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ABSTRACT

The purpose of the research was to develop traffic-safe end treatments
for parallel-drainage structures that would not appreciably restrict water
flow. Guidelines or warrants for use of the end treatments were also devel-
oped. Parallel-drainage culverts are used to convey water under driveways,
side roads, or median crossovers.

Preliminary designs were first evaluated using a computer simulation
program and a full-scale test program. From these studies, tentative design
parameters were selected, including the ditch and driveway slopes and the
grate spacing.

The end treatment developed in the preliminary studies was then subjec-
ted to full-scale prototype testing. These tests involved evaluation of the
end treatment on a 6.7 to 1 driveway slope with a subcompact automobile,
The end treatment was subjected to tests at 40 mph (64.4 km/h) and 50 mph
(96.5 km/h). A benefit/cost analysis was conducted to determine warrants
for the use of the treatments.

To achieve a traffic-safe driveway/culvert design the following condi-
tions should be met:

1. The roadway sideslope (or ditch slope) should be 6 to 1 or flatter.

2. The driveway slope should be 6 to 1 or flatter.

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

4, Safety treatment of the culvert opening should include an end sec-
tion cut to match the driveway slope with cross members (grates)

spaced approximately every 2 ft (0.61 m) perpendicular to the

iv



direction of water flow. The cross members should be designed to
support a concentrated wheel 1load of approximately 10,000 1b
(44,480 N) ap- plied at midspan.

Guidelines for use of safety treatments were developed through a
benefit/cost analysis. Assumptions made in the analysis were: (1) the
roadway side slope was 6 to 1, (2) the roadway had a 12 ft (3.66 m) shoul-
der, and (3) the centerline of the driveway culvert was 25 ft (7.62 m) from
the edge of the travelway.

Three driveway/culvert options were evaluated:

I. Untreated condition (1-1/2 to 1 driveway slope and no culvert end

treatment).

II. Driveway slope of 6 to 1 with culvert end cut to match slope with
no safety grates.

III. Same as II but with safety grates on culvert.

Based on the benefit/cost analysis, guidelines were developed that
identify conditions (traffic volume and culvert size) that warrant safety
ireatment of parallel drainge culverts on rural high-speed highways. These

warrants are presented in Figure 19 of the report.



IMPLEMENTATION STATEMENT

Results of this study have been implemented by the Texas State Depart-
ment of Highways and Public Transportation. The Highway Design Division has
issued policy statements on driveways and parallel drainage structures for
new construction projects. Revisions have been made in the SDHPT design
manual. The Safety and Maintenance Operations Division has issued guide-
lines for access driveways and driveway culverts. The study has also been

well received and implemented by a large number of other states.
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I. INTRODUCTION

Drainage ditches parallel almost all modern highways. Drivew&ys, side
roads, and median crossings commonly incorporate pipe culverts to accommo-
date the surface runoff carried by these ditches. Recent field reviews of
drainage culverts revealed that improvements and some modification of de-
sign details could improve both drainage and safety (1). Many of the safety
grates used in the past to cover the open ends of culverts have small open-
ings and the grates are easily clogged with debris. This causes water to
back up and flow over the roadway, the ditch crossing, or adjacent proper-
ty. In some cases safety grates do not possess enough strength to be effec-
tive or they are used on small pipe culverts which need no safety treatment.

The objective of this study was to develop guidelines for safety treat-
ment of driveway, side road, and median crossover culverts that (1) can be
safely traversed by an errant vehicle and (2) will exhibit desirable hydrau-
lic behavior,

An errant vehicle must be able to safely negotiate the culvert and ad-
joining slopes of the ditch and ditch crossing. This study investigated
these two basic areas by use of a computer simulation program and full-scale
crash tests to determine both the slope combinations and the grating with
the fewest cross members that can be safely negotiated by an errant vehi-
cle. No hydraulic analysis was attempted. For this study it was assumed
that the grate with the fewest members was the best grate from a hydraulic

standpoint,




II. EVALUATION CRITERIA

A review of the Titerature showed that there are no nationally recog-
nized safety performance standards for roadside drainage structures. Decel-
eration and stability of a vehicle during impact are the two primary mea-
sures of performance for safety appurtenances such as guardrails, crash
cushions, etc. Desirably, the appurtenance will satisfy both criteria.
Previous research (2,6), showed that a very flat ditch slope, a very flat
driveway slope, and a very long culvert would be necessary to satisfy these
criteria for the present problem. In view of the economic and hydraulic im-
plications of such a design it was concluded that tradeoffs would be neces-
sary to achieve an acceptable balance between the controlling elements.
Performance was therefore judged acceptable if the vehicle smoothly trav-
ersed the slopes and did not roll over or pitch over at speeds up through

50 mph (80.5 km/h).



IIT. VEHICLE SIMULATION AND SLOPE EVALUATION

Design of a traffic-safe parallel drainage structure not only involves
the culvert itself but adjoining slopes as well. In fact, the slopes can in
many cases be a greater hazard than the culvert structure. Studies of me-
dian cross-over geometry pointed to the need for relatively flat slopes to
minimize errant vehicle rollover (2,6). The computer program, Highway-
Vehicle-Object-Simulation-Model (HVOSM) (3), was used to examine the beha-
vior of a vehicle traversing various driveway conditions. Parameters inves-
tigated 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. Thesé parameters are illustrated in the definition sketch of Figure
1.

Following is the range of each parameter evaluated:

DEPARTURE ANGLE: 159 and head-on

DEPARTURE SPEED: 30 mph (48.3 km/h), 40 mph (64.4 km/h), 50 mph (80.5

km/h), and 60 mph (96.6 km/h)
PATH: 150 angled path across transition (path 1), 15° angled path
across ditch bottom (path 2), and head-on path into driveway
slope (path 3)
ROADSIDE SLOPE: 4:1 and 6:1

DRIVEWAY SLOPE: 4:1, 5:1, and 6:1

TRANSITION TYPE: Abrupt and Rounded

DITCH DEPTH: 2 ft (0.61 m) and 3 ft (0.92 m)
VEHICLE SIZE: 2250 1b (1022 kg) and 4500 1b (2044 kg)

A total of 68 computer runs were made to evaluate the various parame-

ters. Further details and results of these runs are given in Appendix A.



SIDE ,
~ SHOULDER SLOPEZ DlTCHZ
B’ ! 18 It
" = B Y
- J<[ ,
// / =
/s /
/ / :
/ /
/ /" DRIVEWAY SLOPE 2
/ F
/ s
/\ s
/ g
/ £
[~
TRANSITION ~
ZONE SEE DRIVEWAY -} Z
DETAILS % &%
(TYPICAL FOUR
PLACES)
ANGLED PATH| / j
(n : -
b | =
READ-ON
PATH (3) ___—-/,7/
{DEPARTURE l\‘
ANGLE
PLAN VIEW
Figure 1.

Definition Sketch.
4




DITCH RIVEWAY
CDEPTH
Bd [ — YR 2
J R A 7/ /N . ) (1%} -

SECTION "A-A"

SHOULDER

SECT‘ON uB_Bu

LINES OF EQUAL

/ ELEVATION
I\;l/

ABRUPT TRANSITION SMOOTH TRANSITION

DETAL | . DETAL 2

Figure 1. Definition Sketch. (cohtinued)

5




Tentative conclusions reached as a result of the 68 computer runs were

as follows:

1.

Curved transitions between the ditch and driveway slopes signifi-
cantly reduce the potential for rollover when the errant vehicle
crosses the transition area.

Rollover will occur at speeds between 40 mph (64.4 km/h) and 50 mph
(80.5 km/h) for 4:1 ditch and driveway slopes and ditch depths of 2
ft (0.61 m) and 3 ft (0.92 m), rgardless of the type of transition
used.

Rollover will occur at speeds between 40 mph (64.4 km/h) and 50 mph
(80.5 km/h) for 6:1 ditch and driveway slopes and a ditch depth of
2 ft (0.61 m), regardless of the type of transition used.

Rollover will occur at speeds between 50 mph (80.5 km/h) and 60 mph
(96.5 km/h) for 6:1 ditch and driveway slopes and a ditch depth of
3 ft (0.92 m), regardless of the type of transition used.

The 4500 1b (2043 kg) automobile did not appear to be more stable
than the 2250 1b (1022 kg) automobile.



IV. FULL-SCALE TESTS

A series of full-scale tests were conducted to verify the HVOSM results
and to evaluate impact performance of the safety treatments. The test vehi-
cles were 1974 and 1975 Chevrolet Vegas weighing approximately 2250 1b (1022
kg). Further details of the test vehicles are given in Appendix B-2. In
each test the vehicle was towed to the test site along a guidance cable, re-
leased, and then allowed to traverse the test area in a free-wheel (no steer
input), no-braking mode. A summary of the 12 full-scale tests is given in
Table 1. Further details are presented in the following sections.

IV-1. Slope Tests

As has been previously discussed, the impact behavior of a vehicle
leaving the roadway in the area of a driveway is highly dependent on the
slopes of the ditch and driveway. The initial phase of the test program was
therefore designed to evaluate the relative hazard of the driveway slope.
An earth berm was constructed to simulate the driveway. A sketch of the
berm as constructed for tests 1-1 through 1-4 is shown in Figure 2, and pho-
tos of the berm are shown in Figure 3. Note that the slope on the approach
side of the berm was 3.8 to 1, slightly steeper than the intended slope of 4
to 1.

Tests 1-1 through 1-4 were conducted to determine an approximate maxi-
mum speed at which a driveway with a slope of approximately 4 to 1 could be
traversed without attendant vehicle rollover. In each test the vehicle's
speed was increased over that of the previous test. This process was conti-
nued until rollover occurred in test 1-4. Sequential photos of test 1-4 are
shown in Figure 4. From these four tests it was determined that an automo-
bile, approaching a driveway with a 4 to 1 slope from a head-on path (path 3

of Figure 1), would roll over (actually pitch over) at a speed somewhere be-
tween 40 mph (64.4 km/h) and 50 mph (80.5 km/h).
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TABLE 1.

SUMMARY OF FULL-SCALE TEST CONDITIONS

TEST VEHICLE VEHICLE DRIVEWAY DITCH CULVERT
NO. SPEED PATH SLOPE SLOPE CONFIGURATION
(mph) (See Fig. 1)

1-1 30 3 3.8:1 N/A No Culvert
1-2 35 3 3.8:1 N/A No Culvert
1-3 40 3 3.8:1 N/A No Culvert
1-4 50 3 3.8:1 N/A No Culvert
5-1 50 3 6.7:1 N/A No Culvert
7-1 50 3 6.7:1 N/A (See Fig. 5)
7-2 50 3 6.7:1 N/A (See Fig. 5)
7-4 20 3 6.7:1 N/A (See Fig. 5)
7-5 50 3 6.7:1 N/A (See Fig. 5)
7-6 50 3 6.7:1 N/A (See Fig. 5)
9-1 40 6.5:1 6.8:1 (See Fig. 12)
9-2 50 2 | 6.5:1 6.8:1 (See Fig. 12)

Metric Conversions: 1 mph = 1.609 km/h
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Side View
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Figure 3 Photos of Earth Berm, Tests 1-1 through 1-4.
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After test 1-4 the berm slopes were flattened to the dimensions shown
on the first page of Figure 5. In this case the slope on the approach side
was 6.7 to 1, slightly flatter than the intended 6 to 1 slope. It was
obvious from test 1-3 that an automobile could traverse the 6 to 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) with the automobile approaching from
a head-on path. Although the vehicle was airborne for approximately 75 ft
(22.9 m) it remained upright with no appreciable pitching. Sequential
photos of the test are shown in Figure 6.

As a result of the slope tests, it was concluded that the driveway
slope must be 6 to 1 or flatter if rollover was to be avoided for speeds up
through 50 mph (80.5 km/h). Further details of the slope tests are given in
Appendix B-3.

IV-2. Tests of Culvert Safety Treatments

The next series of tests (7-1 through 7-6) were conducted to determine
if safety treatment of the culvert end was needed in addition to the sloped
end treatment. The 6.7 to 1 driveway slope was used in each test. It was
assumed that a head-on path into the driveway culvert would be as critical,
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 cul-
vert with a sloped end was installed in the earth berm as shown on the first
page of Figure 5. This culvert size was selected since the diameter of most
driveway culverts in Texas are equal to or less than 24 in. (61.0 cm). Ve-
hicle impact point for this series of tests was selected such that the right

side wheels of the test vehicle traversed the center of the culvert end.
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CORRUGATED
PIPE

Berm and Culvert Details, Tests 5-1 through 7-6.
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Figure 5. Berm and Culvert Details, Tests 5-1 through 7-6.

‘DETALL 8
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DETAIL 10

Metric Conversions

2.54 cm
0.30m

1 in
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Figure 5. Berm and Culvert Details, Tests 5-1 through 7-6. (continued)
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Details of the culvert configuration for each of the culvert tests are
given in Figure 5. The first test, 7-1, was conducted at 50 mph with an
open culvert, i.e., no grate members. Photos of the installation are given
in Figure 7 and sequential photos of the test are given in Figure 8. Large
pitch and roll rates occurred after impact with the culvert, and the vehicle
rolled over. In the next test, 7-2, a single grate member was placed across
the culvert as shown in details 3 and 4 of Figure 5 and the photos of Figure
9. Very little improvement in vehicle behavior occurred and rollover again
occurred.

“Analysis of test 7-2 showed that grates spaced approximately on 2 ft
(0.61 m) centers was needed to avoid excessive wheel hop and wheel snag-
ging. The next treatment therefore incorporated this feature as shown in
details 5 and 6 of Figure 5. Photos of the grate and vehicle before test
7-4 are shown in Figure 10. Grate members consisted of 2 1b/ft (2.98 kg/m)
steel flanged channel sections. The channel section was chosen since it is
widely used as a delineator post by TSDHPT and would therefore be readily
available. The first test on this treatment, test 7-4, was conducted at 20
mph (32.2 km/h) and the results were acceptable. Test 7-5 was conducted at
50 mph (80.5 km/h) and rollover occurred due to structural failure of the
grates. Photos of the culvert before and after test 7-4 are shown in Figure
10.

In test 7-6, a 2-1/2 (6.35 cm) I.D. standard steel pipe (schedule 40)
was used as a grate member. Details 7 through 10 of Figure 5 show how the
pipe was attached to the culvert. Photos of the test vehicle and culvert
before the test are shown in Figure 11 and sequential photos of the test are
shown in Figure 12. Although the vehicle was airborne approximately 65 ft
(19.8 m) it remained upright and the test was deemed acceptable. The cul-
vert was only slightly damaged. ‘

Further details of the culvert tests are given in Appendix B-4.
16



Figure 6. Sequential Photos, Test 5-1.
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Figure 8. Sequential Photos, Test 7-1.
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Cu]vert'Ihstallétion Befdre Test 7-2.

9.

Figure
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“Fi‘gure 10. Test Vehicle and Installation Before Test 7-4.
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Test Vehicle and Installation Before Test 7-6.

Figure 11.
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Figure 12. Sequential Photos, Test 7-6.
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Analysis of the crash tests and the computer simulations showed that
the dynamic wheel load on a grate member is about 10,000 1b (44,480 N) when
impacted by a 4500 1b (2043 kg) automobile at 50 mph (80.5 km/h), assuming
the culvert is on a 6 to 1 slope. It is therefore suggested that a 10,000
1b (44,480 N) concentrated load applied at midspan be used in designing a
cross member, its attachment to the culvert and/or riprap, and any reinforc-
ing that may be necessary to the culvert and/or riprap.

It is noted that the 2-1/2 in. (96.4 cm) schedule 40 steel pipe used in
the test program, while structurally adequate for a 2250 1b (1022 kg)
automobile and a 24 in. (61.0 cm) diameter culvert, would probably not have
supported a 4500 1b (2043 kg) automobile. Calculations show that a 3 in.
(7.6 cm) I.D., schedule 40 pipe would have been needed for the larger auto.

IV-3. Full-Scale Prototype Tests

The final two tests, 9-1 and 9-2, were selected 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-driveway con-
figuration was therefore constructed as shown in Figure 13 and the photos of
Figure 14, Test 9-1 was conducted at 40 mph (64.4 km/h) and the approach
path into the driveway was as shown in Figure 13. The path was such that
the left side wheels crossed the culvert. No adverse vehicle behavior oc-
curred during the test, and the results were considered acceptable.

Test 9-2 was identical to test 9-1 except the speed was increased to 50
mph (80.5 km/h). Sequential photos of the test are shown in Figure 15. The
vehicle remained upright and sustained only minor damage. Photos of the ve-
hicle and the culvert after the test are shown in Figure 16,

Further details of the prototype tests are given 1in Appendix B-5. A

summary of the results of the 12 crash tests is given in Table 2.
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24" DIA. GALV. CORRUGATED
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SECTION 'A"

Figure 13. Test Site Conditions, Tests 9-1 and 9-2.
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Figure 14. Test Site, Tests S-1 and 9-2.
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Figure 15. Sequential Photos, Test 9-2.
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Figure 16. Vehicle After Test 9-2,
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TABLE 2. SUMMARY OF FULL-SCALE TEST RESULTS

TEST  VEHICLE VEHICLE DRIVEWAY  DITCH CULVERT
NO. SPEED PATH SLOPE SLOPE ~ CONFIGURATION RESULTS
(mph) (See Fig. 1)

1-1 30 3 3.8:1 N/A No Culvert Satisfactory - no rollover

1-2 35 3 3.8:1 N/A No Culvert Satisfactory - no rollover

1-3 40 3 3.8:1 N/A No Culvert Satisfactory - no rollover

1-4 50 3 3.8:1 N/A No Culvert Unsatisfactory - vehicle pitched over
5-1 50 3 6.7:1 N/A No Culvert Satisfactory - no rollover

7-1 50 3 6.7:1 N/A (See Fig. 5) Unsatisfactory - vehicle rolled over
7-2 50 3 6.7:1 N/A (See Fig. 5) Unsatisfactony - vehicle rolled over
7-4 20 3 6.7:1 N/A (See Fig. 5)  Satisfactory - no rollover

7-5 50 3 6.7:1 N/A (See Fig. 5) Unsatisfactory - vehicle rolled over
7-6 50 3 - 6.7:1 N/A (See Fig. 5) Satisfactory - no rollover

9-1 40 2 6.5:1 6.8:1 (See Fig. 12) Satisfactory - no rollover

9-2 50 2 6.5:1 6.8:1 (See Fig. 12) Satisfactory - no rollover

Metric Conversions: 1 mph = 1.609 km/h



V. WARRANTS FOR SAFETY TREATMENT
OF PARALLEL DRAINAGE STRUCTURES

A benefit/cost (B/C) analysis was made to develop warrants for safety
treatment of parallel drainage structures and adjoining roadside slopes.
According to SDHPT policy, one of three options will normally be selected to
install a driveway or median crossover.

I. Driveway or median crossover slope will be approximately 1-1/2 to 1
and the culvert end will have no safety treatment. This is consid-
ered the baseline or untreated condition.

II. Driveway or median crossover slope will be approximately 6 to 1 and
the culvert end will be cut to match the 6 to 1 slope. There will
be no safety grates on the culvert.

ITI. Option 3 is the same as 2 except the culvert end will have a safety
grate treatment per the recommendations presented elsewhere in this
report.

As per SDHPT recommendations, the analysis was conducted assuming
(1) the roadway side slope was 6 to 1, (2) the roadway had a 12 ft (3.66 m)
shoulder, and (3) the centerline of the driveway culvert was 25 ft (7.62 m)
from the edge of the travelway. Four culvert sizes (diameters) were evalua-
ted for each option; 18 in. (45.7 cm), 24 in. (61.0 cm), 36 in. (91.4 cm),
and 48 in. (122 cm).

With the above three options and the assumed roadside geometry, an
analysis was conducted to determine which option had the largest B/C ratio
for a given set of conditions. A description of the B/C analysis procedure

used is given in Chapter VII of reference 7 and in reference 8 and will not
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be repeated here. Input required to perform the analysis includes cost of
treatment, accident or societal cost, traffic volume, hazard size and loca-
tion, discount rate, and the severity index of the hazard being evaluated.

Four severity indices were required for each of the four culvert sizes.
Reference should be made to Table VII-C-1 of reference 7 for an interpreta-
tion of severity index values. Listed in Table 3 are the severity indices
used in the analysis. They were determined through the combined judgment of
SDHPT and TTI engineers, taking into consideration the crash test reported
elsewhere in this report. It was assumed that a 1-1/2 to 1 driveway slope
was equal in severity to an untreated culvert end regardless of the culvert
size. Also note it was assumed that the severity index of a safety grated
culvert on a 6 to 1 slope was equal to the severity index of the 6 to 1
slope.

An incremental B/C analysis was performed to evaluate the three op-
tions. Listed in Table 4 are estimated costs to upgrade option I to option
IT and option II to option III, as provided by SDHPT. Accident or societal
costs were obtained from reference 9. Incremental benefits were defined as
the difference in societal costs of any two options and incremental costs
were the difference in SDHPT direct costs of the two options.

Plotted in Figures 17 and 18 are the B/C versus traffic volume for up-
grading option I to II and option II to III, respectively. The "kink" in
the curves at an ADT of approximately 3000 is caused by the vehicle en-
croachment data used in the analysis procedure (see Figure VII-C-1 of refer-
ence 7). From Figure 17 it can be seen that option II when comparéd with
option I has a B/C greater than one for all but the very low traffic vol-
umes. For 36 in. (91.4 cm) diameter and smaller culverts the breakpoint

occurs at an ADT of approximately 100. For the 48 in. (121.9 cm) diameter
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TABLE 3. ASSUMED SEVERITY INDICES

SEVERITY INDEX

A

CULVERT DRIVEWAY DRIVEWAY UNTREATED SLOPED CULVERT _ SLOPED CULVERT
DIAMETER SLOPE SLOPE CULVERT END END WITH NO END WITH GRATES

(in.) GRATES

18 1-1/2 to 1 7.2 7.2 N/A N/A

18 6 to 1 5.2 N/A 5.8 5.2

24 1-1/2 to 1 7.2 7.2 N/A N/A

24 6 to 1 5.2 N/A 6.0 5.2

36 1-1/2 to 1 7.2 7.2 N/A N/A

36 6 to 1 5.2 N/A 6.6 5.2

48 1-1/2 to 1 7.2 7.2 N/A N/A

48 6 to 1 5.2 N/A 7.2 5.2

N/A - Not Applicable



€e

TABLE 4. INCREMENTAL COST OF TREATMENTS
COST TO UPGRADE FROM

CULVERT COST TO UPGRADE FROM OPTION ITI TO III
DIAMETER (in.) OPTION I TO II ($) CONSTRUCTION ($) MAINTENANCE ($/YEAR)
18 375 225 : 150
24 378 300 150
36 475 600 | 150
48 835 900 150
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BENEFIT/COST RATIO

NOTE:
OPTION I - 1-1/2 to 1 driveway slope and

20 culvert end with no safety
treatment.
18" & 24"
Dia. OPTION II - 6 to 1 driveway slope and
Culverts culvert end cut to match
16 slope.
.l » 36]!
2 Dia.
- Culvert

48" Dia. Culvert

0 2500 5000 7500 10000 12500 15000 17500 20000
AVERAGE DAILY TRAFFIC

'FIGURE 17. BENEFIT/COST RATIO TO UPGRADE FROM OPTION I TO OPTION II.
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BENEFIT/COST RATIO

NOTE :

OPTION II - 6 to 1 driveway slope and culvert
end cut to match slope.

OPTION III - Same as option II except culvert
ends have safety grates.

48" Dia. Culvert

36" Dia. Culvert

24" Dia. Culvert

iéz;ﬁﬁ::::////' ‘\\\\:::::::::::::::::::::::::::::~““"“”""———Z§j—;;: Dia. Culvert

2500 5000 7500 10000 12500 15000 17500 20000
AVERAGE DAILY TRAFFIC

FIGURE 18. BENEFIT/COST RATIO TO UPGRADE FROM OPTION IT TO OPTION I1I.




culvert the breakpoint occurs at an ADT near 500. Note that relatively
large benefits can be gained in option II for the smaller culverts whereas
relatively small increases in benefits are gained in option II for the lar-
ger culvert. This is due to two factors. First, the severity index of the
larger culvert in option II was estimated to be the same as that in option
I. Second, for large culverts the culvert hazard itself is a significant
part of the overall driveway/culvert hazard envelope.

Figure 18 shows the incremental B/C ratio for upgrading from option II
to III. These results indicate the addition of safety grates for 24 in.
(61.0 cm) diameter or smaller culverts is probably not cost beneficial for
ADT's of approximately 13,000 or less. However, safety grates appear war-
rrranted on culverts with diameters 36 in. (91.9 cm) or greater for an ADT
above apbroximate]y 500.

Table 5 summarizes the findings of the B/C analysis. _

Shown in Figure 19 is a set of warrants derived from Figures 17 and 18
for safety treatment of parallel drainage structures. Basically, these war-
rants indicate options that provide the greatest benefits consistent with
the given constraints and inherent assumptions. Some tradeoffs were made in
deriving these warrants in the interest of conciseness and simplicity.

Since the warrants of Figure 19 were based in part on judgment they
should not be treated as absolutes. Discretion must be used in their appli-
cation, especially when existing conditions and/or costs differ from those

employed in the analysis.
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VI. CONCLUSIONS

There are no nationally recognized safety performance standards for
roadside drainage structures. The following performance standard was there-
fore adopted for this study: "An errant automobile should be able to
smoothly traverse a ditch-driveway-culvert configuration without rollover
for speeds up through 50 mph (80.5 km/h)." To meet this standard it has been
shown that the following conditions should be met:

1. The roadway sideslope (or ditch slope) should be 6 to 1 or flatter.

2. The driveway slope should be 6 to 1 or flatter.

3. The transition area between the roadway sideslope and the driveway
slope should be rounded or smoothed as opposed to an abrupt transi-
tion,

4, Safety treatment of the culvert opening should include an end sec-
tion cut to match the driveway slope with cross members (grates)
spaced approximately every 2 ft (0.61 m) perpendicular to the di-
rection of flow. The cross members should be designed to support a
concentrated wheel load of approximtely 10,000 1b (44,480 N) ap-
plied at midspan.

Guidelines for use of safety treatments were developed through a
benefit/cost analysis. Assumptions made in the analysis were: (1) the
roadway side slope was 6 to 1, (2) the roadway had a 12 ft (3.66 m) shoul-
der, and (3) the centerline of the driveway culvert was 25 ft (7.62 m) from
the edge of the travelway.

Three driveway/culvert options were evaluated:

I. Untreated condition (1-1/2 to 1 driveway slope and no culvert end

treatment).
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II. Driveway slope of 6 to 1 with culvert end cut to match slope with
no safety grates.
IIT1. Same as II but with safety grates on culvert.
Based on the benefit/cost analysis, guidelines were developed that
identify conditions (traffic volume and culvert size) that warrant safety
treatment of parallel drainage culverts on rural high-speed highways. These

warrants are presented in Figure 19 of the report.

39



APPENDIX A.

HVOSM PARAMETER STUDY
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A. HVOSM PARAMETRIC STUDY

A series of computer simulations were conducted to gain insight regard-
ing the hazard of ditch-driveway problems. Three encroachment parameters,
four ditch-driveway parameters, and one automobile parameter were investi-
gated with the Highway-Vehicle-Object-Simulation-Model (HVOSM) (3). The
parameters and the ranges of each are given in Chapter III. A total of 68
sets or combinations of the eight parameters were evaluated, and the results
are given in Tables A-1 and A-2.

Data for the two automobiles simulated are given in Tables A-3 and
A-4, The subcompact car data were obtained from reference 5, and the full-

size car data were obtained from reference 6.
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TABLE A-1.

HVOSM RESULTS, 3 FT DITCH.

VEHICLE DATA ROADSIDE DATA SIMULATION RESULTS
MAX. [ MAX. | DIST. VEHICLE ACCELERATIONS (G's)
DEPARTURE | DEPARTURE TYPE  |orIvewaY| s1oe | rouL |PrTen| vemIcLe '

RUNIWEIGHT) SPEED | ANGLE |[PATH?|  OF | SLOPE? | sLOPE? | ANGLE|ANGLE [ATRBORNE |- PEAK 50 ms AVG.

NO.1 (1b) | (mph) | (deg) TRANSITION( (ag : by) |(ag:bg)| (deg)| (deg) | (ft) |, ongrrupimar|Laterat|verticad] LonarTupinaL| LaTeraL|verTIcAL
T12250 |40 5 | 1 | Abrupt | 41 | 471 | 17| 22| ez 7.3 55 | 16.5 7.9 70 | 68
2| 2250 | 40 15 | curved | 41 | 4 | 13| 1| 2 2.7 2.8 | 24.9 1.4 1.3 | 1
3l22s0 | 40 15 | 2 N/A 4:1 4:1 2l | 72 0.5 2.3 | 32.0 0.3 1.4 | 205
4f2250 | 40 0o |3 N/A 4:1 a:1 of 17| s 6.5 0 31.9 3.9 0 9.2
5]2050 | a0 5|1 Curved | 4:1 51 | 27| 28| 66 1.7 4.6 | 20.7 0.7 2.8 | 13.4
6]2250 | 40 15 |1 | Abrupt | 6:1 51 | 70| 8| 6 1.0 1.8 | 13.8 0.7 1.0 | 8.7
7]225 | 40 B |1 | Abrupt | 6:1 61 | 17| 12| 64 2.9 3.2 | 14.8 1.7 1.9 | 97
8los0 | a0 5 |2 N/A 6:1 | 61 | 19| 18| sa 2.6 2.5 | 10.6 1.8 1.5 | 6.7
92250 | 50 15 | 1 | Abrupt | a0 a1 | 60| 14| o 3.6 1.7 | 28.2 3.0 1.2 | 20
0] 2250 | 50 15 | Curved | 4:1 41 | 190| 26| 6 5.1 3.0 | 275 4.6 1.3 | 18.8
{2250 | 50 15 | 2 N/A 4:1 a1 | 30| 28] 10 9.6 8.1 | 24.4 6.3 4.9 | 9.9
12| 2250 | 50 o | 3 N/A a1 | an ol 21| # 6.2 0 30.5 6.2 0 12.5
13 4500 | 50 5 | v | mrwpt | a1 | e | os2]| 2] 70 227 | mno | 78 1.7 8.8 | 4.3
18] as00 | 50 5 | 2 N/A 4:1 a1 | 33| 23| o8 2.6 2.6 | 22.1 1.9 1.6 | 15.5
15| 4500 | 50 0o |3 N/A 4:1 4:1 o 22| o8 6.7 0.1 | 27.0 3.7 0.1 | 21.4
16{ 2250 | 50 15 |1 Curved | 4:1 5:0 | 30| 17| 98 2.6 4.9 | 9.7 2.1 6.7 | 7.7
17| 2250 | 50 5| 2 N/A 4:1 s5:1 | 0] 32] 110 9.6 76.6 | 11.6 2.9 20.4 | 5.9
18] 2250 | 50 15 ] 1 | mbrept | 6 50 | 30| 6] e3 2.2 6.8 | 14.0 1.3 5.4 | 7.
19f 2250 | 50 5 |2 N/A 6:1 51 | 27| 1] es 4.4 6.9 | 18.2 2.9 4.0 | 6.9

35ee Figure 1.

Metric Conversions:

1 1b
1 mph
1 ft

= 0.454 kg

1.609 km/h
0.305 m
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TABLE A-1. HVOSM RESULTS, 3 FT DITCH. (continued)
VEHICLE DATA ROADSIDE DATA SIMULATION RESULTS
MAX. | MAX. | DIST. VEHICLE ACCELERATIONS (G's)
DEPARTURE | DEPARTURE TYPE  |priveway| sipe | roiL |pITcH| vewicLe

RUN|WEIGHT| sPEep | AnGLE |[PATH?]  oF SLOPE? | SLOPE® | ANGLE| ANGLE [ATRBORNE PEAK 50 ms AVE.

No.§ (1b) | (mph) | (deg) TRANSITION (ay 2 by) }(ag:bo)} (deg) (deg) | (ft) | onarrupinaL] LATERAL|vERTICAL] LONGITUDINAL| LATERAL| VERTICAL
20 | 2250 50 15 7 Rorupt | 61 | 6:1 |19 | 14 95 5.4 .2 | 4.5 3.9 6.4 1.5
21| 2250 | 50 15 1 curved | 61 |61 | 11| 8| 87 1.5 2.8 | 19.6 1.0 1.5 | 131
22 | 2250 50 15 2 N/A 6:1 {6:1 | 37| 14| s 4.3 70 | 21.2 2.7 3.3 9.5
23| 2250 | 50 o |3 N/A 6:1 | 6:1 o| 16 90 6.0 0o |25.3 3.9 0 11.9
244500 | 50 15 1 morupt | 621 |61 | 54 | 13 76 2.5 121 | 7. 2.0 9.39 | 5.4
25| 4500 | 50 15 2 N/A 6:1 |6:1 | 59| 14| 83 2.9 15.6 | 22.6 2.6 1220 | 7.6
261225 | 60 15 2 N/A a1 {41 206 | 22 | 123 6.4 16.2 | 10.3 6.4 1.6 3.6
27| 2250 | 60 0 1 N/A a1 |4 o [180 | 152 40.2 0 12.1 29.2 0 1.0
28| 4500 | 60 15 1 mbrapt | 4:1 |4 fis7r | 8 | 103 2.3 | 245 | 1.9 2.3 16.9 | 9.0
29| 4500 | 60 15 2 N/A a1 fan |13 | 38 | 128 7.1 1.0 | 48.0 3.9 0.7 | 20.6
30|4500 | 60 0 3 N/A a1 |4 o | 21 | 143 4.0 o | s4.0 2.0 0 28.9
31| 2250 60 15 1 arupt | 6:1 |50 Jies | 11| nis 3.6 9.5 | 18.2 3.3 5.0 | 13.1
2225 | 60 15 2 N/A 6:1 |51 J209 | 17 | 123 7.2 12.6 | 2.9 5.4 8.7 0.7
33| 2250 | 60 15 1 mrupt | 6:1 |6:1 Jio5 { 28 | 133 6.5 1.7 | 10.8 5.7 0.7 7.5
38| 2250 | 60 15 1 curved | 61 |61 | a7 | 11 | 5.0 |11.0 [17.7 3.4 6.9 | 6.4
35)2250 | 60 15 2 nvA | er fer frer L as | isa 10.1 54.4 | 8.9 5.0 6.8 | 2.9
36| 2250 | 60 0 3 N/A 6:1 | 6:1 o | 26 | 130 14.0 0o | o286 7.6 0 10.6
37| 4500 | 60 15 |1 mbrupt | 6:1 |e:1 J1e2 | 12 | 105 2.1 5.2 | 24.6 1.9 2.6 | 12.2
384500 | 60 5 |2 N/A 6:1 |61 [188 | 14 | ms 3.5 31.7 | 16.0 2.8 19.2 7.7
39) 4500 | 60 0 3 N/A 6:1 | 6:1 0 |-22 | 124 10.2 o |29 7.1 0 12.3

5ee Figure 1.

Metric Conversions:

11b
1 mph
1 ft

il

0.454 kg
1.609 km/h
0.305 m
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TABLE A-2.

HVOSM RESULTS, 2 FT DITCH.

VEHICLE DATA ROADSIDE DATA SIMULATION RESULTS
' MAX. | Max. | orsT. VEHICLE ACCELERATIONS (G's)
DEPARTURE | DEPARTURE TYPE  |DRIVEWAY| SIDE | ROLL |PITCH| VEMICLE - p—
RUN|WEIGHT| SPEED | ANGLE (PATH?|  OF | SLOPE® | SLOPE? | ANGLE| ANGLE [ATRBORNE :
NO.| (1b) | (mph) | (deg) TRANSITION| (aq : by) {(ag:b)] (deg)f (deg) f  (ft) |\ ongrrupinaL| LATERAL | VERTICAL| LONGITUDINAL| LATERAL| VERTICAL
12250 | 30 1B | 1 | Abrupt | 6:1 | 61| 14 | 16 | 33 2.6 | 2.0 | 4.4 1.6 1.2 | 2.4
2| 2250 | 40 15 | 2 N/A a1 | 41| 38|19 7 1.6 13.0 | 20.7 0.8 7.7 | n.a
3f225 | a0 o |3 N/A a1 | an| o | 7 4.6 o | 2.9 4.6 0 13.4
al2zs0 | 40 15 |1 | curved | 4 5:1 | 63 | 1 52 1.7 9.1 | 106 1.7 7.4 | a6
5| 225 | 40 15 | 2 N/A a1 | s |2 s 0.7 8.7 | 18.0 0.5 5.8 | 8.1
6f225 | 40 15 |1 | curved | 601 5:1 {182 | 11 | 46 3.5 9.4 | 4.3 2.3 45 | 2.4
7225 | a0 15 [ 1 | mrupt | 61 | 61 f181 [ 12 | a7 3.7 8.4 | 1.9 3.3 6.2 | 1.6
sl2250 | 40 15 |1 | curved | 61 6:1 |53 8| =3 2.5 7.2 | 6.6 1.8 3.6 | 2.5
9| 2250 | 40 15 | 2 N/A 6:1 6:1 | 29 | 14 | 58 2.7 3.9 | 11.0 1.8 1.8 | 6.5
10f4s00 | 40 15 |1 | Abrupt | 61 | 61 | 32| 8 | 43 1.7 2.8 | 9.3 1.3 1.6 | 4.9
1)as00 | a0 5 | 2 N/A 6:1 61 | 37| 7| 6 2.0 4.2 | 9.6 1.6 2.8 | 3.2
12| 2250 | 50 15 |1 | curved | a1 | an | a2 a1 | 66 7.3 6.3 | 5.0 4.5 3.4 | 2.8
13| 2250 | 50 15 | 2 N/A a1 | a1 |ass |15 | 109 5.4 3.4 | 32.9 4.4 2.1 | 19.3
14] 225 | 50 o |3 N/A 41 | a1 | o |180 | 1 27.4 o |13 23.3 0 10.5
15] 2250 | 50 15 | 1 | curved | an 5:1 |18 150 | 70 8.8 8.0 | 4.1 8.0 7.2 | 2.8
16f 225 | 50 15 | 2 N/A 4:1 5:1 |ss8 | 70 | 113 4.5 6.3 | 11.9 2.4 19.7 | 6.5
17} 2250 | 50 15 |1 | curved | 6 5:1 230 |49 | & 6.0 7.2 | 2.7 5.0 5.3 | 1.7
18] 2250 | 50 5 | 2 N/A 6:1 5:1 182 | 21 | 88 5.9 6.4 | 18.5 3.4 3.0 | 6.3
19f 225 | 50 15 |1 | abrupt | 61 | 61 J223 |52 | 8 9.6 2.1 | 5.9 6.6 | 2.0 | 3.6
350e Figure 1. Metric Conversions:
1 1b = 0.454 kg
1 mph = 1.609 km/h

1 ft

non

0.305 m
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TABLE A-2.

HVOSM RESULTS, 2 FT DITCH.

(continued)

VERICLE DATA

ROADSIDE DATA

SIMULATION RESULTS

MAX. | Max. | DIST. VEHICLE ACCELERATIONS (G's)
DEPARTURE | DEPARTURE TYPE stoE | RoLL |prTen | vewicee

RUNIWEIGHT| sPeep | aneLe |paTH?]  oF SLOPE? | ANGLE| ANGLE |ATRBORNE PEAK 50 ms AVG.

NO.1 (1b) | (mph) | (deg) TRANSETION (ag:bg)} (deg)i (deg)|  (ft) |, ongrrupinat|LaTeraL LONGITUDINAL| LATERAL

20 | 2250 | 50 15 1] curved | 61 | 61 | 40| 25| 7 5.5 5.4 3.6 2.6 | 2.7
21 | 2250 | 50 15 2 1w 61 | 61 | 78| 15| a7 6.0 13.2 3.7 6.2 | 2.3
22 | as00 | 50 15 1| mrupt | 61 | e | a2 | 12| s 2.6 4.5 2.0 3.4 | 3
23 ] 4500 | 50 15 2 | wa 6:1 | 61 |iss| o 77 3.0 22.1 2.8 9.5 | 3.8
24 | 2250 60 15 1| curved | a1 | a1 J20| 60| 93 1.7 4.3 8.8 |31 | 4.9
25 | 2250 | 60 15 2 | WA 6:1 | s | 62| 13| 128 6.6 16.4 4.6 9.1 | 5.7
2 | 2250 60 15 1] curved | 61 |6 | 29f 3| s 6.3 5.4 3.5 3.4 | 43
27 | 2250 60 0 3] wa 61 |61 | of 30| 125 15.7 0 9.0 0 8.6
28 | 4500 | 60 15 1| mrupt | 61 e | oes| a1 | 7 3.3 5.6 3.3 5.6 | 2.7
29 | 4500 | 60 0 3| wa 61 |61 | of 3| 103 14.9 0 10.4 0 9.0

35ee Figure 1.

Metric Conversions:

1 1b
1 mph
1 ft

0.454 kg
1.609 km/h
0.305 m




TABLE A-3. HVOSM INPUT, SMALL CAR.

Lo o , _ . PROJECY #22B0--DRIVEWAY PARAMETREIC STUDY

:)1 ‘ DSN=VI540041 1072 VEGA=IS 'DEGREE ™ APPROACH AT 40 MPH/NO TRANSTITION

, i INERY 1AL, DATA e e DIMENS EONS o e e it it e oL SUSPENS 10N DATA .

i MS = 5.8310 LB.~SECe##2/IN A = 43.8700 INCHES KF = 96,000 LB./1IN, LAMBDAF =  0e500

: MUF = o.az«o B = 5341300 = 121000 LB</IN. LAMBDAR = 0500

f IMUR = 0.5750 o -- : L IF = 55,1000 ,“0'4;' = 374000 18BS, , OMEGAF = 040 INCHES

: TR E 564410007 e =""584,000 LBSe .7 OMEGAR = 040 TINCHES

4 Ix = 2000.0 LBe—SECe#*2-1IN ZF =  £.5800 s 0.001 INe/SECe TS = 38.000 INCHES

i 1y = 12000 0 LR = 7-2:00 o» 0001 IN./SECe RR = 1169040 LB~IN/RAD

i i1z = 15600 .0 _,"nm‘w,”" e RHQ = 193300 '!M1w;ﬁ;“7vCF 2000 LB-SEC/IN RF = 0.0 LB-IN/RAD

i ;;z =— lgo.og% ve RW™ 72 118300 e "2.000 LBZSEC/IN =~ " KRS = ~0.010 ROLL STEER CODEFF.

* = 50. :

; G = 3866400 IN/SEC.*%2 o " AKFC = 300000, LB/IN AKRC = 300.000 LB/IN

B i ' ‘ ' ‘ o I T WO ; LB7ZIN3 - AKRCP =  2.000 LB/IN3

i B 1 " OMEGRC = =~ =2.200 IN

i LB/IN AKRE = 300.000 LB/IN
2,000 LB/IN3 AKREP =  2.000 LB/IN3

Sk e e ¢3' 0 IN . . ... OGMEGRE =  4.850 IN

=)

‘ ' INITIAL CONDITIONS = : - ACCELEROMETER POS 1T IONS
PHIO = 040 DEGREES ~“XCO* 7 =4300.000INCHES' 7054600 IN/SEC XY =T 06407 TNCHES
THEYAO= Qe O "o YCO* = 880.000 ¢ 0.0 Yi = 0.0 oo
P510 = 15,000 s €0 = —19.700 ve 0.0 . 21 = . 0.0 s

4+ (PHIRO = 0.0 e DELTAL=  0e0 ¢ . 0e0  me X2 = 0s0 .o
PSIF10= 00 L] DELTAZ2="" 0.0 . 00 T wer ‘ Y2 =T T 060 T e

DELTA3=  Oe0 oo v . _ D(DEL3)/DT= 0.0 oo Z2 = 0.0 ve
| M;[‘)RVIV‘ERW"C.O“TR“:"'TAB.LE'S“Mw R SR
T PS IF TQF TOR 1 PS1F TQF TaR T PSIF TQF TQR ¥ PSIF TQF TOR
L. StC DEG  WB/FT  LB/FY  SEC  DEG  LB/FT  ABZFT . SEC . DEG | LB/FY  LB/FY SEC . bEG LB/FF . LB/FY
0«0 0.0 0.0 0.0

. : TIRE DATA' 7 TERRAIN TABLE ARGUMENTS =" 77 777w pu GRAM CONTROL DATA

: 124 0.000 LE/IN START TIME = 0.0 SEC

§ 'SlGMAt = 6000 ' s END TIME ~ = 54000

¥ "LAMBUDAT = 104000 o G e i e P NCR T FOR !NTEGRAT!ON =" "'0s0050 **"

§ AQ =362 5000 SOIL DAMPING= 0.001 SPI PRINT INTERV = 0010 *°¢

: Al = 7711 SOIL FRICT. = 04250 THETA MAX (ro SWITCH)= 70.000 DEG

: (A2 =2344.000 ) "SSTIFF = 4000, LBZIN  ~  UVWMIN(STOP) - = .

3 A3~ = 34880 T UNOeX TEMPSe = 6 T ’“"'“““PQRMIN(STUP) T T 0 e O

. Aa =550 0000 NUeY TEMPS. = 7 INDC = -1 (=o.nu cuna.-n CURB»=~1 SIELR DhG.OF FREEDOM)

3 AMU = 04500 NQe VAR AMU = 0 MODE DF INTEGRATION = 1 (=0 VAR.ADAMS—MOULTee=1 RUNGE-KUTTA+=2FIXAM)

i (DMEGT = 0750 TABLES | P1 = le (=10 SUPPLY INLTIAL POSITION)

o T Co (=0.0 CAR RESTS ON TERRAIN) -

“COEF Fe' OF TIFE FRICTION

vs.
(SPEED AND  LOAD) DATA
{ALPHA= 0.0 17 (LB=MPH)
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e

iy S R S S

IXKVTHE 0.0
XKL = 0.0

i

X
(1N

79+ 100
79« 100
~96+ 00
4 -964 00

e

/LB

Y

32.700
-32.700
32700

325700

(INa)

: (bT“ T VEHYICLE MONITUR POINTS

rd

NG

4,800
4.800
© 500
6500

TABLE A-3.

HVOSM INPUT, SMALL CAR.

(continued)
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TABLE A-3.

HVOSM INPUT, SMALL CAR. (continued)

4 coo PROJECT - #2280-=DRIVEWAY PARAMETRIC STUDY g
T DEN=V154004 1 1972 VEGA-15 DEGREE APPROACH AT 40 MPH/NO TRANSTTION ’
g FRUNT'WHEEL CAMBER T - - - oy
v {
SUSPENSION DEFLECTION
i DELTAF  PHIC - o - e
INCHES DLGRELES
, -84 000 —4.750
f —~3» 000 ~3,080 - et - - .
-2« (O —1e750
—1.+ G0O —0.730
, e 0 Va0 , ,
r Yo 080 o ago v e e o s e e 1+ o e s
2. 000 04650 '
3. 000 0.780
4. GO0 0.840
. ) . _ et S g 5 s e s o L + enis s e g e et s g
i - 3
CURB IMPACT DATA SPRUNG MASS~BARRIER IMPACT DATA
; . s o BARRIER DIM&N&IONS . BARR IER Lvo DEFLECT.
iycay = 0.0 INCHES YBTYoUE NtHES*“”f RY T <0 TTLBZIN®R3 ' T SYGMAR O Qo ey
ycze = 0.0 v DELYB® = o. SET = 0e0 DEFL.RATIO SIGMAR 1 = 0.0
2c2r = 0e0 e ZBTe = 0.0 o CONS = 0«0 ENERGY RATIO SIGMAR 2 = 0.0
DELT C = 0«0 th(lNThG.INCR.lWWMZ$U?_ = Qe0 o MUB = 0e0 SIGMAR 3 = 0.0
IPHicC = 0.0 DE&R EY VEHICLE DIMENSTONS = 7 " EPSTEON "VE ™ 7" 0%0 " "IN/SEC "~ """ SEGMAR " &7 g @ oy
PHIC i = 0e0 XVE = 0.0 INCHES EPSILON B= 0.0 L8 SIGMAR 5 = 0.0
MUC = 0.0 } XVR = . Qa0 . DELT8 = 040 SEC SIGMAR 6 = 0.0
O o vt e XY= 0e0 s B .. AINTEG.INCR) SIGMAR 7 = 0.0
rAPST £ 300000 LB-SECHEBaIN T RN Témwua}o g e e O - SLCMAR & - ose -
cPSs1 Y =1006.000 LB—IN ZVD = 0 LR SIGMAR 9 = [ %)
OMEG A PS1 0.614 RAD INDB = © ( x RIGID BARRIERs FINITE VERT. DIM.) SIGMAR10 = 0.0
KPS1  =xkaskkax | B-IN/RAD ) INFINITE *°¢ e} .
rERSTLON PS) FREAS S-SRy Dk . T 43“DEFDNM BWRRYEW.F!NITE“"”””" e L e e o
TRAI L,FRONT( P )= 14500 INCHES =4 INFINITE o9 "e
STRUCTURAL HARDPD!NTS RELAtlve TO Co Ge
. .Z ___STIFFNESS
r - Rt (]NCHES) CLBPIN - i
POIN? 1 0.0 0 0.0 0.0
POINT 2 0.0 o.o 0.0 0.0
. POINT 3 G0 0.0 0.0 0.0
f e g i
v . - o . , .
P . - . . =
. . . . N . g

=y



TABLE A-4. HVOSM INPUT, LARGE CAR.

F T , " UPROJECT ¥22BO=<DRIVEWAY PARAMETRIC STUDY
: (bT USN=F 1550961 FULL-S1ZED VEHICLE—~-15 DEGREE APPROACH AT S0 MPH-~NO TR
) r INERT-TAL" DATA = CBIMENS JONS =+ s i SUSPENS 108
: MS = Ba8510 LB.-SEC.¥#2/IN A = 54.0000 INCHES KF = 105.000 LB./IN. LAMBDAF
p JMUF = 0.5094 B = 66.0000 *» : 1204000 LBe/INs LAMBDAR
; IMUR " = 0e93 17 ve TF £ 62.0000 1“!_‘" 40.000 LBS. : " OMEGAF
TR = 60.7000 ‘i 554000 LBSe OMEGAR
5 IX = 4560 .0 LBe~SECe**2~IN ZF = 10.2240 ¢ 0300 INe/SECe 1S
“ 1Y = 40000 .0 KX ZR = 11e7750  ®»¢ 06300 INo/SECe RR
{1Z = 33000 .0 e RHO W %= =1a630(¢ 7 wwor e 1500 LB-SEC/IN RF
: IXZ =~1504000 " RW = 1344600 v 2.000 LB-SEC/IN KRS
g IR = 62500 0. :
i ) = 380400 IN/SECe*»2 . = 300000 LB/IN AKRC
U RT000 LBZINI T T ARRCP
. ~3.000 1IN OMEGRC
‘ 300,000 LB/IN AKRE
. 2000 LB/IN3 AKREP
H i TATO00 TN OMEGRE
U . e e AMATTAL CONDITIONS e e
B UPHIO = 0.0 DEGREES  XCOY  =4360.000INCHES PO = 8824000 IN/SEC
O FHET A0S 040 ’e YCO* = BBOL00O o9 Qo = 0.0 "
PSI0O = 15e 000 v ZCO® = -22.400 %* RO = 0.0 .
+ TPHIRO = 040 ve DELYAL= ' 0.0 YETDIPHIR YO TS [+ ST "’ ""mDELu/DTa 0.0 S
PSIF U= 0+ 0 ve DELTA2= 00 ve  DIPSIFI/ZOT HAD/SC D(DEL2)/DT= 0.0 ve
DELTA3= 0.0 ve DI{DEL3)}/DT= 0.0 .o
" ORIVER CONTROL TABLES
x L TqQr — TQR 1. psye ek JOR T psIE o TQF TR T
i i D G LB/ZFT LB/FT SEC BEGTLBAPT LR T SE T UDEGT ULB/FY UULBZFT T SET
0.0 0.0 0.0 0.0
r oo . T e o
; TIRE DATA TERRAIN TABLE ARGUMENTS PROGRAM CONTRUL DATA
b 13004000 LB/IN e START TIME = 0.0 SEC
b ?SlGMAT = 6,000 T e e R T M T P11 ] :
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H AD =400 0.000 SUIL DAMPING= o.oon sp1 pmm INTERVAL =  (0.010
z Al = Ba400 SOIL FRICTe = o HETA MAX (TO SWITCH)= 70.000 DEG
I [AZ =3000,000 " SSTIFF = 4000. wrrN“ “’“‘"memsrmt , "Gy O :
3 A3 = 1.710 NUe X TEMPS. = PORMIN(STOP)Y 0.0
A4 =420 0,000 NO.Y TEMPSe = 7 INDCRB = -1
2 AMU = 06550 NUe VAR AMU = 0 N MODE (F INTEGRATION = 1 (
§ TOMEGT '~ = 0,750 CTABLES - FORTCMRPY T e ey ey g :=l.0 SUPPLY
r: =
COEF Fe UF Tépf FRICTIUN -
VS e
(SPELD AND LUAD) DATA o
CALPHA= 0.0 17 (LE<MPH) -

R R B R R < AT R e R b

Hgueyniun

W NnEN
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ROLL STEELR COEFF.
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oy
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TABLE A-4. HVOSM INPUT, LARGE CAR. (continued)
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FRONY WHE EL CAMBER "
SUSPEN $ !ON DEFLEC FION

TABLE A-4,

DSN=F 1550961

e AL A

HVOSM INPUT, LARGE CAR.

(continued)
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FULL-SCALE TESTS



B-1. Introduction

This section provides details of 12 crash tests conducted during this
study. For convenience, the tests are divided into three groups, namely,
slope tests, culvert tests, and prototype tests. The slope tests were con-
ducted to determine an acceptable slope for a driveway or ditch crossing.
The culvert tests were conducted to determine what, if any, safety treatment
was needed for the end of the culvert. The prototype tests were conducted
on a typical ditch-driveway installation to determine if the final design
was acceptable.

Data collection and data reduction procedures for all tests were in ac-
cordance with recognized guidelines (4). Test results consist of data de-
rived from the accelerometer readings, photos of the impact phase, and pho-
tos of damage to the test vehicles and installations. Four plots are pre-
sented for each test. These plots are the longitudinal, transverse, and
vertical accelerations versus time, and the roll angle versus time. The ac-
celerometers were placed at the approximate center of gravity of the test
vehicles.

B-2. Test Vehicles

Test vehicles consisted of 1974-75 Chevrolet Vegas weighing approxi-
mately 2250 1b (1022 kg). Figure B-1 shows dimensions of a typical 1974-75
Vega. Design differences between the Vegas tested were very minor.

Before-test and after-test photos of the vehicle are presented in sub-
sequent sections of the Appendix. In some cases the same vehicle was used
in two or more tests. This was done only if the previous test caused minor

damage to the vehicle.
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Figure B-1. Dimensions of Test Vehicle.
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B-3. Slope Tests

Following is a description of the tests conducted to evaluate the haz-
ard of driveway slope. A summary of the results of these tests is shown in
Table B-1. As shown in this table the steepest slope that can be safely
traversed by an errant vehicle at 50 mph (80.5 km/h) is 6 to 1. A discus-
sion of these results and the conclusions drawn therefrom can be found in
Section IV-1,

The first four tests were conducted on the earth berm shown in Figures
2 and 3. The final test in this series was conducted on the earth berm il-
lustrated in Figure 5. The impact point for all tests was the center of the
berm, and the vehicle path was perpendicular to the face of the berm.

B-3-1. Test No. 1-1

Figure B-2 shows the test vehicle prior to impact with the 4 to 1
slope. The test speed was 30 mph (48.3 km/h). Figures B-3 and B-4 contain
sequential photos taken during impact. As shown, the vehicle was Taunched a
short distance and came down on the back of the earth berm. Vehicle damage
was minor.

Figures B-5, B-6, and B-7 contain longitudinal, transverse, and verti-
cal acceleration versus time plots. Figure B-8 shows the roll angle versus

time.



TABLE B-1. SUMMARY OF SLOPE TEST RESULTS

DISTANCE  VEHICLE DAMAGE

TEST  TEST VEHICLE CLASSIFICATION PEAK 50 MS DID VEHICLE
NO. SPEED SLOPE  AIRBORNE TAD SAE  AVG. ACCELERATION PITCH OVER?
(mph) (ft) (g's)
1-1 30 4:1 18.5 No noticeable 6.4 No
damage
1-2 35 4:1 43 RFQ-2 12FREW2 9.9 No
1-3 40 4:1 53 RFQ-3 T12FREW3 11.3 No
1-4 50 4:1 106 R&T-6 T12FRAWS 17.2 Yes
5-1 50 6:1 75.5 FO-1 12FDLW1 13.4 No

Metric Conversions:

1.609 km/h
0.305 m

1 mph
1 ft
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 Figure B-2. Test Vehicle Before ,TeSf 1-1
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Figure B-3. Sequehtia-'ﬂ Photos, Test 1-1.
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Figure B-4. Sequential Photos, Test 1-1.
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Figure B-5. Vehicle Longitudinal Acceleration, Test 1-1.
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TRANSVERSE ACCELERATION (G)
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Figure B-6. Vehicle Transverse Acceleration, Test 1-1.
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* VERTICAL ACCELERATION (6)

100 Hz Filter
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Figure B-7. Vehicle Vertical Acceleration, Test 1-1.
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Figure B-8. Vehicle Roll, Test‘l—].
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B-3-2. Test No., 1-2

Test 1-2 was the same as 1-1 except the vehicle speed was increased to
35 mph (56.3 km/h). The vehicle used in test 1-1 was also used in test
1-2. Figures B-9 and B-10 contain sequential photos taken during impact.
The test vehicle launched over the earth berm and rolled approximately 15
degrees before hitting the ground. This caused some damage to the vehicle
as shown in Figure B-11.

Figures B-12, B-13, and B-14 contain plots of the longitudinal, trans-
verse, and vertical accelerations versus time. Figure B-15 is a plot of

roll angle versus time.
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Figure B-9. Sequential Photos, Test 1-2. |
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Figure B-TO.Y ‘Sequential Photos, Test 1-2.
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Test Vehicle After Test 1-2.

Figure B-]];
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LONGITUDINAL ACCELERATION (G)

1 IQQMHi fi1te& '

10

10 [ ........................ ........................ o - 2 - ........................

0 0.3 0.6 0.9 1.2 1.5 1.8

TIME (SECONDS)

Figure B-12. Vehicle Longitudinal Acceleration, Test 1-2.
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TRANSVERSE ACCELERATION (6)
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Figure B-13. Vehicle Transverse Acceleration, Test 1-2.
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Figure B-14. Vehicle Vertical Acceleration, Test 1-2.

1.8



00°0z

ﬁ
00701

9

00

E

a

“01-
u. e

00*02-
110d

0006~

Vehicle Roll, Test 1-2.

Figure B-15;
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B-3-3. Test No. 1-3

Test 1-3 was a repeat of test 1-2 except the speed was increased to 40
mph (64.4 km/h). The same vehicle was used in both tests. Figure B-16 con-
tains a photo of the test vehicle before impact. Figures B-17 and B-18 con-
tain sequential photos taken during impact. The vehicle was Taunched well
over the earth berm and again rolled about 20 degrees while airborne. Vehi-
cle damage was significant as shown in-Figure B-19, and the vehicle was not
used again.

Plots of Tlongitudinal, tranverse, and vertical accelerations versus
time are found in Figures B-20, B-21, and B-22. Figure B-23 contains a plot

of roll angle versus time.
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Figure B-16. Test Vehicle Before Test 1-3.

73



i A

Figure B-17. Sequential

74

Photos, Test 1

T T TS R T U T

3

VR

0.070




Figdre B-18. Sequential Photos, Test 1-3.
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B-3-4. Test No. 1-4

Test 1-4 was the same as 1-3 except the speed was increased to 50 mph
(80.5 km/h). A different car was also used.

Figures 4 and B-24 contain sequential photos taken during impact. The
vehicle was launched well over the berm and, although it rolled over only 40
degrees, the vehicle pitched over. This test was therefore a failure, and
the damage was accordingly very severe. The damaged vehicle is shown in
Figure B-25.

Plots of longitudinal, transverse, and vertical accelerations versus
time are contained in Figures B-26, B-27, and B-28. A plot of roll angle

versus time is found in Figure B-29.
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Figure B-25. Test Vehicle After Test 1-4.
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B-3-5. Test No. 5-1

For test 5-1 the earth berm was flattened to a 6 to 1 slope as shown in
 Figure B-30. The test speed was 50 mph (80.5 km/h). A photo of the test
vehicle before impact is contained in Figure B-31. Figures 6 and B-32 con-
tain sequential photos taken during the event. The vehicle was launched be-
yond the berm but landed at a low pitch angle, and the maximum roll angle
was only 7 degrees. Vehicle damage was not severe, as shown in Figure B-33.

Figures B;34, B-35, and B-36 contain plots of longitudinal, transverse,
and vertical accelerations, respectively. Figure B-37 contains a plot of

roll angle versus time.
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Figure B-32." Sequential' Photos, Test 5-1.
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Figure B-33. Test Vehicle After Test 5-1.
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B-4. Culvert Tests

This section describes the tests conducted to determine the grate spac-
ing required to enable an errant vehicle to safely traverse a driveway cul-
vert. Table B-2 contains a summary of the results of these tests. A dis-
cussion of these results and the conclusions drawn therefrom can be found in
Section IV-2,

A1l of these tests were conducted on the earth berm used in test 5-1
and described in Figure 5. A culvert was installed in the berm and the im-
‘pact point was placed such that the right front wheé] of the test vehicle
rolled down the centerline of the culvert. The impact angle was again 0 de-
grees and the test speed for all of these tests except test 7-4 was 50 mph
(80.5 km/h). The test speed for test 7-4 was 20 mph (32.2 km/h).
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TABLE B-2. SUMMARY OF CULVERT GRATING TEST RESULTS
. DISTANCE VEHICLE DAMAGE
TEST  TEST NO. OF CROSSMEMBER - TYPE OF VEHICLE CLASSIFICATION PEAK 50 MS DID VEHICLE
NO.  SPEED  CROSSMEMBERS SPACING CROSSMEMBER AIRBORNE TAD SAE AVG. ACCELERATION  PITCH OVER?
{mph} (in.) (ft) {g's)
7-1 50 0 - - 48.5 FL-4;BL-3 OOLFMO3 9.0 Yes
7-2 50 1 84 2.5 in. 0.D 43.5 FL-4;BR-3 12FLEWA 8.2 Yes
Standard Steel Pipe
7-4 20 4 21 2 1b/ft Billet Steel 0 No Damage 0.9 - No
Delineator Post
7-5 50 4 21 .2 1b/ft Billet Steel 66.0 FL-5;B0-2 12FLAW6 14.8 Yes
Delineator Post
7-6 50 4 24 2.5 in. 0.D. Standard 64.0 RFQ-3 12FLEW2 10.2 No
Steel Pipe
Metric Conversions:
1 mph = 1.609 km/h
1 ft = 0.305m
1 in. = 2.54 cm



B-4-1. Test No. 7-1

The initial test involved a culvert end with no grating as shown in
Figures 7 and B-38. Figures 8 and B-39 contain sequential photos of the
event. The test vehicle began to roll when the right rear wheel impacted
the top of the culvert. When the car hit the ground it had already rolled
approximately 60 degrees and continued to roll completely over. Figure B-40
contains photos of the damage done to the culvert installation and the test
vehicle.

Figures B-41, B-42, and B-43 contain plots of the longitudinal, trans-
verse, and vertical accelerations versus time. Figure B-44 contains a plot

of the roll angle versus time.
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TeSt Vehicle and Installation Before Test 7-1.

Figure B-38,
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B-4-2. Test No. 7-2

For this test a single crossmember grate was installed as shown in Fig-
ure 9. Figdres B-45 and B-46 contain sequential photos of the impact. The
vehicle began to roll when the rear wheel impacted the top of the culvert.
The vehicle subsequently rolled over. Figure B-47 contains photos of the
damage to the vehicle as well as the culvert.

Plots of the longitudinal, transverse, and vertical accelerations ver-
sus time are contained in Figures B-48, B-49, and B-50. Figure B-51 con-

tains a plot of the roll angle versus time.
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Figure B-45. Sequential Photos, Test 7-2.
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B-4-3. Test No. 7-4

Figure 10 contains photos of the vehicle and 1nsté]1ation used in test
7-4, Four 2 1b/ft (2.98 kg/m) billet steel delineator posts were used for
crossmembers. Figures B-52 and B-53 contain sequential photographs taken
during impact. Due to the low impact speed of 20 mph (32.2 km/h) there was
no damage to the car and little damage to the test installation. Figure
B-54 shows the test vehicle and the installation after the test.

Figures B-55, B-56, and B-57 show plots of the longitudinal, trans-
verse, and vertical accelerations versus time. Figure B-58 contains a plot

of the roll angle versus time.
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Figure B-54. Test Vehicle and Installation After Test 7-4. _
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B-4-4. Test No. 7-5

Figure B-59 contains photos of the vehicle and installation before test
7-5. The same test installation and vehicle were used for test 7-5 as were
used for test 7-4. Sequential photos taken during impact are shown in Fig-
ures B-60 and B-61. Two of the four crossmembers failed during this test,
causing the vehicle to begin to roll when the rear tire impacted the final
crossmember, The car eventually rolled completely over. Both the test ve-
hicle and the test installation sustained significant damage as shown in
Figure B-62.

Figures B-63, B-64, and B-65 contain plots of the longitudinal, trans-
verse, and vertical accelerations versus time. Figure B-66 contains a plot

of the roll angle versus time.
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Test Vehicle and Installation Before Test 7-5.

Figure B-59.

125

i
1




.053

0

.000

0

213

0

.072

0

.802

0

401

0

.156

2

1.415

Sequéntia] Photos, Test 7-5.

Figure B-60.

126

S B e




Figure B-61. Sequential Photos, Test 7-5.
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B-4-5. Test No. 7-6

In this test the culvert grating consisted of four 2.5 in. (6.35 cm)
I.D. schedule 40 steel pipe spaced 24 in. (61 cm) apért. Figure 10 contains
photos of the test vehicle and test installation before impact. Further de-
tails of this treatment are given in Figure 5. Figures 11 and B-67 contain
sequential photos taken during the event. The car traversed the culvert and
landed without rollover. It did, however, attain a roll angle of 40 degrees
while the vehicle was airborne. Figure B-68 shows the damage done to the
test vehicle as well as the test installation.

Figures B-69, B-70, and B-71 contain plots of the longitudinal, trans-
verse, and vertical accelerations versus time. Figure B-72 shows a plot of

the roll angle versus time.
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Figure B-67. Sequential Photos, Test 7-6.
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B-5. Prototype Tests

This section describes two tests conducted to verify results of the
slope tests and the grating tests. Table B-3 summarizes the results of
these tests. A discussion of these results and the conclusions drawn there-
from can be found in Section IV-3.

The test installation for these tests coﬁsisted of a driveway construc-
ted across a drainage ditch. The ditch and driveway slopes were near 6 to
1. The culvert and grating tested in test 7-6 were installed in the drive-
way. Details of th ditch-driveway geometry are given in Figure 12. The en-
croachment angle was 15 degrees, measured from the centerline of the ditch.

The impact point is shown in Figure 12.
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TABLE B-3. SUMMARY OF PROTOTYPE TESTS

VEHICLE DAMAGE

TEST  TEST CROSSMEMBER ~ CLASSIFICATION PEAK 50 MS DID VEHICLE
NO. SPEED DITCH SLOPE  DRIVEWAY SLOPE SPACING TAD SAE  AVG. ACCELERATION ROLL OVER?
(mph) (in.) (g's)
9-1 40 7:1 ' 6.5:1 24 FD-1  12VDXW] 8.0 No
9-2 50 7:1 6.5:1 24 FD-3  12VDSW2 7.4 No

Metric Conversions:

1.609 km/h
2.54 cm

1 mph
1 1in.




B-5-1. Test No. 9-1

Figure B-73 contains photos of the test vehicle and installation before
impact. Figures B-74, B-75, and B-76 contain sequential photos during the
event. The test vehicle was airborne for only a short distance and landed
without rolling over. Neither the car nor the test .installation sustained
major damage as shown in Figure B-77. Both were reused for test 9-2.

Figures B-78, B-79, and B-80 contain plots of longitudinal, transverse,
and vertical accelerations versus time. Figure B-81 contains a plot of the

roll angle versus time.
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Figure B-73. Test Vehicle and Installiation Before Test 9-1.
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£ | Figure B-74. Sequential Photos, Test 9-1; Pan Shot.
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Figure B-75. Sequential Photos, Test 9-1; End View.
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Figure B-76. Sequential Photos, Test 9-1; Side View.
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Figure B-76. Sequential Photos, Test 9-1; Side View (continued)
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B-5-2. Test No. 9-2

Figure B-82 shows the test vehicle and installation before impact. Se-
quential photos of the impact are contained in Figures 14, B-83, and B-84.
The vehicle traversed the driveway without rolling over. Damage to the ve-
hicle and to the test installation was slightly more than in test 9-2 but,
as shown in Figure 15, the test installation required no maintenance and the
vehicle was repairable.

Figures B-85, B-86, and B-87 contain plots of the longitudinal, trans-
verse, and vertical accelerations versus time. Figure B-88 contains a plot

of the roll angle as a function of time.
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Figure B-83. Sequential PhofosA, Test 9-2; End View.
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Figure B-84, Sequential Photos, Test 9-2; Side View. (continued)
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Figure B-87. Vehicle Vertical Acceleration, Test 9-2.
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