test 2.
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was 0.96 in. (2.4 cm). This permanent deflection was
the result of connection slack coupled with a slight
amount of yielding in the bridge rail. The bridge
deck sustained no damage or cracking during the
second test. No maintenance would have been required
to keep the bridge rail in service following this
impact.

CONCLUSIONS

A low-maintenance, energy-absorbing bridge rail has
been developed for use in high traffic volume situa-
tions where the cost of repairing conventional bridge
rails has become prohibitively expensive. The new
bridge rail is designed to meet or exceed all current
bridge rail design guidelines for safety and to
smoothly redirect a 4,500-1b (2043-kg) automobile
traveling at 60 mph (96.6 km/hr) and an impact angle
of 25 degrees with no damage done to either the
bridge rail or the bridge deck.

A prototype bridge rail has been subjected to two
full-scale crash tests involving a 1,800-1b (817-kg)
automobile and a 4,500-1b (2043-kg) automobile as
prescribed in NCHRP Report 230 (3). Results from
both of these tests were within the acceptable limits
for roll, pitch, yaw, acceleration, and velocity
changes. The vehicles were smoothly redirected
throughout the collisions with extremely shallow
exit angles. The final vehicle trajectory after im-
pact was parallel to the barrier face. Following the
large automobile impact the bridge rail had less
than 1 in. (2.54 cm) of permanent lateral deforma-
tion, the bridge deck was undamaged, and no mainte-
nance would have been required to keep the bridge
rail in service.

Although the new energy-absorbing bridge rail
system is a significant departure from conventional
bridge rails, it has many advantages. Static data
show that even if the new bridge post is taken to
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Date . 5 o s 2 3 & 4
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Post Spacing . . . . . .
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Rail Deflection

Maximum . . . . . .
Permanent. . . . . .
Vehicle. . . . . . - B3
Vehicle Weight . . . . .

2417-2

5/24/85
Low-maintenance,
energy-absorbing
bridge rail
7x7x% in
Structural Steel
Tube

6.25 ft (1.91 m)
59 ft (18 m)

0.60 ft (0.18 m)
0.08 ft (0.02 m)
1980 Oldsmobile
Ninety-eight

4,500 1b (2,043 kq)

FIGURE 11 Summary of results of Test 2.
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Impact Speed. . . . 61.0 mi/h (98.1 km/h)

Impact Angle. . . : : : . 25.5 degrees
Exit Angle. . . . . . . . 2.0 degrees
Change in Velocity. . . . 14.36 mi/h (23.1 km/h)

Change in Momentum. . . . 2,943 1b-s
Occupant Impact Velocity

Longitudinal. . . . . 18.9 fps (5.8 m/s)

Lateral . . . . . . . 28.5 fps (8.7 m/s)
Occupant Ridedown Acceleration

Longitudinal. . . . . -2.5 ¢

Lateral . . . ... . 10,0¢
Vehicle Damage Classification

TAD ST ) I 12 . . 10LD7

NDID Se i = BPte B0 . . 10LDES3
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failure the bridge deck will not be damaged. This
means that regardless of the impact severity, no
bridge deck repair will be required. In addition, no
special deck reinforcements or modifications are
required so that the bridge rail can easily be
retrofitted onto an existing bridge deck. Finally,
because of the unique design of the bridge post,
less bridge deck space 1is required for the new
energy-absorbing bridge rail than is required for
conventional bridge rails. This could be of major
importance in retrofit operations where additional
lane width is desirable.
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Crash Test Evaluation of Eccentric Loader

Guardrail Terminals

M. E. BRONSTAD, J. B. MAYER, Jr., J. H. HATTON, Jr., and

L. C. MECZKOWSKI

ABSTRACT

The test and evaluation of two W-beam guardrail terminal systems are described.

The two terminals, though quite similar,

are characterized by a 4.0-ft (1.5-m)

flare offset and a 1.5-ft (0.5-m) flare offset. Both designs were subjected to
the four-test terminal matrix of NCHRP Report 230 with the 1,800-1b minicar and
successful results are reported. The basis for the terminal designs is the
breakaway cable terminal (BCT) that has been used in this country for more than
10 years. Improvements to the BCT were necessary because of 1,800-1b (800-kg)
automobile impact considerations. The improvements include a nose section at-
tached to the beam end to promote beam buckling for end-on impacts. The nose
section is enclosed by a length of standard culvert material.

Traffic barrier end treatments have been a trouble-
some detail since the implementation of these de-
vices. Upright terminals have spearded vehicles
striking them end-on, and turned-down terminals have
launched vehicles into obstacles or multiple roll-
overs. The guardrail breakaway cable terminal (BCT)
was designed and developed in NCHRP projects (1-6)
and use of thils device has been widespread slnce the
first installation in the mid-1970s. As reported in
a recent survey (7) of guardrail end treatments, 40
states specify the W-beam guardrail BCT, and 24
states use a version of the turned-down terminal.

Accident data from the field have indicated some
unsatisfactory performance of the guardrail BCT
(8~10) . Detailed examination of these data indicates
that a significant percentage of the guardrail BCTs
are being installed without the recommended 4-ft
(1.2-m) offset parabolic flare. It is apparent that
many of the sites where the guardrail BCT has been
installed will not accommodate the full flare. Ac-
cordingly, many have been installed straight or off-
set less than 4 ft (1.2 m). Another installation
problem noted was the use of a straight taper instead
of the parabolic flare to offset the beam end from
the rail tangent line. This tapered section repre-
sents essentially the same spearing hazard as the
straight BCT.

Recent changes in the testing criteria for termi-
nals, found in NCHRP Report 230 (1l1), have produced
a most demanding test condition for terminals. Test-
44 conditions, which call for a 1,800-1b (800-kg)
vehicle striking end-on at 60 mph (94 km/hr) with a
15-in. (0.4-m) offset from vehicle centerline to
terminal centerline, have resulted in violent reac-
tions of the test vehicle to a properly installed
BCT. Results of the test using both wood and steel
end posts included violent spinning of the vehicle
and either rollover or spearing as reported by Kim-
ball et al. (12).

M.E. Bronstad and J.B. Mayer, Jr., Southwest Research
Institute, 6200 Culebra Road, P.0O. Drawer 28510, San
Antonio, Tex. 78229, J.H. Hutton and L.C. Meczkowski,
FHWA, U.S. Department of Transportation, 400 7th
Street, S.W., Washington, D.C. 20590.

The FHWA awarded a contract to Southwest Research
Institute (SwRI) to produce at least one innovative
safe terminal for W-beam guardrails that meets the
criteria of NCHRP Report 230 including the 1,800-1b
(800~kg) vehicle and, it was hoped, a lower weight
vehicle.

The scope of the project included the formulation
of desigh concepts to satisfy the ubjuctives ol Lhe
contract. On the basis of a critique of these con-
cepts, an uncomplected guardrail concept formulated
in a previous FHWA contract at SwRI (13) was selected
as a promising solution. This concept used the 4-ft
(1.2-m) flare offset geometry of the BCT and was
similar in design to the BCT. Another 1.5-ft (0.5-m)
flare offset version was also developed.

Development of these terminal designs included
detailed design and full-scale crash test evaluations
according to the terminal test matrix of NCHRP Report
230 using the 1,800-1b minicar.

TERMINAL DESIGN
General

The guardrail BCT provided the basis for a new ter-
minal design called the eccentric loader BCT. The
name is derived from a design feature that introduces
a bending moment on the beam end through the use of
an eccentric connection.

Development of both the 4-ft (1.2-m) and the 1.5-
ft (0.5-m) flare offset designs was completed. The
initial design and development work was accomplished
in another FHWA contract at SwRI and the results of
the 4-ft (1.2-m) flare work were also reported in
the final report of the project (13). A recent FHWA
technical advisory (14) summarizes the work of this
project and includes design drawings.

Terminal Description

similar to a BCT with the nose section removed and
replaced with a fabricated structural steel lever
surrounded by a vertical section of corrugated steel

The eccentric loader design as shown in Figure 1 is
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Typical Detalls

FIGURE 1 Eccentric loader terminal.

pipe. Positive connection of the nose to the end of
the W-beam is accomplished by a bolt through the
last row of splice holes in the W-beam and long slots
in the eccentric loader as shown in Figure 2. The
purpose of the bolt is to hold the assembly together
after impact; the slot allows longitudinal transla-
tion of the end without W-beam resistance. Because
the anchor cable provides beam anchorage for the
system, no tensile force transfer from the beam to
the eccentric loader is necessary or desired.

The eccentric loader has three functions:

¢ During end-on impacts it transfers the force
to the end post, which results in release of the
anchor cable before any longitudinal force reaches
the W-beam rail element.

* The corrugated steel pipe that encases the
W-beam end provides an impenetrable barrier to the
end and distributes the resisting force of the W-beam
rail element over a large area of the impacting
vehicle,

* The off-center attachment of the eccentric
loader to the W-beam induces a moment at the W-beam
end and thus greatly reduces the buckling strength
of the beam.

Further reduction of the beam column strength is
accomplished by omission of post-to-rail attachment
in the flared area. Position of the beam is main-
tained by its connection to the eccentric loader;
intermediate vertical support for the end beam and
anchor cable vertical force component is provided by
a shelf angle at the second post.

The first two breakaway posts are installed in
steel tube foundations with soil bearing plates as
introduced in NCHRP Results Digest 124 (6) and cur-
rently used by many states., Because of the additional
force transmitted to the anchor cable as a result of
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omitting the post-to-rail attachment, a strut is
placed between the tube foundations to "couple" the
two foundations for maximum resistance in the soil
during downstream impacts.

During the development of this design, it was
observed that contact with posts beyond the first
two breakaway posts during end-on impacts increased
the potential for vehicle rollover. To minimize this
problem, the next four posts (4-ft flare) and three
posts (l.5-ft flare) were replaced by breakaway wood
posts with drilled holes at and below grade. These
posts, which have been extensively used in other
designs, were developed in another FHWA project (15).
Because the lateral strength was also reduced by the
drilled holes, the post spacing was reduced for the
4-ft (l.2-m) flare design because of the localized
increased impact angle of this geometry.

Another feature that differs from the original
BCT is the use of a block-out between the second
post and beam while maintaining approximately the
same post alignment. The increased beam curvature at
the end required to clear the block-out further re-
duces the beam column strength.

FULL-SCALE CRASH TESTS

Crash tests conforming to Tests 45, 40, 41, and 44
from the terminal test matrix of NCHRP Report 230
were conducted and successful results obtained. These
tests are summarized in Tables 1 and 2. Results of
the successful tests are briefly described.

4-ft (1.2-m) Flare Offset Tests

Test RBCT-13

The terminal was evaluated for 60-mph (95-km/hr),
end-on impact with the 1,800-1b (800-kg) vehicle
with a 15-in. (0.4-m) offset. This test condition

has been particularly troublesome because of the
weight and stability of the small automobile.

The test vehicle struck the system as shown in
Figure 3 and was redirected behind the barrier as
designed. Although there was some intrusion into the
right side door, no evidence of spearing or potential
spearing was noted. The test values measured were in
compliance with the criteria of NCHRP Report 230.

Test RBCT-17

Some difficulty was encountered in achieving the
desired results for the length-of-need strength test.
Problems attributed to foundation movement at the
end post were corrected by adding a strut between
the first and second posts. In addition, the slot in
the box-beam section of the nose was modified to
eliminate loading of the end post by the tension
force of the beam, which had caused premature end
post failure. Neither of these changes are considered
significant for end-on Test RBCT-13 results.

The 4,500-1b (2000-kg) test vehicle struck the
terminal downstream of the third post at 58.2 mph
(93.6 km/hr) and 24.2 degrees (as measured from the
travel way). The vehicle was smoothly redirected as
shown in Figure 4 and results indicate compliance
with NCHRP Report 230.

Test RBCT-18

This test evaluated the eccentric loader for 60-mph
(95-km/hr) end-on performance with the 4,500-1b
(2000-kg) vehicle. The vehicle struck the nose and
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FIGURE 2 Eccentric loader.

TABLE 1 Summary of 4-ft Flare Crash Test Results

Test No,
RBCT-13 RBCT-17 RBCT-18 RBCT-19
NCHRP Report 230 test no. 45 40 41 44
Test vehicle 1979 Hounda 1978 'ymouth 1978 Plymouth 1978 Hondn
Vehicle inertial weight, 1b 1,821 4,389 4,423 1,740
Vehicle gross weight, 1b 1,986 4,719 4,753 1,905
Impact speed (film), mph 60.5 58.2 59.0 58.9
Impact angle (film), degrees 0.2 24.2 0.6 15.0
Exit angle (film), degrees 147 12.6
Maximum 50-msec avg acceleration
(accelerometer/film)
Longitudinal 4,1/6.8 -3.3 film -2.6/-5.8 -4.8 film
Lateral 5.9/3.4 4.8 film 3.2/4.3 -8.7/-7.4
Occupant risk, NCHRP Report 230%
(accelerometer/film)
AV longitudinal, fps (30) 29,1/26,7 16.7 film 16.6/13.5 17.1/-7.6
AV lateral, fps (20 12,4/12.0 11,5 film -13.2/-10.1 19.2/21.0
Ridedown acceleration, g’s
(accelerometer)
Longitudinal (15) 7.4 3.4 11.2
Lateral (15) 7.5 4.8 13.4 13.7
NCHRP Report 230 evaluation
Structural adequacy (A,D) NA Passed NA NA
Occupant risk (E,F,G) Passed NA Passed Passed
Vehicle trajectory (H,1) Passed Passed Passed Exit angle 12.6° > 0.6(15%)

Note: multiply Ib by 0.454 to obtain kg; multiply ft by 0.305 to obtain m; multiply mph by 1.609 to obtain km/hr; and multiple fps by 0.305 to
obtain mps. NA = not applicable.

ANumbers in parentheses are valnes recommended in NCHRP Report 230.



TABLE 2 Summary of 1.5-ft Flare Crash Test Results

Test No,
EN-3 EN-5 EN-4 EN-6
NCHRP Report 230 test no. 45 40 41 44
Test vehicle 1979 Honda 1978 Dodge 1978 Dodge 1979 Honda
Vehicle inertial weight, Ib 1,815 4,319 4,370 1,785
Vehicle gross weight, 1b 1,980 4,649 4,700 1,950
Impact speed (film), mph 59.1 62.9 60.1 58.4
Impact angle (film), degrees 0.5 249 0.1 16.4
Exit angle (film), degrees 6.3
Maximum 50-msec avg acceleration
(accelerometer/film)
Longitudinal -13.8/-8.6 -3.9/-3.0 -5.9/-4.1 -4.4/-3.7
Lateral 4.1/2.9 -7.7/-6.2 2:312.1 ~-8.9/-6.3
Occupant risk, NCHRP Report 230°
(accelerometer/film)
AV longitudinal, fps (30) 25.8/27.6 6.5/8.1 9:2715.3 15.5/13.0
AV lateral, fps (20) 4.6/10.6 17.3/14.5 -6.1/-11.5 19.0/20.2
Ridedown acceleration, g ’s
(accelerometer)
Longitudinal (15) 8.7 7.5 | %
Lateral (15) 10.4 10.6 S5 10:5
NCHRP Report 230 evaluation
Structural adequacy (A,D) NA Passed NA NA
Occupant risk (E,F,G) Passed NA Passed Passed
Vehicle trajectory (H,I) Passed Passed Passed Passed

Note: Multiply Ib by 0.454 to obtain kg; multiply ft by 0.305 to obtain m; multiply mph by 1.609 to obtain km/hr; and multiply fps
by 0,305 to obtain mps, NA = not applicable.

ANumbers in parentheses are values recommended in NCHRP Report 230.

FIGURE 3 Sequential photographs, Test RBCT-13. FIGURE 4 Sequential photographs, Test RBCT-17.
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was smoothly redirected behind the barrier as shown
in Figure 5. Test values indicated compliance with
NCHRP Report 230.

Test RBCT-19

This test evaluates a 60-mph (95-km/hr), 15-degree
angle impact at a point midway between the nose and
length-of-need with a 1,8000-1b (800-kg) vehicle. As
shown in Figure 6, the vehicle was smoothly redi-
rected. All values of NCHRP Report 230 were met with
the exception of the vehicle trajectory requirement
of the exit angle not exceeding 60 percent of the
impact angle. Although the exit angle at loss of
barrier contact exceeded the 60 percent value, the
heading angle of the vehicle began to decrease soon
after it left the barrier, and the overall vehicle
postimpact trajectory is considered excellent.

1.5-ft (0.5-m) Flare Offset Tests

Test EN-3

The terminal was evaluated for the 60-mph (95-km/hr),
end-on impact with the 1,800-1b (800-kg) vehicle
with a 15-in. (0.4-m) offset. The test vehicle struck
the system as shown in Figure 7 and was redirected
behind the barrier as designed. Although considerable
vehicle roll and pitch were observed during the test,
the vehicle remained upright and came to rest 50 ft
(15 m) downstream and 18 ft (5 m) behind the initial
impact point. Measured test values indicated com-
pliance with the requirements of NCHRP Report 230.

FIGURE 5 Sequential photographs, Test RBCT-18.
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FIGURE 7 Sequential photographs, Test EN-3.
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Test EN-4

The purpose of this test was to evaluate the terminal
for a center-on impact with the 4,500-1b (1800-kg)
vehicle at 60 mph (95 km/hr). As shown in Figure 8,
the test vehicle was redirected behind the system
although there was considerable vehicle roll. Com-
pliance with the requirements of NCHRP Report 230
was determined.

Test EN-5

This test evaluated the anchor strength of the ter-
minal when struck at the length-of-need by a 4,500-1b
(1800-kg) vehicle at 60 mph (95 km/hr) and a 25-
degree angle. The test vehicle was smoothly redi-
rected after striking the barrier at the third post
as shown in Figure 9. Compliance with the require-
ments of NCHRP Report 230 was obtained.

Test EN-6

This test was conducted with a 1,800-1b (800-kg)
vehicle striking at 60 mph (95 km/hr) and a 1l5-degree
angle with the initial impact point midway between
the length-of-need (Post 3) and the end post. As
shown in Figure 10, the vehicle was smoothly redi-
rected and the test requirements of NCHRP Report 230
were met.

CONCLUSIONS AND RECOMMENDATIONS
Conclusions
1. On the basis of the results of the test series

discussed in this paper, both the 4-ft (1.2-m) and
the 1.5-ft (0.5-m) flare offset eccentric loader BCT

FIGURE 8 Sequential photographs, Test EN-4.

+025 woo

FIGURE 10 Sequential photographs, Test EN-6.
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terminal designs satisfy the requirements of NCHRP
Report 230.

2. The designs are considered suitable for
retrofit or new construction applications.

3. The terminals are considered appropriate for
all guardrail systems that are either W-beam systems
or have a satisfactory transition to a W-beam system.

4. The 4-ft (1.2-m) flare offset design is con-
sidered superior to the 1l.5-ft (0.5-m) flare offset
design because of the more stable vehicle behavior
during end-on impacts.

5. Expected additional costs over the current
BCT guardrail terminal for the eccentric loader de-
signs are in the $300 to $400 range.

Recommendations

1. The eccentric loader terminals are recommended
for immediate implementation as experimental devices.
Design drawings are available from FHWA.

2. How changes in the design drawings will affect
the performance of the system should be carefully
considered. Changes are not recommended unless cost
advantages are realized without compromising perfor-
mance or improved performance is realized.

3. Where space permits, the 4-ft (l.2-m) flare
offset design is recommended. The 1.5-ft (0.5-m)
flare should be used at sites with limited space;
this is preferable to installing the larger flare on
the sideslope.

4, Consideration should be given to distance
traveled beyond the end during end-on impacts.
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Traffic Barrier Performance Related to

Vehicle Size and Type

JAMES E. BRYDEN and JAN S. FORTUNIEWICZ

ABSTRACT

Field investigations were completed at 3,302 traffic barrier accident sites in
New York State to determine the effects of various parameters on barrier per-
formance. Information gathered includes vehicle size and type, barrier type and
rail height, and highway parameters. Performance was assessed in terms of oc-
cupant injuries, vehicle containment, and secondary collisions. New York's
traffic barriers resulted in lower occupant injury rates than do roadside acci-
dents in general, with modern barrier types resulting in fewer injuries than
older barriers. Satisfactory vehicle containment was achieved in about 75 per-
cent of the reported barrier accidents. Secondary collisions resulted in about
25 percent of all barrier accidents, primarily when the vehicle was not con-
tained by the barrier. Secondary collisions with fixed objects were most com-
mon, followed by rollovers, but other vehicles or pedestrians were rarely in-
volved. Injury rates were much higher when satisfactory containment was not
achieved or secondary collisions resulted. Traffic barriers performed best for
passenger automobiles and had somewhat reduced performance for vans and light
trucks. Heavy trucks experienced about the same severe injury rates as passen-
ger automobiles, but they also frequently penetrated traffic barriers and were
involved in secondary collisions. Injury rates in motorcycle accidents were
extremely high., Traffic barriers performed best in collisions with midsized
passenger automobiles, followed by the smallest and then the largest passenger
automobiles. The lower protection provided large automobiles appears to be re-

lated to more frequent barrier penetration and secondary collisions.

In-service evaluation is recognized as a final stage
of development for new or extensively modified high-
way safety appurtenances (l). New York State's light-
post traffic barriers were developed and perfected
during the 1960s. Field performance evaluations con-
ducted in the 1960s and early 1970s confirmed that
these barriers provide excellent protection to errant
vehicles (2,3). However, during the past few years,
substantial changes in vehicle design have occurred
and smaller, lighter vehicles are now a large portion
of the vehicle fleet. In addition, many highways
along which these barriers were installed have been
overlaid resulting in changes in effective barrier
height. Finally, other barrier types are in ser-
vice--both early designs that may be reaching the
end of their useful life and new designs used selec-
tively for special situations. Thus information was
needed to relate the severity of barrier accidents
to vehicle size and type, barrier type and mounting
height, and roadway features.

PURPOSE AND SCOPE

This investigation is based on traffic accidents on
state highways in New York State. Information was
compiled on personal injuries, vehicle damage and
characteristics, barrier and highway characteristics,
and various impact and vehicle trajectory parameters.
These data were then analyzed to determine how bar-
rier performance was affected by vehicle size and
weight, barrier type and mounting height, and roadway
features. In this paper barrier performance in gen-

Engineering Research and Development Bureau, New
York State Department of Transportation, State Cam-
pus, Albany, N.Y. 12232,

eral and the effects of vehicle size and type are
examined. Further analysis of accident records will
be complete in 1986, and those results will be in-
cluded in subsequent reports.

METHODOLOGY

New York State law requires an accident report on
any traffic accident resulting in personal injury,
property damage exceeding $400, or damage to property
other than the vehicles involved. These reports are
generally filed by the motorist for minor accidents
and by a police officer for more severe accidents.
Although the law requires an accident report for any
accident resulting in damage to a traffic barrier,
most minor barrier accidents do not generate a re-
port. Reports are more likely in cases that result
in personal injury or vehicle damage sufficient to
require towing.

Accident reports provide information on accident
time and location, roadway and weather parameters,
personal injury and vehicle damage, vehicle regis-
tration data, and a brief narrative and sketch
describing the accident. These reports are coded by
Department of Motor Vehicles (DMV) personnel for
computer storage and analysis. For this project, DMV
provided a computer tape covering the 12-month period
from July 1, 1982, through June 30, 1983, 1listing
all accidents on state-maintained highways in which
the first harmful event was impact with a guardrail
or median barrier. Because it is difficult or impos-
sible to determine the effect of the barrier on per-
sonal injuries, vehicle damage, and other performance
indicators for secondary barrier collisions, only
accidents in which collision with a barrier was the
first harmful event were included in this project.
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Each accident in this investigation was classified
according to the most severe injury in the vehicle.
Injury severity for each vehicle occupant involved
in the accident was contained in the record, with
the injury classification for each accident based on
the most severe injury level. The most severe non-
fatal injuries, A injuries, include severe lacera-
tions, broken or distorted limbs, skull fractures,
and other serious injuries. Abrasions, lacerations,
and lumps to the head are classed as B injuries, and
C injuries are limited to momentary unconsciousness,
limping, nausea, hysteria, and complaint of pain
with no visible injury.

No injury level was designated on nearly one-third
of the records received from DMV. Because injuries
are required by state law to be reported, and because
most of the accident reports were filed by police
agencies, it appears to be reasonable to assume that
those records with no specific report of injuries
actually represented accidents with no injuries.
Although a few minor injuries may have gone unde-
tected, it does not appear likely that many severe
injuries would have been unreported.

Using vehicle registration data from another DMV
file, vehicle identification numbers (VINs) were
added to the accident file for vehicles registered
in New York State. The Vindicator Program developed
by NHTSA was used to decode the VIN number and add
specific vehicle data--make, model, series, weight,
wheelbase--to the accident file. The resulting file
contained accident description--date, location, im-
pact conditions and factors--as well as personal
injury data and detailed vehicle descriptions for
about two-thirds of the records. New York's 16,000~
mi state highway system includes more than 4,200 mi
of traffic barrier. The initial accident file pro-
vided by DMV contained 4,698 records, which agreed
well with the number expected on the basis of his-
torical records. Subsequent elimination of accidents
in New York City and on the NYS Thruway plus invalid
traffic barrier records reduced the actual sample to
3,302 accidents.

Although the computer file contained some of the
data needed for this investigation, the hard-copy
accident reports contained more vital data in the
narratives and sketches. That information was neces-
sary to pinpoint accident sites to specific runs of
barrier because the coded location was based on
reference markers at tenth-mile intervals. In addi-
tion, valuable data on impact conditions, vehicle
damage, and postimpact vehicle trajectories could
only be obtained from the narratives and sketches.
In all, hard-copy reports were reviewed for nearly
4,000 of the original 4,698 accidents.

The primary measure of barrier performance is
personal injury, but vehicle damage provides a sec-
ondary measure. Vehicle damage is important from a
financial standpoint, and lower damage is desirable
from the standpoint of reduced cost to the motorist.
More important, vehicle damage is a surrogate measure
of impact severity and injury potential. Vehicle
damage was therefore examined in this investigation
as a secondary measure of barrier performance. Damaye
data on individual accident records also provided
information about impact conditions. By using the
data listed on the accident reports plus the accident
sketches and narratives, damage ratings were made
for all but two records in the primary accident file.
In many cases, although it was possible to determine
that some damage had occurred, the exact extent was
unknown., When severity ratings were made by research
staff, they were made on the conservative side. That
is, damage was at least as severe as the rating as-
signed.

Another important measure of barrier performance
is its ability to contain and gradually redirect a
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vehicle parallel to the roadway. Undesirable re-
sponses include barrier penetration (vaulting, sub-
marining, breakthrough), abrupt stops or snags, or
deflecting the barrier to contact an object behind
it. Barrier response for most of the records was
classified into one of eight categories using the
narrative descriptions in the hard-copy accident
reports. Those categories were redirected, stopped
in contact with the barrier, snagged, penetrated,
ran under, broke through, went over, and deflected
to a fixed object. Redirection accidents were gen-
erally quite obvious from the narrative descrip-
tions, but the stopped and snagged categories were
more difficult to classify. Definite snags were
apparent in only a small number of accidents, but it
is possible that some of those «classified as
"stopped" actually involved a degree of snagging or
pocketing. Likewise, it was sometimes difficult to
determine the means by which penetration occurred.
Therefore, in addition to the three specific classi-
fications of under, over, and through, a fourth
general penetration category was included for cases
in which a specific determination was impossible.

Another measure of barrier performance in this
study is secondary collisions. Following impact with
a barrier, the desirable vehicle reaction is to re-
direct smoothly parallel to the barrier or to stop
adjacent to it. Secondary responses--collisions with
other fixed objects or vehicles and rollovers--are
highly undesirable because they increase the risk of
injury to vehicle occupants as well as to those in
other vehicles. Secondary impacts were categorized
on the DMV records from information contained on the
accident report. In this investigation research staff
validated the second event codes using the hard-copy
narratives and sketches.

The DMV computer records were printed out on
special forms with each record on a separate page.
These forms were designed to make it possible to add
additional roadway and barrier data in coded form.
Before proceeding, however, each of the hard-copy
reports was reviewed to eliminate incorrectly coded
records that did not involve traffic barriers or
that were otherwise invalid. Data coding on the forms
was accomplished through examination of department
photolog files to obtain barrier and roadway param-
eters, and field inspections were made to determine
traffic barrier height and to confirm barrier and
roadway parameters.

At every site where roadway or barrier conditions
indicated that recent changes may have been made,
data obtained during the field visit were compared
with the photolog files and construction records. In
this way highway changes were detected, and the data
entered for each record were correct, with a high
degree of reliability, for the time of the accident.

Following completion of the field investigation,
the additional data were added to the DMV accident
file. The resulting file contained 3,302 records,
all on the state highway system outside New York
City and all screened to ensure that they described
valid barrier accidents. Not every file was complete
because in some cases vehicle data were missing. In
other cases the accident site could not be located
precisely, and some or all of the roadway or barrier
data were thus missing. However, ensuring that all
the data on the file were reliable meant that the
conclusions drawn from this study could be accepted
with a high level of confidence.

TRAFFIC BARRIERS ENCOUNTERED
New York State's standard traffic barriers consist

of cable, W-beam, and box-beam rail on S 3 x 5.7
steel posts (light posts); W-beam on W 6 x 9 steel
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posts with block outs (heavy posts); and concrete
safety shape barrier. Occasionally, W-beam on wood
posts with block outs is used on parkways as well as
limited quantities of other barrier types including
thrie-beam on heavy posts and self-restoring barrier
(SERB) . These systems are shown as standards in the
1977 AASHTO barrier guide (4) or have recently been
developed and standardized through FHWA-sponsored
research. In addition to barriers now specified,
various types of previously specified barriers re-
main in service. These include various combinations
of cable and W-beam rail on wood, concrete and steel
posts, as well as other types of posts, rails, and
concrete walls.

Barriers encountered in this investigation were
as follows:

Barrier Type No. of Accidents
Light-post traffic barriers 1,887

Heavy-post blocked-out W-beam 94

Concrete safety shape 90

Obsolete barriers 810

Others, unknown 421

Total 3,302

RESULTS

General Barrier Performance

The primary purpose of traffic barrier is to prevent
vehicles from contacting features along the highway
that are potentially more hazardous than the barrier
itself. If a system performs well, barrier accidents
should be less severe than other roadside accidents.
Barrier accidents examined in this study are compared
with other accident types in Table 1.

TABLE 1 Comparison of Traffic Barrier Accident Severity
and Other Accident Types

PERCENT OF TOTAL ACCIDENTS

ACCIDENT TOTAL A B [ NO
TrPE LOC?HEN ACCIDENTS FATAL INJLRY INJLRY INJURY INJLRY
a)
ALL BAR  ST.WIDE 3,32 1.33 9.45 5.8 2.4 48.94
CUR BAR  ST.MIDE 2,071 1.16  9.31 26,99 24.58 31.98
AL ST.MIDE 276,688 .11 63.49 3%5.60
ALLRS  ST.MIDE 4,163 1.98 T4.22 24.29

(a) AL = AL ACCIDENTS, ALL BIR - AL DNRIER ACCIDENTS
CURRENT BARRIER ACCIDENTS, ALL R S = ALL ROAD SIDE ACC

(b) ST.WIDE = STATE MAINTAINED HIGHMAYS UPSTATE AND LONG ISLAND

The data for all accidents and roadside accidents

are taken from DMV reports (5) for calendar year
1983, However, injuries are not broken down by
severity class. The DMV report lists the total
number of injured persons in each severity class not
the total number of accidents. Because some vehicles
have more than one occupant, often with different
injury severities, the injury distribution by oc-
cupant is less severe than by accident. Therefore
only the total number of injury accidents was ex-
amined. Injury classification for the barrier study,
on the other hand, is based on the most severe in-
jury in each accident. Because the same injury re-
porting system was used for the general data in
Table 1, it 1is subject to the same assumptions
regarding unreported injuries as is the traffic bar-
rier data base.

The data in Table 1 reveal that guide rail acci-
dent statewide are more severe in terms of fatalities
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and total injuries than are all New York State acci-
dents. However, fixed object accidents are normally
more severe than vehicle-to-vehicle accidents, and
when barrier accidents from this study are compared
with roadside accidents in general, this becomes
apparent. Statewide barrier accidents were signifi-
cantly less severe than all statewide roadside acci-
dents. Considering only currently specified barriers,
performance is even better.

Table 2 relates injury severity to vehicle damage,
barrier function, and secondary collisions. About 60
percent of the vehicles were rated as lightly dam-
aged, and less than 7 percent were demolished. These
data show a pronounced relationship between vehicle
damage and injury severity: as damage increased, so
did the likelihood of injury. More than half of the
fatalities occurred in vehicles that were demolished,
and 80 percent of the accidents with no reported
injury had vehicle damage rated light. Stated dif-
ferently, the risk of serious injury or death was
less than 7 percent in vehicles with damage rated
light but increased to nearly 39 percent if the
vehicle was demolished. These relationships are
shown graphically in Figure 1.

This information may hold importance for evaluat-
ing the results of full-scale crash tests for which
injury data are not available. Although vehicle dam-
age in this study was not rated very precisely, a
clear-cut relationship is apparent between vehicle
damage and injury severity. It therefore appears
that more precise scales of vehicle damage, such as
those used in full-scale crash tests, may provide an
excellent surrogate measure of injury potential.

Barrier function, including injury severity for
each category, is also summarized in Table 2. Re-
sponses with acceptable containment--redirection and
stopped adjacent to the barrier--have much lower
severity rates than the unsatisfactory responses of
snagging and noncontainment. Comparing those two
groups of responses results in a highly significant
difference. Accidents in which the vehicle was con-
tained had less than 10 percent severe injuries
(fatal and A) and more than 40 percent with no in-
juries compared with nearly 25 percent severe in-
juries and only 13.5 percent without injuries when
containment was not achieved. Fortunately, in nearly
80 percent of the cases the vehicle was satisfac-
torily contained. Snagging was noted in only 0.5
percent of the accidents, and there were various
types of penetration in 12.5 percent. Because light-
post barrier deflects a substantial amount on im-
pact, adequate distance must be provided behind the
barrier to accommodate that deflection. Only 13 cases
were noted in this analysis--less than 0.5 percent--
in which deflection was sufficient to permit the
vehicle to contact a fixed object behind the bar-~
rier. Underrunning the barrier, a concern with
modern vehicles with low frontal geometry, was the
least common and occurred in less than 1/4 of 1
percent of all cases.

Secondary collisions, also summarized in Table 2,
occurred in just over one-fourth of the cases. Sec-
ondary collisions with another motor vehicle were
extremely rare--only six were recorded in the primary
data file--and secondary collisions with pedestrians
were even more rare, with two cases recorded. Most
common was collision with a fixed object, which ac-
counted for 583 of 871 second events. Overturning
was the next most common and accounted for nearly
one-third of the secondary collisions. The data in
Table 2 indicate clearly the increased injury sever-
ity associated with second events. Although second
events were recorded in only 26 percent of the total
accidents, they accounted for nearly 90 percent of
the fatal accidents and half of the A injuries. Less
than 14 percent of the second event accidents had no
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TABLE 2 Injury Severity Related to Vehicle Damage, Barrier Function, and Secondary

Collisions
INJURY SEVERITY
1 FATAL ¢ A INJIRY | B INJURY | C INJURY INOME REPORTED: TOTAL
VEHICLE DAMAGE (NOTE 1) \ H H | | 1
DEMOL ISHED |23 52.2TXi 61 195540 TT  9.83%% 4T 6.34%0 18 T4 218 6,681
SEVERE P8 18,1800 46 14.T4Y) 123 14,4200 181 13,6341 53 3,92 331 18.82
MODERATE 16 13.64% 82 26.78%) 265 31.8T%) 216 29.1541 286 15.24X1 TI5 Z3.4TX
LIGHT VT 15.91%0 122 39.10%% 386 45.79%1 37T JBE 1881 79.96%) 1973 59.T9%
NONE V8 B 1 g2 8 K /A ] L 4 A5 3 097
LINKNOWN [ B 8 B 2 23 8 B [ N5 4 B6X
TOTAL E 44 1“.”7(3 2 1”.”'/.': 853 lH.MZE T4 190.98%) 1352 I“Jﬂi 3302 108,06/
VEHICLE DAMAGE (NOTE 2) \ | V ' | 1
DEMOL [SHED V23 18.55% el 71.98L T L3204 4T 21,56k 18 4591 218 198.89%
SEVERE 18 2,474 46 12,99 123 3T.16%! 181 3M.51X 53 16.81X0 W1 (99001
MODERATE HE TTED 82 18.58%0 265 34.19%1 216 27.8Txi 286 26.58%1 TI5 186.80)
LIGHT T V5% 122 6.184) 386 19,8640 37T 19.11X1 1881 54.79X: 1973 106.86%
NONE 18 B 1 3333 @ N AT N 14 Z 66,6700 3 198,90
UNKNOWN ) N 74 B9 2 100.80%0 @ ML [} L 2 108.04)
TOTAL E 44 1.33ZE 312 9.45ZE 853 75.83%% T4l 22.44%) 1352 40.9415 3342 108.98%
T v % — | 1 )
BARRIER FUNCTION (NOTE 3) H | ' 1 | i
REDIRECT 119 43.18%! 198 49.98%% 676 67.53%! 633 T1.93i 925 68.4Z%0 2243 61.93%
sT0P 1y 2.2T4 38 12.18% 95 11.14%% 59 T.96X1 129 9.54KF 32 9.T9K
SNAG Vo1 z.ann 2 b40 05 S 3 AP [} AL 1T RV
PENETRATED P8 11.36% 28 6.41%0 48 5,834 22 2.9TK 13 96K 3.2
RAN UNDER v 8 M 3 6% 1 A20 4 5411 [} 0L 8 24%
{6 11,3600 11 3.53%0 M 3.99% 19 28801 1T 1.2640 86 Z.60L
WENT OVER V12 21.ZTH 43 13.78%0 63 T.39L T8 9.45%1 22 1.63 218 6.36L
DEFLECT TOFIX i B . 7N 24 18 1ATH 2 J2TL [} B 13 39
LINKNOWN T 2,210 4 1.28% 21 2.46%0 29 39170 248 1T.THA 795 8.93K
TOTAL ‘: 44 m.m; 312 IH.CGZE 853 194,081 T41 IH.OOZE 1352 m.mg 3302 169.08%
BARRIER FUNCTION (NOTE 4) 1 | i H i }
REDIRECT 119 JO5%) 198 S.4TY) 576 25.68Y) 533 23.T6X! 925 41,241 7Z43 1986.88)
ST0P HES | 3170 38 11.88%! 95 29.50%1 59 18.32%1 129 49.86)%1 322 106.88)
SNAG 1 5.8810 2 1L 76X 5 Z9.41% 3 1T.6511 6 35.29% 1T 180.06%
PENETRATED 1 5 4,670 20 18.5200 48 44.44Y) 22 20.3T% 13 12.84%) 160 196.6)
RAN UNDER 18 B9 3 378N 1 12.50% 4 5.9 [} N4 8 108,08
Y5 5,817 11 12,794 34 39.5%%0 19 22.89%0 1T 19.TTAL 86 106.09%
WENT OVER 112 B.TIX 43 284810 63 39.8@10 T 3.3l 22 10.48%0 210 108.88%
DEFLECT TOFIX HE B 1 T.6 18 TeSZAt 2 15.3810 [ B8 13 108.080
(N0 S| 4% 4 1362 21 TJAZ% 29 9.830 248 81.36%) 295 166.961
TOTAL i 44 1.33’.(5 312 9.4525 853 258325 741 ZZ.MZE 1352 40.947(5 3362 100.98%
SECOND EVENT 1 1 1 H \ |
MOTOR VEHICLE i 8 N TN o1 16,64 2 33.330 3 58,08 6 109.60%
PEDESTRIAN B N 7] Va 00 9 . 4 2 188.88%) 2 108.08%
OTHER NOT FIXED OBJ | @ AL 9 L 9 B0 1 5.0 1 50.88%! 2 168.96%
LIGHT/UTILITY POLE | 4 T7.14% 9 16.874 75 44.64%0 15 26.79% 3 5.36%1 56 168.00
GUIDERAIL Vool LLeE% 11 118870 36 3688 25 5.88M 2T Z7.00K 106 198.00%
SIGN POST Tl 3.8er 1 3.85K 11 42310 6 23.86810 T 26924 26 108.881
TREE T 64800 21 19.44%0 41 3T.96% 23 21,9800 16 14,811 108 100.96%
BUTLDING/MALL I8 B A 8% 3 Th.eL 1 25.8000 '] N4 4 100.00;
CURBING Vo1 14.29%0 3 42,86k @ L 3 42,8610 [ 9L 7 100967,
FENCE 1 5.88% 5 29.41%0 T 41180 3 17.69%0 1 5.88% 17 166.00%
BRIDGE STRUCTURE Y3 T.69% 5 12.82% 15 38.46%0 190 Z5.64%1 6 15,38k 39 100.08)
CULVERT/HEAD WALL  § 1 T.69% 7 85% 3 23.8840 7 15,380 [} B8 13 19860
MEDIAN/BARRIER ] B9 3 7898 6 46.88 2 13.33U 4 26.6TL 15 100.00/
SNOW EMBANKMENT HE ] ML 8 B8 4 50.80L1 9@ N4 4 50.960 8 108.00).
EARTH ELEW/RC/DITCH | 2 1.89%! 2T 14.T54 62 33.B8%i 68 37.16%1 24 13.11X1 183 108.0
FIRE HYDRANT 9 OF 1 5888l @ ML 1 M '] N A 2 108.08;
OTHER FIXED OBJECT | @  .B#Xi 3 6h.06L 6 .00k @ W 2 .0 5 108.00
OVERTURNED P15 581X B 21,32 187 AL4TI 69 26.TAXI 12 4.65%) 758 16.001
F IRE/EXPLOSION 8 e 6 .88 3 50.800 B 3 8.8 6 108.00%
SUBMERSTON 12 S0.66L @ 8L 1 5.0 8 ML 1 5.0 4 10D.X
RAN OFF ROADWY ONLY | @ B 8 M 2 66.6THN 1 33,330 [} B 3 100.60
OTHER NON COLLISION | 1 14.29%) @ O 2 28,574 7 28.5T%i 2 28.5Tii T 108.05,
FIXED ORJECT SUB TOT! 21 3.6@L0 96 16.4TL! 213 36.54%1 159 27.2T%F 94 16.12%1 583 106.66%
AL SECOND EVSUB T | 39 4.48%) 151 17.34%1 329 37.77% 234 26.874! 118 13,95%1 871 100.00L
NO SECOND EVENT FE ] L2040 161 6.62% 524 21,55 587 28.88%\ 1234 59.76Xi 2431 108.08%
TOTAL VM 33%0 312 9.4540 75,8300 T4l 22.44%) 1352 48,941 3362 100.00
NOTES: FATAL + A INJURIES = SEVERE INJURIES
{1 - PERCENT OF EACH INJURY SEVERITY OCCURRING IN EACH DAMAGE CATEGORY
2 - PERCENT OF EACH DAMAGE CATEGORY OCCURRING IN EACH SEVERITY CATEGORY
3 - PERCENT OF EACH INJURY SEVERITY OCCURRING IN EACH BARRIER FUNCTION CATEGORY
4 - PERCENT OF EACH BARRIER FUNCTION CATEGORY OCCURRING IN EACH SEVERITY CATEGORY

reported injuries compared with more than half of

the
harmful

injuries,
injuries.

Injury
graphs to

accidents
second event types
utility poles
collisions

without second events.
were
percent

with 26

with 27

with 23
with trees
and overturns

severe
percent
percent

Especially
collisions with
injuries,
severe
severe

severity was shown in the previous para-
be higher when a second event occurred and
in those cases in which the vehicle was not properly

contained by the barrier. It is logical to expect
that if a vehicle is satisfactorily contained, second
events will be less likely. This relationship is
examined in Table 3, which provides a comparison of
the occurrence of second events for the various
categories of barrier function. When the vehicle was
redirected or stopped adjacent to the barrier, second
events were relatively rare--less than 20 percent of
all accidents. However, when the vehicle was not
properly contained, the vehicle overturned in 28
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% OF ACCID. WITH INDICATED INJURY SEVERITY

O + +
LIGHT MODERATE SEVERE
VEHICLE DAMAGE

FIGURE 1 Injury severity related to vehicle damage.

80 - —8— FATAL&A INJ(SEVERE INJ)
—— NO INJURY REPORTED

DEMOLISHED

percent of the cases and struck a fixed object in 52
percent of the cases. This clearly points out the
desirability of smooth containment and redirection

in vehicle-barrier collisions.

Effects of Vehicle Type on Barrier Performance

By using information from the accident report, vehi-
cle type was classified for all but 7 of the 3,302

% OF SEVERITY RATINGS AT EACH DAMAGE RATING
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80 4 —8— FATAL
—— A INJURY
—a&— NO INJURY REPORTED

60 4

40

20

o t } y
LIGHT MODERATE SEVERE DEMOLISHED
VEHICLE DAMAGE

accidents in the primary file. Table 4 gives injury
severity, barrier function, and secondary collision
data for each vehicle type. Passenger automobiles
had by far the lowest overall injury rates. Vans and
light trucks had B and C injury rates nearly identi-
cal to those of passenger automobiles, but the rate
of fatal and A injuries was significantly higher.
Based on a small number of fatal and A injury acci-
dents, the rate for tractor-~trailers is not much

TABLE 3 Secondary Collisions Related to Barrier Function

1
SECOND EVENT

BARRIER FUNCT OVERTURNED FIXED OBJECT

REDIRECT

ST0P
CONTAINED S T
SNAG

PENETRATED
RAN UNDER

BROKETHR
MENT OVER
PENETRATED ST
DEFLECT TOFIX
UNKNOWN

TOTAL

BARRIER FUNCT
REDIRECT
5T0P
CONTAINED 5 T
SNAG
PENETRATED
RAN UNDER
BROKETHR
WENT OVER
PENETRATED ST

DEFLECT TOFIX
LINKNORN

126 48.45)
11 4.26%
136 52.71%

78 16.85

090,
18 6.981
T2 21.91%
118 45.74%

8 .60
2 T8

258 109.047

63
1
51
94
269

12
14

514

16.79%
ATL
8.731%
16,187
35.79%

2.05%,
2.49%

584 108,647,

2
GECOND EVENT

OTHER NONE TOTAL
59.801 1775 T73.05% 27243 67.93L

—
o

2 6.6T% 791 11.98% 322 9.T%%
1T 56.6T% 2866 85.820. 7565 T7.68%
9 8 12 4 11 51X
4 13.3% 13 53 188 3.2T%
g .8 7 .29 8 .24
2 6.6TL 15 62 B6 7.6
T.23.33% 31 1.52% 218 6.36%
13 8.3 72 2.9 412 12.48Y
8 .6 1 B4 13 .39
.8 219 11487 295 8.9%

30 100.007 2438 100.997 3302 189.90Y

OVERTURNED FIXED OBJECT

125 5.57%
11 3.421
136 5.30%

2 11.76%

28 25.93%

8 .87
18 28.93%
12 34.29.
118 28.64%

8 .89
2 .68

258 71.81X

8
18
346

3

12
14

584

14.6Z4
5.59%
13.49%

17.650

58.33%
12,547
59.30%
44767,
56.73%

92.317%
4,757

17.69%

OTHER NONE TOTAL

15 6T IATIS 79.14% 2243 108.06%
Z .60, 291 99.3T. 322 190.08%
1T .66% 2866 06.557 7565 198.88Y
B .86 12 76.597 17 199.08%
3780 13 12.84% 186 106.08%
R T 87.58)

2,33 15 17.44% 86 100.08)
3.33% 37 17.62% 216 188.88)
3064 T2 1T.48% 412 186.88)

N 1 T7.69% 13 106.08).
B 219 94.581 295 190.007

3B 914 2439 T73.59% 3302 108.00),

—
- =N -

1 - PERCENT OF SECOND EVENT CATEGORY OCCURRING IN EACH BARRIER FUNCTION CATEGO
Z - PERCENT OF BARRIER FUNCTION CATEGORY OCCURRING IN EACH SECOND EVENT CATEGO
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TABLE 4 Vehicle Type Related to Injury Severity, Barrier Function, and Secondary Events

INJLRY LEVEL [PASSEMGER CAR} MOTORCYCLEIVANALT TRUCKHEAVY TRUK;  SEML  §  BUS | (NN TOTW
FATAL Doar ert T 84 T ZATH 1 6.6TL 2 AN B LI .BMK M4 1O
A INJURY 229 BT B I9TEL 42 13.64% B .BELL 4 T.ZTLL | ALK 3 42.86%1 312 9.45%
B INILRY | 88 751700 31 IT.35% 84 26.09% 6 AG.BL 24 A3.6ALI B .M 8 .00 75,83
C INJIRY D ogal 72391 12 1AL TA 22,980 T 46.6TH 16 29.891 1 SO.0MKI B .0MLi T4l 22.44%
L1223 434K 0 BN U5 BTV 1 GATH 9 16136118 MK} 4 STMLI 132 48941
TOTAL | 2818 108.067) 83 106.06 322 16.8%! 15 166.00%) 55 196061 2 196,00 T 100.00%1 062 109601
BARRIER FUNCTION | i 5 5 i | i 5
REDIRECTED D159 69.5201 5B 6B.2411 281 62.4741 5 WM 20 .G 2 186.00XI 8 .0MKI 2238 6178
STOP D704 C90aTH 22 26510 32 9.94%1 1 6.6TL 3 5.4501 0 .84 8 .8 32 9.T5K
CONTAINED SUB TOTAL | 2223 TB.6971 T2 B6.TSW| 233 TZ.36H1 6 4.1 24 431641 2 180801 6  .#WLi 2568 TI.5XK
SNAGGED TR T S /S I3} § B} 6 0} B mt o .ol 1T .51
PENETRATED 76 2780 1 1.28% 28 6212 3 20.080 § 14550 8 LML 6 .66Ll 108 .27
RAN UNDER bo'a T o4 4emi e een B 86N B .GAN 0 86N 0 8B 8 .24)
BROKE THROUGH V66 2%l 1 V2@ T 2ATID 4 26.6T4 8 14EELL 6 .06 6 YT
WENT OVER | 189 G4 4 48U 3 18250 7 13.3301 12 208241 0 .66 6 {218 6,361
PENETRATED SUB TOTAL! 385 10.871% 10 12,850} 60 1B.63%1 9 60.98% 28 50.91Li 6 .80} 6 P oAz 2
DEFLECTED T0 FIX 0BJ! 9 .%2%i 6 .86 3 .00 @ .eA 1 LeZie a8 e 13 9%
UNCHORN Do ST 1 LZB 23 TAL 6 MM 2 66 T 1e6EL 8 9.6
TOTAL ! 2919 199,001 83 166,000 322 100.067) 15 160.887} 55 160.987. 2 100.067! T 180.0%} 3362 190.00Y
SECOND EVENT i E : i i : 5 E
FIXED OBJECT D A5 16501 8 9.6 86 26.TU T 46.6TL 14 Z5.450 1 S0.80%) 0 | 581 17.48Y
OVERTURNED D172 6.1 13 I5.66%0 52 1615 6 4B.@L 15 ZT.2TEL @ .8B% 8 D758 T.811
OTHER SECOND EVENT | 24 .85 1 1280 & L.G5( @ 090 8 .96 8 9L 9 N BT
SECOND EVENT SUB T | 661 Z3.4611 22 Z6.51%i 143 4ALALX! 13 86.6TL 29 Se.T20i 1 50.00) 8 AL 869 26.32
NO SECOND EVENT | 2187 T6.541 61 T34 179 S5.59% 2 133311 26 AT.2TMi 1 GO.AK @ BNl 2426 T3.ATK
UNKNOWN P70 lepl @ .8r B EL B WL 6 8RO 8AL T 10608 241
TOTAL | 2018 160.007 €3 199071 327 100067 15 166,06} 65 109071 2 100.08%} T 100,66 3302 100.60)

higher than for passenger automobiles, but the rate
of B and C injuries appears to be substantially
higher. Motorcycle accidents had by tar the highest
severity rate, with all the reported accidents re-
sulting in personal injury aund nearly half resulting
in a fatality or an A injury. Only 15 accidents in-
volving heavy trucks were recorded, but it appears
that the total injury rate was substantially higher
than for passenger automobiles. Only one accident
each was reported involving an intercity bus and a
school bus; these resulted in an A injury and a C
injury, respectively.

Considering barrier function, satisfactory con-
tainment--redirected or stopped--resulted in 79 per-
cent of the passenger automobile impacts and 72 per-
cent of the light truck impacts, but in just over 40
percent of the impacts involving heavy trucks and
tractor-trailers. Considering only midsection col-
lisions (no collisions on barrier terminals), 88
percent of the passenger automobiles and 83 percent
of the vans and light trucks were contained. Con-
tainment of heavy trucks and tractor-trailers
changed only slightly from the total sample because
of the low occurrence of terminal accidents for
those vehicle types.

Passenger automobiles and motorcycles experienced
secondary impacts in only about one-quarter of all
collisions compared with 45 percent of the van and
light truck accidents and 60 percent of the heavy
truck and tractor-trailer collisions combined. Over-
turning was relatively rare for passenger automo-
biles: only 6 percent of all collisions resulted in
this type of second event. However, overturning oc-
curred in 16 percent of the van and light truck col-
lisions and in 30 percent of the heavy truck and
tractor-trailer accidents. Nearly all the remaining
second events were impacts on fixed objects for each
of the vehicle types.

Effects of Passenger Automobile Size and
Weight on Barrier Performance

In addition to classifying vehicle type from infor-
mation on the accident form, VINc obtained from
registration files provided detailed vehicle infor-
mation. Passenger automobiles were further sorted by
wheelbase, using categories suggested by NHTSA (6),
and by weight, using categories from earlier reports
by New York State (7) and General Motors (8).
Size classes used in the analysis are as follows:

Vehicle Wheelbase Weight
Class Description {in.) (1b)

1 Small subcompact <96 <2,000

2 Subcompact 96-101 2,000-2,499
3 Compact 102-111 2,500-3,249
4 Intermediate 112-120 3,250-3,999
5 Full size >120 >4,000

Passenger automobile injury severity is given in
Table 5 by wheelbase and by weight. Because of the
small numbers of fatal accidents, severity was re-
grouped into three categories: fatal and A, termed
severe injuries; B and C, termed nonsevere injuries;
and none. A chi-square analysis was performed to
determine whether severity differed by vehicle size.
In Lerms of weight, the differences among the five
classes are highly significant: the lowest severe
and total injury rates were for subcompacts, and
small subcompacts and compacts had only slightly
higher rates. Intermediate and full-sized cars had
substantially higher rates. By wheelbase, the results
were quite similar except that small subcompacts had
the lowest severe injury rate followed by compacts
and subcompacts. Larger automobiles again had sub-
stantially higher rates, although the differences
among classes were not highly significant.



Bryden and Fortuniewicz

75

TABLE 5 Injury Severity Related to Passenger Automobile Wheelbase and Weight

WHEELBASE, INCHES
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Table 6 gives possible causes of the differences
in injury rates among vehicle sizes. It was shown
previously that accidents that resulted in a second-
ary collision or 1lack of barrier containment had
higher severity rates. Therefore these two parameters
were examined in terms of vehicle size and weight.
Larger automobiles were involved in more second
events and satisfactorily contained less often than
smaller cars. When classified by vehicle weight, the
differences among vehicles are highly significant
for second event and significant for containment. By
wheelbase, the differences are still apparent but
not statistically significant. The types of second
events also show a clear-cut difference among vehicle
classes. Overturning was most frequent for small--
either by wheelbase or weight--automobiles and least
frequent for large automobiles. The opposite was
true of fixed object collisions: small automobiles
experienced the fewest and large automobiles the
most. These differences are shown graphically in
Figures 2 and 3. The overturn rate for the smallest
automobiles was about double that of the largest
automobiles, and the fixed object involvement was
about half. However, because fixed object involvement
was at least double the overturn rate overall, the
net result was that large vehicles had a higher
secondary collision rate than small vehicles. This
higher involvement in secondary collisions and lower
containment rate appear to explain the higher injury
rates for larger automobiles.

DISCUSSION AND FINDINGS

Accidents involving roadside and fixed objects tend
to be more severe than other accident types. However,
data from this investigation show that collisions
with traffic barriers are less severe than roadside

accidents in general, and, if only modern barrier
types are considered, the reported injury rate is
about 20 percent 1less than for all roadside

accidents. Traffic barriers currently installed in
New York State resulted in fatal injuries in about 1
percent of the reported accidents and other serious
injuries in an additional 9 percent. Older types of
barriers had about twice as many fatalities and 50
percent more serious injuries than modern barriers.
Vehicle damage as determined from information
provided on accident reports correlated closely with
personal injuries. These data indicate that vehicle
damage from full-scale crash tests may provide a
good surrogate measure of personal injury potential.

Two aspects of barrier accidents were closely
examined in an attempt to explain differences in
performance. Barrier function, as defined by the
postimpact trajectory of the vehicle, described how
the barrier either met or failed to meet its primary
purpose of preventing contact with the roadside
hazard. Secondary collisions provided a second
measure of how well the barrier performed this
function. These results clearly showed that injuries
were lowest when the barrier performed as intended
(i.e., the vehicle was properly contained by the
barrier and no secondary collision resulted)., Over-
all, the vehicle was contained by the barrier in
more than 75 percent of the accidents, and secondary
collisions—-primarily fixed objects or rollovers--
occurred in only about 25 percent of the impacts.
Secondary collisions with other vehicles or pedes-
trians were extremely rare; they occurred in less
than 1/4 percent of all accidents. It was also shown
that secondary collisions were much more likely when
proper containment was not achieved. Less than 20
percent of the containment accidents resulted in
secondary collisions compared with about 80 percent
of the noncontainment accidents.

Traffic barriers are designed specifically to
contain and protect passenger automobiles. As ex-
pected, results of this investigation confirm that
barriers performed best for passenger automobiles in
terms of injury severity as well as vehicle contain-
ment and secondary collisions. Very little protection



TABLE 6 Secondary Collisions and Barrier Function Related to Passenger Automobile
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FIGURE 2 Effects of automobile size on secondary event involvement.
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FIGURE 3 Effects of automobile size

was afforded motorcyclists, however, and nearly half
the reported collisions resulted in severe injuries.
Performance with vans and light trucks was likewise
not as good as with passenger automobiles. Injury
rates were higher, containment was achieved less
often, and secondary collisions were more frequent.
After passenger automobiles, vans and light trucks
were the most common vehicle types involved; they
accounted for nearly 10 percent of the accidents.
Further examination of these results indicates that
the better results experienced with passenger auto-
mobiles compared with vans and light trucks may re-
late primarily to vehicle weight, with center of
gravity related to a lesser degree. Vans and light
trucks are generally heavier than passenger automo-
biles and have a higher center of gravity. When re-
sults for these vehicles are compared with those for
the heaviest passenger automobiles, the difference
in performance is much less than when they are com-
pared with results for all passenger automobiles.
Injury rates are still higher than those for the
heaviest passenger automobiles, but the differences
are considerably less. Containment was nearly as

on harrier penetration.

good as for the heavy passenger automobiles, and the
rate of secondary collisions with fixed objects was
much closer. However, secondary rollovers are still
quite high for vans and light trucks compared with
the heaviest passenger automobiles, which indicates
that the higher centers of gravity of these vehicles,
compared with passenger automobiles, may be an im-
portant consideration in collisions with traffic
barriers.

As expected, traffic barriers did not contain
large trucks nearly as well as passenger automobiles
and light trucks; fewer than half of these vehicles
were contained compared with more than 80 percent of
the passenger automobiles and three-fourths of the
light trucks. Secondary collisions were reported in
60 percent of the heavy truck accidents. However, in
spite of the low containment rate and frequent sec-
ondary collisions, the severe injury rate was similar
to that for passenger automobiles, although the non-
severe injury rate was much higher. It appears that
the large mass and relatively strong passenger com-
partments of these heavy vehicles may help to al-
leviate severe injuries, even though the collision
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event itself is more violent than for smaller
vehicles.

Traffic barrier performance with small passenger
automobiles has been an area of great concern because
of the low mass, reduced vehicle stability, and
lesser crush resistance of these vehicles compared
with larger passenger automobiles. However, results
of this investigation show that even the smallest
passenger automobiles--those with wheelbases 1less
than 96 in. and curb weights less than 2,000 lb--were
provided good protection by traffic barriers. The
highest severe injury rates were experienced by the
largest, heaviest vehicles. It appears that this
trend is related to barrier strength more than vehi-
cle properties. Heavier automobiles were contained
less often than lighter ones and experienced nearly
twice as many secondary collisions with fixed ob-
jects., Although smaller autompbiles experienced the
most rollovers, this vehicle reaction was relatively
scarce for all passenger vehicles and therefore did
not affect injury rates to a large degree.

on the basis of the results of 3,302 traffic bar-

lowing findings can be stated:

1. Traffic barriers accidents resulted in lower
injury rates than roadside accidents in general.

2. Current traffic barriers perform much better
than older barriers.

3, Severity of occupant injuries was closely
related to vehicle damage.

4. Satisfactory vehicle containment resulted in
more than 75 percent of the cases.

5. About 25 percent of the cases
secondary collision.

6. Fixed object collisions were the most common
second event, occurring in less than 18 percent of
all accidents, followed by rollovers with less than
8 percent. Secondary collislons willi other vehicleo
or pedestrians were extremely rare.

7. Injury rates were much higher for accidents
involving lack of containment or secondary col-
lisions.

8. Barriers performed best for passenger auto-
mobiles and exhibited reduced performance for vans
and light trucks.

9. Injury rates were extremely high for motor-
cycle accidents.

10. 1In terms of vehicles containment and second-
ary collisions, barriers did not perform well with
heavy trucks, although severe injury rates were about
the same as for passenger automobiles.

11. Traffic barriers performed best with smaller
passenger automobiles and showed some reduction in
performance for larger automobiles,

12. The lower protection provided the largest
passenger automobiles related to reduced vehicle
containment and more frequent secondary events.

13. Small automobiles experienced more rollovers
following traffic barrier collisions, but this event

involved a
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was still relatively rare and occurred in only about
7 percent of the collisions for the smallest vehi-
cles.

14. Large passenger automobiles experienced more
secondary collisions with fixed objects than smaller
ones; 20 percent of all accidents with the largest
cars involved such collisions.
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Concrete Safety Shape with Metal Rail on Top

To Redirect 80,000-1b Trucks

T. J. HIRSCH, W. L. FAIRBANKS, and C. E. BUTH

ABSTRACT

Because the concrete safety shape 32 in.

(81 cm) high is a popular median and

bridge barrier, it was desirable to see if it could be modified and strengthened

to make it an effective traffic rail for trucks. A metal traffic
(46 cm) high was mounted on top of the 32-in.
high to restrain and redirect 80,000-1b

make a bridge rail 50 in. (127 cm)

rail 18 in.

(Bl-cm) concrete safety shape to

(36 287-kg) van-type trucks. The bridge rail was struck by such a truck at 48.4
mph (77.9 km/hr) at an angle of 14.5 degrees. The bridge rail did restrain the
truck on the simulated bridge. The truck did roll on its side. This was attrib-
uted to the 9.5-in. (24-cm) setback of the metal rail from the sloping face of
the concrete safety shape, which produced a roll angle of 11.3 degrees before

the vehicle contacted the metal rail.

parallel to and in front of the rail.

Current bridge rails are designed to restrain and
redirect passenger automobiles only. Collisions of
large trucks ‘with these bridge rails have, in the
past, led to catastrophic accidents. Concern for the
reduction of the severity of these accidents has led
highway designers to devote more attention to the
containment and redirection of 1large trucks at
selected locations. Several bridge rails that will
restrain and redirect large trucks have been de-
signed recently (1,2). Because the concrete safety
shape 32 in. (81 cm) high is a popular median and
bridge barrier, it was desirable to see if it could
be modified to make an effective truck traffic rail.

The factors involved in the design of bridge rails
to contain and redirect large trucks are not nearly
as well understood or researched as those involved
in the design of passenger automobile rails. There-
fore it was the objective of this project to design,
build, and test a bridge rail to contain and redirect
an 80,000-1b (36 287-kg) van-type tractor-trailer,
as shown in Figure 1., The design was based on data
presented elsewhere (1-7).

The combination rail selected was a modification
of the Texas Type T5 traffic rail with a modified
Texas Type C4 metal traffic rail mounted on top. The
modified T5 rail consists of a concrete safety shaped
parapet 32 in. (8l.3 cm) high. The concrete parapet
was thickened to 10.5 in. (27 cm) at the top and 20
in. (51 em) at the bottom and contains a large amount
of reinforcing steel. This provides both flexibility
and strength, thus minimizing cracking of the con-
crete and permanent deflection of the rail when
struck by heavy vehicles. The thickness of the bridge
deck below the concrete parapet was increased to
minimize cracking and provide greater strength.

DESIGN TECHNIQUE

Earlier tests have shown that the greatest forces
generated during the redirection of tractor-trailer
vehicles occur when the tandem axles of the tractor

Texas Transportation Institute and Civil Engineering
Department, Texas A&M University, College Station,
Tex. 77843

The final position of the truck was

and the front of the trailer strike the bridge rail-
ing. A relatively small part of the total kinetic
energy is expended in the redirection of the front
axle of the tractor, and the rear tandem axles of
the trailer have an even smaller impact. Given that
the total loaded weight on the tandem axles of the
tractor would be approximately 34,000 1b (15 436 kg}
(Figure 1), it was assumed that 10,000 lb (4 540 kqg)
of this load would probably be transferred to the
rail through the wheels and the axles. The remaining
24,000 1b (10 896 kg) would be transferred to the
rail through the bed of the van trailer.
Accelerometer data from past tests indicated that
the tandem axles of the tractor would be subjected
to a maximum average 50-msec lateral acceleration of
about 6 g's. Therefore equivalent static design
forces of 60,000 1b (27 240 kg) (10,000 1b x 6 g's)
applied at a height of 21 in. (53.3 cm) and 144,000
1b (65 376 kg) (24,000 1b x 6 g's) applied at a
height of 47.6 in. (120.9 cm) were used to design
the rail using yield line theory for reinforced corn-
crete. These procedures are outlined elsewhere (3).

DESCRIPTION OF BRIDGE RAIL AND DECK MODIFICATIONS

The modified T5 rail has a modified Texas Type C4
metal rail 18 in. (45.7 cm) tall mounted on top.
This makes a combination bridge rail 50 in. (127 ecm)
tall that is designed to retain large 80,000-1b
(36 287-kg) van-type trucks or tractor-trailers
striking at 15 degrees and 50 mph (80.5 km/hr) .
Drawings of this rail are shown in Figures 2-4,
Figure 5 shows photographs that compare the size of
this bridge rail with the van-type tractor-trailer.

The concrete parapet was basically a standard
Texas Type T5 traffic rail that was thickened to
10.5 in. (26.7 cm) at the top and 20 in. (50.8 cm)
at the bottom. 1t was anchored to the bridge deck by
No. 5 stirrups spaced at 8 in. (20 cm) as shown, and
eight No. 6 longitudinal bars were used.

The metal rail mounted on top of the modified T5
concrete rail was a standard Texas Type C4 metal
traffic rail with three modifications as shown in
Figure 3. The first modification involved the use of
one additional steel post plate 1 in. (2.54 cm) thick
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..i EMPTY WEIGHTS
i -[I ” “ h || T ] I H l Tractor only 18,320 1b
Trailer only 13,760 1b

8'6"
I I l' Total Empty Weight 32,080 1b
| || i LOADED WEIGHTS

Weight on front axle 12,020 1b
_E' ] s Weight on Center axles 34,170 1b
5_1_';_|___16_'_ 7.1/2" 31' 5 3/4" 56 174" Weight on rear axles 33,890 1b
= S 57' 1 174 o Total Loaded Weight 80,080 1b

FIGURE 1 Tractor-trailer loaded dimensions, empty weights, and loaded weights.
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FIGURE 2 Cross section of the modified T5 bridge rail.
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FIGURE 3 Dimensions and elevation of the modified TS5 bridge rail.

PLAN VIEW
(metal rail member omitted for clarity)

FIGURE 4 Plan view of the modified T5 bridge rail.
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FIGURE 5 Comparison of 80,000-lb van-type truck and modified
TS bridge rail.
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(ASTM-A36) . This modification brought the total num-
ber of post plates used in each post to three. The
second modification was the use of ASTM-A325 bolts
7/8 in. (2.2 cm) in diameter in place of the standard
3/4-in. (l.9-cm) bolts. The last modification was
the reduction of the post spacing from 10 ft (3 m)
to 8 ft 4 in. (2.5 m). These modifications were made
for the purpose of increasing the strength of the
metal rail so that it could provide a greater re-
sistance to overturning by the van trailer.

The metal rail was fabricated from standard steel
pipe 6 in. (15 cm) in diameter (ASTM A53 Grade B)
shaped into an ellipse 8 in. x 4 7/8 in. (20 cm x
12.4 cm) and welded to the modified post mentioned
previously. These posts were in turn welded to a
base plate made of steel plate 1 in. (2.54 cm) thick
(ASTM-A36) . The posts were anchored to the concrete
rail by means of four A325 bolts 7/8 in. (2.2 cm) in
diameter by 13.5 in. (34.3 cm) long. One steel washer
2 in. (5.1 cm) in diameter and one hardened steel
washer were installed under each bolt nut.

The strength of the Texas standard bridge deck 7
in. (18 cm) thick was increased in many ways. The
dimensions and reinforcement pattern of the standard
bridge deck were essentially maintained throughout
except in the cantilever portion of the deck. These
changes are detailed in Figure 2. The length of the
cantilever portion was decreased from 30 in. (76 cm)
to 18 in. (46 cm), and the thickness was increased
to 10 in. (25.4 cm). The size of the upper transverse
bars was maintained at No. 5s, and the standard 5-in.
(12.7-cm) spacing was decreased to 2.5 in. (6.4 cm).
The lower transverse reinforcement consisted of an
alternating pattern of bent No. 4s that extended
into the lower portion of the bridge deck and
straight No. 5s, each at a spacing of 10 in. (25.4
cm). The size of the upper and lower longitudinal
bars was inareased ta No. 6s from No, 4s and No. 5s,
and the spacing was increased from 12 in. (30.5 cm)
to 16.5 in. (41.9 cm).

All reinforcing bars used in the bridge rail had
a minimum yield strength of 60 ksi (413.4 Mpa), and
the bridge deck reinforcement had a minimum yield
strength of 40 ksi (275.6 MPa). It should be noted
that all of the 28-day compressive strengths were
well above the minimum specified strength of 3,600
psi (24.8 Mpa).

INSTRUMENTATION AND DATA ANALYSIS

The vehicle was eguipped with triaxial accelerometers
mounted above the tractor tandem wheels. Yaw, pitch,
and roll were sensed by on-board gyroscopic instru-
ments. The electronic signals were telemetered to a
base station for recording on magnetic tape and for
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FIGURE 6 Empty tractor dimensions and weights.
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display on a real-time strip chart. Provision was
made for transmission of calibration signals before
and after the test, and an accurate time reference
signal was simultaneously recorded with the data.

Tape switches near the impact area were actuated
by the vehicle to indicate the elapsed time over a
known distance to provide a quick check of impact
speed., The initial contact also produced an "event"
mark on the data record to establish the instant of
impact.

Data from the electronic transducers was digi-
tized, using a Southwest Technical Products 6800
microcomputer, for analysis and evaluation of per-
formance. Several computer programs were used to
process various types of data from the test vehicle.

Still and motion photography were used to document
the test, to obtain time-displacement data, and to
observe phenomena that occurred during the impact.

FIGURE 7 80,000-1b truck before and after test.

83

After

FIGURE 8 Bridge rail before and after test.

Still photography was used to record conditions of
the test vehicle and bridge rail installation before
and after the test. Motion photography was used to
record the collision event.

TRUCK CRASH TEST

This bridge rail system was designed to contain and
redirect an 80,000-1b (36 287-kqg) van-type tractor-
trailer. A simulated bridge deck with this rail sys-
tem was built at the Texas Transportation Institute
proving grounds and tested with a 1981 Kenworth
tractor-trailer ballasted with sand bags to 80,080
lb (36 356 kg). Drawings showing the dimensions of
this vehicle along with loaded and unloaded weights
on each axle or pair of axles are shown in Figures 1
and 6. Before-and-after test photographs of the truck
are shown in Figure 7.

The truck struck the rail at 48.4 mph (77.9 km/hr)
at a l4.5-degree angle. The impact point was 26 in.
(66 cm) downstream from Post 5, and the truck was
contained and redirected. The tractor-trailer did,
however, roll 90 degrees and came to rest on its
side approximately 175 ft (53 m) from the impact
point. Figure 8 shows the bridge rail and test site
immediately after the test. The truck sustained
damage to the right front and right tandem wheels.
The cab of the truck remained intact. A summary of
the crash test data is shown in Figure 9.
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0.399 sec 0.650 sec

Vehicle
subsequently
rolled 90°
Test NOw v v v v v v v 0 0 s 2416-1 Vehicle Weights
Date . . . . . . . .« . . . . 9/18/84 Empty Weight . . . . . 32,080 1bs (14,564 kg)
Test Installation. . . . . . . Mod. Texas Type T5 Gross Static . . . . . 80,080 1bs (36,356 kg)
Bridge Rail w/Mod. Impact Speed . . 48.4 wph (77.9 km/h)
Texas Type Cé4 Impact Angle . . . . . . . 14.5 deg
Metal Rail Tractor Accelerations at Drive Axles
Length of Installation . . . . 101.2 ft (30.8 m) (Max. 0.050 sec Avg)
| Metal Rail Deflection Longitudinal . . . . . . -2.4 g
Permanent . . . . « . . . 0.5 ft (0.2 m; Lateral. 5.5 9
Maximum . . . « « « « « « 0.9 ft (0.3 m Vertical ... . .. 3.99g
Vehicle. . . . . . . . + . . . 1981 Kenworth Tractor Max. Roll Angle. . . . = 90 deg

with Freuhauf
Van-type Trailer

FIGURE 9 Summary of data for Test 2416-1.

The bridge deck supporting the rail sustained no
damage. The concrete parapet was not significantly
damaged, bnt the metal rail experienced damage be-
tween Posts 5 and 8 (Figure 10). It was determined
from the overhead film that the metal rail was de-
flected a maximum of 11 in. (27.9 cm) and sustained

Post 7

FIGURE 10 Posts 5-8 after test.

a permanent deflection of 6 in. (15.2 cm). The con-
crete rail was permanently displaced 0.5 in. (1.3
ecm) . The threads were stripped from the trafficside
anchor nuts of Posts 5 and 6 of the metal rail.
Examination revealed that the thread fit was too
(2.2 cm) in diameter

loose on the bolts 7/8 in.
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0.800 sec

FIGURE 11 Sequential photographs of Test 2416-1.

anchoring the metal posts. This problem has occurred
with some previous tests, and laboratory experiments
indicated that the bolts with the improper nut fit
developed only 75 percent of the ultimate tensile
strength developed by those bolts with proper nut
fit. The trafficside anchor bolts of Posts 6 and 7
pulled loose from the concrete parapet. Figure 11 is
sequential photographs showing overhead and frontal
views of the crash test.

Maximum positive roll of the tractor tandem axles
and the trailer was 90 degrees. From the accelerom-
eters, the longitudinal and lateral maximum average
0.050-sec accelerations were -2.4 g's and 5.5 g¢'s,
respectively. Graphs of the filtered data from the
yaw, pitch, and roll rate gyroscopes and the x, y,
and z accelerometers are shown in Figures 12-15.

DISCUSSION OF RESULTS

NCHRP Report 230 recommends the following criteria
for Test S20 (80,000 1b/50 mph/l5 degrees) (5,p.10):

l. Test article shall smoothly redirect the ve-
hicle; the vehicle shall not penetrate or go over
the installation.

2, Detached elements, fragments or other debris
from the test article shall not penetrate or show
potential for penetrating the passenger compartment
or present undue hazard to other traffic.

3. Vehicle, cargo, and debris shall be contained
on traffic side of barrier.

0.299 sec

Class 180 Filter

20 |
““’I f’——* Max. 0.050 sec Avg. = -2.4 g

0
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o = o

LONGITUDINAL ACCELERATION (G)

'
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o
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0.00 0.30 0.60 0.90 1.20 1.50

TIME  (SECONDS)

FIGURE 12 Vehicle longitudinal accelerometer trace for
Test 2416-1.
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FIGURE 13 Vehicle lateral accelerometer trace for Test 2416-1.

According to these criteria the test was a suc-
cess even though the truck rolled on its side. The
bridge rail contained and redirected the truck and
remained totally intact while doing so. The roll of
the truck is attributed to the sloping face of the
concrete safety shape. The metal traffic rail is set
pack 9 1/2 in. (24 cm) from the lower face of the
concrete shape 47 1/2 in. (121 cm) below. This means
the trailer undergoes a roll angle of 11.3 degrees
(tan":L 9.5/47.5) before it contacts the metal
rail. Hirsch and Arnold (l) report that where the
redirection face of the rail was vertical no roll
was experienced.

Impact severity as defined by the occupant flail
space approach was also computed from the accelerom-
eter data. The recommended threshold values for the
flail space evaluation of passenger automobiles are
40 and 30 fps, respectively, for the longitudinal
and lateral occupant impact velocity and 20 g's for
the highest 10-msec average deceleration after con-
tact. The computed values for this test were well
below these recommended values. The longitudinal
occupant impact velocity was 6.59 fps, and the
highest l0-msec average occupant acceleration after
contact was -2.34 g's. The lateral occupant impact
velocity was 15.49 fps, and the highest 10-msec
average acceleration was 5.6 g's. These recommended

Class 180 hilter
—»] Je——Max. 0.050 sec Avg. = 4.9 g
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FIGURE 14 Vehicle vertical accelerometer trace for Test 2416-1.
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FIGURE 15 Vehicle angular displacement for Test 2416-1.

threshold values do not apply to large trucks. ‘hey
are presented here only for compar ison purposes.

SUMMARY AND CONCLUSIONS

A standard Texas Type T5 traffic rail was modified
by increasing its strength and effective height so
that it could restrain and redirect an 80,000-1b
(36 287-kg) van-type truck or tractor-trailer. The
concrete parapet was 32 in. (81.3 cm) tall, and total
rail height was 50 in. (127 cm).

The crash test was conducted on this bridge rail
with an 80,080-1b (36 356-kg) van-type tractor-
trailer striking the rail at 48.4 mph (77.9 km/hr)
at an impact angle of 14.5 degrees. The vehicle was
restrained, redirected, and came to rest on its side
approximately 175 ft. (53 m) from the impact point.
Although the truck rollover was not desirable, the
bridge rail did meet the S20 criteria of NCHRP Report
230 (5).

The four ASTM-A325 anchor bolts 7/8 in. (2.2 cm)
in diameter by 13 1/2 in. (34.3 cm) long used at
each post had two deficiencies. The threads on the
bolts were cut too loose (not according to specifi-
cations) and permitted the nuts to be stripped off
at two posts. The anchor bolts were not long enough
to develop their strength. The length of 13 1/2 in.
(34.3 cm) should be increased to at least 18 in. (46
cm) to increase the development length.

This test has shown that a bridge rail can be
built with the concrete safety shape on a slightly
modified Texas standard bridge deck to contain large
van-type tractor-trailer trucks.

The cross-sectional area of this modified con-
crete safety shape is approximately 2.8 ft? (0.26
m?) compared with approximately 2.5 £t® (0.23
m?) for a standard Texas traffic rail Type TS5. The
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cost of this modified rail would be approximately
$80 per linear foot, whereas a standard Texas Type
T5 traffic rail normally costs about $35 per linear
foot.
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Crash Cushion Improvement Priority and

Performance Evaluation

MIKE Y. HOUH, KENNETH M. EPSTEIN, and JOE LEE

ABSTRACT

Traffic impact attenuators play a vital role in highway safety. When properly

engineered, located, and maintained,

impact attenuators can result in the sav-

ings of numerous lives and reductions in property damage. However, there have
been widespread improper application and use of impact attenuators. The study
on which this paper is based focused on location, design, and maintenance of
traffic impact attenuators. As a case study, the current management and opera-
tional procedures used for the Highway Safety Appurtenances Replacement program
of the District of Columbia were evaluated. Traffic characteristics and roadway
environmental features that contribute to roadside collisions were identified
and analyzed using a multiple regression technigue. The analysis revealed that
Street light luminance, truck percentage, radius of horizontal roadway curva-
ture, and attenuator offset distance are the factors most correlated to road-~

side collision incidents.

Impact attenuator systems are defined by AASHTO as
"protective systems which prevent errant vehicles
from impacting hazards by either smoothly decelerat-
ing the vehicle to a stop when hit head-on, or by
redirecting it away from the hazard for glancing im-
pacts." Many sources have shown that the installa-
tion of impact attenuators has proven to be a cost-
effective means of saving lives and reducing the

M.Y. Houh and K.M. Epstein, Bureau of Traffic Ser-
vices, District of Columbia Department of Public
Works, 301 C Street, N.W., Washington, D.C. 20001.
J. Lee, University of Kansas Transportation Center,
Lawrence, Kans. 66045.

severity of fixed-object accidents. For example, the
1981 Highway Safety Stewardship Report (1) ranked it
as the second most effective highway safety improve-
ment, with a benefit-to-cost ratio of 3.l. Despite
the effectiveness of impact attenuators, problems in
location, design, field inspection, maintenance, and
performance evaluation still exist.

In the past most crash cushions were installed at
locations where the most obvious crash potential
existed. As these obviously dangerous locations are
improved, the most cost-effective locations in which
to install future impact attenuators become less
apparent. It can be difficult to identify these lo-
cations through the application of common sense and
engineering judgment. Recent field reviews of impact
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attenuators in the District of Columbia reveal that
the recently installed crash cushions have 1lower
damage rates than do those at older locations. Tnis
finding 1is consistent with the nationwide trend of
declining benefit-to-cost ratios for impact attenua-
tor installations. To continue locating impact at-
tenuators in a cost-effective manner, definite
procedures are needed for determining dispropor-
tionate representations of accidents associated with
roadway features and traffic conditions.

The performance of a crash cushion during impact
is dependent on its precrash, on-site condition. In
other words, small changes in the field installation
from the original design or improper maintenance may
totally destroy the intended performance. It is
therefore desirable that damage or on-site defects
be reported and corrected immediately. However, be-
cause the frequency with which attenuators are struck
varies by season and location, a fixed-schedule field
check may never meet the urgently needed fast-re-
porting requirement. To eliminate the risk that a
damaged crash cushion remains undetected or unre-
paired until another accident occurs, it is critical
to determine the optimal fregquency of field inspec-
tions and maintenance.

Another problem involved in the evaluation of
impact attenuator performance is that a large portion
of attenuator collisions go unreported because a
well-designed crash cushion can reduce the severity
of damage and allow the errant vehicle to be driven
away after impact. In 1983 it was found that only 24
attenuator-related accidents were reported by the
District of Columbia's Metropolitan Police Depart-
ment. Thus reported accidents do not reflect the
actual number of accidents involving impact attenua-
tors and the extent of damage. To obtain the real
picture of impact attenuator performance in the
field, an attenuator data inventory was created to
collect all available information for analysis.

RESEARCH OBJECTIVES

The goal of this study was to determine problems of
location, design, and maintenance associated with
the District of Columbia's impact attenuation sys-
tems. As a case study, the current management and
operational procedures used for the Highway Safety
Appurtenances Replacement (HSAR) program were eval-
uvated.

The first objective of this study was to develop
procedures for checking the performance of impact
attenuators installed on D.C. highways.

The second objective was to evaluate the impacl
frequency and damage severity for each study location
and to determine a maintenance schedule and an in-
spection interval for the D.C. attenuator system in
order to reduce the possibility of unprotected hits.

The third objective was to identify the major
descriptors that represent the relationships between
crash cushion accidents and roadway environmental
factors, so that a mathematical model could be
developed to predict the accident potential of a
specific location.

SCOPE OF STUDY AND DATA COLLECTION PROCEDURE

The study was restricted to the 88 impact attenuators
located on those D.C. highways that were opened to
traffic when the study began. All of the field data
for each location were collected in 1,000-ft roadway
sections measured upstream from the attenuators. The
roadway and traffic descriptors downstream from the
attenuators are considered to have less effect on
attenuator accidents. Therefore this information is
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not recorded except for roadway illumination data,
which may affect a driver's visibility. The illumi-
nation data were measured in 600- x 100-ft rectangu-
lar areas centered at the nose of each attenuator. A
total of 29 data items were collected in the attenu-
ator inventory. These data items were as follows:

A. Permanent data
1. Basic attenuator information (BAI)
* Assigned location number
* Location name
* Quadrant code
* Maryland grid number
* Attenuator type
¢ Street classification
*» Installation and/or upgrade costs
* Installation and/or upgrade dates
* Field check route number
2. Traffic control and characteristics (TCC)
¢ Average daily traffic (ADT)
e Truck percentage
¢ Attenuator design speed
¢ No-passing zone length
cross hatch area)
¢ Number of traffic lanes
*» Traffic control signs
* Object signs and indications
3., Geometric factors and pavement conditions
(GFPC)

(including

¢ Curb height
¢ Gradient
* Horizontal alignment
e Offset distance
* Pavement conditions and skid index
¢ Street light luminance
* Object type
B. Accident and maintenance records
1. Detailed damage condition (number of hits)
2. Number of times that maintenance was per-
formed
3. Mailntenance costs
4, Reported accidents
5. Number of injuries

During FY 1984 (October 1, 1983, to September 30,
1984), a total of 10 field inspections were con-
ducted. It was found that the study locations had
been struck 158 times (excluding brush hits). Only
19 attenuator-related accidents were reported by the
various police agencies, about 12 percent of the
total hits. These accidents included 11 injury acci-
dents and 8 property-damage-only (PDO) accidents.
None of these accidents resulted in fatalities, and
only 13 injuries were reported. Sixty-seven rcpairs
have been performed on the attenuators, about 43
percent of the total number that were damaged. Of
the 158 hits, 96 (61 percent) occurred at locations
considered fully protected and 62 (39 percent) oc-
curred at unprotected locations.

RESEARCH PROCEDURE AND METHODOLOGY

After the ddala weire collected, the following methodo
were used to gain the research objectives:

1. Before-and-after study to determine the ef-
fectiveness of the D.C. attenuator system,

2. Benefit-cost analyses to evaluate the eco-
nomic effectiveness of each attenuator installation,

3, Frequency study to optimize the inspection
and maintenance schedules for attenuator system
operation,

4. Multiple regression and correlation analyses
to determine the influences of roadway and traffic
factors on attenuator accidents, and
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5. Bivariate sortings to analyze the influences
of nonnumerical factors on attenuator accidents.

The before-and-after study is a comparison between
the expected accident rate and the actual reported
accident rate. In this study, the number of attenua-
tor hits observed in the field was used as the ex-
pected accidents. The calculations were done by a
spread-sheet program. The computed results were then
interpolated on the Poisson curve chart to determine
whether the changes were significant at the selected
level of significance (Figure 1). To convert the
number of hits to accident severities, the following
assumptions were used:

* Any visible damage on the attenuator, except
brush hits, is treated as a property damage accident;

° Any head-on impact with a deceleration force
higher than 10 g 1s treated as an injury accident;

* Any angular impact with a deceleration force
higher than 5 g is treated as an injury accident;

° A strike near the rear end of an attenuator
is treated as an injury accident;

® Brush hits are ignored because the driver may
successfully avoid the fixed object if no crash
cushion is installed; and

* No fatality was assumed because, in the D.C.
accident rating procedure, fatalities are rated
equally with injuries.

These assumptions are made on the basis of in-
formation provided by the 1975 FHWA publication,
Crash Cushions: Selection Criteria and Design (2)
and the 1984 report, Safer Bridge Railings (3).

The benefit-cost analysis computes the payback
ratio of each dollar spent on attenuators. The re-
duction of accident costs (i.e., the difference be-
tween expected accident costs and reported accident
costs) is the real contribution of the attenuator
system. The reductions were treated as the benefit
in the benefit-to-cost (B/C) ratio calculation. The
1982 motor vehicle accident costs ($8,000 for an
injury and $1,090 for a PDO accident), published by

100
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the National Safety Council (NSC), were used to
estimate the benefits. Only one injury was assumed
for each injury accident. This is a conservative
estimate given that the average vehicle occupancy in
the District of Columbia is 1.41 persons per vehicle.
These motor vehicle accident costs were treated as
the present worth when the calculations were made.
These costs were then directly converted into the
equivalent uniform annual benefit (EUAB). The at-
tenuator costs include capital costs, maintenance
costs, and expenses for inspection and reporting. An
annual interest rate of 8 percent and a service life
of 10 (for sand barrel systems) to 12 (for other
types of crash cushions) years were used to determine
the capital recovery factor (CRF) for different at-
tenuator sites. No salvage value was included in the
calculation of equivalent uniform annual cost (EUAC)
because the cost to remove an old attenuator is
higher than its residual value,

The frequency studies involve calculations of the
probability of damage occurring during a specific
inspection interval and the required repair time for
each attenuation system before the second hit takes
place. Assuming that attenuator accidents are random
events, the probability of occurrence of an accident
at a particular location during a specific time
period can be predicted by using the Poisson equa-
tion if the annual number of hits is known. In this
case, the Poisson distribution can be expressed as
follows (4):

P(n) = HM * ¢~H/p:
where
H = number of hits expected in t days,
n = accident occurrences of interest,
e = natural logarithm base (e = 2.71828), and
n! = n factorial (1*2*3 ., . . n).

For each impact attenuator location, the expected
number of hits during t days (H) can be calculated as
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FIGURE 1 Poisson curves.
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H=H* t/365

where H is the annual number of hits and t is the
time period of interest.

The attenuator maintenance interval such that no
more than one hit (tg-1) will occur can be deter-
mined by the following formulas:

tg = -[365 * 1n P(0)1/H

t; = -[365 * 1n P(1)1/H
tg-1 = tp + &

where tj is the time interval during which no hit
occurs and t; 1is the time interval during which
only one hit occurs.

For each location, 10 sets of data with 12 roadway
and traffic variables were included in the multiple
regression and correlation analyses. Two dependent

““““““““ , the number of hits and accident cost,
were tested against the 12 independent variables. A
brief description of these variables follows.

Dependent variables

Y1l = Number of hits

Y2 = Accident costs for attenuator locations
Independent variables

X1 = Average daily traffic (1,000s)

X2 = Truck percentage

X3 = Attenuator design speed (average running

speed + 5 mph)
X4 = Number of approaching traffic lanes

X5 = Pavement service index

X6 = Curb height (in.)

X7 = Roadway gradient variance (percentage)
X8 = Horizontal curvature radius (lUU tt)
X9 = Street light luminance (footcandles)
X10 = Length of no-passing zone (100 ft)
X1l = Offset distance (ft)

X12 = Skid index measured at 40 mph

Both correlation and regression analyses were per-
formed on an IBM PC microcomputer using the ABstat
software package (5). The major parameters of the
analyses included the correlation coefficient (rij),
regression coefficient (R), coefficient of determina-
tion (R?), beta weight (bij), F-test (F), and a
probability factor called "PROB" that indicates the
chance of tested observations being drawn from a
zero-coefficient population. Correlation coefficients
will range from -1 to +1. A coefficicnt of -1 means
perfect negative correlation, a coefficient of 0
means absolutely no correlation, and a coefficient
of +1 means perfect positive correlation. In other
words, the closer the coefficient is to 0, the weaker
the correlation, disregarding the negative or posi-
tive relationship. R? shows that the proportion of
variation in the predicted dependent variable can be
explained by independent variables in a regression
equation. R indicates how closely the change in a
dependent variable is related to the chanye in Lhe
independent variables. The F-test is an indicator of
the goodness of fit of the 1linear equation. The
F-test shows whether the observed multiple correla-
tion is due to sampling fluctuation or measurement
error. The beta weights indicate the relationship
between one independent variable and the predicted
dependent variable with other variables held con-
stant (6).

The purpose of bivariate analyses is to group the
nonnumer ical data on attenuator sites into
analytical formats. These data included the
following categories:
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+ Cl: Street classifications (six)

* C2: Attenuator types (five)

* C3: Traffic lane distribution

* C4: Fixed-object types

* C5: Usage of object markers

+ C6: Existence of traffic control devices

These data cannot be translated into numeric for-
mats. Therefore they cannot be analyzed through nu-
merical analyses. However, their existence can affect
the performance of impact attenuators and should not
be neglected in this study. These variables were
tested against other variables through tabular forms.

FINDINGS AND INTERPRETATIONS

Before-and-After Analysis

The results of the before-and-after study are shown
in Figure 2. After the accident numbers and traffic
exposures were entered, the spread sheet automati-
cally computed the reduction rate for different ac-
cident measures. The tested percentage changes were
obtained from the Poisson curve chart (Fiqure 1).
The 95 percent curve was selected for this calcula-
tion. If the calculated percentage is greater than
the value interpolated from the curve, the change is
significant. The data in Figure 2 indicate that the
installation of impact attenuators has significantly
reduced both the frequency and the severity of acci-
dents at these attenuator sites. It is generally
agreed by most engineers that the installation of
crash cushions reduces the space in which to recover

that a driver has available. Thus accident frequency
may increase after a crash cushion is installed.
However, the results of this study show that the
installation of impact attenuators can reduce the
total number of reported accidents.

Benefit-Cost Analysis

Table 1 gives the calculation process of EUAC for
each study location. The results show that the D.C.
attenuator system has an average service life of
6.75 years. In FY 1984 the cost to the D.C. Govern-—
ment to maintain each crash cushion was $1,778.36.
Table 2 includes the calculations of EUAB and the
B/C ratio. The mean B/C ratio for all study locations
was found to be 4.97. The citywide impact attenuator
B/C ratio, which is the result of total EUAB divided
by total EUAC, was found to be 4.4.

Inspection and Maintenance Freguency Analysis

The probabilities of no damage P(0) or damage from
only one hit P(l) can be directly calculated from
Table 3. The data in the table indicate that, by
using the current 36-day average inspection interval,
D.C. engineers have found 98.61 percent of possible
danage before the sccond hit oocourc. For the location
subject to the highest number of hits (seven hits),
there is a probability of about 84.75 percent that
the damage was detected before the successive strike
took place. The maintenance frequencies for the 99,
95, and 90 percent levels of confidence were cal-
culated for all study locations (Table 4). An average
maintenance interval of 10.65 days was found for the
D.C. impact attenuator system at the 95 percent level
of confidence. Actually, the required maintenance
frequency varies with location. The location that
has been hit the most times (seven hits) should be
repaired immediately (2.67 days).
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FIGURE 2 Measure of effectiveness data comparison work sheet.

TABLE 1 D.C. Attenuation System, Annual Cost Estimation (FY 1983)

Age Annual Maintenance
Age of After Capital Inspection Reporting
Attenuator Installation Attenuator Upgrade Degree of Cost Material Labor Cost Cost EUAC
No. Cost ($) (years) (years) Freedom (%) No. Cost($) Cost(§) ($) (%) (%)

1 11,900.00 16 9 0.1490 1,773.10 2 548.26 50.00 57.20 14.77 2,443.33

2 11,900.00 113 9 0.1490 1,773.10 1 42.00 25.00 57.20 14.77 1,912.07

3 7,000.00 16 9 0.1490 1,043.00 1 176.00 25.00 57.20 14.77 1,315.97

4 6,000.00 16 9 0.1490 894.00 1 0.00 25.00 57.20 14.77 990.97

5 8,000.00 14 0.0000 0.00 0 0.00 0.00 57.20 14.77 71.97

6 8,000.00 14 0.0000 0.00 0 0.00 0.00 57.20 14.77 71.97

7 10,000.00 12 0.1327 1,327.00 1 138.94 25.00 57.20 14.77 1,562.91

8 3,600.00 12 9 0.1490 536.40 2 346.00 50.00 57.20 14.77 1,004.37
10 30,000.00 12 0.1327 3,981.00 0 0.00 0.00 57.20 14.77 4,052.97
11 30,000.00 12 0.1327 3,981.00 1 0.00 50.00 57.20 14.77 4,102.97
12 30,000.00 12 8 0.1490 4,470.00 1 0.00 25.00 57.20 14.77 4,566.97
13 30,000.00 11 0.1327 3,981.00 0 0.00 0.00 57.20 14.77 4,052.97
14 30,000.00 12 0.1327 3,981.00 1 240.00 50.00 57.20 14.77 4,342.97
15 30,000.00 12 0.1327 3,981.00 1 196.00 50.00 57.20 14,77 4,298.97
16 6,000.00 11 9 0.1490 894.00 1 717.00 25.00 57.20 14.77 1,707.97
17 7,921.00 11 9 0.1490 1,180.23 2 409.36 50.00 57.20 14.77 1,711.56
18 7,921.00 11 9 0.1490 1,180.23 2 198.00 50.00 57.20 14.77 1,500.20
19 8,300.00 10 0.1327 1,101.41 1 176.72 75.00 57.20 14.77 1,425.10
20 4,000.00 10 0.1490 596.00 3 509.20 75.00 57.20 14.77 1,252.17
21 11,500.00 9 0.1327 1,526.05 0 0.00 0.00 57.20 14,77 1,598.02
22 11,500.00 9 0.1327 1,526.05 0 0.00 0.00 57.20 14.77 1,598.02
23 2,150.00 9 0.1490 320.35 1 0.00 25.00 57.20 14.77 417.32
24 4,237.00 9 0.1490 631.31 1 198.00 25.00 57.20 14.77 926.28
25 4,237.00 9 0.1490 631.31 1 163.20 25.00 57.20 14.77 891,48
26 4,237.00 9 0.1490 631.31 2 217.80 50.00 57.20 14.77 971.08
27 4,237.00 9 0.1490 631.31 2 375.52 50.00 57.20 14,77 1,128.80
28 4,237.00 9 0.1490 631.31 1 0.00 25.00 57.20 14,77 728.28
29 4,237.00 9 0.1490 631.31 2 86.60 50.00 57.20 14.77 839.88
30 4,237.00 9 0.1490 63131 3 1,534.00 125.00 57.20 14.77 2,362.28
31 4,237.00 9 0.1490 631.31 1 0.00 25.00 57.20 14.77 728.28
32 11,393.00 10 0.1490 1,697.56 1 742.00 25.00 57.20 14.77 2,536.53



TABLE 1 Continued

Age Annual Maintenance
Age of After Capital Inspection Reporting
Attenuator Installation Attenuator Upgrade Degree of Cost Material Labor Cost Cost EUAC
No. Cost (8) (years) (years) Freedom ($) No. Cost($) Cost(3) (9 (3) (%)
33 742.00 8 0,1490 110.56 1 0.00 50.00 57.20 14.77 232.53
34 18,000.00 8 0.1327 2,388.60 1 248.00 75.00 57.20 14.77 2,783.57
35 2,570.00 7 0.1490 382.93 2 1,434.00 175.00 57.20 14.77 2,063.90
36 18,000.00 7 0.1327 2,388.60 0 0.00 0.00 57.20 14.77 2,460.57
37 18,000.00 7 0.1327 2,388.60 0 0.00 0.00 57.20 14.77 2,460.57
38 7,250.00 7 0.1327 962.08 1 346.00 50.00 57.20 14,77 1,430.05
39 7,250.00 7 0.1490 1,080.25 2 1,236.00  125.00 57.20 14.77 2,513.22
40 5,000.00 6 0.1490 745.00 1 371.00 25.00 57.20 14.77 1,212.97
41 5,000.00 6 0.1490 745.00 1 173.00 25.00 57.20 14.77 1,014.97
42 9,000.00 6 0.1327 1,194.30 1 30.00 12,50 57.20 14,77 1,308.77
43 9,000.00 6 0.1327 1,194.30 i 30.00 12.50 57.20 14.77 1,308.77
48 9,000.00 7 0.1327 1,194.30 0 0.00 12.50 57.20 14.77 1,278.77
49 9,000.00 7 0.1327 1,194.30 0 0.00 12.50 57.20 14.77 1,278.77
50 9,000.00 7 0.1327 1,194.30 0 0.00 0.00 57.20 14.77 1,266.27
51 9,000.00 7 0.1327 1,194.30 1 0.00 50.00 57.20 14.77 1,316.27
52 2,150.00 5 0.1490 320.35 0 0.00 0.00 57.20 14.77 392.32
53 2,150.00 £ 0.1490 320.35 0 0.00 0.00 57.20 14.77 392.32
54 2,150.00 5 0.1490 320.35 0 0.00 0.00 57.20 14.77 392.32
55 19,000.00 5 0.1327 2,521.30 1 346.00 125.00 57.20 14,77 3,064.27
56 3,700.00 5 0.1490 551.30 0 0.00 0.00 57.20 14,77 623.27
57 6,000.00 4 0.1490 894.00 0 0.00 0.00 57.20 14.77 965.97
58 4,250.00 4 0.1490 633.25 1 0.00 25.00 57.20 14.77 730.22
59 19,000.00 4 0.1327 2,521.30 0 0.00 0.00 57.20 14.77 2,593.27
60 6,500.00 4 0.1490 968.50 3 1,311.00 75.00 57.20 14.77 2,426.47
61 4,000.00 4 0.14%90 596.00 1 717.00 25.00 57.20 14.77 1,409.97
62 4,250.00 4 0.1490 633.25 0 0.00 0.00 57.20 14.77 750.22
63 5,000.00 6 0.1490 745.00 1 915.00 75.00 57.20 14.77 1,806.97
64 4,250.00 4 0.1490 633.25 0 0.00 0.00 57.20 14.77 705.22
65 4,250.00 4 0.1490 633.25 0 0.00 0.00 57.20 14,77 705.22
66 4,250.00 4 0.1490 633.25 1 298.00 12.50 57.20 14.77 1,015.72
68 6,590.00 4 0.1490 981.91 1 173.00 12.50 57.20 14.77 1,239.38
69 6,700.00 4 0.1490 998.30 i 0.00 12.50 57.20 14.77 1,082.77
70 5,000.00 4 0.1490 745.00 0 0.00 0.00 57.20 14.77 816.97
71 4,250.00 4 0.1490 633.25 0 0.00 0.00 57.20 14,77 705.22
72 19,000.00 4 0.1327 2,521.30 1 594.00 75.00 57.20 14.77 3,262.27
73 19,000.00 4 0.1327 2,521.30 1 594.00 50.00 57.20 14,77 3,237.27
74 19,000.00 3 0.1327 2,521.30 0 0.00 0.00 57.20 14.77 2,593.27
75 28,000.00 3 0.1327 3,715.60 0 0.00 0.00 57.20 14.77 3,787.57
76 9,000.00 3 0.1327 1,194.30 0 0.00 0.00 57.20 14.77 1,266.27
'l 4,U00.00 3 0.1327 1,194.30 0 0.00 0.00 57.20 14.77 126627
78 11,400.00 3 0.1327 1,512.78 1 0.00 12.50 57.20 14.77 1,597.25
79 28,000,00 3 0.1327 3,715.60 0 0.00 0.00 57.20 14,77 3,7817.57
80 30,000.00 3 0.1327 3,981.00 1 0.00 12,50 57.20 14.77 4,065.47
81 28,000.00 3 0.1327 3,715.60 0 0.00 0.00 57.20 14.77 3,787.57
82 19,000.00 3 0.1327 2,521.30 0 0.00 0.00 57.20 14.77 2,593.27
83 19,000.00 3 0.1327 2,521.30 0 0.00 0.00 57.20 14,77 2,593.27
85 6,000.00 2 0.1490 894.00 0 0.00 0.00 57.20 14,77 965.97
86 15,000.00 2 0.1327 1,990.50 1 214.80 50.00 57.20 14,77 2,327.27
87 18,000.00 2 0.1327 2,388.60 0 0.00 0.00 57.20 14,77 2,460.57
88 19,000.00 2 0.1327 2,521.30 0 0.00 0.00 57.20 14.77 2,593.27
89 750.00 2 0.1490 111.75 0 0.00 0.00 57.20 14.77 183.72
90 19,000.00 2 0.1327 2,521.30 ] 0.00 25.00 57.20 14.77 2,618.27
91 5,000.00 2 0.1490 745.00 2 1,903.00  100.00 57.20 14.77 2,819.97
93 19,000.00 2 0.1327 2,521.30 0 0.00 0.00 57.20 14.77 2,593.27
107 8,000.00 T 0.1327 1,061.60 0 0.00 0.00 57.20 14.77 1,133.57
108 8,000.00 2 0.1327 1,061.60 0 0.00 0.00 57.20 14.77 1,133.57
109 2,150.00 1 0.1490 320.35 1 594.00 25.00 57.20 14,77 1,011.32
Total 958,533.00 129,207.53 67 18,542.40 2,412.50 5,033.60 1,299.76 156,495.79
Average 10,892.42 6.75 1,468.27 0.76 210.71 27.41 57.20 14.77 1,778.36
TABLE 2 D.C. Impact Attenuation System, Benefit-Cost Analysis
Expected Accident Number and Reported Accident Number
No. Severity and Severity Estimated
Attenuator  of Benefit EUAC Benefit-to-
No. Hits No. Injury Cost ($) No. Injury Cost ($) (%) [€))] Cost Ratio
1 4 4 1 12,360.00 1 0 1,090.00 11,270.00 2,443.33 4.61
2 0 0 0 0.00 0 0 0.00 0.00 1,912.07 0.00
3 3 3 0 3,270.00 1 0 1,090.00 2,180.00 1,315.97 1.66
4 2 2 1 10,180.00 0 0 0.00 10,180.00 990.97 10.27
5 6 6 2 22,540.00 2 1 10,180.00 12,360.00 71.97 NA
6 4 4 0 4,360.00 0 0 0.00 4,360.00 71.97 NA
7 1 1 1 9,090.00 0 0 0.00 9,090.00 1,562.91 5.82
8 5 5 2 21,450.00 0 0 0.00 21,450.00 1,004.37 21.36
10 4 4 3 28,360.00 0 0 0.00 28,360.00 4,052.97 7.00
11 2 2 1 10,180.00 0 0 0.00 10,180.00 4,102.97 2.48
12 3 3 3 27,270.00 0 0 0.00 27,270.00 4,566.97 5.97
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Expected Accident Number and

Reported Accident Number

No. Severity and Severity Estimated
Attenuator  of Benefit EUAC Benefit-to-
No. Hits No. Injury Cost (3) No. Injury Cost ($) (€3] (€3] Cost Ratio
13 3 3 3 27,270.00 0 0 0.00 27,270.00 4,052.97 6.73
14 1 1 0 1,090.00 0 0 0.00 1,090.00 4,342.97 0.25
15 1 1 1 9,090.00 0 0 0.00 9,090.00 4,298.97 2.11
16 5 5 4 37,450.00 0 0 0.00 37,450.00 1,707.97 21.93
17 2 2 2 18,180.00 1 2 17,090.00 1,090.00 1,711.56 0.64
18 1 1 0 1,090.00 0 0 0.00 1,090.00 1,500.20 0.73
19 2 2 2 18,180.00 0 0 0.00 18,180.00 1,425.10 12.76
20 6 6 4 38,540.00 2 2 18,180.00 20,360.00 1,252.17 16.26
21 1 1 0 1,090.00 0 0 0.00 1,090.00 1,598.02 0.68
22 0 0 0 0.00 0 0 0.00 0.00 1,598.02 0.00
23 2 2 1 10,180.00 0 0 0.00 10,180.00 417.32 24.39
24 1 1 0 1,090.00 0 0 0.00 1,090.00 926.28 1.18
25 3 3 1 11,270.00 0 0 0.00 11,270.00 891.48 12.64
26 5 5 3 29,450.00 0 0 0.00 029,450.00 971.08 30.33
27 6 6 2 22,540.00 0 0 0.00 22,540.00 1,128.80 19.97
28 2 2 2 18,180.00 0 0 0.00 18,180.00 728.28 24.96
29 2 2 1 10,180.00 0 0 0.00 10,180.00 839.88 12.12
30 7 7 3 31,630,00 0 0 0.00 31,630.00 2,362.28 13.39
31 1 1 0 1,090.00 0 0 0.00 1,090.00 728.28 1.50
32 2 2 0 2,180.00 0 0 0.00 2,180.00 2,536.53 0.86
33 2 2 1 10,180.00 1 1 9,090.00 1,090.00 232,53 4.69
34 2 2 1 10,180.00 0 0 0.00 10,180.00 2,783.57 3.66
35 4 4 4 36,360.00 1 1 9,090.00 27,270.00 2,063.90 13.21
36 0 0 0 0.00 0 0 0.00 0.00 2,460.57 0.00
37 0 0 0 0.00 0 0 0.00 0.00 2,460.57 0.00
38 3 3 0 3,270.00 0 0 0.00 3,270.00 1,430.05 2.29
39 3 3 2 19,270.00 1 0 1,090.00 18,180.00 2,513.22 7.23
40 1 1 1 9,090.00 0 0 0.00 9,090.00 1,212.97 7.49
41 1 1 1 9,090.00 0 0 0.00 9,090.00 1,014.97 8.96
42 0 0 0 0.00 0 0 0.00 0.00 1,308.77 0.00
43 0 0 0 0.00 0 0 0.00 0.00 1,308.77 0.00
48 2 2 1 10,180.00 1 1 9,090.00 1,090.00 1,278.77 0.85
49 0 0 0 0.00 0 0 0.00 0.00 1,278.77 0.00
50 1 1 0 1,090.00 0 0 0.00 1,090.00 1,266.27 0.86
51 0 0 0 0.00 0 0 0.00 0.00 1,316.27 0.00
52 0 0 0 0.00 0 0 0.00 0.00 392.32 0.00
53 0 0 0 0.00 0 0 0.00 0.00 392.32 0.00
54 0 0 0 0.00 0 0 0.00 0.00 392.32 0.00
55 3 3 1 11,270.00 1 1 9,090.00 2,180.00 3,064.27 0.71
56 0 4] 0 0.00 0 0 0.00 0.00 623.27 0.00
57 0 0 0 0.00 0 0 0.00 0.00 965.97 0.00
58 3 3 1 11,270.00 0 0 0.00 11,270.00 730.22 15.43
59 1 1 1 9,090.00 0 0 0.00 9,090.00 2,593.27 351
60 5 5 3 29,450.00 0 0 0.00 29,450.00 2,426.47 12.14
61 3 3 3 27,270.00 2 0 2,180.00 25,090.00 1,409.97 17.79
62 2 2 0 2,180.00 0 0 0.00 2,180.00 705.22 3.09
63 1 1 1 9,090.00 0 0 0.00 9,090.00 1,806.97 5.03
64 0 0 0 0.00 0 0 0.00 0.00 705.22 0.00
65 0 0 0 0.00 0 0 0.00 0.00 705.22 0.00
66 0 0 0 0.00 0 0 0.00 0.00 1,015.72 0.00
68 1 1 0 1,090.00 0 0 0.00 1,090.00 1,239.38 0.88
69 1 1 0 1,090.00 0 0 0.00 1,090.00 1,082.77 1.01
70 0 0 o 0.00 0 0 0.00 0.00 816.97 0.00
71 1 1 0 1,090.00 0 0 0.00 1,090.00 705.22 1.55
72 6 6 2 22,540.00 1 1 9,090.00 13,450.00 3,262.27 4.12
73 3 3 2 19,270.00 0 0 0.00 19,270.00 3,237.27 5.95
74 0 0 0 0.00 0 0 0.00 0.00 2,593.27 0.00
75 1 1 0 1,090.00 0 0 0.00 1,090.00 3,787.57 0.29
76 0 [ 0 0.00 0 0 0.00 0.00 1,266.27 0.00
77 0 0 0 0.00 0 0 0.00 0.00 1,266.27 0.00
78 5 5 2 21,450.00 2 2 18,180.00 3,270.00 1,597.25 2.05
79 0 0 0 0.00 0 0 0.00 0.00 3,787.57 0.00
80 1 1 1 9,090.00 1 1 9,090.00 0.00 4,065.47 0.00
81 1 1 1 9,090.00 1 0 1,090.00 8,000.00 3,787.57 2.11
82 2 2i 0 2,180.00 0 0 0.00 2,180.00 2,593.27 0.84
83 0 0 0 0.00 0 0 0.00 0.00 2.593.27 0.00
85 1 1 0 1,090.00 0 0 0.00 1,090.00 965.97 1.13
86 3 3 3 27,270.00 0 0 0.00 27,270.00 2,327.27 11.72
87 0 0 0 0.00 0 0 0.00 0.00 2,460.57 0.00
88 0 0 0 0.00 0 0 0.00 0.00 2,593.27 0.00
89 0 o] 0 0.00 0 0 0.00 0.00 183.72 0.00
90 1 1 0 1,090.00 0 0 0.00 1,090.00 2,618.27 0.42
91 6 6 5 46,540.00 0 0 0.00 46,540.00 2,819.97 16.50
93 0 0 0 0.00 0 0 0.00 0.00 2,593.27 0.00
107 0 0 0 0.00 0 0 0.00 0.00 1,133.57 0.00
108 0 0 0 0.00 0 0 0.00 0.00 1,133.57 0.00
109 1 1 1 9,090.00 0 0 0.00 9,090.00 1,011.32 8.99
Total 158 158 81 820,220.00 19 13 124,710.00 695,510.00 156,495.78
Average 1.80 1.80 0.92 9,320.68 0.22 0.15 1,417.16 7,903.52 1,778.36 4.97

Note: Citywide B/C ratio = 4.44,



TABLE 3 Probability of Damage Occurring During Inspection Intervals (36 days)

Inspection Probability ~ Probability ~ Probability Probability of
Attenuator No. of Period Period Expected of No of One Hit of No and More Than
No. Type  Hits ADT (days) (days) Hits (H) Hit (0) P(1) One Hit One Hit
1 Si6 64,800 365 36 0.3945 0.6740 0.2659 0.9399 9.0601
2 S17 0 64,800 365 36 0.000 1.0000 0.0000 1.0000 0.0000
3 $26 3 59,040 365 36 0.2959 0.7439 0.2201 0.9640 0.0360
4 S15 2 23,200 365 36 0.1973 0.8210 0.1619 0.9829 0.0171
5 HS4 6 37,380 365 36 0.5918 0.5533 0.3275 0.8808 0.1192
3 HS4 4 20,000 365 36 0.3945 0.6740 0.2659 0.9399 0.0601
7 HC 1 57,200 365 36 0.0986 0.9061 0.0894 0.9954 0,0046
8 S9 5 34,920 365 36 0.4932 0.6107 0.3012 0.9119 0.0881
10 HSB 4 27,300 365 36 0.3945 0.6740 0.2659 0.9399 0.0601
11 HSB 2 27,000 365 36 0.1973 0.8210 0.1619 0.9829 0.0171
12 S5 3 8,000 365 36 0.2959 0.7439 0.2201 0.9640 0.0360
13 HSB 3 29,000 365 36 0.2959 0.7439 0.2201 0.9640 0.0360
14 HSB 1 13,000 365 36 0.0986 0.9061 0.0894 0.9954 0.0046
15 HSB 1 49,000 365 36 0.0986 0.9061 0.0894 0.5954 0.0046
16 S7 5 23,200 365 36 0.4932 0.6107 0.3012 0.9119 0.0881
17 S4 2 36,600 365 36 0.1973 0.8210 0.1619 0.9829 0.0171
18 S4 1 39,180 365 36 0.0986 0.9061 0.0894 0.9954 0.0046
19 HC 2 64,800 365 36 0.1973 0.8210 0.1619 0.9829 0.0171
20 S11 6 42,800 365 36 0.5918 0.5533 0.3275 0.8808 0.1192
21 HC 1 29,000 365 36 0.0986 0.9061 0.0894 0.9954 0.0046
22 HC 0 16,980 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
23 S9 2 19,800 365 36 0.1973 0.8210 0.1619 0.9829 0.0171
24 S10 1 25,800 365 36 0.0986 0.5061 0.0894 0,9554 0.0046
25 S11 3 34,200 365 36 0.2959 0.7439 0.2201 0.9640 0.0360
26 S8 5 22,700 365 36 0.4932 0.6107 0.3012 0.9119 0.0881
27 S9 6 29,400 365 36 0.5918 0.5533 0.3275 0.8808 0.1192
28 S8 2 27,300 365 36 0.1973 0.8210 0.1619 0.9829 0.0171
29 S3 p) 27,300 365 36 0.1973 0.8210 0.1619 0.9829 0.0171
30 S6 i 29,400 365 36 0.6904 0.5014 0.3462 0.8475 0.1525
31 S 1 51,624 365 36 0.0986 0.9061 0.0894 0.9954 0.0046
32 S5 2 15,000 365 36 0.1973 0.8210 0.1619 0.9829 0.0171
33 S3 2 39,190 365 36 0.1973 0.8210 0.1619 0.9829 0.0171
34 HC 2 9,780 365 36 0.1973 0.8210 0.1619 0.9829 0.0171
35 sS4 4 22,740 365 36 0.3945 0.6740 0.2659 0.9399 0.0601
36 HC 0 2,160 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
37 HC 0 2,160 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
38 Gé6 3 12,720 365 36 0.2959 0.7439 0.2201 0.9640 0.0360
39 S787 3 17,940 365 36 0.2959 0.7439 0.2201 0.9640 0.0360
40 S10 1 19,500 365 36 0.0986 0.9061 0.0894 0.9954 0.0046
41 S10 1 19,500 365 36 0.0986 0.9061 0.0894 0.9954 0.0046
42 HC 0 9,300 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
43 HC 0 9,300 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
48 HC 2 29,580 365 36 0.1973 0.8210 0.1619 0.9829 0.0171
49 HC 0 29,380 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
50 G6 1 34,560 365 36 0.0986 0.9061 0.0894 0.9954 0.0046
51 G6 0 34,560 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
52 S10 0 9.780 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
53 S9 0 9,780 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
54 S10 0 9,780 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
55 G685 3 47,220 365 36 0.2959 0.7439 0.2201 0.9640 0.0360
56 S10 0 47,220 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
57 S12 ] 45,220 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
58 s9 3 34,200 365 36 0.2959 0.7439 0.2201 0.9640 0.0360
59 G682 1 34,200 365 36 0.0986 0.9061 0.0894 0.9954 0.0046
60 §17 5 41,400 365 36 0.4932 0.6107 0.3012 0.9119 0.0881
61 S13 3 47,220 365 36 0.2959 0.7439 0.2201 0.9640 0.0360
62 s10 2 46,200 365 36 0.1973 0.8210 0.1619 0.9829 0.0171
63 S10 1 16,200 365 36 0.0986 0.9061 0.0894 0.9954 0.0046
64 S11 0 46,200 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
65 510 0 46,200 365 36 0.0000 1.0000 0.0000 1.0000 00000
66 S10 0 46,200 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
68 S17 1 41,400 365 36 0.0986 0.9061 0.0894 0.9954 0.0046
69 S18 1 14,200 365 36 0.0986 0.9061 0.0894 0.9954 0.0046
70 S11 0 47,220 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
71 Sil 1 46,200 365 36 0.0986 0.9061 0.0894 0.9955 0.0045
72 B5S3 [ 41,400 365 36 0.5918 0.5533 0.3275 0.8808 0.1192
73 S6S2 3 47,220 365 36 0.2959 0.7439 0.2201 0.9640 0.0360
74 G4 0 47,280 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
75 H14 1 39,000 365 36 0.0986 0.9061 0.0894 0.9955 0.0045
76 G3 0 14,040 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
71 G3 0 14,040 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
78 G583 5 110,220 365 36 0.4932 0.6107 0.3012 neto9 0,0881
79 H14 0 37,380 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
80 H14 1 12,600 365 36 0.0986 0.9061 0.0894 0.9954 0.0046
81 Hi4 1 59,040 365 36 0.0986 0.9061 0.0894 0.9954 0.0046
82 G5 2 21,000 365 36 0.1973 0.8210 0.1619 0.9640 0.0171
83 G3 0 26,000 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
85 S11 1 30,000 365 36 0.0986 0.9061 0.0894 0.9954 0.0046
86 G3 3 11,400 36S 36 0.2959 0.7439 0.2201 0.9640 0.0360
87 HC 0 9,780 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
88 G5 0 25,200 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
89 S3 0 42,800 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
90 G2 1 1,200 365 36 0.0986 0.9061 0.0894 0.9954 0.0046
91 S11 6 34,200 365 36 0.5918 0.5533 0.3275 0.8808 0.1192
93 G3 0 30,000 365 36 0.0000 1.0000 0.0000 1.0000 0.0000



TABLE 3 Continued

Inspection Probability ~ Probability ~ Probability  Probability of
Attenuator No, of Period Period Expected of No of One Hit of No and More Than
No. Type  Hits ADT (days) (days) Hits (H) Hit (0) P(1) One Hit One Hit
107 G281 0 12,600 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
108 G281 0 12,600 365 36 0.0000 1.0000 0.0000 1.0000 0.0000
109 S4 1 30,000 365 36 0.0986 0.9061 0.0894 0.9954 0.0046
Total 158
Average 1.795 365 36 0.17708 0.8377 0.1483 0.9861 0.0139
Citywide 158 365 36 15.5835 .0000 .0000 .0000 1.0000
TABLE 4 Frequency Table for Attenuator Maintenance
Annual Action Action Action
Attenuator No. of Period Average Days for Days for Days for
No. Type  Hits (days) Hits P(0)=0.99 P(0)=0.95 P(0)=0.90
1 Sle6 4 365 4 0.92 4.68 9.61
2 S17 0 365 0 NA NA NA
3 S26 3 365 3 1.22 6.24 12.82
4 S15 2 365 2 1.83 9.36 19.23
5 HS4 6 365 6 0.61 3.12 6.41
6 HS4 4 365 4 0.92 4.68 9.61
7 HC 1 365 1 3.67 18.72 38.46
8 s9 5 365 S 0.73 3.74 7.69
10 HSB 4 365 4 0.92 4.68 9.61
11 HSB 2! 365 2 1.83 9.36 19.23
12 S5 3 365 3 1.22 6.24 12.82
13 HSB 3 365 3 1.22 6.24 12,82
14 HSB 1 365 1 3.67 18.72 38.46
15 HSB 1 365 1 3.67 18.72 38.46
16 S7 5 365 S 0.73 3.74 7.69
17 S4 2 365 2 1.83 9.36 19.23
18 S4 1 365 1 3.67 18.72 38.46
19 HC 2 365 2 1.83 9.36 19.23
20 S11 6 365 6 0.61 3.12 6.41
21 HC 1 365 1 3,67 18.72 38.46
22 HC 0 365 0 NA NA NA
23 S9 2 365 2 1.83 9.36 19.23
24 S10 1 365 1 3.67 18.72 38.46
25 S11 3 365 3 1.22 6.24 12.82
26 S8 5 365 5 0.73 3.74 7.69
27 S9 6 365 6 0.61 3.12 6.41
28 S8 2 365 2 1.83 9.36 19.23
29 S3 2 365 2 1.83 9.36 19.23
30 Sé 7 365 7 0.52 2.67 5.49
31 S9 1 365 1 3.67 18.72 38.46
32 S5 2 365 2 1.83 9.36 19.23
33 S3 2 365 2 1.83 9.36 19.23
34 HC 2 365 2 1.83 9.36 19.23
35 S4 4 365 4 0.92 4.68 9.61
36 HC 0 365 0 NA NA NA
37 HC 0 365 0 NA NA NA
38 G6 3 365 3 1.22 6.24 12.82
39 S7 3 365 3 1.22 6.24 12.82
40 S10 1 365 1 3.67 18.72 38.46
41 S10 1 365 1 3.67 18.72 38.46
42 HC 0 365 0 NA NA NA
43 HC 0 365 0 NA NA NA
48 HC 2 365 2 1.83 9.36 19.23
49 HC 0 365 0 NA NA NA
50 G6 1 365 1 3.67 18,72 38.46
51 G6 0 365 0 NA NA NA
52 S10 0 365 0 NA NA NA
53 S9 0 365 0 NA NA NA
54 S10 0 365 0 NA NA NA
55 G6S4 3 365 3 1.22 6.24 12.82
56 S10 0 365 0 NA NA NA
57 S12 0 365 0 NA NA NA
58 S9 3 365 3 1.22 6.24 12.82
59 G682 1 365 1 3.67 18.72 38.46
60 S17 5 365 5 0.73 3.74 7.69
61 S13 3 365 3 1.22 6.24 12.82
62 S10 2 365 2 1.83 9.36 19.23
63 S10 1 365 1 3.67 18.72 38.46
64 S11 0 365 0 NA NA NA
65 S10 0 365 0 NA NA NA
66 S10 0 365 0 NA NA NA
68 S17 1 365 1 3.67 18.72 38.46
69 S18 1 365 1 3.67 18.72 38.46
70 Stt 0 365 0 NA NA NA
71 S11 1 365 1 3.67 18.72 38.46
72 G583 6 365 6 0.61 3.12 6.41
73 G682 3 365 3 1.22 6.24 12.82
74 G4 0 365 0 NA NA NA
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Annual Action Action Action
Attenuator No. of Period Average Days for Days for Days for
No. Type  Hits (days) Hits P(0)=0.99 P(0)=0.95 P(0)=0.90
75 HI4 1 365 1 3.67 18.72 38.46
76 G3 0 365 0 NA NA NA
77 G3 0 365 0 NA NA NA
78 G583 5 365 5 0.73 3.74 7.69
79 HI4 0 365 0 NA NA NA
80 HI14 1 365 1 3.67 18.72 38.46
81 HIi4 1 365 1 3.67 18,72 38.46
82 GS 2 365 2 1.83 9.36 19.23
83 G3 0 365 0 NA NA NA
85 S11 1 365 1 3.67 18.72 38.46
86 G3 3 365 3 1.22 6.24 12.82
87 HC 0 365 0 NA NA NA
88 G5 0 365 0 NA NA NA
89 S3 0 365 0 NA NA NA
90 G2 1 365 1 3.67 18.72 38.46
91 S11 6 365 6 0.61 3,12 6.41
93 G3 0 365 0 NA NA NA
107 G281 0 365 0 NA NA NA
108 G281 0 365 0 NA NA NA
109 S4 ] 365 1 3.67 18.72 38.46
Total 158 125.25 639,22 1,313.02
Average 1.80 365 2.09 10.65 21.88

Note: NA means the data are not available; however, the damage should be repaired as soon as possible,

Correlation and Multiple Regression Analyses

The correlation matrix (Figure 3) indicates that the
relationships between the 12 independent variables
and the number of hits are quite logical. For exam-
ple, it shows that ADT, truck percentage, and number
of lanes are highly correlated (r > 0.5). The in-
terrelationship between pavement rating and skid
index is also strong. The strongest negative corre-
lation (-0.36RR5) was found between speed and street
light luminance.

The relationships between the dependent variable,
number of hits (Y1), and the 12 independent variables
can be described by the following regression model:

¥l = 0.3329 - 0.0104 X1 + 1.0892 X2 + 0.0111 X3
- 0.0911 X4 - 0.1296 X5 - 0.0102 X6
- 0.1011 X7 - 0.2030 X8 = 1.5653 X9
- 0.1811 X10 - 0.1361 X11 + 0.0612 X12

Se = 1.3578, R = 0.7347, RZ = 0.5398

F = 7.2332, dof = [12,74], PROB = 0.0000

This multiple regression equation shows that truck
percentage (X2), horizontal curvature (X8), street
light luminance (X9), length of no-passing =zone
(X10) , and attenuator offset (X11) are strongly cor-
related with the number of hits (Yl). However, length

X1 1
X2 0.5308 1
X3 04216 0.3611 1
X4 0.6818 0.5758 0.4201 |
X5 0.0779 -0.1032 00316 -U.1373 i
X6 0.0191 0.1490 -0.1633 0.1594 -0.0955 1
X7 -0.0395 00356 -0.0361 -0.0915 0.1295 -0.0786
X8 0.0947 0.1292 0.2164 0.1449 -0.0510 -0.1211
X9 -0,2057 -0.1359 -0.3689 -0.i328 0,0368 0.0590
X10 0,3284 0.1880 0.3249 0.2049 0,0682 0.2504
Xil  0,1469 0.0141 0,3327  -0.0459 0.2474  -0.2075
Xi2  0,2122  -0.00i2 0.2140 0.0388 0,5883  -0.2415
Yl 0.0916 0.3329 0.0908 0.1477 -0.0953 0.0170
X1 X2 X3 X4 X5 X6
ADT  TRUCK  SPCED LANES PVT CURB
FIGURE 3

of no-passing zone (X10) cannot pass the F-test at
the 5 percent level of significance. A comparison
between the calculated F-value and the F-test table
value shows that the multiple regression model passes
the 5 percent level of significance. The coefficient
of determination indicates that this model can ex-
plain 53.98 percent of the total variation in the
number of hits. When each single independent variable
was tested against Y1, it was found that the signif-
icant independent variables can be ranked according
to priority as fulluws:

X9 = SLreet light luminance, negatively correlated;

X2 = Truck percentage, positively correlated;

X8 = Length of horizontal curvature radius, nega-
tively correlated; and

X1l = Offset distance, negatively correlated.

Theoretically, a predictive model should not in-
clude the insignificant variables. The reconstruction
of this model using the four significant variables
at the 5 percent level of significance showed the
following information:

¥yl = 2.8706 + 0.8129 X2 - 0.2131 X8
- 1.7401 X9 - 0.1538 X11
Se = 1.3920, R = 0.6812, R? = 0.4640
F = 17.7478, dof = {4,82], PROB = 0.0000
|
-0.0458 |
0.0852  0.3048 1
-0,1829  0.1257  -0.0431 !
00192  0.1562 -0.0809 02833 1
00810 -0.1373  ~0.1168  0.1011 0.1972 1
—0.1111  -04092 -0.4548  0.1917-0.2767 0.1201 1
X7 X8 X9 X10 X1l X12 Y
GRADI-  RADIUS LIGHT ~ MARK-  OFFSET SKID  HITS
ENT ING

Correlation matrix—number of hits versus independent variables X1-X12.
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Comparison with the table value of the F-distri-
bution showed that this reconstructed model is also
significant. However, the interpretation power of
this model decreases to 46.4 percent because of the
dropout of the insignificant variables.

The multiple regression eguation for accident
cost (Y2) and the other 12 independent variables can
pass the F-test at the 5 percent level of signifi-
cance. However, the equation can only interpret 39.22
percent of accident cost change. This low value of R
cast doubt on the usefulness of the model for the
purpose of predicting accident severity.

Bivariate Analyses

The bivariate analyses of variables generated the
following findings:

* Locations on Interstates, freeways, and ex-
pressways, which account for about 73 percent of the
total locations, took 85 percent of the total hits.
This finding is due primarily to lower street light
illumination.

* During the study period, the Hi-dro Cell
sandwich and sand barrel locations suffered the most
hits, with a ratio of 3.0 and 2.13 per location,
respectively.

® Attenuators located at gore areas had 4.4
times the number of hits that were sustained by the
ones located at one side of a roadway. Attenuators
located on the right side of a highway were twice as
likely to be hit as were those on the left side.
Locations with three to five approaching lanes were
more likely to be hit.

* Bridge gores, tunnel gores, and retaining
walls had impact frequencies of 4, 3, and 2.4 hits,
respectively, per location per year.

* Locations with object markers were hit 50
percent less often than locations without them.

CONCLUSION

For more than a decade impact attenuators have been
used by many state and local transportation agencies
to prevent errant vehicles from colliding with rigid
roadside hazards. However, limited research has been
conducted in this field because attenuators are usu-
ally placed on roadways with high speeds and volumes
where the number of collisions represents a small
percentage of the total traffic. The attenuator's
capabilities for reducing accident frequency and
severity have made a study more difficult because
few accident records are available. Despite these
difficulties, the District of Columbia has provided
an ideal climate for conducting this study because
of its limited geographic area and large number of
attenuator installations.

Through extensive data collection, a comprehensive
procedure was developed and is currently used by the
D.C. Government to determine improvement priorities
and to evaluate the performance of impact attenua-
tors. This procedure consists of before-and-after
studies, benefit-cost analyses, damage frequency
studies, multiple regression and correlation analy-
ses, and bivariate sortings.

On the basis of this procedure and the crash
cushion accident and impact records of FY 1984, the
following conclusions can be drawn from this study:
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1. Street light illumination, truck percentage,
radius of horizontal roadway curvature, and offset
distance were the major factors that determined the
frequency of damage to impact attenuators. This
finding may imply that driver's visibility, vehicle
width, and effective roadway width for travel play
major roles in roadside collisien incidents, given
that, during the study period, 15 (79 percent) of
the 19 total reported crash cushion accidents oc-
curred during nighttime hours. The predictive re-
gression models can be used to select and to assign
priority to the candidate locations if these de-
scriptors can be measured in the field.

2. The schedules for field inspection and main-
tenance should vary with impact frequency and the
selected level of significance. In the District of
Columbia it was found that by conducting monthly
field investigations, the engineer can be 95 percent
confident that about 99 percent of the damage was
detected before the second hit occurred.

3. The conventional before-and-after study and
benefit-cost analysis are usually conducted 3 years
after a highway facility is built. These methods
cannot serve the need for continuous evaluation of
impact attenuators because most of the D.C. crash
cushions were installed long before the study was
conducted. Therefore these methods were modified to
compare actual accident measures with expected mea-
sures. The before-and-after study shows that the
installation of impact attenuators has significantly
reduced both the frequency and the severity of acci-
dents in the District of Columbia. The citywide
benefit~to-cost ratio for the District of Columbia
attenuator system was found to be 4.4, which is
higher than the 3.1 national average.
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Benefit-Cost Analysis of Roadside Safety Alternatives

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

ABSTRACT

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

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

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

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

In an effort to resolve some of the problems as-
sociated with existing warranting procedures, an
advanced B-C analysis algorithm was developed. Major

Texas Transportation Institute, The Texas A&M Uni-
versity System, College Station, Tex. 77843.

improvements have been made in the algorithm to im-
prove the versatility of the procedure and the
determination of the severity associated with pre-
dicted accidents. Further, the algorithm has been
coded for use with microcomputers to reduce imple-
mentation problems.

BENEFIT-COST METHODOLOGY

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

BC2_1 = (SCl - SCZ)/(DCZ . DC]_) (1)
where

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

annualized societal cost of Alternative
1,

DC] = annualized direct cost of Alternative 1,

5Cy

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

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

ACCIDENT PREDICTION MODEL

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

An encroachment probability model is based on the
concept that the number of run-off-the-road acci-
dents that occurs at a given site can be related to
the number of vehicles that inadvertently leave the
roadway at that site. Further, it is assumed that
the frequency and nature of uncontrolled encroach-
ments can be related to roadway and traffic charac-
teristics. Thus the goal of an encroachment prob-
ability model 1is to relate roadway and traffic
characteristics to the expected accident frequency
at a site.

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

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

P(E?,:%IE) = P(WB(E, ,IE) (W/sin ) /5,280 (2)

where

P(Eg:glE) probability that a vehicle

of size W will encroach at speed V and

angle & into encroachment range 2,

given that an encroachment has oc-

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

P(Ey,9IE) = probabilit{ that an encroaching
vehicle will be traveling at speed V
and encroaching at angle 8; and

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

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

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

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

We2
P(CV,SIE) . P(W)P(Evle)(;/5,280)
{sec 8 csc o, PILE>(a+j-1/2)]} (3}

where

P 1E) probability that a vehicle of
size W encroaching at speed V and
angle 6 will strike hazard with-
in range 2, given that an en-
croachment has occurred;
a = distance from travelway to fixed
object (ft);

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

N = We X cos 8 (ft).

a
<=
RS

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

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

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

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

. YET,.
pcrhiEW ) = L/5,280 3 t
v,0 Vv i et
[ ’ 3 YBLi
[P(LE>j)1/IYEL; - YBr,! (4)
where

P(CS';lEg e) = probability that a vehicle of size
! ! W leaving the roadway at speed V
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and angle 6 will strike the first
hazard within encroachment range i
given that an encroachment has oc-
curred involving a vehicle of size
W, speed V, and angle 8;
Lj = length of encroachment range i;

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

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

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

AAC = E ) AC E (5)

Wi W W,i
p(C
oy or PG, By o) ACy o B

L
W v 8 i
where

AAC = annual accident costs arising from run-

off-the-road traffic accidents within the

region of interest ($/year),

uncontrolled encroachment frequency

(encroachments per mile per year},

= summation over all encroachment vehicle
sizes,

= summation over all encroachment
velocities,

= summation over all encroachment angles,

=]
+h
1t

= summation over all encroachment ranges,
and

MO MG ME ™

AC = accident costs associated with an
accident involving a vchicle of size W

striking hazard i at speed V and angle 8.

- -
D e

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

Encroachment Characteristics

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

Cooper also collected information on the lateral
extent of encroachment. Information on lateral extent
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graveled shoulders that tend to hide evidence of
encroachments with short lateral extent. Data on
lateral extent of movement from Cooper have been
adjusted by curve fitting the data points beyond 12
ft (the widest shoulder width in the study) to
eliminate the effects of paved shoulders. Figure 4
shows both the raw and the adjusted lateral extent
of movement distributions from Cooper (9). Note that
for very short encroachments, the probability of
lateral encroachment is greater than 1. Thus the
curve in Figure 4 serves as an adjustment for the
encroachments of short lateral extent that were not
detected in the encroachment study.

No pure encroachment data published to date have
contained any information on encroachment speed.
Encroachment velocity and angle are known to be
related. Therefore encroachment angle data are be-

of encroachment from other sources is considered 140
unrepresentative of modern accident characteristics
because it involves either high-speed traffic (speed
limit of 70 mph) (10) or was collected from accident
data (8). Distributions of lateral vehicle movement
developed from Cooper's data show few vehicles en-
croaching less than 10 ft before returning to the
roadway. Many of the highways studied had paved or
10 ’-
9
8 |
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ENCROACHMENT EXCEEDING Y
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(ENC./ML./YR.)
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4 [~
4-LANE HIGHWAY
RAW DATA
3 =
20 I~
2r s
10
' F 2'-~-- 2-LANE HIGHWAY
1 1 1 1 1
0 10 20 30 40 50
i A i 1 1
0 5 10 15 20 25 LATERAL EXTENT OF ENCROACHMENT, Y (FEET)

AVERAGE DAILY TRAFFIC (X 1000)
FIGURE 3 Adjusted encroachment frequencies (7).

(MEASURED FROM EDGE OF TRAVELED WAY)
FIGURE 4 Adjusted lateral encroachment distribution (9).

TABLE 1 Encroachment Frequency Adjustment Factors for

Horizontal and Vertical Alignment (13)

Encroachment Location with Respect to Curve

Inside Outside

Uphill or Moderate Steeper Uphill or Moderate Steeper
Roadway Downbhill Downhilt Downhill Downhill
Curvature Grade Grade Grade Grade
(degrees) (>-2%) (<-2%) (>-2%) (<-2%)
0-3 1.00 0.80 1.00 0.80
3.01-6 1.24 2.06 2.76 4.60

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

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

Lo
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Accident Costs and Performance Levels

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

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

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

where

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

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

TABLE 3 Severity Index Scale

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

3ppO refers to those accidents in which property damage only is invotved.

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

Costs that arise from damage to a highway ap-

TABLE 2 Combined Impact Velocity and Angle Distributions from Accident

Studies (9,10)

Combined Gamma Function Probabilities for Angle (degrees)

Speed

(mph) <5 5-15 15-25 25-35 35-45 >45 Total
<20 0429 1862 1163 .0466 .0157 .0067 414
20-30 .0268 1163 .0726 L0291 .0098 .0042 259
30-40 .0168 0732 0458 .0183 .0062 .0026 163
40-50 L0093 0392 .0245 .0098 0033 .0014 .088
50-60 .0044 0191 0119 .0048 .0016 .0007 .043
>60 .0035 0152 .0095 .0038 .0013 .0005 .034
Total .104 4490 2810 1120 .1790 .016
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FIGURE 5 W-beam guardrail crash test severity indices.

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

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

Applications

The encroachment probability model on which the B-=C
model is based is general in nature and can therefore
be used to study a wide variety of highway condi-

103

tions. These models are well suited for use in de-
veloping general safety treatment guidelines or
policies (5).

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

TRAFFIC
FLOW

LENGTH OF
FILL SECTION

FIGURE 7 Typical barn roof fill section,

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

1. Safety alternative costs

* W-beam barrier, $15/ft;

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

* Performance level, 97 kip-ft; and

® Cost of additional £ill, $5/yd (in place).
2. Accident severity indices

* W-beam barrier

(see Fig=-
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Impacts below PL (Figure 5)
Impacts above PL SI = 7.0
* 1.5:1 slope SI = 0,133 x impact veloc-
ity (mph)

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

Assumed Value

variable or Source
Accident costs Table 3

Discount rate 4 percent

Project duration 20 years

Roadway alignment Straight, flat
Functional highway class Freeway

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

Lateral vehicle movement Figure 4

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

Another application of the B-C analysis algorithm
described herein is in the study of special or new
safety appurtenances and unusual sites. General
guidelines, such as those shown in Figure 9, cannot
be applied to all situations. Further, some safety
appurtenances are designed for special sites that
cannot be generalized. Highway engineers have ex-
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FIGURE 8 Typical guardrail placement on fill section.
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pressed a need for a method of studying these special
situations whenever they arise. Finally, this algo-
rithm provides for the first time an objective method
for determining optimum barrier flare rates and
optimum barrier runout lengths in front of fixed
hazards.

Limitations

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

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

CONCLUSIONS

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

Microcomputer versions of this program should
allow practicing highway engineers to apply these
procedures without the difficulty associated with
most other methods. Therefore this B-C model should
allow more potential safety improvement projects to
be analyzed in terms of the expected benefits and
costs, thereby resulting in a more efficient appli-
cation of available highway improvement dollars.
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FIGURE 9 Guidelines for safety treatment of fill section 20 ft deep.
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