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Safety Treatment of Roadside Drainage Structures

HAYES E. ROSS, JR., DEAN SICKING, T.J. HIRSCH, HAROLD D. COONER, JOHN F. NIXON, SAMUEL V. FOX, AND C.P. DAMON

The purpose of the research was to develop traffic-safe end treatments for
cross-drainage and parallel-drainage structures that would not appreciably re-
strict water flow. Preliminary designs were first evaluated by computer simu-
lation, by use of a test pit in which the clear open space and grate spacing
could be varied, and by use of an earth berm similar in geometry to a drive-
way. Promising designs were then subjected to full-scale prototype testing by
using both subcompact and full-sized automobiles. Finally, guidelines for im-
plementation of designs were developed by using a cost/benefit analysis. Traffic-
safe culvert end treatments can be achieved as follows. For cross-drainage
structures, (a) all culvert ends not shielded by a traffic barrier should be made
to match the existing side slope with no protrusion in excess of 4 in (10.2 em)
above grade, (b) culverts with clear openings 30 in (76.2 cm) or less need no
safety treatment other than that mentioned in a, and (c) culverts with clear
openings greater than 30 in can be made traffic-safe by grate members placed
on 30-in centers ariented parallel to the flow and in the plane of the side slope.
Far parallel-drainage structures, {a) the roadway side slope (or ditch slope)
should be 6:1 or flatter in the vicinity of the driveway, (b) the driveway slope
should be 6:1 or flatter, (¢c) the transition between the side slope and the drive-
way slope should be rounded, and (d) safety treatment of the culvert opening
should include an end ion cut to match the driveway slope and have cross
members (grates) spaced every 24 in (61.0 em) perpendicular to the di

of water flow.

In designing drainage culverts, the primary objec-
tive is to properly accommodate surface runoff along
the highway right-of-way. However, a second impor-
tant goal should be to provide a traffic-safe design
that would be traversable by an out-of-control ve-
hicle without rollover or abrupt change in speed.

Guidelines for designing traffic-safe grates have
been very limited. The National Cooperative Highway
Research Program (NCHRP) published quidelines for
traffic-safe drainage structures in 1969 (l). The
recommendations dealt primarily with the geometry of
adjoining slopes. Computer simulations have also
been used to further investigate the dynamic be-
havior of automobiles traversing various slope and
ditch configurations near driveways and median
crossovers (2,3). Criteria for the structural de-
sign of inlet grates was published in 1973 (4).
However, the study did not address the problem of
grate design as related to safety.

Recent field reviews of drainage culverts in
Texas revealed that improvements and some modifica-
tions of design details could improve both drainage
and safety (5). Many of the older safety grates
used to cover the open ends of culverts have small
openings and the grates are easily clogged with
debris, which causes water to back up and flow over
the roadway, the ditch crossing, or adjacent prop-
erty. In some cases safety grates do not possess
enough strength to be effective or they are used on
small pipe culverts that need no safety treatment.

The objective of this study was to develop guide-
lines for safety treatment of both cross-drainage
and parallel-drainage structures that (a) can be
safely traversed by an errant vehicle and (b) will
exhibit desirable hydraulic behavior. Although no
hydraulic analyses were made, it was assumed that
hydraulic efficiency increases as the number of
qrate members decreases, It was therefore a goal of
the research to meet the safety requirements by
using as few grate members as possible.

This paper summarizes the findings of two re-
search studies, one conducted in 1979 (6) and the
other in 1980 (7). Reference should be made to the
cited literature for complete details of the studies.

EVALUATION CRITERIA

A review of the literature showed that there are no

nationally recognized safety performance standards
for roadside drainage structures. Deceleration and
stability of a vehicle during and following impact
are the two primary measures of performance for
safety appurtenances such as gquardrails, crash cush-
ions, etc. (8). For cross-drainage structures, per-
formance was judged satisfactory if the vehicle
smoothly traversed the culvert and the adjoining
ditch slope without rollover for speeds from 20 mph
(32.2 km/h) through 60 mph (96.5 km/h).

Previous research (2,6) indicated that a very
flat ditch slope, a very flat driveway slope, and a
very long culvert would be necessary to satisfy the
above criteria for parallel-drainage structures. 1In
view of the economic and hydraulic implications of
such a design, it was concluded that trade-offs
would be necessary to achieve an acceptable balance
between the controlling elements. Performance of
parallel-drainage structures was therefore judged
acceptable if the vehicle smoothly traversed the ad-
joining slopes and culvert without rollover for
speeds from 20 mph through 50 mph (80.5 km/h).

RESEARCH APPROACH

A four-phase approach was taken in the development
of safety treatments of both cross-drainage and
parallel-drainage structures. In the first two
phases, computer simulations in combination with a
preliminary test program were used to develop tenta-
tive design concepts. In the latter phase, proto-
types were constructed by using the results of the
preliminary studies and tested under representative
roadside configurations. Final designs were then
studied by using a cost/benefit analysis to develop
guidelines for their implementation.

Cross-Drainage Structures

Simulation Studies

A computer simulation study was conducted that used
the Highway-Vehicle-Object-Simulation Model (HVOSM)
(9) to evaluate wheel drop into various culvert
openings on flat terrain., HVOSM was also used to
investigate the effect that a ramp at the leading
edge of the culvert opening would have on vehicle
behavior. (Figure 5, which is shown later in this
paper, illustrates the ramp.) Ramps that have the
following dimensions were evaluated (1 in = 2,54
cm)

Dimension (in)

Ramp Horizontal Vertical
1 3.0 3.0
2 6.0 3.0
3 6.0 6.0
4 12.0 6.0

A 1974 Honda Civic was simulated in each of the
computer runs because it was assumed that a mini-
sized automobile would be more critical than a
larger vehicle for the given conditions. A speed of
20 mph was used in each run, since it was deemed a
critical speed. At higher speeds it was felt that
it would be easier for the vehicle to clear the
opening. At lower speeds, even though the vehicle
would tend to drop more, velocity changes would be
tolerable.
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Preliminary Tests ings. The objectives of these tests were to deter-

mine preliminary values for (a) the maximum clear
In the second phase, a test pit was constructed on opening permissible on a nongrated culvert end and
flat terrain (as shown in Figure 1) to study the be- (b) the maximum spacing permissible when grates are
havior of a vehicle as it traversed various open- necessary. All runs were live-driver tests at

various speeds and encroachment angles. Figure 2 is
a photograph of the test pit after installation. A
total of 30 runs were made to determine the maximum

Figure 1. Plan view of culvert test pit. clear opening. A test matrix for this series of
10'-0" Clear tests is shown in Table 1. All tests were with a
Flat Terrain-h_); I 18" Deep
Concrete Pit
Figure 3. Sequential photographs of nongrated culvert test, 30-in clear
- X opening, 1974 Honda Civic.
Adjustable Cover
2= T Plate to Create SR e
O lear Openi i
i 15 \1\\‘@\.&\\ R e
“—TH _— L] |
- v LT ]
x Variable Clear
37 Stq. Pipe Grating; Opening
Spacing Varies -2 \ -
Edge of Pavement - \ "N : : e G
Vehicle (; 0.000 sec. 0,030 sec,
) Encroachment
Metric Conversions \ Angle Varies _—— - ! : i
1in = 2.54 cm - b »
1 ft =0.30m \ e

NEH DNDA

ANGLE O
SPEEQ 20

Figure 2. Test pit installation.

TTI 2280
VEH.HONDA
ANGLE: IS
SPEED'20,
OPN'G 22 PL,

0,135 sec.
E‘.‘.‘ AP © - g U AE Table 2. Grate spacing tests.
T A AR AT SIS e | 2N
Test Vehicle Test Speed Grate Encroachment
No. Weight (Ib) (mph) Spacing (in) Angle ()

Table 1. Clear opening tests. ; ig;g ig ig I(SJ
3 1970 10 16 30
Test Clear Impact Test Clear Impact 4 1970 5 16 0
Test Speed  Opening /f.)ngle Test Speed Opening /}’ngle 5 1970 5 16 15
No. (mph) (in) ) No. (mph) (in) ) 6 1970 20 20 0
- 7 1970 20 20 15
1 5 16 0 16 15 24 15 8 1970 1s 20 0
2 10 18 0 1.7 20 26 0 9 1970 15 20 15
& 20 20 0 18 20 26 15 10 1970 10 20 0
4 20 20 15 19 15 26 0 11 1970 10 20 15
S 10 20 0 20 15 26 15 12 1970 20 24 0
6 10 20 15 21 20 28 0 13 1970 20 24 is
7 20 22 0 22 20 28 15 14 1970 15 24 0
8 20 22 15 23 25 30 0 15 1970 15 24 15
9 15 22 0 24 25 30 15 16 1970 25 30 0
10 15 22 15 23 20 30 0 17 1970 25 30 15
11 10 22 0 26 20 30 15 18 4500 25 30 0
12 10 22 15 37 35 36 0 19 1970 20 30 0
13 20 24 0 28 30 36 0 20 1970 20 30 15
14 20 24 ) 29 25 36 4} 21 4500 20 30 0
1s 15 24 0 30 25 36 15 2 4500 20 30 15

Note: | mph = 1,609 km/h; 1 in = 2.54 cm. Note: 11b = 0.454 kg; 1 mph = 1.609 km/h; L in = 2.54 cm.
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1974 Honda Civic that has a curb weight of approxi-
mately 1800 1b (817.2 Kkg). Limiting values were
determined by the severity of the ride as judged by
the driver. The driver was a Texas Transportation
Institute (TTI) technician who was a nonprofessional
driver. Sequential photographs of a 20-mph run with
a 30-in (76.2~cm) clear opening are shown in Figure
3l

On completion of the clear-opening tests, the pit
was used to determine the maximum permissible grate
spacing. A total of 22 live-driver tests were con-
ducted for this purpose. Table 2 gives a matrix of
the grate-spacing tests conducted. The grates were
3-in (7.6-cm) schedule-40 steel pipe anchored to a
steel beam that allowed adjustments of the pipe to
any desired spacing. Fiqure 4 shows the pit setup
for a 16-in (40.6-cm) grate spacing. Each grate
configuration was evaluated with the 1974 Honda
Civic. A 1975 Plymouth Fury that weighed about 4500
1b (2043 kg) was also used to evaluate the larger
grate spacings.

As part of the second phase of the study, a
limited number of live-driver tests were conducted

Figure 4. Test pit with 16-in grate spacing.

e
TTI 2280
VEH .HONDA

ANGLE: 0
SPEED: 10;
OPN'G.IPIPE

to further evaluate the effects of a ramp at the
leading edge of the culvert opening. Based on HVOSM
results, a ramp that had a horizontal dimension of
12 in (30.5 cm) and a vertical dimension of 6 in
(15.2 cm) was selected and constructed. HVOSM in-
dicated that this combination would produce the
greatest wheel hop of all combinations considered.
The 1974 Honda Civic and the 1975 Plymouth Fury were
used on the ramp test. Each test was conducted at
20 mph, Wheel hop and sprung mass center-of-gravity
(cg) position for the test of the Plymouth Fury are
shown in Figure 5.

Prototype Tests

Based on results obtained from the preliminary
studies, two culvert structures were constructed for
full-scale testing. They consisted of a 30-in-
diameter corrugated steel-pipe culvert and a 5-ft
(1.5-m) wide by 3-ft (0.92-m) high concrete box cul-
vert that had adjoining head and wing walls. Grate
members on the box culvert consisted of 3-in sched-
ule-40 steel pipe on 30-in centers. Photographs of
both installations are shown in Figure 6.

General details of the six tests conducted are
shown in Figure 7. Note that the culverts were sub~-
jected to tests with both mini- and full-sized auto-
mobiles. In each test, with the exception of test
5, all four wheels of the test vehicle crossed the
sloped culvert opening. In test 5 the vehicle
straddled the cross member at the end of the box
culvert, which allowed the left-side wheels to drop
approximately 1.5 ft (0.46 m) to the ditch bottom
and caused the vehicle to roll over. Sequential
photographs of test 4 are shown in Figure 8.

Analysis of the strength requirements of grate
members indicated that a 3-in inner diameter (ID)
schedule-40 pipe was adequate for spans up to 12 ft

=" (3.7 m)., Because grate spans on many box culverts
?_ would exceed 12 ft, it was concluded that a limited
test program should be undertaken to determine pipe
size requirements for larger spans. To accomplish
this, another test pit was constructed on flat ter-
rain. The pit was 20 ft (6.1 m) long, 10 ft (3.1 m)
wide, and 1.5 ft (0.46 m) deep. A total of four
. full-scale vehicle tests were conducted by using a
e o 4500~-1b (2043-kg) vehicle, each at 20 mph and each
Figure 5. Wheel hub and car dis- [
placement versus time for ramp run, o
20 mph, 1975 Plymouth Fury.
3.0}
O
E
9
=: 2:0F
= O
iy
5
5 Hub Displacement Coordinates
S 1.0Ff (See Table 5 for max. values)
& o g g
= a
o
= o o O 0]
) 8 o O o Time, sec
£ 0.0[y - T — v r v T . -
2 .02 .04 .06 .08 0 12 4 16 ‘
17) (14) (@n (28) (35) (42) (a9) (s6)
Horizontal Coordinate, H, inches O] J
-1.0 = i 57-0" Test Pit Width i
L EGERD: ) Metric Conversions
© - Hub Displacement 1 in = 2.54 cm
| [1- Sprung Mass CG of Vehicle 1 egs ety




Figure 6. Prototype test installations.

bV W Tt

b) Grated Box Culvert

at a head-on approach perpendicular to the 20-ft
dimension of the pit. Further details of each test
are given in Table 3, including the permanent defor-
mations noted after each test. With the exception
of test 4, the grates had a 20-ft clear span. In
test 4, vertical supports that consisted of 3-in ID
schedule-40 pipe were placed at midspan of each of
the three grate members. The grates were attached
to the walls of the pit with a pin connection, which
was constructed according to Texas State Department
of Highways and Public Transportation (TSDHPT) stan-
dards.

Cost/Benefit Analysis

Guidelines for safety treatment of cross-drainage
structures were developed in 1978 by using a cost/
benefit analysis (10). Alternatives considered in-
cluded (a) no treatment or baseline option [it was
assumed, however, that the culvert end would be made
to match the existing side slope with no protrusions
greater than 4.0 in (10.2 cm) above grade for the
baseline option], (b) extend the culvert end to 30
ft (9.2 m) from the edge of the travelway, (c) in-
stall guardrail, or (d) place a traffic-safe grate
as recommended herein, Initial costs of grates
recommended here are significantly less than similar
costs for culvert grates studied by Kohutek and Ross
(10). Their analysis was therefore repeated. Cur-
rent cost data for recommended grates were discount-
ed back to 1978 at a discount rate of 10 percent.
Adjusted 1978 cost fiqures for the addition of cul-
vert grates on six different slope and culvert com-
binations are shown in the table below (1 in = 2,54
cm; 1 ft = 0.30 m):

Transportation Research Record 868

Figure 7. Plan view of site for prototype tests.

VEHICLE DATA

Car 1 Car 2
Make Honda Plymouth
Model cvee Fury
Year 1974 1975
Test Welght (1b) 1800 4500
Test No. 2, 3,5 1, 4, 6
Velocity (mph) 20, 60 20, 60

Metric Conversions:
1 1b, = 0.454 kg
1 mph = 1.609 km/h

Edge of Runway
—Ditch Frontslope Approx. 5:1

Pipe Culvert

/
i

5
V = 20 mph, Tests 2 and 3

—— Box Culvert with Grating
50
Vehicles towed with cable

—V = 20 mph, Tests 3 and 4
60 mph, Test5 and 6

Embankment Grate Cost
Slope Culvert (3)

2.5 %1 36-in-diameter pipe 380

6:1 36-in-diameter pipe 4 600

245 51 4x6~ft single box 1 270

6:1 4x6-ft single box 5 100
2:5121 4x6-ft double box 2 100

651 4x6-ft double box 11 800

The reader should refer to Kohutek and Ross (10) for
further information on costs of other options and a
description of the cost-effectiveness model used in
the analysis.

The cost/benefit analysis revealed that safety
treatment beyond the baseline option of 36-in
(91.4-cm) diameter or smaller cross-drainage pipe
culverts is generally not warranted for traffic
volumes of 20 000 vehicles/day or 1less. Safety
treatment of larger box culverts was cost beneficial
in most cases for traffic volumes greater than ap-
proximately 750 vehicles/day. Figure 9 shows war-
rants for a 4x6-ft single-box culvert on a 2.5:1
slope. Similar figqures for other confiqurations are
available in Ross and others (6).

Parallel-Drainage Structures

Simulation Studies

Design of a traffic-safe parallel-drainage structure
not only involves the culvert itself but the adjoin-
ing slopes as well. In fact, the slopes can in many



Transportation Research Record 868

Figure 8. Sequential photographs, test 4.

0.174 sec

0.530 sec

cases be a greater hazard than the culvert struc-
ture. Studies of median crossover geometry pointed
to the need for relatively flat slopes to minimize
vehicle rollover (2,3). To gain further insight,
HVOSM was used to examine the behavior of a vehicle
traversing various driveway conditions. Parameters
investigated included departure angle, departure
speed, and the path of vehicle encroachment; the
side slopes of both the ditch and the driveway; the
type of transition zone between the two slopes;
depth of the ditch; and vehicle size. These param-—
eters are illustrated in the definition sketch of
Figure 10,

The following is the range of each parameter
evaluated:

1. Departure angle--15° and head on;

2. Departure speed--30, 40, 50, and 60 mph
(48.3, 64.4, 80.5, and 96.6 km/h);

3. Path--15° angled path across transition (path
1), 15° angled path across ditch bottom (path 2),
and head-on path into driveway slope (path 3):

4. Roadway slope--4:1 and 6:1;

5. Driveway slope--4:1, 5:1, and 6:1;

6. Transition type--abrupt and rounded;

7. Ditch depth--2 and 3 ft (0.61 and 0.92 m); and

8. Vehicle size--2250 and 4500 1b (1022 and 2044

kg) .

A total of 68 computer runs were made to evaluate
the various parameters.

Preliminary Tests

Ten full-scale vehicle tests were conducted to (a)
evaluate vehicle response as a function of the
driveway slope and (b) develop a tentative safety

Table 3. Cross member deflections of box culvert grating strength tests,

Deflection (in)

Pipe ID? Grate

Test No. (in) Member Vertical Horizontal

1 5 First 0.0 0.0
Second 0.0 0.0
Third -0.94 0.4

2 4 First -0.13 0.0
Second -0.50 0.3
Third ~3.00 1.9

3 35 First -1.75 29
Second -4.75 3.1
Third -4.13 1.4

4 3 First -0.75 1.5
Second +0.25 19
Third +0.13 4.8

Note: 1 in = 2.54 cm.

:Schedule-do steel pipe.
cGrale members spaced on 30-in (76.2-cm) centers.
Midspan vertieal supports used on each grate.

Figure 9. Warrants for safety treatment of a 4x6-ft single box culvert on a
2.5:1 slope.
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treatment for parallel-drainage structures. The
test vehicles were 1974 and 1975 Chevrolet Vegas
weighing approximately 2250 1b. In each test the
vehicle was towed to the test site along a guidance
cable, released, and then allowed to traverse the
test area in a free-wheel (no-steer-input) no-brak-
ing mode. A summary of the 10 tests is given in
Table 4 (tests 1-1 through 7-6). Tests 1-1 through
5-1 were designed to evaluate the relative hazard of
the driveway slope. An earth berm was constructed
to simulate the driveway. The berm for tests 1-1
through 1-4 had a 3.8:1 slope, was approximately 3
ft (0.92 m) high, and was approximately 20 ft (6.1
m) wide at the top. Sequential photographs of test
1-4 are shown in Figure 11.

After test 1-4, the berm slopes were flattened to
the dimensions shown on the upper part of Fiqure
12. In this case the slope on the approach side was
6.7:1. It was obvious from test 1-3 that an auto-
mobile could traverse the 6.7:1 slope at speeds in
excess of 40 mph (64.4 km/h) without rolling over.
Hence, test 5-1 was conducted at 50 mph (80.5 km/h)
and had the automobile approach from a head-on
path. Although the vehicle was airborne for ap-
proximately 75 ft (22.9 m), it remained upright with
no appreciable pitching.

The next series of tests (7-1 through 7-6) were
conducted to determine if safety treatment of the



Figure 10. Definition sketch.
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Table 4. Summary of full-scale test results.
Vehicle Vehicle Driveway Culvert
Test No. Speed (mph) Path? Slope Ditch Slope Configuration Results
1-1 30 3 3.8:1 NA No culvert Satisfactory, no rollover
1-2 35 3 3.8:1 NA No culvert Satisfactory, no rollover
1-3 40 3 3,85 NA No culvert Satisfactory, no rollover
1-4 50 3 3.8:1 NA No culvert Unsatisfactory, vehicle pitched over
5-1 50 3 6.7:1 NA No culvert Satisfactory, no rollover
7-1 50 3 6.7:1 NA See Figure 10 Unsatisfactory, vehicle rolled over
7-2 50 3 6.7:1 NA See Figure 10 Unsatisfactory, vehicle rolled over
7-4 20 3 6.7:1 NA See Figure 10 Satisfactory, no rollover
7-5 50 3 6.7:1 NA See Figure 10 Unsatisfactory, vehicle rolled over
7-6 50 3 6.7:1 NA See Figure 10 Satisfactory, no rollover
9-1 40 2 6.5:1 6.8:1 See Figure 13 Satisfactory, no rollover
9-2 50 2 6.5:1 6.8:1 See Figure 13 Satisfactory, no rollover

Note: 1 mph = 1.609 km/h; NA = not applicable.
a '
See Figure 1.

culvert end was needed in addition to the sloped end
treatment. The 6.7:1 driveway slope was used in
each test. It was assumed that a head-on path into
the driveway culvert would be as critical as, or

more critical than, any other path regarding the
culvert itself. Based on this assumption, a 24-in
(61.0-cm) diameter corrugated steel-pipe culvert

with a sloped end was installed in the earth berm as
shown on the upper part of Figure 12. This culvert
size was selected because the diameter of most
driveway culverts in Texas are equal to or less than
24 in, The vehicle impact point for this series of
tests was selected such that the right-side wheels
of the test vehicle traversed the center of the cul-
vert end.

Details of the culvert configuration for each of
the culvert tests are shown in Figure 12. Test 7-1
was conducted at 50 mph with an open culvert, i.e.,

no grate members.

868

Photographs of the installation

are given in Figure 13 and sequential photographs of

the test are given in Figure 14,

Large pitch

and

roll rates occurred after impact with the culvert,
and the vehicle rolled over. In test 7-2 a single
grate member was placed across the culvert as shown
in details 3 and 4 of Figure 12. Very little im-
provement in vehicle behavior was realized and roll-
over again occurred.

Analysis of test 7-2 showed that grates spaced
approximately on 2-ft (0.61-m) centers were needed
to avoid excessive wheel drop and wheel snagging.
The next treatment therefore incorporated this fea-
ture, as shown in details 5 and 6 of Figure 12.
Grate members consisted of 2-1lb/ft (2.98-kg/m) steel
flanged channel sections. The channel section was
chosen because it is widely used as a delineator
post by TSDHPT and would therefore be readily avail-
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Figure 11. Sequential photographs,
test 1-4.

7

0.332

0.402

1.018

0.775

1.395
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able. The first test on this treatment (test 7-4)
was conducted at 20 mph and the results were accept-
able. Test 7-5 was conducted at 50 mph and rollover
occurred due to structural failure of the grates.

In test 7-6, 2.5-in (6.35-cm) ID standard steel
pipe (schedule 40) was used as a grate member. De-
tails 7 through 10 of Figure 12 show how the pipe
was attached to the culvert. Although the vehicle
was airborne approximately 65 ft (19.8 m), it re-
mained upright and the test was deemed acceptable.
The culvert was only slightly damaged.

Prototype Tests

The final two tests (tests 9-1 and 9-2) were select-
ed to verify the tentative conclusions reached as a
result of the simulation work and the full-scale
slope and culvert testing. A full-scale prototype
of a ditch and driveway confiquration was construct-
ed as shown in Figure 15 and the photographs of
Figure 16. Test 9~1 was conducted at 40 mph (64.4

km/h) and the approach path into the driveway was as
shown in Figure 15, such that the left-side wheels
crossed the culvert. No adverse vehicle behavior
occurred during the test and the results were con-
sidered acceptable.

Test 9-2 was identical to test 9-1 except that
the speed was increased to 50 mph. Sequential
photographs of the test are shown in Figqure 17. The
vehicle remained upright and sustained only minor
damage. The culvert was only slightly damaged and
could have been used without repair,

Cost/Benefit Analysis

A cost/benefit analysis was made to develop warrants
for safety treatment of parallel-drainage structures
and adjoining roadside slopes. The analysis was
conducted by assuming that (a) the roadway side
slope was 6:1, (b) the roadway had a 12-ft (3.66-m)
shoulder, and (c) the centerline of the culvert was
25 ft (7.62 m) from the edge of the travelway.



Figure 12. Berm and culvert details, tests 5-1 through 7-6.
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Safety treatment alternatives considered included
(a) 1.5:1 driveway slope and no culvert safety
treatment (this is considered the untreated condi-
tion), (b) 6:1 driveway slope and culvert end cut to

match the 6:1 slope, and (c)
culvert end cut to match slope,
treatment as recommended herein.
With the three options above
roadside geometry, a cost/benefit analysis was con-
ducted. A description of the cost/benefit analysis
procedure used is given in Kohutek and Ross (10).
Input required to perform the analysis included cost
of treatment, accident or societal cost, traffic

6:1 driveway slope,
and a safety grate

and the assumed

volume, hazard size and location, discount rate, and
severity index of the hazard being evaluated.
Costs of safety treatment of each culvert are

given in Table 5. Severity indices and construction
costs were estimated by TTI and TSDHPT engineers.

Figure 18 shows the warrants developed for paral-
lel-drainage culverts. Because the warrants shown
in this figure were based in part on judgment and
the analysis was conducted for only one highway
cross section, discretion must be used in their ap-
plication.
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FINDINGS

Cross-Drainage Structures

Based on the computer simulations and the prelimi-
nary test program, it was shown that clear openings
of at least 30 in (76.2 cm) could easily be travers-
ed at a speed of 20 mph (32.2 km/h). A 36-in (91.4-
cm) spacing was easily traversed at 25 mph (40.2
km/h). For clear openings in excess of 30-36 in, it
was shown that grates spaced on 30-in centers would
provide satisfactory safety treatment. These find-
ings were in fact borne out through six full-scale
prototype tests. Tests of a 30-in-diameter cor-
rugated steel-pipe culvert end, cut to match a 5:1
side slope, were successfully conducted. The culvert
opening was readily traversed by both a full- and
mini-sized automobile at 20 mph. Tests of a rela-
tively large box culvert constructed to match the
existing 5:1 side slope also verified that grates
spaced on 30-in centers provide a satisfactory
safety treatment. Tests of this treatment at 20 mph
and 60 mph (96.5 km/h) by both full- and mini-sized
automobiles were conducted. It was also shown that
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Figure 13. Test installation before test 7-1.

Figure 14. Sequential photographs, test 7-1,

the grates should be extended and anchored at the
flow line to avoid any appreciable drop-off at the
end of the culvert treatment. In one test, vehicle
rollover occurred when the left-side wheels dropped
off an 18-in (45.7-cm) opening at the end of the
culvert.

Preliminary tests and the prototype tests showed
that 3-in (7.6-cm) ID schedule-40 steel-pipe grates
were of sufficient strength to support a full-sized
automobile for simple-supported spans up to approxi-
mately 12 ft (3.7 m). Additional full-scale tests
were conducted with a test pit to determine pipe
size requirements for larger spans. Results of
these tests provided the following guidelines (1
ft = 0.30 m; 1 in = 2.54 cm):

Suggested Standard
Schedule-40 Pipe Size

Span Length (ft) ID (in)
Up to 12 3.0
12-16 3.5
16-20 4.0

If midspan vertical supports are used, 3.0-in ID
standard schedule-40 pipe can be used for spans up
to 20 ft (6.1 m). Other sections that have equiva-
lent strengths could of course be used. Reference
may also be made to a Federal Highway Administration

i
R Ay
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Figure 15. Test site conditions, tests 9-1 and 9-2,
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grates.

A cost/benefit analysis of six typical culvert,
roadway, and side-slope combinations revealed that
safety treatment of 36 in or smaller pipe culverts
is generally not warranted unless traffic volumes
exceed 20 000 vehicles/day. Treatment of larger box
culverts is generally warranted for traffic volumes
greater than approximately 750 vehicles/day. More
specific gquidelines for safety treatment of culverts
are available in Ross and others (6).

Results of the study to evaluate the effect of a
ramp at the leading edge of a culvert opening were
inconclusive. HVOSM results indicated that appreci-
able wheel hop could be achieved by a small ramp,
thus enabling the vehicle to clear larger culvert
openings. An attempt to verify these findings via a
full-scale test program was made. However, due in
part to the test procedure, the tests did not pro-
vide sufficient data to reach any firm conclusions.
To minimize damage to test vehicles, the area behind
the ramp was not excavated and, as a consequence,
the total wheel drop that would have occurred other-
wise was unobtainable. Further evaluation and test-
ing of ramp treatments appear warranted.

report (4) for strength requirements of

Parallel-Drainage Structures

Based on the computer simulations and the prelimi-
nary test program, it was shown that the driveway
slope should be 6:1 or flatter to avoid vehicle
rollover for speeds up to 50 mph (80.5 km/h). The
computer simulations indicated that the ditch side
slope should also be 6:1 or flatter., Even at these
relatively flat slopes, a vehicle traveling at 50
mph will become airborne for approximately 65 ft
(19.8 m). The computer simulations also indicated
that the potential for rollover could be minimized
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Figure 16. Test site, tests 9-1 and 9-2.

by a smooth rounded transition zone between the
ditch side slope and the driveway slope.

Preliminary tests were conducted on various de-
grees of safety treatment of the culvert end. The
vehicle approached the culvert head on in each test,
and the right-side wheels crossed the center of the
culvert opening. The baseline test involved an open
24-in (61.0-cm) diameter corrugated steel pipe
sloped at the end to match the 6:1 driveway slope.
Considerable wheel drop occurred, especially the
rear wheel, which caused large vertical and longi-
tudinal forces on the vehicle and subsequently pro-
duced rollover. The initial treatment involved a
single grate member placed at the end of the cul-
vert. This provided 1little improvement. Results
indicated that grates would have to be placed ap-
proximately every 2 ft (0.61 m) to prevent signifi-
cant wheel drop. The next two tests evaluated steel
flanged channel grate members on 2-ft centers.
Structural failure of the grates during the 50-mph
test resulted in vehicle rollover. The final test
in the series involved 2.5-in (6.4-cm) ID schedule-
40 pipe grates on 2-ft centers., The test vehicle
traversed the treatment at 50 mph without rollover.

Based on the preliminary studies, a prototype of
a typical ditch, driveway, and culvert configuration
was constructed and tested. Slopes of the ditch and
the driveway were approximately 6:1 and the culvert
end was safety treated with 2.5-in ID schedule-40
pipe. Tests at 40 mph (64.4 km/h) and 50 mph veri-
fied the tentative conclusions reached in the pre-
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Figure 17. Sequential photographs, test 9-2.

Table 5. Incremental cost of treatments.

Culvert Cost to Upgrade Cost to Upgrade from Option II to III

Diameter from Option I

(in) to 11 ($) Construction ($) Maintenance ($/year)

18 375 225 150
24 378 300 150
36 475 600 150
48 835 900 150

Note: 1in = 2.54 cm.

liminary studies. Results of the 12 full-scale
tests are summarized in Table 4.

Analysis of the crash tests and the computer
simulations showed that the dynamic wheel load on a
driveway grate member is about 10 000 1bf (44 480 N)
when impacted by a 4500-1b (2043-kg) automobile at
50 mph, assuming the culvert is on a 6:1 slope. It
is therefore suggested that a 10 000-1bf concentrat-
ed load applied at midspan be used in designing a
driveway cross member, its attachment to the culvert
and/or riprap, and any reinforcing that may be
necessary to the culvert and/or riprap. It is noted

11

Figure 18. Warrants for safety treatment of parallel-drainage culverts.
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that the 2.5-in schedule-40 steel pipe used in the
test program, while structurally adequate for a
2250-1b (1022-kg) automobile and a 24-in-diameter
culvert, would probably not have supported a 4500-1b
automobile. Calculations show that a 3-in (7.6-cm)
ID schedule-40 pipe would have been needed for the
larger automobile.

Warrants for recommended safety treatments of
parallel drainage culverts were developed by using

cost/benefit techniques, and they are shown in
Figure 18,

CONCLUSIONS

Cross-Drainage Structures

The conclusions for traffic-safe cross-drainage

structures are as follows:

1. All culvert ends not shielded by a traffic
barrier should be made to match the existing side
slope if they terminate within the clear zone. Pro-
trusions of the culvert and adjoining wing walls and
head wall above the terrain in excess of 3-4 in
(7.6-10.3 cm) should be avoided.

2. Round culverts with diameters of 30 in (76.2
cm) or less need no end treatment other than what
was mentioned in 1 above. Elliptic or oval-shaped
culverts with major axes 30 in or less need no end
treatment other than as mentioned in 1 above. Rec-
tangular-shaped culverts with a horizontal clear
distance 30 in or less need no end treatment other
than as mentioned in 1 above.

3. Culverts that have dimensions greater than
those given in 2 above can be made traffic-safe by
grate members placed on 30-in centers that are
oriented parallel to the flow and in the plane of
the surface of the side slope.

4. Grate members should extend to and be an-
chored at the flow line. Drop-offs at the end of
the culvert should be avoided.

5. Necessary grate member sizes will depend on
the span of the grates, the manner in which the
grates are supported, and the design vehicle weight.
To support a full-sized automobile, the following
sizes or their equivalent are adequate (1 ft = 0.3
m, 1 in = 2.54 cm):

Suggested Standard
Schedule-40 Pipe Size

Span Length (ft) ID (in)
Up to 12 3.0
12-16 3.5
16-20 4.0

A 3.0-in ID standard schedule-40 pipe can be used
for spans up to 20 ft (6.1 m) if a midspan vertical
support is used.

6. Safety treatment of large cross-drainage
structures is warranted on most highways that have
traffic volumes in excess of 750 vehicles/day.
Guidelines for application of the cross~drainage
culvert safety treatments are available in Ross and
others (6).

Parallel-Drainage Structures

The conclusions for traffic-safe parallel-drainage
structures (for driveways, median crossovers, ramps,
etc.) are as follows:
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1. The roadway side slope (or ditch slope) in
the vicinity of the driveway slope should be 6:1 or
flatter.

2, The driveway slope should be 6:1 or flatter.

3. The transition area between the roadway side
slope and the driveway slope should be rounded or
smoothed as opposed to an abrupt transition.

4, Safety treatment of the culvert opening
should include an end section cut to match the
driveway slope with cross members (grates) spaced
approximately every 24 in (61.0 cm) perpendicular to
the direction of flow.

5. The cross members should be designed to sup-
port a concentrated wheel load of approximately
10 000 1bf (44 480 N) applied at midspan.

6. Warrants for safety treatment of parallel-
drainage structures are shown in Figqure 18.
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Crash Tests of Box-Beam Upgradings for

Discontinuous-Panel Bridge Railing

JAMES E. BRYDEN AND KENNETH C. HAHN

A 6- by 6- by 3/16-in box-beam guiderail upgrading for discontinuous-panel
bridge railings was tested to develop a system for safe redirection of 4500-1b
cars impacting at 60 mph and 25°. After several design changes and seven crash
tests, the system consists of a single box beam blocked out from the existing
railing on the bridge and a double box-heam approach guiderail that has the
upper rail blocked out from the $3x5.7 posts. This system will provide a safe,
economical, and relatively easy-to-maintain upgrading for discontinuous-panel
bridge rails.

Through the early 1960s, New York State's standard
bridge rail consisted of short panels (up to about
20 ft 1long) that did not have connections between
adjacent panels. These railings, designed to meet
American Association of State Highway Officials
(AASHO) specifications (l), included three or four
thin-wall steel-tube rails supported by three posts
connected to the bridge deck by heavy anchor plates
and bolts. However, impact tests conducted in the
mid-1960s (2) resulted in high decelerations and
dangerous vehicle reactions. When subjected to a
severe impact, a railing panel could deflect, which
allowed the vehicle to snag on the end of the
adjacent panel. The highest 50-ms average deceler-
ation recorded was 22 g. As a result of that re-
search, discontinuous-panel bridge railings were
eliminated from state design standards for future
installations.

Although these railings have not been erected for
more than 13 years, many remain in service through-
out the state. The Structures Design and Construc-
tion Division of the New York State Department of
Transportation is now upgrading structures where
these rails were installed. Because complete state-
wide replacement of these railing systems is not
economically feasible, other less-costly solutions
were needed. Efforts thus were directed toward
modifications to improve the existing railings.

One suggested design to upgrade performance was
to attach a continuous 6- by 6- by 3/16-in box-beam
guiderail to the existing bridge rail and splice it
to the approach guiderail at either end of the
bridge. Blocked out from the face of the bridge
rail, the box beam is intended to limit deflections
of the existing rail by distributing the load over
more than one panel and to equalize deflections
across the Jjoints, thus preventing vehicles from
snagging on the ends of panels. Such a system would
make use of existing approach box-beam guiderail
without any special transitions or anchorages. It
would require a minimum of new hardware, which is a
substantial benefit from the standpoint of both
initial cost and maintenance inventory require-
ments. More important, a successful upgrading sys-
tem would save the cost of replacing much of the
discontinuous-panel bridge rail now in service in
New York State.

METHODOLOGY AND DESCRIPTION OF BARRIERS

This study consisted of seven full-scale crash tests
to determine the performance of box-beam guiderail
upgradings for discontinuous-panel bridge rail.
[More information about these tests is presented
elsewhere (3).] Testing details were taken from
National Cooperative Highway Research Program
(NCHRP) Report 153 (4) and its successor, Transpor-

tation Research Board (TRB) Research Circular 191
(5). All seven tests were standard strength tests
and used target impact conditions of 4500-1b vehi-
cles at 60 mph and 25°. Because of test site limi-
tations, the inclusion of 15° tests with 2250-1b
vehicles would have required construction of a
second simulated bridge deck at considerable addi-
tional cost and long delays in the test program.
Based on the excellent results achieved in the
large-vehicle tests, it was decided that the delay
and cost of performing the 15°, 2250-1b tests were
not Jjustified. Two additional factors supported
that decision. First, about 75 installations of
this upgrading system have been completed, and no
unsatisfactory collisions by small vehicles have
been recorded. Second, the final configurations of
the railing system provided a 12-in blockout from
the bridge-rail posts and a duval rail in the transi-
tion to eliminate any potential for snagging or
wheel entrapments of small vehicles. Sufficient
clearance from the posts and an absence of vertical
projections or rail faces that may be climbed by the
front wheel have both been shown to be important to
prevent wheel snag and high roll potential (6,7).

The box-beam upgrading consists of a 6- by 6- by
3/16-in box-beam gquiderail mounted in front of the
existing railing at a height of 27 in above the
pavement. Tubular steel blockouts (6x8x0.25 in),
which vary in depth from 6.75 to 11 in, were used at
each bridge-rail post. A 3-ft-deep, 3-ft-wide
concrete footing was used to anchor the bridge rail
for these tests, which protruded above grade 10 in
for the first test and 6 in for the others, to simu-
late a curb and safety walk.

Because field experience with discontinuous
bridge rail had shown the anchor bolt and deck
details on actual bridges to be adequate for severe
impacts, it was not necessary to duplicate an actual
deck for these tests. Instead, an asphalt pavement
was placed adjacent to the curb to simulate the
deck. A firmly anchored timber curb, which was the
same height as the concrete curb, was used to simu-
late the granite curb normally used on bridge
approaches. The approach guiderail was a 6- by
6- by 3/16-in box beam mounted 30 in high on S3x5.7
posts driven into compacted granular fill on 6~ft
centers. The last 18-ft section of the box beam
upstream of the bridge was tapered down to 27 in in
height to meet the upgrading elevation.

The first design, shown in Fiqure 1, was impacted
on the bridge. Upstream of the bridge the 6-ft post
spacing was closed to 3 ft (8 spaces) and 2 ft (4
spaces), and the last S3x5.7 post was 4 ft from the
first bridge-rail post. On the bridge the box beam
was connected to each 5x5x0.75x8-in-long support
angle with one 3/4- by 8-in long bolt. A support
angle was welded to each 1ll-in-high blockout, which
was then bolted to the bridge-rail post by using
four 3/4- by 7-in 1long bolts. Two 4x8x0.625-in
backup plates were used at each post. The approach
guiderail was a standard box beam that had standard
post-to-rail connections: 3/8- by 7-in long A325
bolts. Post-to-rail connections were provided every
6 ft, starting 6 ft from the bridge, and the remain-
ing posts in the transition were unconnected back-up
posts.
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A second design with a modified blockout and
support-angle configuration is also shown in Fiqure
1. It was tested three times--twice with impact on
the bridge and once with impact on the approach
rail. The first two of these tests were standard
strength tests, and a low impact speed on the first
required retest. The third test, which impacted 10
ft upstream of the first bridge-rail post, was a
standard strength test of the transition.

Following unsatisfactory performance in the
transition test, the design was revised as shown in
Figure 1. Five W6x8.5 posts with B8-in-wide, 6-in-
high blockouts were set on 3-ft centers upstream of
the bridge. The 6- by 6~ by 3/16-in box~beam guide-
rail was bolted to the blockouts by using two 3/4-
by 7-in long A325 carriage bolts., The blockouts
were connected to the W6x8.5 posts by using two
3/4- by 1-1/2-in long A325 bolts. Because of a snag
that occurred in the first transition test, the
support angle was removed from the first bridge-rail
blockout and replaced by two 3/4- by 7-in-long A307
carriage bolts and a 0.75-in spacer plate. All of
the remaining blockouts on the bridge rail remained
unchanged from the previous tests.

Figure 1. Details of bridge-rail upgrading and guiderail evaluated in tests 19-21B.
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After the successful performance of this design
with impact at the center of the W6x8.5 post config-
uration, the system was impacted upstream of the
first W6x8.5 post to determine the redirective
characteristics of the secondary transition from
light to heavy posts. Because that transition
performed poorly, a third and final transition
design was prepared for the final test. That de-
sign, shown in Figure 2, includes a second 6- by
6- by 3/16-in box beam installed below the primary
rail. The latter is blocked out from the bridge
posts and the S3x5.7 approach posts for the entire
length of the second rail. The second rail is
connected to the posts by using standard guiderail
connections, and the primary rail is fastened to the
6x8x0.25-in blockouts by using one 3/4- by 7-in-long
A307 carriage bolt. The blockouts are connected to
the posts by using one 5/16- by 1-1/2-in-long A307
bolt. Upstream of the beginning of the lower rail,
the primary rail is mounted by using the standard
guiderail connection.

Seven full-scale crash tests of the box-beam
upgrading system are summarized in Table 1. For all
seven tests, target impact conditions were 4500 1b,

Second Deelgn (Tests 20, 20A, 21)

6"x8"x1/4"x8" long tube

Top rail: 5"x2"'x0.156" tube

Post: 4"x4"20.156" tube

2 Lower rails: 4"x1-1/2"x0.180" tubes
Base plate: 12"x8-1/2"x1"

3/4"x8" long A 325 bolt

6""x6"x3/16" box~

b
12-3/4"
: g, e
] . ‘;:,::d“zi‘:::c long 3/4"x7" long A 325 bolts
9 " through 4'"x8"x5/8" backup plate
o] 1
| 1"x17" A 36 LN
i il
| anchor bolts i
:' (3 per post)~ lz
# 'l 8"'xB"x1/4" 'l
2 anchor plate :l
1]
ll No. 5 longitudinal bars
No. 4 vertical and horizontal bars
I 3
i
2" min.
(Approach)

8"x6"x1/4"x6" long tube

"
3/4"x7" long carriage bolts 34x1=172" long bolts

la-¥ 6x8.5 post
5'3" long

-
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Figure 2. Final design (test 28).
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60 mph, and 25°, although actual impact conditions wagon impacted the upgrading at 48.7 mph and 27°, 2

varied somewhat.
IMPACTS ON BRIDGE

For the first test (test 19), a 4010-1b sedan im-
pacted the upgrading at 48.7 mph and 25°, 5 ft down-
stream from the first bridge-rail post. Impact
occurred on the right front wheel and fender. The
car was in contact with the 10-in-high curb for 22
ft and the rail assembly for 7 ft and had a maximum
dynamic barrier deflection of 0.1 ft. The car
traveled about 125 ft along an exit trajectory of
11° before stopping. The highest 50-ms longitudinal
deceleration was 2.4 g, but the lateral deceleration
was lost due to equipment malfunction.

Vehicle damage was limited to the front bumper,
fender, hood, right-side front door, and the right
front tire and wheel. There was no permanent rail
deflection and no structural damage to either the
curb or the rail. Only minor scrapes and paint
marks were observed on the rail. Vehicle redirec-
tion was accomplished primarily by impact of the
wheel and front frame assembly on the curb. Inspec-
tion of the crashed car showed that sheet-metal
damage, which occurred during contact with the rail,
was superficial and none was driven back into the
structural members.

Several design changes were made before the next
test. As described previously, the blockout and
support-angle configurations and sizes were changed,
and the 10-in curb height was reduced to 6 in. The
latter is more representative of existing installa-
tions (where resurfacing has resulted in a similar
height reduction) and provides a more severe test of
the railing because less of the impact is absorbed
by the lowered curb.

For the second test (test 20), a 4540-1b station

ft downstream of the first bridge-rail post. Impact
was on the right front fender and wheel. The car
was in contact with the 6-in curb for 30 ft and with
the rail for 18 ft. Maximum dynamic deflection was
1.1 ft. On impact, the car was redirected smoothly
and did not begin to roll or pitch until it was
exiting the rail. After leaving the curb, the car
traveled about 100 ft along a 12° exit trajectory
before stopping. The highest 50-ms decelerations
were 7.0 g longitudinal and 4.2 g lateral. Vehicle
damage included a bent bumper, grill, right-side
sheet metal, sprung hood, broken radiator, and
flattened right-side tires. Two sections of the box
beam were bent and the first bridge-rail section was
deflected back 0.4 ft at the top because all three
posts separated from their base plates at the
welds. The blockouts on the first and third bridge-
rail posts were bent and slightly deformed, and the
one on the second post was twisted and partly
crushed. Maximum permanent deflection was 0.5 ft.

Because impact speed in test 20 was significantly
below 60 mph, it was repeated. For test 20A, a
4420-1b sedan impacted the upgrading at 56.8 mph and
25°, 5 ft downstream of the first bridge-rail post.
Impact was on the right front bumper, fender, and
wheel. The car was in contact with the curb for 20
ft and the rail for 12 ft. Maximum dynamic barrier
deflection was 0.5 ft. After leaving the barrier,
the vehicle traveled along a 12° exit trajectory for
about 125 ft. The highest 50-ms decelerations were
8.7 g longitudinal and 3.8 g lateral.

Vehicle damage was similar to that incurred in
the two previous tests: bent bumper, grill, and
right-side sheet metal; flattened right~side tires;
and a sprung hood. Two box-beam sections were
damaged and the first three bridge-rail posts were
deflected back 2.5 in because the 1l-in-thick base
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Table 1. Results of full-scale crash tests.
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Test 20: Test 20A:
Test 19: Single Rail Single Rail on
Single Rail on on 6.75-in 6.75-in
Item 11-in Blockouts Blockouts Blockouts

Test 21:
Single Rail on
S3x5.7 Posts

Test 21A:
Single Rail on
W6x8.5 Posts

Test 21B:
Single Rail on
W6x8.5 and
S3x5.7 Posts

Test 28:
Double Rail on
S3x5.7 Posts

Point of impact 5 ft onto bridge 2 ft onto bridge

Vehicle weight (1b) 4010 4540 4420
Vehicle speed Smph) 48.7 48.7 56.8
Impact angle () 25 217 27
Exit angle () 11 12 12
Maximum roll (°) -9 -10 -5
Maximum pitch () +11 +5 +3
Maximum yaw (°) +10 0 -6
Contact distance® (ft) 22/7 30/18 20/12
Contact time (ms) 389 304 214
Deflection (ft)
Dynamic d.1 1.1 0.5
Permanent 0.0 0.5 0.3
Deceleration (g)
50-ms avg
Longitudinal 2.4 7.0 8.7
Lateral NA 4.2 3.8
Maximum peak
Longitudinal 10.0 21.0 21.0
Lateral NA 7.8 7.4
Avg continuous
Longitudinal 0.4 3.0 3.8
Lateral NA 1.3 0.9
Vehicle 1974 Matador sedan 1973 Plymouth 1970 Dodge
wagon sedan
Damage
TAD RFQ-4 RFQ-4 RFQ-6
SAE O0IRYEW6 01RDEW9 O1RDEW9
Results and 1 1-in blockouts and Same as test 19 Same as test 20
comments 10-in curb; good with modified at higher
redirection, speed blockouts and speed; good
too low lower curb; redirection,

good redirec-
tion, speed too
low

tions

5 ft onto bridge

good decelera-

10 ft before bridge

4500
60.9
25

12
-14
+10
-10
29/22
476

2.0
1:3

NA
NA

NA
NA

NA
NA
1968 Buick sedan

RFQ-7

O1RDEW9

Transition test on
light-post ap-
proach rail; vehi-
cle snagged on
first rail post

10 ft before bridge

4540
58.8
25

6

-5

0

-6
29/24
340

0.5
0.4

NA
NA

NA
NA

NA
NA
1968 Dodge sedan

RFQ-4
0IRDEWS

Transition test on
heavy-post ap-
proach rail; good
redirection even
through transition

10 ft before first
W6x8.5

4500
55.0

25

3

-18

+8

—45

13°

170

5.0
2.0
1970 Mercury sedan

RFQ-6

01RDAW9

Transition test on
heavy- and light-
post approach rail;
vehicle snagged on
first two W6x8.5
posts

10 ft before bridge

4700
56.8
25

10
+2
+3

0
20/20
260

1S
0.8

0o
oo

S
o

2.5

39

1969 Cadillac
sedan

RFQ-5
0JRYAW6

Transition test on
light-post ap-
proach rail; good
redirection, good
deceleration

Note: NA = not available, TAD = Traffic Accident Data Project, and SAE = Society of Automotive Engineers.

b

3 First distance is on curb, second on rail. No curb, rail only.

plates were bowed upward. The first four blockouts
were bent from 0.25 to 0.75 in and the maximum per-
manent barrier deflection at the face of the box
beam was 0.3 ft.

Based on this test, it appears that the box-beam
upgrading has adequate strength to withstand stan-
dard strength test impacts (4500 1b, 60 mph, and
25°) on the bridge rail.

TRANSITION TESTS

The gquiderail approach transition was tested next.
In the first of these tests (test 21), a 4500-1b car
impacted at 60.9 mph and 25°, 10 ft upstream of the
first bridge-rail post. Impact was on the right
front fender, bumper, and wheel. The car was in
contact with the curb for 29 ft and the rail for 22
ft. The maximum dynamic deflection for both the
guiderail and the upgrading was 2.0 ft at the first
bridge-rail post. Vehicle redirection was smooth
until 5 ft after impact when the 3/4-in vertical
bolt at the first blockout broke, which allowed the
box beam to rise as the car rolled -14°. As the
front of the vehicle left the upgrading, the right
rear wheel caught the first bridge-rail post and
0.75-in support angle and spun out to the 1left.
Maximum permanent rail deflection was 1.3 ft at the
first bridge-rail post. After losing contact with
the barrier, the car traveled along a 12° trajectory
about 100 ft more, spinning sharply to the right
because of severe damage to the right front suspen-
sion and sheet metal. Decelerations were not avail-
able because of equipment malfunction, but this loss
of data is not significant here because the snag and

poor redirection after

design unacceptable.

The vehicle

suffered

extensive

leaving the rail make this

sheet-metal and

structural damage to the entire front end and right

side.

The right rear wheel was torn from the frame,

and the hood tore loose and broke the windshield but

did not penetrate
Approach-rail

sections,

nearly flat to the ground,
through the soil 2-4
section was bent and twisted,

damage

in.

into the passenger
included
six S3x5.7 posts bent over from 4 in to
and three posts pushed

first bridge-rail
and the

two

The

compar tment.
bent

box-beam

first two

bridge-rail posts failed at the base-plate welds

after

the plates

bowed.

The

first blockout was

crushed and the support angles on the second and

third were bent.

The maximum permanent deflection

of the box-beam guiderail was 1.3 ft about 5 ft

upstream of the bridge rail.

deflection,

Because
redirection

ously,
bridge.

of

For test 21A,

The maximum permanent

measured to the top of the bridge rail
at the first post, was 0.9 ft.

the
exper ienced

snagging
in
guiderail system was stiffened,

and
test 21,

subsequent

poor

the approach
as described previ-
by adding heavy posts just upstream of the
a 4540-1b sedan impacted the

approach rail at 58.8 mph and 25°, 10 ft upstream of

the first bridge-rail post.
front fender and wheel.
the curb for 29 ft and the rail for 24 ft.

Impact was on the right
The car was in contact with

Maximum

dynamic deflection was 0.5 ft on the guiderail, 6 ft

upstream of the first bridge-rail post.

Vehicle

redirection was very smooth and vehicle reactions

during impact were very slight.

After losing con-

tact with the rail, the car continued another 100 ft
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Figure 3. Barrier and vehicle damage resulting from test 28,

along a 6° exit trajectory. Deceleration data were
again lost due to equipment malfunction, but the
observed vehicle reactions indicate that this was a
gentle redirection.

Vehicle damage was moderate and typical. It
included bent bumper and grill, a crumpled right
front fender, right-side sheet-metal damage, and a
flattened right front tire. Damage to the upgrading
was also moderate. One section of the 6x6-in box
beam was bent, and all five W6x8.5 posts were pushed
through the soil from 3 to 6 in, but none were
bent. The first three bridge-rail posts were de-
flected from 0.50 to 3.50 in, and the modified
blockout on the first bridge-rail post was crushed
0.25 ft. The maximum permanent deflections were 0.4
ft on the guiderail (about 6 ft wupstream of the
first bridge-rail post) and 0.3 ft at the top of the
bridge rail at the first post.

Based on the previous tests, it appears that both
the upgrading and stiffened approach rail have ade-
quate strength to withstand standard impacts and
smoothly redirect impacting vehicles with acceptable
decelerations. Inclusion of the W6x8.5 posts in the
transition design, however, introduces a secondary
transition upstream of the bridge where the post
type changes from S3x5.7. This transition area was
tested next.

For test 21B, impact was to occur upstream of the
first W6x8.5 post. It was therefore necessary to
locate the rail in front of the existing bridge-rail
footing and simulate a bridge rail by stiffening the
box beam downstream of the approach rail. The test
was performed with neither bridge rail nor footing
because those areas were outside the impact zone.

A 4500-1b sedan impacted the gquiderail at 55.0
mph and 25°, 10 ft upstream of the first W6x8.5
post, i.e., 24 ft upstream of what should have been
the first bridge-rail post. Impact occurred on the
right front fender and front bumper. The car was in
contact with the rail for 13 ft and had a maximum
dynamic deflection of 2.0 ft. Vehicle redirection
was gquick but smooth for the first 10 ft, but on
contacting the first W6x8.5 post, the right front
suspension and wheel snagged and the rear of the car
spun sharply to the left. On initial impact, the
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6x6-in box beam began to slice into the sheet metal
of the right front fender and, by the time the car
reached the heavy post, the fender was twisted and
hooked over the top of the box beam.

Because of this intrusion of the rail into the
car, the 6-in blockout on the heavy post was not
wide enough to prevent snagging. A second snag,
which was less severe than the first, occurred at
the second W6x8.5 post, and the vehicle was wrenched
free of the box beam. The car slid free of the rail
as it yawed to the right. It recontacted the rail
and came to rest 48 ft after leaving the rail.

The maximum 50-ms average decelerations were 7.0
g longitudinal and 5.6 g lateral, but deceleration
spikes of 26.0 g longitudinal and 16.9 g lateral
were observed as the car impacted the W6x8.5 posts.
Vehicle damage was severe and extensive. The hood,
front end, and right-side sheet metal were crumpled;
the engine compartment was deeply penetrated; and
the frame was bent. Also, the right front suspen-
sion was broken and twisted and the right-side tires
flattened. On the barrier, three sections of rail
were badly bent--two bent both back and up, six
S3x5.7 posts were bent and/or twisted at ground
level, and two W6x8.5 posts were bent over and their
blockouts crushed. The maximum permanent deflection
was 1.3 ft, 5 ft downstream from the impact.

After analysis of the results of the previous six
tests, the entire approach-rail segment of the up-
grading was redesigned by the Structures Design and
Construction Division. This new design added a
second 6- by 6- by 3/16-in box-beam rail in the
transition to strengthen the rail upstream of the
bridge and to prevent contact with the S3x5.7 guide-
rail posts and the first bridge posts. By doubling
the rail strength, it was possible to eliminate the
stronger W6x8.5 posts.

For the final test (test 28), the double-rail
system was impacted by a 4700-1lb car at 56.8 mph and
25°, 10 ft upstream of the first bridge-rail post.
Impact occurred on the right front fender and right
edge of the front bumper, and the car remained in
contact with the rail for 20 ft and had a maximum
dynamic deflection of 1.5 ft. The vehicle redi-
rected quickly and smoothly, the transition onto the
bridge was without any adverse reaction, and the car
exited along a 10° trajectory. Maximum roll was
only +2°, maximum pitch was +3°, and there was no
yaw until after loss of contact when the right front
suspension damage caused the car to turn to the
right as it came to a stop some 125 ft after im-
pact. The maximum 50-ms average decelerations were
6.0 g longitudinal and 9.0 g lateral.

Vehicle damage was moderate; the bumper, grill,
and right front fender and suspension were crushed
and bent and there were dents in the right-side
doors and right rear fender. The right front sus-
pension was broken and the tire flattened; the vehi-
cle could not have been driven from the scene. Bar-
rier damage was limited to eight displaced posts
(only one was bent 0.25 in) and two bent rail sec-
tions at the upper rail splice in the vicinity of
impact (one blockout was crushed 2 in and one base
plate was bowed 0.50 in), both on the first bridge-—
rail post. The maximum permanent deflection was 0.8
ft about 7 ft downstream of the impact point. Vehi-
cle and barrier damage resulting from this test is
shown in Figure 3.

DISCUSSION AND FINDINGS

The seven tests performed in this study were stan-
dard strength tests for longitudinal barriers with
target impact conditions of 4500 1lb, 60 mph, and
25°, Impact speeds in the first two tests on the
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bridge were low (49 mph in each test) but, in the
third test, the higher speed (57 mph), the very
smooth vehicle redirection, and the very moderate
rail damage confirm that this upgrading satisfies
the standard strength test criteria. Vehicle tra-
jectory hazards were minimal in all three tests and
had exit angles between 11° and 12°. Vehicle de-
celerations (50-ms average) were all below the
values specified for 15° impacts.

The first guiderail and bridge-rail transition
that used S3x5.7 posts and one box-beam rail per-
formed poorly and had two specific problems. First,
the lateral strength of the approach qgquiderail was
significantly less than that of the bridge rail,
which resulted in partial pocketing as the vehicle
approached the first bridge-rail post. Second, the
weak post-to-rail connection on the gquiderail, which
is designed to fail on impact, permitted the rail to
raise more than 2 ft when the vehicle pocketed and
decelerated abruptly upstream of the bridge. This
led to a failure of the rail connection at the first
bridge-rail post by exposing that blockout, which
then snagged the vehicle's rear wheel.

To eliminate these problems, the transition was
redesigned for the next test. To increase the
lateral strength of the guiderail, W6x8.5 posts were
added upstream from the bridge. To prevent wheel
contact on these heavier posts, 6-in-deep blockouts
were added. Two 3/4-in carriage bolts were used to
connect the rail to the first bridge post and each
of the W6x8.5 posts. The standard strength test on
this transition resulted in very good performance
and confirmed the adequacy of this design. However,
by adding the heavy posts in the transition area, a
secondary transition was introduced at the change in
post sizes. Post spacing for the first five 83x5.7
posts was reduced to 2 ft in an attempt to equalize
the lateral strengths as closely as possible on both
sides of this transition point. However, test 21B
demonstrated that this design was not adequate. On
initial impact, the box-beam rail cut sharply into
the vehicle sheet metal, probably aggravated by the
added stiffness achieved in the transition 2zone by
adding the extra posts. This penetration of the
rail element into the side of the car permitted the
front suspension and wheel to intrude behind the
rail face. This presented no problem in the area of
the S3x5.7 posts, which yielded on impact with the
bumper. However, when the vehicle reached the heavy
posts, the combined effects of barrier deflection
plus intrusion of the rail into the car resulted in
a solid impact of the suspension, wheel, and frame
assembly on the first two heavy posts, and a violent
snag and spin-out occurred.

To eliminate this undesirable performance, the
transition was completely redesigned for the final
test. The W6x8.5 posts were eliminated, and S3x5.7
posts were used throughout. A second 6- by 6- by
3/16-in box-beam rail was added in the transition
zone to increase lateral strength of the gquiderail.
By doubling the rail face width from 6 to 12 in,
penetration of the rail into the car would be re-
duced, and contact with both the gquiderail posts and
the first bridge-rail post would be eliminated.
Both ends of the lower rail were safely terminated,
i.e., flush with a bridge post on the downstream end
and tapered behind the posts and down to the ground
on the upstream end.

The success of the final design was demonstrated
in tests 20A and 28. The vehicle decelerations
experienced were comparable with those reported for
other tests of very stiff bridge-railing systems and
were near or below acceptable decelerations for 15°
impacts (5). Vehicle redirection was good, roll
angles were low (-5° and +2°), and potential pocket-
ing and snagging points were eliminated by the bal-
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anced stiffness of the transitions from one to two
tubes and from two tubes to the bridge rail. Vehi-
cle damage was moderate, considering the severity of
the impacts, and compared favorably with damage
reported in tests of other bridge-rail upgrading
systems (6). Although no tests were run with 2250-
1b vehicles at 15°, this system appears to be capa-
ble of providing smooth redirection for those im-
pacts. The two large-vehicle tests discussed
earlier resulted in smooth redirection and low roll
angles, and the final design includes no potential
snag points or areas to trap a small-vehicle wheel.
In addition, about 75 similar upgradings are now in
service throughout the state and there have been no
known adverse reactions with small vehicles. Both
snagging and high roll angles have been problems in
tests with small-vehicle impacts at 15° conducted
elsewhere (6,7). However, these problems can be
attributed to two conditions that were eliminated in
this design: (a}) insufficient clearance to the
posts and a narrow rail face that permitted wheel-
post contact and (b) a high curb that could be
easily climbed by the front wheel and result in high
roll angles. Based on these tests, the following
conclusions appear warranted:

1. Performance of the discontinuous-panel bridge
rail was raised to current standards by the addition
of a single 6~ by 6- by 3/16-in box-beam upgrading,

2., Stiffening the approach guiderail with W6x8.5
posts eliminated pocketing at the end of the bridge
but created a snag point at the transition from
83x5.7,

3. The double-rail transition design provided
smooth vehicle redirection through the transition
onto the upgraded bridge rail, and

4, The final upgrading design appears capable of
safely redirecting 4500-1b vehicles impacting at 60
mph and 25° at any point on the bridge or approach
rails.
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Crash-Test Evaluation of Barriers Installed on a

Curved Off Ramp

M.E. BRONSTAD, C.E. KIMBALL, JR., AND C.F. McDEVITT

Although much has been learned about a relatively large number and variety of
barrier systems installed on straight and level alignments, there has been a total
lack of information on vehicle and barrier beh and curved-superel d
sloped alignments. Some recent catastrophic accidents on freeway off ramps
have suggested that a better understanding of barriers mounted on these types
of alignments was in order. Accordingly, a test program was designed to evalu-
ate the performance of three barrier configurations mounted on a curved, sup-
erelevated structure with a downgrade. The objective of this project was to
evaluate the performance of the three barrier configurations by using three ve-
hicle types for comparison. The project included full-scale tests of three basic
barrier installations: (a) concrete safety shape with vertical orientation, (b)
concrete safety shape installed perpendicular to the superelevated roadway, and
(c) tubular Thrie-beam and collapsing tube retrofit. Crash tests were conducted
by using three vehicle types impacting a 40 mph (65 km/h) and a 15° angle (as
measured from curve tangent). The three vehicle types were {a) 1800-1b {820-
kg) mini-compact car (Honda Civic), (b) 2250-1b (1020-kg) subcompact (Vega),
and (c) 20 000-ib (9070-kg) school bus (1970 66-passenger Ford/Wayne). All
three barrier systems contained and redirected the full range of test vehicles.

In terms of vehicle stability and acceleration, the tubular Thrie-beam retrofit
was superior. However, there was some barrier damage in the bus test of this
system.

For the past two decades, extensive crash-test
evaluations have been conducted on 1longitudinal
traffic barriers (i.e., guardrails, median barriers,
and bridge-railing systems). In addition, many
investigations have also included the use of com-
puter simulations to predict vehicle and barrier
behavior during the collision event. Although much
is known about the performance of a relatively large
number and variety of barrier systems installed on
straight and 1level alignments, there has been a
total 1lack of information on vehicle and barrier
behavior on curved-superelevated-sloped alignments.
Some recent catastrophic accidents on freeway off
ramps have suggested that a better understanding of
barriers mounted on these types of alignments was in
order. Accordingly, a test program was designed to
evaluate the performance of three barrier confiqura-
tions mounted on a curved, superelevated structure
with a downgrade.

The objective of this project was to evaluate the
performance of three barrier configurations by using
three vehicle types for comparison. In addition,
two indirectly related tasks were also structured to
provide information on vehicle mass and crush prop-
erties.

The project included full-scale tests of three
basic barrier installations:

1. Concrete safety shape with vertical orienta-
tion,

2. Concrete safety shape installed perpendicular
to the superelevated roadway, and

3., Tubular Thrie-beam and collapsing tube retro-
fit.

These barriers are shown in Figure 1.

Crash tests were conducted by using three vehicle
types impacting at 40 mph (65 km/h) and a 15° angle
(as measured from curve tangent). The three vehicle
types were as follows:

1. 1800-1b
Civic),
2, 2250-1b (1020-kg) subcompact (Vega), and

(820-kg) mini-compact car (Honda

3. 20 000-1b (9070-kg) school bus (1970 66-pas-
senger Ford/wWayne).

Each of the test vehicles contained two uninstru-
mented part 572 anthropometric dummies (50th percen-
tile males). The dummies were positioned in the
driver (restrained) and right front seat (unre-
strained) occupant positions for the car tests. 1In
the bus tests, the dummies were positioned to repre-
sent a restrained driver (lap belt) and an unre-
strained passenger. The remaining payload of the
bus was composed of three loose 100-1b (45-kq)
sandbags per seat. An on-board camera recorded the
motion of the dummies during the tests,

FINDINGS

In order to conduct the full-scale tests, a test
installation that had the selected off-ramp geometry
was excavated at the end of a paved airport runway.
This excavation was paved with asphalt to simulate
an off-ramp deck. The installation as shown in
Figure 2 is essentially a curved ramp with the
following characteristics:

1. 160-ft (48.8-m) outside radius,
2., 25-ft (7.6-m) roadway width,
3. 4.5 percent downgrade, and

4, 12 percent superelevation.

The crash tests were conducted on the three
different barrier configurations by using the same
test conditions. Sequential test photographs are
arranged by vehicle type in Figures 3, 4, and 5.
Figures 6, 7, and 8 contain after-test photographs
arranged by vehicle type. The results of the crash
tests are summarized in Table 1.

Vertical Safety Shape Test Series

A New Jersey-shape bridge parapet was installed
vertically as the outside bridge rail on the simu-
lated deck. The cross-section dimensions and rein-
forcing of the barrier were selected from a state
standard, although the barrier strength was not
expected to be critical for the 40-mph (65-km/h),
15° angle impacts. Findings from the tests are
described below.

Test CB-1

A 1974 Vega impacted the barrier at 37.2 mph (59.8
km/h) and an 18.7° angle. As shown in Figure 3, the
vehicle front wheels turned into the barrier as it
climbed the lower sloped face. Rolling of the
vehicle away from the barrier, which is typical of
the interaction between New Jersey-shape barriers
and vehicles, continued until the vehicle front
wheel was near the top of the barrier. The maximum
tire climb was 1.6 ft (0.5 m). The vehicle wheels
then returned to grade with a continuous cyclic
scrubbing of the outside barrier (with less climb at
each cycle) until the vehicle left the barrier. The
vehicle came to rest 4.5 ft (1.6 m) from the down-
stream end.
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Figure 1. Barrier test installations.
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End typical cross section

Figure 2. Installation geometry.
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VIEW “A-A"

Test CB-2

The school bus impacted the barrier at 41.8 mph
(67.3 km/h) and a 15.5° angle. As shown in Figure
4, the bus rolled slightly away from the barrier as
the left front tire climbed up the barrier face a
maximum of 1.9 ft (0.6 m) and the front of the bus
pitched upward. As the front moved downward from
the maximum climb, the bus rolled toward the barrier
before returning to a stable position near the
installation end. After barrier contact was termi-
nated, the bus turned to the right during braking
and stopped about 100 ft (30 m) from the end.

Barrier damage consisted of minor scraping. Bus
damage included a bent bumper and fender, two of
five lug nuts sheared, and two shattered windows, as
shown in Figure 7. The window damage was due to
driver head intrusion and loose sandbag contact
(near the rear end).

Test CB-3

A 1976 Honda Civic impacted the barrier at 40.0 mph
(64.4 km/h) and a 13.9° angle. As shown in Figqure
5, the vehicle rolled away from the barrier as the
left front tire climbed the barrier face a maximum
of 1.7 £t (0.5 m) and the vehicle front pitched
upward. At 0.3 s after impact, the entire vehicle
was airborne (tire contact with upper portion of
barrier existed) and remained so for about 0.3 s. At
this time the right wheels returned to grade, and
the left wheels remained in barrier contact until
the vehicle came to rest 8 ft (2.4 m) past the end
of the barrier.

Perpendicular Safety Shape Test Series

Findings from the series of tests conducted on the
New Jersey safety shape parapet, which was oriented
perpendicular to the superelevation, are described
below.

Test CB-4

A 1976 Honda Civic impacted the barrier at 38.9 mph
(62.6 km/h) and a 13.4° angle. As shown in Figure
5, the vehicle rolled away from the barrier as the
left front tire climbed up to a maximum of 1.7 ft
(0.5 m) and the vehicle front pitched upward. At
0.3 s after impact, the entire vehicle was airborne,
although left tire contact with the upper barrier
was maintained. After the right tires returned to
grade 0.3 s later, the vehicle remained in contact
with the barrier until coming to rest 1 ft (0.3 m)
from the barrier end.

Insignificant barrier damage occurred, and vehi-
cle damage consisted of sheet-metal and left front
wheel damage. Although the wheel was bent, there
was no indication of air leakage.

Test CB-5

A 1975 Vega impacted the barrier at 38.9 mph (62.6
km/h) and a 14.9° angle. As shown in Figure 3, the
vehicle rolled away from the barrier as the left
wheels climbed the barrier up to a maximum of 1.5 ft
(0.5 m). The left tires returned to grade, and then
a second and third climb occurred before the vehicle
reached the end of the barrier. After losing con-
tact with the barrier, the vehicle went 42 ft (13 m)
past the barrier end before coming to rest.
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Figure 3. Vega sequential photographs.
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Figure 4. School bus sequential photographs.
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Figure 5. Honda Civic sequential photographs.
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Figure 6. Photographs after Vega tests.

(e) Test CB-5

d) CB-5 vehicle

(e) CB-8 vehicle (f) Test CB-8

Figure 7. Photographs after bus tests.
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Test CB-6

The school bus impacted the barrier at 40.0 mph
(64.6 km/h) and a 14.8° angle. As shown in Figure
4, the vehicle front pitched upward as the left
front wheel climbed the lower barrier slope. The
bus rolled toward the barrier as the front wheels
turned left. The bus then returned to a stable

Figure 8. Photographs after Honda tests.
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attitude and remained in constant barrier contact
before 1leaving the barrier with a leftward turn
imposed by the direction of the front wheels.

Vehicle damage was confined to the left front
fender and bumper. Although the left front wheel
and tire contacted the barrier, only tire scuffing
was observed and no wheel lug damage was noted.

(d) CB-4 vehicle

Table 1. Summary of full-scale crash test.

(f) CB-? vehicle

Avg 50-ms
Maximum Maxi- Maxi-
Impact Acceleration (g) mum mum
Vehicle Vehicle Roll
Test Weight®  Speed Angie Longitu-  Climb Angle
No. Barrier Vehicle (lb) (mph) (°) Lateral dinal (ft) ©) Vehicle Damage
CB-1 New Jersey shape, 1974 Chevrolet 2686 372 18.7 =545 . .98 1.6 11 Left front fender sheet-metal deforma-
vertical axis Vega tion, bumper displaced, bent left front
wheel
CB-2  New Jersey shape, 1970 Ford school 20 000 41.8 15.5 -5:6%  =1.9® 1.7 12 Left front fender sheet-metal scraping,
vertical axis bus damaged left front tire
CB-3 New Jersey shape, 1976 Honda Civic 2170 40.0 13.9 -1.3%  45b 1.9 11 Left front fender sheet-metal deforma-
vertical axis tion, bumper bent, two lugs sheared on
left front wheel
CB-4 New Jersey shape, 1976 Honda Civic 2170 38.9 13.4 -2.6% -13P 1.7 12 Left front fender sheet-metal deforma-
perpendicular axis tion, damaged left front tire, bent left
front wheel
CB-5  New Jersey shape, 1974 Chevrolet 2611 389 149  -53° _3¢° 1.5 15 Left front fender sheet-metal deforma-
perpendicular axis Vega tion, bumper displaced
CB-6 New Jersey shape, 1970 Ford school 20 000 40.0 14.8 -29% 1.1 0.9 9 Left front fender sheet-metal deforma-
perpendicular axis bus tion, bumper bent, left front tire
scuffing
CB-7 Tubular Thrie-beam 1975 Honda Civic 2:170 38.8 15,1 4.7% -2.8° (4} 0 Left front fender, scraping of left side
retrofit
CB-8 Tubular Thrie-beam 1974 Chevrolet 2580 39.4 16.8 =3'8% agh 0 0 Left front fender, scraping of left side,
retrofit Vega front wheel suspension
CB-10 Tubular Thrie-beam 1970 Ford school 20 000 39.4 13.9 -1.3¢  -0.9¢ 0 0 Sheet metal and front suspension

retrofit

bus

Note: )} Ih = 0.45 kg; L mph = 1.609 km/h; | ft = 0.30 m.

1ncludes ballast and instrumentation.

Electronic transducer data.

C o B " .
Film analysis; electronic data unavailable.
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Tubular Thrie-Beam Retrofit Series

The tubular Thrie-beam retrofit system tested in
this series was developed in a previous Federal
Highway Administration (FHWA) contract (l), where it
successfully contained and redirected both a 40 000-
1b (18 100-kg) intercity bus and an 1800-1b (800-
kg) Honda Civic at 60 mph (95 km/h) and a 15° angle.
As shown in Fiqure 1, it was developed for upgrading
concrete parapets with or without metal railing on
top and was used at narrow safety walks. The retro-
fit railing is shown attached to the parapet and
walk system in Figure 1.

Test CB-7

A 1975 Honda Civic impacted the barrier at 38.8 mph
(62.6 km/h) and a 15.1° angle. As shown in Figure
5, the vehicle was smoothly redirected with no mea-
surable roll or wheel climb.

There was no significant barrier damage or defor-
mation. Vehicle damage was limited to the sheet
metal at the left fender and along the left side.

Test CB-8

A 1974 Vega impacted the barrier at 39.4 mph (63.4
km/h) and a 16.8° angle. As shown in Fiqure 3, the
vehicle was smoothly redirected with excellent
vehicle stability.

No barrier damage or deformation occurred. Damage
to the test vehicle included sheet-metal deformation
of the left front fender and some suspension damage.

Test CB-10

The school bus impacted the barrier at 39.4 mph
(63.4 km/h) and a 13.9° angle. As shown in Figure
4, the bus rolled slightly toward the barrier as the
front wheels turned left. The bus remained in a
stable attitude throughout contact with the barrier
until coming to rest 24 ft (7.3 m) past the down-
stream end.

Damage to the test vehicle was moderate. The
left front fender and bumper were deformed, and the
left front wheel was pushed rearward by the impact,
fracturing the shaft from the steering box to the
pitman arm as well as the u-bolts that connect the
spring to the axle on the right side.

Vehicle and Barrier Damage

Figures 6, 7, and 8 contain damage photographs after
the Vega, school bus, and Honda tests. Installation
damage was significant only in test CB-10, where
local crushing of the tubular Thrie-beam and some
permanent deflection occurred.

CONCLUSIONS
General Performance

All three barrier systems contained and redirected
the full range of test vehicles. In terms of vehi-
cle stability and acceleration, the tubular Thrie-
beam retrofit was superior. However, there was some
barrier damage in the bus test of this system.
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Safety Shape Orientation

There was not a dramatic difference in performance
for the two barrier orientations. The preferred
orientation from the concrete median barrier re-
search program (2) was perpendicular to the super-
elevation when the vehicle approach is up the
superelevation. Vehicle climb was reduced by this
preferred orientation in the car tests, although
only in the bus test was this significant. The
school bus test was noticeably less severe in terms
of vehicle redirection with the preferred perpendic-
ular orientation.

Observations of the Honda test on the vertical
barrier (CB-3) indicated that the vehicle was near
the threshold of riding on top of the barrier. A
slightly larger angle or speed could have produced
this performance limit.

Tubular Thrie-Beam Retrofit

The installed Thrie-beam system was clearly more
than adequate for the range of impacts tested. The
system that was developed to redirect much larger
vehicles at 60 mph (95 km/h) and 15° could be sub-
stantially reduced in cost by eliminating the inter-
mediate posts that were not needed for the test
conditions of this program.

The installed Thrie-beam retrofit was oriented
perpendicular to the superelevation, which is pre-
ferred. Shimming of the spacers in the field may be
required to orient the barrier in this manner.

Vehicle Factors

The shearing of two lugs from the bus wheel during
the vertical safety shape test (CB-2) is cause for
some concern. This wheel was tracking erratically
after leaving the barrier; a loss of this wheel
could have dramatically changed the test results.

The unexplained loss of a spindle nut during test
CB-5 on the perpendicular safety shape made after-
test photographs of the Vega sedan (Fiqure 6) 1look
much worse than warranted. This spindle nut is a
special one used to hold the guide wire flag to the
wheel and cannot be considered part of the standard
vehicle equipment.

REFERENCES

l, C.E. Kimball, Jr., and others.
Tests of Tubular Thrie-Beam Retrofit
Railing. FHWA, Final Rept., Aug. 1980.

2. M.E. Bronstad and others. Concrete Median Bar-
rier Research, FHWA, Rept. FHWA-RD~-77-4, March
1976,

Heavy Vehicle
Bridge

Notice: The Transportation Research Board does not endorse products or
manufacturers. Trade and manufacturers' names appear in this paper because
they are considered essential to its object.



28

Transportation Research Record 868

Vehicle Impact Tests of Breakaway Wood Supports for

Dual-Support Roadside Signs
ROGER L. STOUGHTON, J. ROBERT STOKER, AND ERIC F. NORDLIN

Since the late 1960s, the California Department of Transportation has used

6 x 8-in (nominal) or smaller wood posts and timber poles (classes 1-6) that
have drilled holes near the bases as breakaway supports for dual-support road-
side signs. Due to the recent rapid increase in the lightweight-car population,
crash tests were conducted with 2205-1b cars on these designs to determine
whether they met performance criteria recommended in Transportation Re-
search Circular 191 [now superseded by National Cooperative Highway Re-
search Program Report 230, which recommends tests with even lighter-waight
cars (1800 Ib)]. When impacted by 2205-1h vehicles at 19.8 and 57.7 mph,
the 6 x 8-in wood posts met all the criteria. A 9.25-in-diameter timber pole
impacted by a 2205-1b vehicle at 19.2 mph did not break away. A modified
timber-pole design was similarly tested; it broke away but was still too stiff.
Consequently, timber-pole supports are no longer used on new construction in
California. A 7.875 x 14.875-in laminated wood veneer box-section post that
had saw cuts in the webs was impacted with a 2205-1b vehicle at 19.2 and 58.4
mph and met all test criteria. The design was adopted as a standard in Cali-
fornia. A number of full-scale pendulum and static-bend tests on various break-
away support designs was conducted during this project.

For a number of years, roadside signs on California
state highways have used breakaway wood-post or
timber-pole supports. They have holes drilled near
the base to make them break away when impacted by a
vehicle. This design was based on three vehicle
impact tests conducted by the California Department
of Transportation (Caltrans) in 1966 and 1967 (1).
This design has proved quite successful in Cali-
fornia.

In July 1976, the Federal Highway Administration
(FHWA) distributed FHWA Notice N5040.20 (2), which
stated that all new federal-aid projects should
comply with the FHWA suggested guidelines for appli-
cation of breakaway requirements of the American
Association of State Highway and Transportation
Officials (AASHTO) Standard sSpecifications for
Structural Supports for Highway Signs, Luminaires,
and Traffic Signals (3), which were attached to the
notice. These guidelines stated that in an B8-ft
path, single wood posts should be no larger than 4x6
in and double posts no larger than 3x6 in or 4x5 in
(full dimension). Hence, the timber poles and the
6x6-in and 6x8-in wood posts used by Caltrans would
no longer be acceptable unless they were success-~
fully tested by vehicle impacts in accordance with
the FHWA guidelines.

Between 1972 and 1975, there were 11 fatal acci-
dents on California state highways that involved
wood sign supports. However, most of these acci-
dents included vehicle rollovers, occupant ejec-
tions, motorcycle impacts, or multiple fixed-object
impacts. Hence, the record looked good, but there
was concern for the future, where many more light-
weight cars would be on the highways. The FHWA
guidelines recognized this trend.

The objective of this research was to conduct
crash tests by using a lightweight (2250-1b) vehicle
on the largest wood-post size used by Caltrans (6x8
in) and the largest size timber pole expected to
meet the new FHWA guidelines. If these sizes met
the criteria, all smaller sizes would qualify auto-
matically.

If these tests were unsuccessful, the support
designs would be modified or new types of wood
supports would be developed and tested. Midway
through the project it was decided to include full-
scale static-bend tests to check wind load designs

and full-scale pendulum tests to screen out new
breakaway designs.

The crash tests were conducted in accordance with
Transportation Research Circular (TRC) 191 (4).
These procedures encompassed the requirements in the
FHWA guidelines (2) and AASHTO specifications (3)
and included detailed test procedures,

Table 1 summarizes all the known crash tests on
dual-legged breakaway wood supports other than a
lightly documented series in Pennsylvania in 1968

(.
TEST CONDITIONS

Test Facility

All crash tests and some static-bend tests took

place at Caltrans' Dynamic Test Facility. All
pendulum tests and some static-bend tests were
performed under contract with Southwest Research

Institute (SwRI). For all crash tests and pendulum
tests, the breakaway supports were embedded in
standard soil pits in accordance with TRC 191 (4).

Test Vehicles

The test vehicles used for the six crash tests were
1976 Toyota Corolla 2-door sedans. The test in-
ertial mass of these vehicles (excluding the part
572 dummy weight) was 2205 1lb.

Test Sign Construction

The dimensions of the test signs are given in Table
1 and Figure 1. All posts and poles were made of
Douglas fir; the posts were No. 1 grade. The sign
panels were aluminum with a paper honeycomb core,
either 1.125 or 2,625 in thick. A truck-mounted
auger or bucket auger was used to drill holes in the
ground for the supports. The sign panels were
attached to the supports on the ground and then the
entire sign was set in the holes. The holes were
backfilled and tamped. Finally, breakaway holes and
sawcuts were cut in the supports. Asphalt concrete
pavement was removed around the supports.

Wood Post Properties

Caltrans uses wood posts in sizes from 4x4 to 6x8 in
as single and dual supports for roadside signs. The
largest wood-post size of 6x8-in Douglas fir could
support a sign panel area up to 90 ft2. The
6x8-in posts that have 2.5-in-diameter holes near
the base were used in tests 351 and 352.

Timber Pole Properties

Test 353

Caltrans formerly used timber poles to support sign
panels with areas from 85 to 265 ft?. The poles
were classes 1 to 6 and had average diameters from
approximately 6.5 to 12.5 in near the ground line
(8). There could be considerable variation in the
average pole diameter for any given class because
the diameter varied with the length of the pole and,
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in addition, the Caltrans specification (9) allowed
the minimum circumference to be exceeded by as much
as 5 in.

After examining the results of previous crash and
pendulum tests on wood supports, it was concluded
that some of the larger-sized poles might not break
away. It was decided to crash test 9.25-in-diameter
poles that had 3-in-diameter breakaway holes and a
net shear area of 40 in2.

SwRI Pendulum Tests

After the pole design used in crash test 353 stopped
the 2205-1b test vehicle impacting at 19.2 mph
without breaking, it was decided to evaluate some
poles that had other hole patterns with pendulum
tests.

One hole pattern that was pendulum tested at SwRI
looked promising and was used for crash test 354,
The timber-pole supports in test 353 had been virtu-
ally undamaged; therefore, they were reused for test
354, except that the opposite pole was impacted. The
4-in-diameter holes and connecting sawcut shown in
Figure 1 were added to the existing 3-in-diameter
holes.

Caltrans Static-Bend Tests

Following test 354, which was unsuccessful, Caltrans
conducted static-bend tests on three pole specimens
that had hole and sawcut patterns similar to those
in test 354, These tests were to check the wind
load design and to determine if larger holes could
be cut in the poles.

Laminated Wood Veneer Box and I-Section Properties

SwRI Pendulum and Static-Bend Tests

After the timber-pole designs in tests 353 and 354
proved inadequate by crash testing, it was decided
to try built-up wood-post sections by using high-
strength laminated wood veneer lumber. Pendulum and
static-bend tests were conducted at SwRI on box- and
H-section posts. The l-in-diameter holes and con-
necting sawcuts were used when rectangular web
cutouts reduced the static-bend strength too much.

Studies of parallel-laminated wood veneer lumber
have been conducted by the Forest Products Labora-
tory of the U.S. Forest Service (10,11). Some of
the benefits of this lumber, when compared with
solid sawn lumber, include the following:

1. Higher yield of material from logs,

2, Improvement in grade quality due to dispersal
of knots and minimization of knot volumes,

3. Consequent higher average strength with less
variation in strength, and

4, Longer lengths of material that are more
dimensionally stable.

The laminated wood veneer lumber was built up
from 0.125- or 0.l-in-thick C and D grade plywood-
type Douglas fir veneers that had been ultrasoni-
cally graded and combined to obtain a specific
bending strength. The veneers were all oriented
with the grain of the wood parallel to the length of
the member in order to maximize the bending strength
in that direction. The lumber was manufactured in
"billets" 2 ft wide and up to 80 ft long.

An exterior type glue (phenol-formaldehyde) was
used to join the veneers. The flange and web ele-
ments of the built-up posts were 3joined with a
phenol-resorcinol adhesive.

The lumber was available in allowable bending
stress grades of 2500 to 3150 psi; a 2650-psi grade

29

was used and applied both to billet material and the
whole box section. The ultimate bending strength
was 7400 psi; the modulus of elasticity was
2.0x10°% psi. Allowable shear stress was the same
for all bending stress grades. For shear perpendic-
ular to the glue lines (neutral axis of box sec-
tion), the allowable stress used was 285 psi and the
average ultimate stress was 855 psi. For shear
parallel to the glue lines (joint between flange and
web), the allowable stress was 190 psi and the
ultimate stress was 570 ©psi. Allowable stress
adjustment factors were used for wind loading, wet
condition of use, and shape factor. It was assumed
the holes and sawcuts would reduce the ultimate
bending strength of the box section by 20 percent,
which was accurate.

The penetration and retention of preservatives in
parallel-laminated wood veneer lumber is good. This
is due to the lathe checks formed when the veneers
are peeled from the logs and flattened (10,11).
Waterborne preservatives require a strength reduc-
tion, but oil-borne preservatives do not. Built-up
sections should be treated after gluing the joints,.
The glues and preservatives used are durable and not
deleterious to each other (12-15).

Caltrans Static-Bend Test

The static-bend strengths for the SwRI post tests
were low, probably due to a short clamping length
with resultant high shear stresses. Hence, Caltrans
performed one test on a box section fully embedded
in the ground. The final hole and sawcut pattern
was used. The ultimate moment of the post at ground
level was an acceptable 79.8 kipeft.

Two box-section posts can support 200-ft? sign
panels that have midpanel heights of 21 ft. The
design wind loading was 18.7 1lb/ft? from a 60-mph
wind at 15-30 ft heights, which is the maximum wind
speed in California over a l0-year mean recurrence
interval (except in local high wind areas).

The box section, which weighes 12 1b/ft, was
selected over the H-section. It should be less
susceptible to handling damage, more resistant to
wind loads without increased impact resistance, and
higher in torsional and lateral load resistance.

The box-section posts used for the tests cost
approximately $6.00/linear ft. A verbal quote in
August 1981 for small quantities, free on board
(FOB) in Oregon, was $6.90/lineal ft for type M and
$8.80/1lineal ft for type L (see Figure 2).

Bolts that extended completely through the sign
panel and box section were used for test 355. Be-
cause both posts were sheared off in this test, lag
screws were used in test 356 to connect the sign
panel to the adjacent box-section flange only.

A 12-ft-long wire rope choker that had swagged
looped ends was buried 2-3 ft below ground around
the post for east in extracting the post stub after
a crash test.

TEST RESULTS

The results of the crash tests are summarized in
Table 1.

Test 351

During impact, the post first split between the
2.5-in-diameter breakaway holes, and the split
continued down below ground (see Figures 3 and 4).
The post was torn off at the upper hole and the
split stub below it was loaded because of two inde-
pendent cantilevers that failed 10 in below ground.
These two cantilevered post segments, which were
29.5 in long, stayed together and lodged beneath the
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Table 1. Summary of crash tests.
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Test Identification Breakaway Support Sign Panel
Ref- Net Shear Embed- Ground
erence Test Test Area Spacing ment Connection to Clearance
No. No. Date Type Modification (in2) (ft) (ft) Support Size® (ft)
1 151 11/66 6 x 6-in Douglas None 43 9.0 6.0 3/8-in bolts 5ftby 14ft by lin 7.0
fir posts
| 152 5/67 11-in Douglas None 95 12.0 9.5 3/8-in lag screws 10 ft by 20 ft by 2.5 7.0
fir poles in
i 153 5/67 11-in Douglas 3- and 4-in holes at 4, 10, 52 12.0 9.5 3/8-in lag screws 10 ft by 20 ft by 2.5 7.0
fir poles and 16 in aboveground in
S 351 4/78 6 x 8-in Douglas 2- and 2.5-in holes at 6 25 8.0 6.0 Eight 3/8-in 6 ft 8 in by 13 ft by 7.0
fir posts and 8 in aboveground threaded rods 1.125in
5 352 8/78 6 x 8-in Douglas 2-and 2.5-in holes at 6 and 25 8.0 6.0 Eight 3/8-in 6 ft 8 in by 13 ft by 7.0
fir posts 8 in aboveground threaded rods 1.125in
5 353 1/79 9.25-in Douglas 2-and 3-in holes at 6 and 40 8.0 7.5 Eight 3/8-in lag 8 ft 6 in by 13 ft by 7.0
fir poles 8 in aboveground SCrews 1.125in
5 354 5/80 9.25-in Douglas Same as test 353 plus two 31 8.0 25 Eight 3/8-in lag 8 ft 6 in by 13 ft by 7.0
fir poles 4-in holes at 4 and 24 in screws 1.125in
with sawcut between
5 355 1/81 7.875 x 14.875-in  1-in holes 3.5 in from each 30 12.0 10.5 Eight 3/8-in 10 ft by 21 ft by 13.5
box section edge and sawcut between threaded rods 2.6251n
at 3 and 21 in aboveground
5 356 3/81 7.875 x 14.875-in  Same as test 355 30 13.0 8.0 Sixteen 1/2- by 10 ft by 21 ft by 14.5
box section 5-1/2-in lag 2.625 in
screws
6 902 1/79 6 x 8-in Douglas Two 2.5-in holes at 6 and 28 8.0 6.0 3/8-in threaded 6 ft 8 in by 13 ft by 7.0
fir posts 18 in aboveground rods 1.125 in
%Material used = aluminum.
Figure 1. Hole patterns for breakaway supports: crash tests 351-356.
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vehicle. The upper section of the post and sign

panel were pushed back by the vehicle as it yawed
359,

Test 352

The impacted post failed the same way as the one in
test 351 (see Figures 5 and 6). Again, a 28-in post

segment separated from the post, lodged under the
vehicle, and was dragged by the vehicle until it
stopped. The upper part of the post, which was

connected to the sign panel, was thrust up in the
air while the vehicle passed underneath it and
continued straight downstream.

Test 353

The timber-pole support was virtually undamaged by

the vehicle except for scuff marks. The ground-line
movement of the pole was 0.75 in (see Figures 7 and
8).

Timber-Pole Pendulum Tests: SwRI

One of four hole patterns met the change-~of-momentum
requirements. This pattern was used in the timber
poles for test 354. In test 354, the vehicle
sheared off the pole and pushed it ahead 5.5 ft
before stopping and rebounding to a point 1.75 f£t
beyond the original pole location (see Figures 9 and
10) . The segment of the pole between the bored
holes separated from the main pole and split into
several pieces.
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Test Results

Vehicle High Initial Change Maxi-
50-ms Avg Vehicle in mum
Test Occupant-Compartment Initial Change of Longitudinal Kinetic Kinetic Front
Inertia Impact Impact Impact Impact Velocity (ft/s) Momentum, Momentum,AMV (Ib-s)  Vehical Energy, Energy, Vehicle
Mass Velocity  Velocity  Angle MV Acceleration KE AKE Crush
(1b) (ft/s) (mph) © Film Acceleration (Ib-s) Film Acceleration ®) (kips-ft)  (kips-ft)  (in)
4540 55.7 38.0 0 293 7858 414 219 22
4540 58.7 40.0 0 5.87 8272 827 243 46
2000 57.2 39.0 0 17.6 3553 1093 102 53
2205 29.0 19.8 0 14.0 10.0 1989 958 685 =3.7 29 16 7
2205 84.7 57.1 0 10.0 3.82 5797 685 262 -1.9 245 22 8
2205 28.2 19.2 0 33.2 294 1930 1930 1930 -11.2 27 27 16
2205 29.2 19.9 0 17.0 18.0 1999 1160 1230 -1.5 29 25 13
2205 28.2 19.2 0 10.3 10.5 1928 706 721 4.3 27 16 10
2205 85.7 58.4 0 32 3.74 5865 219 256 -4.0 251 21 10
2250 28.9 19.7 0 28.9 917 2021 2021 1380 29 16
Timber-Pole Static-Bend Tests: Caltrans of the nonimpacted post split off the box section

The failure mode was different in each of the three
static-bend tests. The wultimate bending moments
varied from 1.5 to 2.4 times the design wind load
bending moment.

Box- and H-Section Posts

Both pendulum and static-bend tests were conducted
by SwRI and Caltrans., The final tests in this set
showed the box-section posts had good static-bend
strength and qgood impact performance (see Figure 11).

Test 355

After impact in test 355, the post split between the
upper and lower l-in holes on the upstream side and
split to the ground from the lower downstream 1l-in
hole (see Figures 12-15). Then most of the post
sheared off through the lower holes and sawcut. The
vehicle moved in a circular path, pushing the box-
section post in front of it. When this post was 15°
off vertical, cracks appeared in the nonimpacted
post. Eventually this post was twisted off at its
base through the lower sawcuts. The sign panel
remained attached to the posts but buckled in the
middle. The vehicle went under the impacted post
and stopped beyond the fallen sign.

Test 356

In test 356, the post was torn off through the lower
sawcuts (see Figures 16-19). The upstream flange
split away from the box section starting at its
midpoint; however, the flange stayed attached to the
sign panel with lag screws. The separated flange
and the rest of the box section were thrust into the
air by the vehicle, which passed underneath with no
contact. When the partial box section struck the
ground, it split into three pieces--two webs and the
downstream flange. Meanwhile, the upstream flange

from the top of the post to the bottom of the sign
panel, which rotated and tore off the post. The
upper upstream flange piece remained attached to the
sign panel by the eight lag screws. The sign panel
dropped flat on the ground.

DISCUSSION OF TEST RESULTS

The crash test results were compared with the three
appraisal factors recommended in TRC 191 (4).

Structural Adequacy

In tests 353 and 354, the timber poles stopped the
test vehicles too abruptly; thus, they did not meet
the structural adequacy requirements. In test 355,
the fallen sign projected 11 ft laterally beyond the
original post location, thereby posing a possible
traffic hazard. The switch from through bolts to
lag screws for the sign-panel-to-post connection in
test 356 prevented pull down of the nonimpacted
post. The post pieces in test 356 projected out
laterally 15 ft. The l.5-in-thick pieces were flat
on the ground. They would pose a psychological
hazard more than a physical hazard.

In tests 351 and 355, which had impact speeds of
19-20 mph, the vehicles stayed in contact with the
posts while stopping. Despite this, there was no
apparent danger of passenger-compartment penetration,

Occupant Risk (Impact Severity)

The test results were compared against maximum
recommended change-of-momentum values in TRC 191 (4)
of 1100 lbes (absolute) and 750 lbes (pre-
ferred). Tests 351 and 352 on 6xB8-in posts and
tests 355 and 356 on box-section posts had values
less than 750 1lb*s and satisfied the criterion.
Tests 353 and 354 on timber poles had values more
than 1100 lb*s and failed the criterion.
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Figure 2. Caltrans standard plan for laminated wood box post for roadside signs.
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Figure 3. Test 351: impact sequence.

Figure 4. Test 351: final locations of
test sign and vehicle after impact.

Figure 5. Test 352: impact sequence,

Figure 6. Test 352: crush at front of
vehicle.

I+ 0.45 Sec I+ 1,55 8ec

e
N

I + 0.21 Sec I + 1.05 Sec Iste2.2285ecC
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The test results were also compared against the
new criterion in National Cooperative Highway Re-
search Program (NCHRP) Report 230 (1l6) for maximum
occupant and compartment impact velocities in the
longitudinal direction that have a 2-ft flail space

Figure 7. Test 353: impact sequence.

I + 0.14 sSec

Figure 8, Test 353: final locations of
test sign and vehicle after impact.

Tt ”
3'““_\.,~_‘_‘,~;ﬁ"
+ Wi

YRl

Figure 9. Test 354: impact sequence.

I+ 0.44 sec
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of 15 ft/s and a maximum ridedown acceleration of
~15 g over any 10-ms period thereafter. Again,
tests 351, 352, 355, and 356 met the criterion and
tests 353 and 354 did not.

I + 0.05 Seec I +0.09 Sec

LA 0, 32956

-~

I + 1,49 Sec I + 6.14 Sec
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Figure 10. Test 354: crush at front of vehicle. Figure 11. Static-bend test of laminated wood box-section post—broken stub.

R T S B =l |

Figure 12. Test 3556: impact sequence.

I+ 1l.44 Sec

Figure 13. Test 355: test vehicle and box-section post before impact. Figure 14. Test 355: final location of test sign and vehicle, looking down-
stream.
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Figure 15. Test 355: stub of impacted box-section post.

Figure 16. Test 356: impact sequence.

I + 0.33 8ec

Figure 17. Test 366: crush at front of vehicle.
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Vehicle Trajectory

Figures 20 and 21 show the final positions of the
test vehicles, test signs, and sign debris. The
criteria in TRC 191 (4) and NCHRP Report 230 (16)
for vehicle trajectory were satisfied in all six
crash tests,

Implementation

After the unsuccessful timber-pole tests, Caltrans
substituted a standard design by using steel posts
and a slip base in February 1980. In mid-1981,
box-section posts were added as an alternative (see
Figure 2). The standard plan for roadside signs by
using 6x8-in or smaller wood posts was unchanged.
Although the steel post and slip base designs have
functioned well, Caltrans has preferred wood support
designs for the following reasons: (a) The wood
supports have generally been less expensive in
California, (b) their service life has proved to be
sufficient, (c¢c) they are easier for maintenance

I+ 0.83 sec I + 2.72 Sec

Figure 18. Test 356: final location of sign panel and pieces of impacted box-
section post, looking upstream.
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Figure 19. Test 356: nonimpacted post that had upper 10 ft of flange torn off.

Figure 20. Final position of test vehicle and sign: tests 351-353.
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personnel to erect, and (d) they can be stocked in a
small number of standard sizes and easily sawed to
the correct length.

Future Work

Additional crash tests should be conducted by using
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Figure 21. Final position of test vehicle and sign: tests 354-356.
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1800-1b vehicles on 6x8-in and box-section breakaway
wood sign supports as recommended in NCHRP Report
230 (16), the new crash-test guidelines.

CONCLUSIONS

Crash tests, pendulum tests, and static-bend tests
were conducted on three general types of breakaway
wood supports for dual-legged roadside signs. The
tests were Jjudged against criteria in the AASHTO
guidelines (3), in TRC 191 (4), and, to some extent,
in NCHRP Report 230 (16). Wood posts 6x8 in and
smaller that have holes drilled according to Cal-
trans standard plans, and 7.875x14.875-in laminated
wood veneer box-section posts that have 1-in drilled
holes connected by horizontal sawcuts in the webs
reasonably met the above criteria. Timber poles 9.25
in in diameter with 3-in-diameter holes or 4-in-
diameter holes with a connecting sawcut did not meet
the above criteria and are not recommended for new
construction. It is recommended that new sign
installations _ that use the box-section posts be
subjected to an in-service evaluation equal or
similar to the one recommended in NCHRP Report 230
(16). Complete details of this research project are
contained in a report by Stoughton and others (5).
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Thrie-Beam Guardrails for School and Intercity Buses

DON L. IVEY, CHARLES F. McDEVITT, RICHARD ROBERTSON, C. EUGENE BUTH, AND ARTHUR J. STOCKER

The results of full-scale tests that were conducted to establish the upper per-
formance limits of conventional W-beam guardrail and Thrie-beam guardrail
systems are described, The tests showed that these conventional guardrail sys-
tems cannot safely redirect a 9070-kg {20 000-1b) school bus in a 15° angle im-
pact at 96.5 km/h (60 mph). The development and evaluation of a modified
Thrie-beam guardrail are also described. A series of full-scale tests has demon-

d that the unique f of this guardrail system, a special 0.36-m (14-in)
deep blockout, not only prevents the wheels of mini-compact cars from
snagging on the posts but also raises the rail during impact to stably redirect
heavier vehicles such as school and intercity buses.

In order to provide safer highway appurtenances for
the public, there is an increasing emphasis on
designing traffic barriers such "as guardrails and
bridge rails for a wider spectrum of highway vehi-
cles. Witness the growing emphasis on designing
gquardrail terminals for mini-compact cars as they
become a more significant part of the vehicle fleet
and also recent efforts to design bridge rails for
both school and intercity buses (1,2).

This report describes work that was aimed at
investigating the feasibility of enlarging the
spectrum of vehicles considered in the gquardrail
design process. Until recently, guardrails have
been designed to accommodate a 2041-kg (4500-1b)
automobile at 96.5 km/h (60 mph) and 25° as the most
critical test. The goal of this study was to deter-
mine if a relatively conventional quardrail design
is suitable to safely redirect a 9072-kg (20 000-1b)
school bus moving at 96.5 km/h and at an impact

angle of 15°. If this proved not to be the case,
the objective was to see if reasonably economical
quardrails can be designed to accomplish this task.

To reach these objectives, the tests described in
Table 1 were conducted. The cross sections of the
quardrail for each test are shown in Figures 1, 2,
and 3.

The tests were conducted in the order given in
Table 1. The Thrie-beam gquardrail shown in Figure 1
was selected for the first test, Because it was a
choice between the conventional W-beam guardrail and
the conventional Thrie-beam guardrail, the following
reasoning dictated the choice of the Thrie-beam. If
the Thrie-beam (GY9) gquardrail failed to redirect a
school bus, there was no reason to test the W-beam,
since it would certainly be of lower capacity. This
might save one test that could be used to evaluate a
modified Thrie-beam rail. If the Thrie-beam func-
tioned reasonably well, there was a chance that the
W-beam (G4-1S) guardrail would also perform ade-
quately. The W-beam guardrail then would be se-
lected for the second test. The testing program
would prove the latter situation to be the one
encountered. Although detailed accounts of these
individual tests are given in subsequent parts of
this report, a brief description of each test is
presented here.

DISCUSSION OF TEST RESULTS

In the first test, which was conducted on the Thrie-
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beam guardrail shown in Figure 1, the 9081l-kg
(20 020-1b) bus at 89.5 km/h (55.6 mph) and 13.5°
was contained and redirected; the bus then went
through a slow 90° counterclockwise roll before
falling onto its left side and sliding to a stop.
Although the 90° roll was not an ideal reaction, it
was a fairly smooth roll, which should not be ex-
tremely hazardous to passengers if the integrity of
the left-side windows 1is maintained. The perfor-
mance of the rail was therefore considered marginal.
The guardrail exhibited enough strength and main-
tained continuity so that the bus was contained and
redirected. Accelerations on the bus during the
event were low, while permanent deflection of the
rail was about 0.41 m (1.33 ft).

Based on the results of the first test, it was
decided that the conventional W-beam gquardrail has a
reasonable chance of containing and redirecting a
school bus. The W-beam had about as much post
support as the Thrie-beam. After impact deflection,
it has about the same point of resistance height as
the Thrie-beam. This is true as the rail begins to
deflect, at least up to the time that the bus rolls
enough to make contact with the top part of the

39

deflecting and rotating W-beam or Thrie-beam. To
counter the argument that the W-beam guardrail had a
chance of containing and redirecting a bus were the
facts that the barrier height would be reduced 13.3
cm (5.25 in) and the bending stiffness of the W-beam
would be much lower than the Thrie-beam, a factor
that results in the transmission of lateral load to
fewer support posts during an impact. The full-
scale test resolved this question by demonstrating
that the factors against a successful containment
were dominant.

In the second test, conducted on the W-beam
guardrail shown in Fiqure 2, the bus was not con-
tained. At a speed slightly higher than in the
first test [96.0 km/h (59.6 mph) compared with 89.5
km/h] , the bus started to redirect as the left front
corner made contact. However, as it rolled left and
yawed clockwise, the rear of the bus went over the
barrier, penetrating into the zone behind the rail.
At one point the bus was sliding upside down along
the guardrail, which resulted in a shredding of the
bus top. This reaction was obviously unacceptable
because it would have resulted in many severe pas-
senger injuries.

Table 1. Description of tests.

Impact Impact Point
Test Velocity® Angle of Rail
No. Vehicle (km/h) ) Impact Type
1 9072-kg school bus 96.5 15 Midstream Thrie-beam
2 9072-kg school bus 96.5 15 Midstream W-beam
3 9072-kg school bus 96.5 15 Midstream Modified Thrie-beam
4 1032-kg 1976 Honda sedan 96.5 15 Midstream Modified Thrie-beam
5 956-kg 1975 Honda sedan  96.5 20 Midstream Modified Thrie-beam
6 14 515-kg intercity bus 96.5 15 Midstream Modified Thrie-beam

Note: 1 kg = 2.241b; 1 km/h = 0.62 mph.

aValues shown here are the planned test values; actual observed values differed slightly, as shown in Table 2.
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By using the experience gained from the first two
tests, it was apparent that =significant design
changes would have to be made if a quardrail was to
safely contain and redirect a bus after a 96.5-km/h
(60-mph) collision. The Thrie-beam quardrail used
in test 1 proved strong enough, but it exerted its
resisting force at a point too low to prevent the
bus from rolling. It was considered the prime
candidate for redesign. The emphasis would be to
make design changes that would elevate the point of
resistance during a collision. The gquardrail shown
in Figure 3 is the result of those efforts. The
following design changes were established during
design meetings between Texas Transportation Insti-
tute (TTI) and Federal Highway Administration (FHWA)
engineers:

1. The overall height of the barrier was in-
creased by 0.05 m (2 in), from 0.84 m (33.25 in)
(Figure 1) to 0.90 m (35.25 in) (Figure 3).

2. The blockout depth was increased by 0.20 m (8
in), from 0.15 m (6 in) to 0.36 m (14 in). This
results in the rail moving upwards as the support
post rotates.

3. A triangular~shaped segment was cut from the
web of the M14x17.2 spacer as shown in Figure 3.
This notch allows the lower portion of the Thrie-
beam and the adjacent spacer block flange to bend in
during a collision. This keeps the rail face verti-
cal in the impact zone. It also reduces the contact
forces between an impacting vehicle and the lower
part of the Thrie-beam, thereby requiring the cen-
troid of the resisting loads to move up onto the
fully supported part of the rail, The net effect is
that the resultant resisting force of the rail is
raised to a higher position, which produces a
smaller roll moment on the vehicle.

4., Embedment 1length of the guardrail posts was
incresased slightly from 1.14 m (44.75 in) to 1.17 m
(46 in). Consideration was given to welding bearing
plates on the support posts to significantly in-
crease post capacity. This option was not taken,
since it was not determined that additional post
capacity was necessary and the addition of the
plates would significantly increase fabrication
costs.

The modifications described above proved ade-
quate. The third test of a school bus at 89.8 km/h
(55.8 mph) and 15° produced a bus reaction that was
acceptable. The bus was contained and smoothly
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event., During the rail contact period, there was
approximately 25° of counterclockwise bus roll when
viewed from the rear. Overall, it was interpreted
as a stable rail collision. Table 2 summarizes data
from all of the tests. Sequential photographs from
test 3 appear in Figure 4.

Next, two tests of the same modified Thrie-beam
guardrail were conducted with Honda Civic sedans in
order to see if raising the Thrie-beam rail by 0.05
m (2 in) had compromised its performance for small
vehicles. There was concern that the front wheels
might get under the rail and snag on the blockout or
post. No snagging was observed in either test. 1In
test 4, a 1976 Honda Civic sedan weighing 1032 kg
(2276 1b) was redirected with a shallow exit angle
and remained upright after a 100.6-km/h (62,5-mph)
and 15° impact. The dummy driver's head impacted
and broke the side door window. However, the dummy
accelerations meet the flail-space criteria in
National Cooperative Highway Research Program
(NCHRP) Report 230 (3), and the test results are
considered satisfactory. Similar results were
obtained in test 5, which was conducted with a 1975
Honda Civic sedan at 99.1 km/h (61.6 mph) and an 18°
angle. Table 2 summarizes these tests. After tests
4 and 5 had been conducted with the Honda Civic
sedans, the bent flange tabs and Thrie-beam rails in
the impact zones were restored with a bumper jack
and a hammer, as shown in Figure 5.

The final question to be answered was whether the
modified Thrie-beam could redirect a 14 515-kg
(32 000-1b) intercity bus at 96.5 km/h (60 mph) and
15°. This question was addressed by using several
analytical approaches and finally with a full-scale
crash test. The analytical approaches attempted
were a simple energy balance, a comparative struc-
tural analysis, and the Barrier VII program. They
all predicted marginal performance of the modified
Thrie-beam in an intercity bus test. Barrier VII
predicted a deflection of 2.3 m (7.3 ft), but it was
noted that this program has on occasion predicted
deflections that were somewhat high. We believed
that redirection could be achieved if the dynamic
deflection could be held under 1.8 m (6 ft).

When the intercity bus test was conducted, the
results were excellent. This is evident from Figure
6 and from the test summary given in Table 2. The
impact angle was 14.0°., The speed just prior to
impact was 95.9 km/h (59.6 mph). Vehicle stability
was good, and there was a maximum counterclockwise
roll angle of approximately 15° (i.e., roll into the

redirected and remained  upright throughout the barrier). The dynamic deflection was approximately
Table 2. Summary of data: tests 1-6,
Test Test Test Test Test Test
Item 4098-1 4098-2 4098-3 4098-4 4098-5 4098-6
Rail Thrie-beam W-beam Modified Thrie-beam Modified Thrie-beam Modified Thrie-beam Modified Thrie-beam
Blockout W6x8.5 W6x8.5 M14x17.2 M14x17.2 M14x17.2 M14x17.2
Rail deflection (m)
Permanent 0.41 1.0 0.71 0.03 0.07 0.9
Dynamic NA NA 0.87 0.24 0.31 1.4
Vehicle 1971 school bus 1971 school bus 1971 school bus 1976 Honda Civic 1975 Honda Civic 1962 GMC coach bus
Vehicle weight (kg) 9081 9095 9081 1032 956 14515
Impact speed gkm/h) 89.5 96.0 89.79 100.6 99.1 95.9
Impact angle (") 13.5 15.0 15.0 15.0 18.0 14.0
Exit speed (km/h) a -d b 89.0 79.8 D
Exit angle () -8 -8 =L 2.7 1.0 P
Vehicle acceleration, maximum
0.050-s avg (g)
Longitudinal -1.13 -1.84 --1.13 -2.50 -3.10 -0.8
Transverse -2.95 -2.45 -2.49 -7.35 -7.04 -2.4
Vertical -1.35 -3.04 —-0.85 2.43 1.74

Notes: 1 m=3.2817t,1 kg=2.24 Ib, 1 km/h = 0.62 mph, NA = not available,

Post = W6x8.5 steel, post spacing = 1.91 m (6.25 ft), and length of installation = 76.2 m (250 ft).

8Vehicle rolls,
byndetermined.
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Figure 4. Interaction of school bus and barrier at progressive stages of test 3.
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v Top View of Test 3

?g%;u

0.000 sec 0.241 sec

0.482 sec

0.000 sec 0.241 sec

Figure 5. Restoring modified Thrie-beam guardrail after tests 4 and 5 with
Honda Civic sedans.

1.4 m (4.6 ft).
left front wheel, but the rail remained intact and
at a 1level suitable for redirection. The peak
0.050-s average lateral acceleration was 2.5 g. The
corresponding longitudinal acceleration was only 0.8
g, which shows the relatively low forces exerted by

Eight posts were deformed by the

the support posts on the left front wheel, Damage
to the bus was modest; 1light sheet-metal dJdamage
occurred at the left front and left rear corners.
Even though the ©performance of the modified
Thrie-beam guardrail proved to be a major advance in
the performance of conventional rails, cost is
always a critical factor when new systems are con-
sidered. At this stage, detailed cost-effectiveness

0.482 sec 0.722 sec

analyses have not been conducted, but cost analyses
of the three rail systems show a rather modest
increase in cost for the modified Thrie-beam guard-
rail.

Table 3 gives cost estimates for three rail
systems (conventional W-section, conventional Thrie-
beam, and modified Thrie-beam) for three different
installation lengths [less than 304.88 m (1000 ft),
between 4573.17 and 9146.34 m (15 000 and 30 000
ft), and between 9146.34 and 30 487.8 m (30 000 and
100 000 ft)]. This comparison, which was based on
costs from several prominent suppliers, fabricators,
and contractors, shows a 25 percent increase from
conventional W-section to modified Thrie-beam
[$43.95-454,78/m ($13.40-$16.70/ft)] and only a 3.4
percent increase from conventional Thrie-beam to
modified Thrie-beam [$52.97-$54.78/m ($16.15-816.70/
ft)]. This is for placement of more than 9146.34 m
of rail. The comparisons in Table 3 are not as good
for smaller jobs but, considering the increased
performance spectrum that results from including
school and intercity buses, cost-effectiveness is
considered likely. It should certainly be cost
effective to step up from the conventional
Thrie-beam system to the modified.

CONCLUSIONS

Conventional guardrail designs that use standard
W-beam rails are not adequate to safely redirect
school buses. The W-beam guardrail shown in Figure
2 and subjected to test 2 is representative of the
best W-beam systems. Similar rails that have longer
post spacings, shorter post-embedment lengths, lower
rail heights, or are without blockouts would be
expected to perform in an even less-acceptable
manner .

The conventional Thrie-beam guardrail will per-
form marginally to contain and redirect school
buses, but it is not likely to keep the bus upright
during a collision, Although the 90° roll docu-
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Figure 6. Interaction of intercity bus and barrier at progressive stages of test.
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Table 3. Cost analysis for construction of Thrie-beam and W-beam guardrail
systems.

Cost by Length of Installation ($/m)

Guardrail Less than 4573.17- 9146.34-
Type 304.88 m 9146.34 m 30487.8 m
Conventional W-section® 54.61 48.88 43.95
Conventional Thrie-beam? 63.63 57.73 52.97
Modified Thrie-beam® 65.44 59.86 54.78

Note: 1 m = 3.28 ft.
aperformance good for automobiles only,
bperformance good for automobiles and school and intercity buses.

mented by test 2 was fairly slow and reasonably
smooth, any roll that results in the bus ending up
on its side is potentially hazardous. The conven-
tional Thrie-beam gquardrail does seem to be a sig-
nificant improvement in performance over the conven-
tional W-beam. If the redirection of heavier vehi-
cles such as school buses becomes an accepted
performance criterion, significant modifications of
current guardrail systems will be necessary to
ensure safe performance.

The modified Thrie-beam quardrail shown in Figure
3 performed well in test 3, the only school bus test
to which it has been subjected. The 96.5-km/h
(60-mph) tests with Honda Civic sedans at 15° and
18° have demonstrated that the increased rail height
and the blockout modification, which allows the

lower part of the Thrie-beam to bend inward, will
not compromise the rail performance for mini-compact
automobiles. No wheel or bumper snagging was ob-
served during these tests.

The fact that the modified Thrie-beam rail func-
tioned well in redirecting a 14 515-kg (32 000-1b)
intercity bus illustrates the fact that Thrie-beam
guardrails can be designed to accommodate a class of
vehicles much larger than automobiles. Although
cost-effectiveness has not been demonstrated for the
usual highway situation that warrants gquardrail,
just as in the case of bridge rail there may be
special situations where higher-performance guard-
rails such as the modified Thrie-beam could be
justified. The development of warranting criteria
for the use of higher-performance quardrail could
produce improved highway safety.
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manufacturers. Trade and manufacturers’ names appear in this paper because
they are considered essential to its object.

Crash Tests of Omnidirectional Slip-Base Sign Supports

KENNETH C. HAHN AND JAMES E. BRYDEN

Omnidirectional sign supports with triangular slip bases, which are similar to
those st fully tested elsewhere on single-support appurtenances, were tested
on multilegged sign installations. Four tests that were performed with 2150-1b
hicles determined li with American Association of State Highway
and Transportation Officials specificati tor vehicl tum change. The
supports were hit from two directions at two speeds, and each test resulted in a
momentum change below 750 Ibs, In all the tests, vehicle d ge and imp
severity were light. The omnidirectional hinge design cannot hold the sign panel
upright after one support is removed, but the entire design performs safely.

This study consisted of four full-scale crash tests
to determine the impact performance of a triangular
omnidirectional slip-base sign support that has an
all-direction upper post hinge. [More information
about these tests is provided elsewhere (l).] Test-
ing details were taken from Transportation Research
Circular 191 (2).

The support design (Figure 1) included base posts
set in concrete, intermediate posts bolted to the
base, and upper posts spliced to the intermediate
posts (all W6x1l2 sections). The base posts, each
topped by a triangular 1l.5-in-thick plate, were set
in 2-ft-diameter, 4-ft 9-in deep concrete founda-
tions and had the plate top set flush with the
ground line. Intermediate 8-ft-long posts that had
matching triangular plates were attached to the
bases, and three 6-in-long 1-1/8-in-diameter bolts
were torqued to 110 lbfeft. To permit the sign to
be erected at 90° and 30° to the direction of vehi-
cle travel, the left base plate was made circular
rather than triangular and had two sets of three
bolt slots offset by 60°. Two right bases were
installed, also offset 60° from each other, so that
the sign could thus be erected in either position.
The 7-ft 6-in long upper posts were 5pliced to the
intermediate posts with two 0.375-in-thick hinge
plates. These plates were bolted to the drilled
upper posts through holes and to the drilled inter-
mediate posts through slots in the plates with
5/8-in bolts torqued to 170 1lbfeft for tests 29
and 30 and 190 1bfeft for tests 31 and 32, An
8.5x16.5-ft (140 f£t2?) aluminum sign panel, which
had three 2-3/8- by 1-1/4- by 3/16-in 2-bars, was
mounted on the upper posts above the splice plates.
The bottom of the panel was 7 ft above the ground.
The 2-bars were attached to the sign panel with
1/4~in bolts on 16-in centers and to each post with
two 1/4-in bolts.

During impact, the triangular plate on the inter-
mediate post slips free of the base and, as the post
rotates back, the splice plates bend to form a
hinge. As bending continues, the bolts holding the
slotted splice plate to the intermediate post pull

free and the intermediate post is separated from the
rest of the support.

The W6x12 post section tested is the largest post
size to be used with this slip-base design. Suc-
cessful tests of the W6xl12 post would qualify
smaller post sizes for use with this base. The
two-support installation tested is typical for sign
panels of up to 147 ft? erected on flat terrain
and designed to withstand winds up to 80 mph (zone
B). All of the bolt torques used initially were
determined to be sufficient to withstand the loads
developed by B80-mph winds. The hinge-bolt torques
were increased for the last two tests in an attempt
to keep the sign panel upright on a single support
after impact.

All test vehicles were 1973 Chevrolet Vegas
weighing approximately 2150 lb and speeds were near
the 20- and 60-mph requirements. Vehjcle test
weights were reduced about 100 1b from the usual
2250 1lb, recognizing that future test-weight re-
quirements will be reduced. The actual test weights
achieved could not be further reduced by using the
vehicles available without extensive alterations.
The impact angles were 90° and 30° to the sign face,
which corresponds to a car traveling parallel to and
at 60° to the pavement, respectively. Based on
previous tests of triangular slip bases, these im-
pact angles would produce the maximum vehicle veloc-
ity change and a reasonably expected impact condi-
tion for the roadway situations previously described.

RESULTS

Results of four full-scale crash tests of the omni-
directional slip-base sign support are summarized in
Table 1.

In the first test (test 29), impact was perpen-
dicular to the sign face at 27.7 mph and resulted in
a 726-1lb*s vehicle momentum. The slip-base bolts,
torqued to 110 1bfeft, separated on impact as
designed, but the upper hinge bolts, torqued to 170
1bfeft, remained in place and pulled the sign
panel downward and backward and pitched the car -3°
(upward) before the hinge released. The car trav-
eled 11 £t during that period before the hinge
released and traveled another 5 ft until the post
flew free of the car.

The displaced sign panel then contacted the car
roof. This secondary impact, which was directly
over the front seat and about 1 ft to the right of
center, resulted in a dent about 4 ft long, 3-7 in
wide, and less than 1 in deep. This impact was not
severe and presented no apparent hazard to vehicle
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Figure 1. Omnidirectional slip-base sign support,
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Table 1. Test results. occupants, but an additional 49-lb*s momentum was
lost.
Measurement Test 29 Test 30 Test 31 Test 32 The nonimpacted post bent and twisted as the sign
panel fell, and the panel rotated about 80° before
Impact condition it was finally free of the vehicle. When it struck
Speed (mph) 27.7 21.0 64.9 59.4 the ground, the 1/4-in bolts that held the lower two
\?I:igézt(({b) 3?55 3?30 3200 3(1)60 Zz-bars to the upper post failed and left only the
Contact two 1/4-in bolts at the top 2Z-bar to support the
Time (ms) 489 257 78 85 panel. Both hinge plates on the nonimpacted post
D;stance(ft) 16.0 8.5 6.8 6.8 pulled free of the outboard bolts (those farthest
Exit speed (mph) 20.3/19.8% 154 59.9 55.3 from the impacted post) as the other end of the
%‘;&Tﬂﬁ ia)w (9)0 (3)0 (3]0 30 panel fell to the ground. Two of the riveted verti-
Maximum roll 0 0 0 0 cal seams in the aluminum sign panel were torn open
Maximum pitch -3 . = s below the first 2-bar because of the panel's twist-
Momentum change 726/7752 543 501 403 ing. These were later repaired with 1/4-in bolts
= illt.z)tio @ for subsequent tests. The sign panel came to rest
sg-msravgns face down and rotated about B80° from its original
Longitudinal NA NA 4.02 3.45 position, and the nonimpacted support was still
Lateral NA NA 1.89 1.26 attached at both the base and the hinge.
Maximum peak The impacted post, which sustained a small dent
Longitudinal NA NA 7.42 7.20 at bumper height on the upstream flange, was thrown
Lateral NA NA 9.24 6.72 5 ;
Avg continuous 45 ft from its base and about 8 ft to the right
Longitudinal NA NA 2.40 1.31 (away from traffic). The upper post remained un-
Lateral NA NA 042 0.42 damaged and attached to the Z-bars. Both slotted
V;t:gedamage FC-3 FC-3 FC-4 Fo4 splice plates pulled free from the intermediate post
i i - r s though
SAE 12FCEN9  [2FCENI  12FCEN2  12FCEN2 and Lowaingd wttaghed %o the upper Posty &lthoug

Note: TAD = Trafflc Accident Data Project, SAE = Society of Automotive Engineers,
and NA = not available.

2Result of secondary impact of sign panel and car roof after foss of contact with post.

they were bent and not reusable.

Vehicle damage was limited to a 9-in-deep, 21-in-
wide dent in the bumper, grill, and hood. The car's
trajectory was unaffected by the impact and it
exited along the same path on which it entered.
Vehicle decelerations were not available because of
equipment malfunction.
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Figure 2. Typical impact and vehicle d

ge resulting from test 30.

For the second test (test 30), impact was at 30°
(nearly parallel to the sign panel) at 21.0 mph,

which resulted in a 543-lb*s vehicle momentum
change. Both base bolts were torqued to 110 1bfeft
and hinge bolts to 170 1bfeft; they released as
designed, i.e., the base bolts on impact and the
hinge bolts after about 1.0 ft of vehicle travel.
During that time, the sign bottom dropped only about
3 in and rotated back about 5° (see Figure 2).

After the hinge released, the intermediate post
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remained attached to the upper post by the right-
hand bolt on the downstream splice plate. The sign
rotated about 40° more after hinge release and came
to rest still partly attached to the nonimpacted
post; it was turned approximately 45° from its
original position. The sign panel was undamaged
except for the lower left corner being bent when it
hit the ground. Both upper posts remained fully
attached to the Z2Z-bars. The nonimpacted inter-
mediate post twisted slightly but was reusable for
another test.

The impacted intermediate post sustained a small
dent in the upstream flange at bumper height and
bent flanges at the top of the intermediate section
where the splice plates remained almost straight.
None of the nonimpacted components sustained per-
manent damage, and the hinge release resulted from
the slotted splice plates simply pulling free of the
5/8-in bolts; there was no bending of the plates.

Vehicle damage was limited to a 9-in-deep, 19-in-
wide dent in the bumper, grill, and hood. The car
did not deviate from its path and exited along the
impact trajectory. Again, vehicle decelerations
were not available.

For the third test (test 31), impact was again at
30° to the sign panel, and impact speed was 64.9
mph, which resulted in a 50l1-1lb*s vehicle momentum
change. The base bolts, torqued to 110 1bf-ft,
released on impact. The hinge bolts were torqued to
190 1bfeft in an attempt to keep the sign panel
upright after one support was removed, but this
increased torque did not appear to have an adverse
effect on hinge release, which occurred about 7 ms
after impact, before the sign panel could either
rotate or drop, and after the car traveled about 0.6
£t

After hinge release, the intermediate post re-
mained partly attached to the upper post, then
slipped free of the splice plates, and then flew
end-over-end 125 £t downstream and 15 ft to the
right. The sign dropped to the ground, bending one
corner while rotating back about 25° from its origi-
nal position. As in the previous lower—speed test,
the upper posts remained fully attached to the
Z2-bars and there was no permanent damage to any of
the nonimpacted components. Again, the impacted
post sustained only a dent from the impact and bends
in the flanges at the splice-plate bolt locations.

Vehicle damage was again limited to a large
front-end dent. This time it was 12 in deep and 28
in across in the bumper, grill, and hood. However,
damage to the fan and radiator prevented this car
from being driven away. As in the previous tests,
the impact resulted in no change in the path of the
vehicle.

For the final test (test 32), a 0.25-in-diameter
cable tether was attached to the top of the inter-
mediate post and the bottom of the upper post to
eliminate the flying post experienced in the previ-
ous high-speed test. The post was impacted at 90°
(perpendicular to the sign panel) at 59.4 mph and
had a 403-1lb*s vehicle momentum change. The base
bolts (torqued to 110 1bfeft) released on impact,
and the hinge bolts (torqued to 190 1bfeft) re-
leased after about 0.6 ft of vehicle travel.

After the hinge released, the intermediate post
remained partly attached to the upper post by the
downstream splice plate. This attachment held until
after loss of contact between the post and car, when
the posts separated and the only remaining connec-
tion was the 0.25-in tether cable. The additional
moving mass of the tethered intermediate post caused
the sign to rotate about 110° from its original
position, which was significantly more than if the
intermediate post had been allowed to fly free after
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complete separation of the splice plates, The
intermediate post remained tethered until both it
and the sign panel hit the ground. The tether then
snapped and the post bounced about 5 ft away to the
right.

As in the previous tests, the upper posts re-
mained fully attached to the 2-bars. The nonim-
pacted post was twisted 90° clockwise and bent about
18 in above the base plate. The sign panel's lower
left corner was bent when it hit the ground and the
lower right edge bent as it was folded against its
support by the extreme rotation. The impacted sup-
port sustained a dent on the upstream flange where
it was struck by the bumper and sustained bent
flanges where it separated from the downstream
splice plate.

Vehicle damage was again limited to a large dent
in the front of the car, 12 in deep and 24 in wide
in the bumper, grill, and hood. As in the previous
high-speed test, it precluded driving the car from
the scene after impact.

FINDINGS

All four impacts with the posts resulted in changes
in vehicle momentum below the preferred 750 1lb-°s.
Decelerations were tolerable in the two tests mea-
sured, and no violent vehicle reactions or abrupt
changes of vehicle direction occurred. Impact was
deliberately off center in the two high-speed im-
pacts, but even then the vehicles exited on the same
trajectories along which they entered. In all
cases, the slip bases released as designed, but the
lack of downstream flange continuity across the
hinge (as in the one-direction design) prevented the
sign panel from remaining upright on the nonimpacted
support.

Based on these four tests, the following findings
can be stated:
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1. The omnidirectional sign support tested meets
American Association of State Highway and Transpor-
tation Officials (AASHTO) criteria for momentum
transfer, and all of the resulting momentum changes
were below 750 lbes;

2. Vehicle damage was light in all cases, and
the lower-speed tests resulted in slightly 1lighter
damage than the high-speed tests;

3. Off-center impact in the high-speed tests did
not adversely affect vehicle trajectory or appurte-
nance performance;

4. The impacted posts were dented by the vehicle
bumper, and the flange ends were bent at the hinge;

5. The nonimpacted posts sustained greater
damage than the impacted ones because they were bent
and twisted when the sign panels fell;

6. The sign panel sustained a bent lower left
corner in each test when it hit the ground; during
the first test, one of the riveted vertical seams
separated due to twisting of the panel; and

7. The slotted splice plates on the nonimpacted
post did not develop enough resistance to maintain
the sign in an upright position.
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Guardrail Installation and Improvement Priorities

J. W. HALL

The methodology and findings of a detailed study of New Mexico traffic
crashes involving impacts with guardrails, selected fixed objects, or overturn-
ing are described. Analysis of computerized accident records for 1978 and
1979 found that guardrail accidents were more often characterized by rural
conditions, unfamiliar drivers, and snow-covered roads. Guardrail accidents
tend to be less severe than other single-vehicle crashes. Field studies were
conducted at the sites of 113 pairs of guardrail and nearby run-off-the-road
crashes. Roadway geometrics were similar at both types of sites; both had
significant downgrades and curvature to the left. Roadside slopes behind the
guardrail did not differ significantly from front slopes at the run-off-the-
road sites. Highly significant correlations were found among certain crash-
site parameters. Average values of roadway and roadside characteristics

at both types of crash sites were more adverse than for the roadway system
in general. The research has developed a severity-reduction model that

can be used to prioritize sites that warrant guardrail installation or upgrading.

The intent of gquardrail is to reduce the severity of
impact for motorists who have left the roadway.
Guardrails should be designed to lessen the injury
to occupants of vehicles that strike it and to
safely redirect vehicles back to the roadway.

It is possible to learn something of gquardrail

use from accident records. Data from 1978 Fatal
Accident Reporting System (FARS) records (l) indi-
cate that more than half of the fatal accidents in
the United States involve a single vehicle. Approx-
imately 27 percent of all fatal accidents involve
fixed objects, and of these approximately one-ninth
involved vehicles that have struck guardrail. An-
other substantial component of the fatal-accident
experience in this country involves noncollision
accidents (primarily overturning), which account for
approximately 11 percent of the fatal accidents na-
tionwide.

In an attempt to determine the nature of the
guardrail accident problem in New Mexico, an analy-
sis was conducted of 1978 and 1979 New Mexico acci-
dent data. Of the 100 000 reported accidents during
this two-year period, 22 percent of all accidents
involved either fixed objects or overturning, and
these accidents accounted for 42 percent of all
fatal accidents. Guardrail was involved in 1.8 per-
cent of the fatal accidents. The fixed-object and
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overturning accidents were grouped into three

classes:

l. Guardrail--574,
2, Overturning--8037, and
3. Other fixed object--13 894,

The severity index for these accidents was highest
for overturning accidents (0.53), an intermediate
value for gquardrail (0.37), and lowest for other
fixed objects (0.28). The severity index for the
other-fixed-objects class is misleadingly low be-
cause the category includes objects that are known
to cause little or no injury, such as fences, fire
hydrants, etc. On the other hand, those fixed ob-
jects that are more likely to be shielded by guard-
rail, including abutments, bridges, and culverts,
all have severity indices higher than that reported
for the guardrail accidents in New Mexico.

Contingency-table techniques were used to make
compar isons among the 22 000 accidents that involved
overturning and fixed objects in New Mexico. An
analysis was conducted of various characteristics of
these accidents as reported in the New Mexico acci-
dent record system., On the basis of the accident
statistics, it was possible to draw a few conclu-
sions about guardrail use and effectiveness in New
Mexico. Guardrail accidents occur to a lesser ex-
tent in New Mexico than is reported nationwide. The
guardrail accidents that do occur in New Mexico have
moderate severity, which is consistent with that
reported in other states. The accidents tend to be
less severe than both overturning accidents and im-
pacts with those fixed objects that are often
shielded by guardrail. The quardrail accidents in
New Mexico tend to be rural in nature, as suggested
by the higher speeds and the dark, unlighted condi-
tions under which many of them occur. With respect
to the other single~vehicle, nonpedestrian accidents
in New Mexico, the guardrail accidents show more in-
volvement in snow and with unfamiliar drivers and
less with use of alcohol. Horizontal curves were
overrepresented at the overturning sites, whereas
guardrail and other fixed objects showed no specific
difference in this regard.

The findings from this analysis of the computer-
ized accident record system are not conducive to
engineering action. There is a suggestion that more
guardrail needs to be used in New Mexico. It is
also possible that the guardrail that is used could
be improved to reduce the severity of accidents that
occur. With these thoughts in mind, this study was
designed to evaluate the potential for gquardrail
improvement in New Mexico. The primary objective of
this study was to determine the relative priority of
upgrading existing guardrail that does not meet cur-
rent standards versus the installation of new guard-
rail at locations where it is not currently used.
Clearly, both items are important because New Mexico
has older gquardrail as well as a number of locations
where quardrail is warranted but not installed.

STUDY METHODOLOGY

In accord with the objectives of this research, a
study procedure was developed that would evaluate
the effect of current guardrail installations and
that would also evaluate the merits of installing
guardrail at additional locations. The study was
restricted to the state highway system.

The study plan for this research called for a
paired comparison of guardrail accidents with those
accidents susceptible to severity reduction through
guardrail use. To ensure the comparability of traf-
fic volume as well as climatic and topographic con-
ditions, a pair of nearby accident sites were se-
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lected on state-administered routes. Each pair
consisted of a guardrail accident site and a non-
guardrail accident site. The latter were the sites
of overturning accidents or accidents with those
fixed objects that might be susceptible to cor-
rective action through proper guardrail use.

The 1978 and 1979 New Mexico accident record sys-
tem was used together with a detailed sampling
scheme to select pairs of nearby quardrail and cer-
tain types of run-off-the-road accidents. The 125
pairs of sites identified through this process were
subsequently reduced to 113 when supposedly valid
sites could not be located on the photologs or in
field site investigations. Sites were located in 22
of New Mexico's counties on 34 different highway
routes. With the exception of severity, which was
used as a partial criterion for choosing sites, this
set of accidents exhibits characteristics similar to
those for all gquardrail, overturning, and fixed-
object accidents. The similarity of the character-
istics of the sample and the population suggests
(but does not prove) the absence of bias in the
site-selection process., Among the accident sites
with guardrail, 28 percent involved guardrail at
bridges. Accidents involving culverts and embank-
ments each accounted for 17 percent of the nonguard-
rail sites, while the remaining sites involved over-
turning or accidents with abutments, bridges, and
ditches.

The objectives of this study suggest that several
types of data should be collected and analyzed.
With respect to gquardrail crashes, it is necessary
to know the characteristics of the quardrail--
specifically, its height, type, terminal treatment,
and the effectiveness with which it performed in the
crash., Other data reguirements for both gquardrail
and nonguardrail sites include roadway geometries
and the nature of the roadside. A description of
the specific measurement procedures is contained in
the project report (2).

The extensive data sets collected in the field
were supplemented with data from the investigating
officer's report and from New Mexico State Highway
Department files. The data were processed by using
standard computer programs.

ANALYSIS OF DATA

The mean values of the geometric characteristics in
the vicinities of both the quardrail and nonguard-
rail crash sites are summarized in Table 1. The
maximum degree of curvature at the gquardrail sites
exceeds the corresponding value at the nonguardrail
sites. On the other hand, the minimum degree of
curvature is slightly less at the gquardrail sites.
The mean degree of curvature, which is the average
value at each site of the curvature at the 10 mea-
surement positions, is essentially the same at both
the guardrail and nonguardrail sites. A similar
condition exists for the approach degree of curva-
ture, which is the mean value of the degree of cur-
vature in the area immediately upstream of the crash
site.

A further analysis of the data made use of a
signed degree of curvature. For the purpose of this
analysis, curves to the lett were assigned a posi-
tive sian, while those to the right were assigned a
negative sign. Although the signing convention is
arbitrary, it does serve to distinguish between the
direction of curvature. As shown in Table 1, the
nonguardrail sites have a more pronounced curvature
to the left. This is true for both the average of
all 10 curvature readings and for the curvature in
the area immediately upstream of the crash sites.
Although it may be obvious, it is worth noting that



Transportation Research Record 868

Table 1. Summary of mean values of geometric characteristics: guardrail and
nonguardrail crash sites.

Mean Values

Item Guardrail Nonguardrail
Degree of curvature
Maximum 3.61 215
Minimum 0.15 0.22
Mean? 1.41 1.44
Approachb 1.58 1.51
Mean signed®*© 0.18 0.42
Approach signed®*© 0.27 0.42
Superelevation (%)
Maximum 3.70 3.87
Minimum 0.91 0.84
Mean! 2.31 2.42
Approach® 2.27 2.43
Gradient (%)
Maximum 0.71 0.66
Minimum -1.82 -1.42
Mean® -0.58 -0.40
Approach? ~0.74 -0.47

3Mean of 10 curvature values.

bMean value in the area immediately upstream of the site.
CSign conventlon: + for left curves, - for right curves.
dMean of 10 superelevation values,

€Mean of 11 gradient values,

Table 2. Site characteristics.

Mean Values

Item Guardrail Nonguardrail
Pavement width (ft) 24.6 24.6
No. of lanes 3.0 3.0
Shoulder width (ft) 5.8 6.8
Continuous downhill distance (ft) 1100 1400
Speed limit (mph) 52.0 52.4
Traffic volume® 5400 5400
Pavement friction 0.75 0.75
No. of driveways 0.57 0.57
No. of intersections 0.10 0.03
No. of spot-fixed objects 2.5 2.2
Length of continuous-fixed objects (ft) 400 330
Shoulder slope (%) 1.59 2.04
Front slope (%) 4.2 18.3°
Back slope (%) 21.0 0.8°
Embankment depth (ft) 35.8 23.5°

AVolume of average daily traffic (ADT).
bStatistically significant difference at a = 0.05,

a driver has less recovery room on a curve to the
left than one to the right.

Analysis of the superelevation data showed no
differences between the guardrail and nonguardrail
sites. Superelevation was assigned an algebraic
sign of + if it was proper for the particular loca-
tion, i.e., a normal crown section on a tangent and
proper superelevation on the curve. The gradient
data given in Table 1 indicate that the guardrail
sites tend to be on steeper downgrades than the non-
guardrail sites. The minimum, mean, and approach
gradients are all less in the case of the guardrail
crash sites.

As might be expected, all of the parameters shown
in Table 1 have rather high standard deviations,
i.e., the curvature values had an extreme range and
included sharp curvature as well as many tangent
sections. Because of the high standard deviation of
the data, none of the differences suggested in the
summary characteristics are statistically signifi-
cant. Additional characteristics at the study sites
are indicated in Table 2. These characteristics
relate to the width of the roadways, roadside slope
information, and the presence of driveways and in-
tersections. The roadway width factors are of obvi-
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ous importance, while the last two would 1logically
be limited by the installation of guardrail. The
pavement width, which was the total pavement width
for undivided highways and the one-directional road-
way width for divided highways, was virtually the
same at both sites. Shoulder widths were somewhat
higher at the nonguardrail sites. The length of the
continuous downhill distance in advance of the crash
site was higher at the nongquardrail sites.

Most of the crashes occurred on high-speed rural
highways that have a median speed limit of 55 mph.
Because of the proximity of the paired quardrail and
run-off-the-road crash sites, it was not possible to
distinguish the traffic volumes at the two types of
sites, and therefore the average volumes at both
were the same. Pavement friction, which was mea-
sured with a 70-1b drag tester, had identical values
at guardrail and nonguardrail sites.

As shown in Table 2, there is no difference in
the number of driveways between the gquardrail and
nonguardrail sites. There are approximately three
times as many intersections at the guardrail sites
as at the nonguardrail sites, but the number of in-
tersections in total is quite small, and the appar-
ent difference is not statistically significant.
The number of spot-fixed objects, which included
trees, poles, and large rocks, is virtually the same
at both the guardrail and nonguardrail sites. The
length of continuous-fixed objects was approximately
400 ft at the guardrail sites and 330 ft at the non-
guardrail sites. The continuous-fixed objects
within this grouping included the length of gquard-
rail that, on average, was five times longer at the
guardrail sites,

The slope of the shoulder at the nonguardrail
sites averaged 2 percent, while at the guardrail
sites the slope was approximately 1.5 percent. The
difference 1is not statistically significant. A
principal factor in distinguishing between the
guardrail and nonguardrail sites was the roadside
slope characteristics. The front slope, which was
measured immediately beyond the shoulder, is signif-
icantly higher at the nonguardrail sites than at the
guardrail sites, The positive sign associated with
the slopes indicates a fill or embankment type of
slope. The back slope was measured in the area be-
hind the guardrail in the case of guardrail sites
and at the point where the slope changed to a cut
slope or leveled out in the case of the nonguardrail
site. Not surprisingly, the back slope was signifi-
cantly higher at the gquardrail sites, although it
does not differ from the front slope at the non-
guardrail sites. The depth of embankment was 35 ft
at the guardrail sites versus only 23 ft at the non-
guardrail sites.

The general characteristics of the quardrail at
the crash sites are summarized in Table 3. The
principal type of guardrail, which accounted for
nearly two-thirds of all the guardrail crash sites,
was the blocked-out W-beam, while a quarter of the
guardrail was of the non-blocked-out W-heam type.
The principal terminal type at the guardrail crash
sites was the buried-end type of terminal, which is
normally accompanied by a gquardrail flare. The
breakaway cable terminal type and the old style non-
buried terminal type each accounted for approxi-
mately a quarter of the sample.

The field crew attempted to identify the reason
for the installation of the guardrail at the crash
sites, In some cases there were multiple reasons
for quardrail installation. Bridge approaches and
embankments each accounted for 31 percent of the
guardrail installations. Rivers, culverts, and
other purposes each accounted for approximately 10
percent. The average height of gquardrail was 2.23
ft above ground level. However, a significant range
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in heights was found; some rails were as low as 1.2
ft and others as high as 3.2 ft. 1In general, older
installations tended to have lower heights.

An analysis was made of the severity of accidents
involving different types of gquardrail. The re-
sults, presented in Table 4, are shown for the type
of guardrail, the terminal type, and the purpose for
which the quardrail was installed. Twelve of the
accidents that involved guardrail resulted in fatal-
ities, 75 resulted in injuries, and 26 resulted in
proper ty-damage-only (PDO) accidents, Contingency-
table analysis showed that crash severity was inde-
Pendent ot both quardrail type and purpose, although

Table 3. Guardrail characteristics at study sites.

Item Value

Type of guardrail (%)
Blocked-out W-beam 64.9
Regular W-beam 23.4
Thrie beam 6.3
Cable 2.9
U-channel 29

Terminal type (%)
Buried 39
Breakaway 26
Old style 24.
Not applicable 9.7

Purpose for installing guardrail (%)
Bridge approach 31
Embankment 31
River 10
Culvert 9.7
Other 8.8
Overpass or underpass 7.1
Ditch 1.8

Avg guardrail height (ft) 2:2

Range of heights (ft) 1.2

Table 4. Crash severity versus guardrail characteristics.

No. of Accidents

Item Fatal Injury PDO
Type of guardrail
Blocked-out W-beam 7 52 13
Regular W-beam 4 14 8
Thrie beam 1 4 2
Other 0 5 3
Terminal type
Buried 4 29 11
Breakaway 2 22 6
Old style 3 17 8
Not applicable 3 7 1
Purpose
Bridge approach 5 26 4
Embankment 3 19 13
River 1 7 4
Culvert 0 10 3
Other 3 13 2

Table 5. Combined effect of approach curvature and approach gradient.

Curvature®

Gradient Sharp Gentle Nearly Gentle Sharp
(%) Right Right Tangent  Left Left
Guardrail sites

>=2 3 6 71 6 8

<=2 2 3 6 4 4
Run-off-the-road sites

>-2 2 7 61 9 8

<=2 3 0 11 6 6

2Tangents have a curvature of fess than 0.1 degree, gentle curves between 0.1 and
2.0 degrees, and sharp curves greater than 2.0 degrees.
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crash severity for guardrail at bridge approaches
was slightly higher than expected. Severity was
also found to be independent of terminal type, a
finding that needs to be interpreted carefully,
since most crashes did not involve a direct hit on
the terminal.

The independence of guardrail type and crash
severity is surprising, especially since laboratory
tests have shown that certain types of guardrail
perform better than others. It must be noted, how-
ever, that guardrail tests are typically performed
under extreme conditions with respect to speed and
impact angle and these conditions are often not met
in real-world gquardrail crashes. Although there is
good reason to believe that the blocked-out W-beam
design provides a safer environment for impacting
vehicles, the independence of crash severity and
guardrail type indicates that there may be other
factors that are of equal or greater importance than
guardrail type alone in projecting gquardrail crash
severity.

Correlation analyses were conducted among the
parameters at both the guardrail and nonguardrail
sites. Several interesting findings from these
analyses include the following:

1. At the guardrail sites, locations with
sharper curvature to the left tend to have flatter
side slopes, while the opposite was true at the non-
guardrail sites;

2. At both types of sites, embankment heights
were greater on steeper downgrades;

3. As might be expected, both types of sites
showed traffic volume to be positively correlated
with pavement width, shoulder width, and speed limit;

4., Higher guardrail heights were negatively cor-
related with crash severity; and

5. At both types of sites, front slopes were
positively correlated with severity.

Because other research (3) has suggested a rela-
tion between vertical and horizontal alignment and
crash occurrence, an analysis was conducted to ex-
amine what relation, if any, existed between the
roadway curvature and gradient at the crash sites.
The curvature used in this analysis was the approach
curvature from 250 through 50 ft before the site.
The gradient was the average value of the gradient
from 200 ft before the site to the site itself.
Average values of curvature in excess of 2 degrees
were categorized as sharp, while those between 0.1
and 2 degrees were cateqorized as gentle.

The results of the contingency-table analysis of
the combined horizontal and vertical curvature for
guardrail and nonguardrail crash sites are presented
in Table 5. Statistical testing indicated that, at
both quardrail and nonguardrail sites, curvature and
gradient are not independent. The small number of
observations in certain cells of the table detract
from the statistical significance of this finding.
However, the table clearly indicates the excess num-
ber of crashes at both the guardrail and nonguard-
rail sites that occur on curves to the left. Test-
ing did indicate that, at both types of sites,
crashes occurred on downgrades at curves at approxi-
mately twice the statistically expected level.

An attempt was made to relate observed crash
severity to roadway and roadside parameters by using
multiple regression techniques. The equations that
were developed explained only a small portion of the
observed variation. The discrete nature of the
severity scale (fatal, injury, and PDO), coupled
with the fact that many parameters not measured in
this study can contribute to crash severity, led to
the abandonment of this approach.

Discriminant analysis was used to determine if a
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set of independent variables could be used to es-
tablish the classification of the dependent vari-
able--crash severity. The independent variables
used in the discriminant analysis to predict the
severity of guardrail crashes were approach degree
of curvature and gradient, roadside slope, guardrail
height, traffic volume, pavement width and friction,
shoulder width, and posted speed limit. All of
these parameters except quardrail height and posted
speed limit were also used 1in the discriminant
analysis at the nonguardrail crash sites.

The results, summarized in the table below, show
the actual severity of the accidents versus the
severity based on the discriminant analysis:

Classified Severity

Actual Severity Fatal Injury PDO
Guardrail crash sites
Fatal 10 2 0
Injury 3 66 2
PDO 0 10 12
Nonguardrail crash sites
Fatal 12 6 1
Injury 7 53 15
PDO 0 0 13

It is not possible to use the entire set of study
sites because one or more data items might be miss-
ing at a particular site. In the case of the guard-
rail sites, the discriminant analysis properly clas-
sified 84 percent of the accidents according to
their actual severity. The analysis for the non-
guardrail sites properly classified 73 percent of
the crash severities. Recognizing that the discrim-
inant analysis does not give direct consideration to
many nonhighway factors (such as vehicle type and
actual speed at time of collision), the discriminant
analysis does a good job of distinguishing crash
severity on the basis of the selected roadway and
roadside parameters. A subsequent analysis found
that two factors that can influence crash severity--
vehicle occupancy and safety belt use--reportedly
were not significantly different for the guardrail
and run—off-the-road crashes.

The discriminant analysis was also applied to the
entire data set to determine the feasibility of dis-
tinguishing the type of site on the basis of se-
lected crash-site characteristics. The characteris-
tics used for this purpose were the approach degree
of curvature and gradient, the roadside slope, and
the shoulder width. These variables were employed
to create a model that would classity a site on the
basis of these characteristics as either a guardrail
or a run-off-the-road crash. Good success was ob-
tained with the data from the guardrail sites, where
90 percent of the sites were properly classified on
the basis of these four variables. On the other
hand, only 62 of the nonguardrail sites were prop-
erly classified, while the remainder were errone-
ously classified as having characteristics more sim-
ilar to those of the guardrail sites. This finding
is important because it indicates that, despite the
differences among guardrail sites, the sites are
generally similar enough to be properly classified.
On the other hand, nearly half of the nonguardrail
sites exhibit roadway and roadside characteristics
that are more similar to those at the gquardrail
sites. On a statistical basis, as opposed to an
engineering design basis, nearly half of the non-
guardrail sites should have had quardrail in-
stalled. The results of the discriminant analysis
of sites are summarized in the table below:

Classified Site
Actual Site Guardrail Run-off-the-Road
Guardrail 102 Il
Run-off-the-road 51 62
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Several differences between the characteristics
at guardrail and nonguardrail sites have been
cited. It is also important to note that both sites
have different characteristics than the roadway sys-
tem in general. Although an extensive sampling pro-
cedure would be necessary to thoroughly describe the
system characteristics, it is possible to reach some
general conclusions through logic and limited sam-
pling. Intuition suggests that there are as many
curves to the right as to the left, and if the di-
rections of curvature are assigned opposite alge-
braic signs, then the average curvature on the road
is zero. Also, for every upgrade there is a cor-
responding downgrade, and the result is that the
average gradient is zero. A recent study (4) sup-
ports both of these conclusions, as well as finding
that the average roadside slope is approximately 14
percent.

Data from this study show, however, that the
sites of both types of crashes have significant cur-
vature to the left. It was also found that the
average gradient at the guardrail sites was signifi-
cantly less than zero. The roadside slopes, which
had average values of 18 percent at the nonguardrail
sites and 21 percent behind the guardrail, are also
steeper than for the roadway system in general. 1In
other words, the roadways and roadsides at these
sites are significantly different than the typical
roadway. The relevance of this to the engineer is
that the crashes are considerably more freguent at
locations with adverse geometrics and that the en-
gineer has a basis for selecting sites for correc-
tive action.

PRIORITIZING GUARDRAIL IMPROVEMENTS

The numerous findings reported in this paper, which
for the sake of brevity will not be recounted, form
a partial basis for developing a guardrail improve-
ment program that would assign the proper weights to
the upgrading of existing quardrail versus the in-
stallation of new guardrail. Recognition must be
given, however, to the following facts:

1. when normalized for vehicle travel or highway
mileage, New Mexico currently uses less guardrail
than most other states, and

2, For the most part, existing guardrail in New
Mexico appears to be performing satisfactorily.

As those familiar with guardrail use are aware,
the installation of guardrail is warranted by the
engineer's inability, due to economic or physical
constraints, to provide a clear, traversible road-
side. Guardrail is a fixed object and will not pre-
vent accidents. Its only proven benefit is that,
when properly installed, it can reduce severity.
Priorities must therefore be based on the severity-
reduction potential of upgrading versus new instal-
lation.

From a practical viewpoint, severity reduction
actually embodies two concepts. In one instance it
refers to the decrease in crash severity from fatal
or injury to PDO. Recognizing that the difference
between fatal and injury accidents is primarily one
of degree and luck rather than substance, and that a
PDO accident is the best result that guardrail can
produce, the proper perspective for judging this
component of severity reduction is the potential to
change accidents from injury to PDO crashes. The
second aspect of severity reduction deals with the
potential for an improvement at a specific location
to reduce the statewide number of injury accidents
involving guardrail. Superficially, this second
component would appear to be directly related to
traffic volume, since higher volume moving past a
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particular site would seem to increase the likeli-
hood of impact with a guardrail. However, data from
this and other studies clearly show that the proba-
bility of a vehicle departing from the traveled
roadway 1is related to roadway characteristics—-
specifically, curvature and gradient. This is also
supported by accident rate data, which are not the
same for all road systems. The fact is that geo-
metrics are more likely to be worse on non-Inter-
state facilities, thus increasing the probability of
a vehicle running off the road, This is indicated
by the data base of more than 3000 guardrail, fatal,
injury overturning, and selected fixed-object ac-
cidents from which the study sites for this project
were selected, which shows that the rates for these
types of accidents are 27 percent higher on the
federal-aid primary system and 40 percent higher on
the federal-aid secondary system than on the Inter-
state system. The data also show that the severity
indices for these crashes are identical on the three
types of roadway systems. Although it is therefore
appropriate to consider traffic volume in setting
priorities, it is necessary to make an adjustment on
the basis of the roadway system.

Numerous studies support the concept that speed
at impact is related to crash severity. At the same
time, the engineer has negligible control over speed
at impact and, for the rural state highways examined
in this study, there is little evidence that the
vehicular speed at impact is related to the posted
speed limit. The complete absence of a significant
correlation between posted speed limit and crash
severity at both the guardrail and nonguardrail
sites, which can be attributed partly to the 55-mph
speed limit at most of the study sites, supports
this concept. Thus, while corrective action involv-
ing the upgrading or installation of guardrail may
be concentrated on higher-speed facilities, the jus-
tification for such action is not that these facili~
ties have higher speed limits.

A literal interpretation of the data from this
study suggests that the top priority for improvement
should be given to the highest rate~adjusted volume
location on the steepest downgrade that has the
sharpest curve to the left and the steepest side
slope. At this location, wherever it may be, the
existing gquardrail should meet or exceed American
Association of State Highway and Transportation Of-
ficials (AASHTO) guardrail standards (5) or new
guardrail should be installed. The chances are that
if this location exists, it is already adeguately
shielded. The more likely situation is that this
condition does not exist, but rather that there are
separate locations with highest volume, steepest
downgrade, etc. The problem is further complicated
by the fact that certain parameters that the engi-
neer is not likely to measure, such as the extent of
roadway use by nonfamiliar drivers, affect the prob-
ability of a vehicle leaving the roadway and thus
influence the potential merits of an improvement.

A factor that increases the difficulty of estab-
lishing priorities is that 62 percent of the guard-
rail crashes and 54 percent of the nongquardrail
crash sites are at tangent locations that are char-
acterized by upgrades or minor downgrades. However,
this set of design characteristics exists on more
than 75 percent of the rural New Mexico state high-
way system. Thus, while these good design charac-
teristics are found at a substantial number of crash
sites, they are actually underrepresented with re-
spect to their share of the roadway system. It is
difficult to conceive of a wpriority scheme that
would emphasize these locations for either upgrading
or the installation of new guardrail.

The New Mexico State Highway Department, through
its inventory, can identify all of its existing
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guardrail installations, classified by design ade-
guacy. The Highway Department can identify loca-
tions that meet current AASHTO standards for the
installation of new guardrail. There is good reason
to assume that the existing warrants, as they relate
to embankment depth and slope, are conservative, in
that they do not require the use of guardrail at
locations with obviously hazardous conditions. A
more realistic set of warrants would clearly in-
crease the number of potential sites to be priori-
tized.

The priority for selecting sites for improvement
will be established by using a severity-reduction
index calculated on the basis of three parameters:
adjusted volume, potential for severity reduction,
and likelihood of vehicle departure. The product of
these threée factors is a measure of the increased
safety provided at a location through the installa-
tion or upgrading of quardrail to current standards.

The importance of traffic volume, adjusted for
the rate of run-off-the-road types of accidents on
the various types of facilities, has been previously
noted. The roadway system factor (R) in the index
is established from the average daily traffic (V) at
the site, as follows:

V for Interstate highways,
1.27vV for federal-aid primary highways, and
1.40V for federal-aid secondary highways.

R
R
R

The severity reduction potential of a guardrail
installation is established on the basis that a
properly designed and installed guardrail might
achieve a severity index of 0.30, which is the lower
limit of values reported in the technical 1litera-
ture. BAnalysis of New Mexico's accident data showed
that guardrail of the older design currently has a
severity index of approximately 0.4, while guardrail
at bridges has a severity index of 0.45. Similar
analyses determined the severity indices for acci-

dents involving ditches (0.40), culverts (0.50),
embankments (0.51), and abutments (0.60). This in-
formation was wused to establish the severity-

reduction factor (S), as follows:

Type of Improvement S

Upgrade deficient quardrail 0.10
New guardrail at ditch 0.10
Upgrade guardrail at bridge 0sl5
New guardrail at culvert 0.20
New guardrail at embankment 0.21

New guardrail at abutment or bridge 0.30

The third factor in the index is based on geo-
metrics and reflects the relative probability of
running off the road under various conditions of
roadway alignment. The factor was established on
the basis of the ratio of curvature and alignment
conditions found at the study sites to the estimated
extent of similar characteristics on the remainder
of the roadway system. The ratios were normalized
to a base value of unity. The alignment factor (A)
is as follows:

Curvature
Gradient (%) 2°R-0.1°L 0.1°L-2°L >2°R >2°L
>=2 1.0 1:3 2,2 741
<=2 1.0 1.8 7.5 15.0

These three factors are wused to calculate a
severity-reduction index. The index is given by
SRI = RSA/250, where SRI 1is the severity-reduction
index (the other parameters are described above),
and 250 normalizes the index to a range of 0 to
approximately 100,

The index would be used in the following manner.
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Initially, a set of locations would be identified
where a gquardrail is warranted or where existing
quardrail is not in accord with current design stan-
dards. The limited data requirements for the index
calculation can be met with existing records sys-
tems. The index could be calculated for each site,
and highest priority would be given to sites with
the highest values.

The procedure was applied to data collected in
this study. This approach is not completely valid,
since conditions at some of the nonguardrail crash
sites do not meet AASHTO quardrail warrants. The
resulting hazard indices ranged from 0 to 89. Al-
though the median index value is 3.2, 25 percent of
the sites have index values 1in excess of 7, and
these are the locations needing the most immediate
attention. Although the actual severity of individ-
ual crashes is not used directly in the model, the
correlation between the calculated index and actual
severity is positive, which suggests that the loca-
tions of more serious accidents tend to have higher
indices, As a group, the nonguardrail sites had a
significantly higher mean index (9.0) than the
guardrail sites (3.3). This implies that more at-
tention would initially be given to the nonguardrail
sites. BAmong the sites with indices in excess of 7,
only 27 percent were the locations that currently
have guardrail. Bias in the sample used for this
application of the model, which was due to the in-
clusion of some run-off-the-road sites that do not
warrant gquardrail, may be responsible for this re-
sult. The common characteristic of most of the
guardrail sites with high indices is poor terminal
treatment. W-beams without blockouts also tend to
have higher indices. Cable guardrail sites tended
to have low index values, principally because these
locations had low traffic volumes. Sites with the
highest indices are distributed proportionately
among Interstate, primary, and secondary roadway
systems, which indicates that concentration of im-
provements on one type of system would not be appro-
priate.
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CONCLUSION

The research discussed in this paper has developed a
rational and justifiable methodology for distribut-
ing funds for improvement between gquardrail instal-
lation and upgrading, The merit of this approach is
that it has the potential to achieve a high severity
reduction for gquardrail and selected run-off-the-
road crashes under the constraint of a moderate
funding level. It is recognized, however, that the
optimal solution to the specific issue of new versus
upgraded guardrail is not necessarily a component of
a plan for the most cost-effective expenditure of
limited highway monies, A well-conceived priority
scheme for all highway improvements clearly needs to
address issues and project types that were outside
the scope of this project.
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