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1 INTRODUCTION
1.1 Problem Statement

Breakaway couplings are commonly used to mitigate the severity of impacts between
errant vehicles and luminaire or support poles placed at the edge of the roadway. However,
existing breakaway couplings also have several disadvantages. All existing breakaway couplings
are proprietary in nature and have some State Highway Agencies referring to them as
prohibitively expensive. For example, the new breakaway coupling offered by Transpo
Industries, Inc., which consists of a double hourglass-shaped coupling made from a brittle steel,
costs between $50 to $75 per coupling. Because four couplings are often used per pole system,
the cost for the set of couplings can range between $200 and $300, which may approach the
installation cost for a typical light pole.

Moreover, existing steel couplings do not have consistent energy absorption as a function
of temperature due to the effect of the steel’s ductile-to-brittle transition temperature. The
ductile-to-brittle transition temperature for common steel is approximately 40°F (4.4°C). Finally,
many existing steel couplings are galvanized. Once the zinc has been depleted, the coupling will
begin to corrode, which can potentially change the severity of the notch and alter its fatigue
strength. Thus, there existed a need to develop a new breakaway coupling that reduced costs and
eliminated the disadvantages of existing steel, breakaway couplings. Therefore, the Illinois
Department of Transportation (ILDOT) developed a free-cutting, brass breakaway coupling for
use on luminaire or support poles.

Modern safety performance standards for breakaway support structure systems are
contained in two documents: (1) the National Cooperative Highway Research Program
(NCHRP) Report No. 350, Recommended Procedures for the Safety Performance Evaluation of

Highway Features [1] and (2) the American Association of State Highway and Transportation
1



December 22, 2010
MwRSF Report No. TRP-03-248-10

Officials (AASHTO) Standard Specifications for Structural Supports for Highway Signs,
Luminaires, and Traffic Signals, Fifth Edition [2]. These two documents detail a matrix that
includes two full-scale tests with a small passenger vehicle. However, the Federal Highway
Administration (FHWA) has approved the use of the Valmont-MwRSF/UNL crushable nose
pendulum as a surrogate vehicle for analyzing breakaway devices [3]. Therefore, the Midwest
States Pooled Fund Program desired to use the Valmont-MwRSF/UNL pendulum to evaluate the
safety performance of the free-cutting, brass breakaway couplings.
1.2 Research Objective

The objective of this research study was to evaluate the safety performance of the brass
breakaway couplings when utilized with steel and aluminum luminaire poles. The systems were
tested with the Valmont-MwRSF/UNL pendulum and evaluated according to the Test Level 3
(TL-3) criteria established in NCHRP Report No. 350 as well as to the standards described in the
AASHTO Standard Specifications for Structural Supports for Highway Signs, Luminaires, and
Traffic Signals, Fifth Edition.
1.3 Scope

The first step in performing these tests was selecting luminaire poles which would
represent the most critical configurations for small car impacts. Next, a series of low-speed,
pendulum impact tests were conducted in accordance with NCHRP Report No. 350 test
designation no. 3-60. The low-speed results were then used to estimate the results for the high-
speed impact test, or test designation no. 3-61, using an analytical method recognized by FHWA
[4-5]. This analytical method was further used to analyze the safety compliance of various
luminaire pole configurations and sizes. Finally, recommendations were made regarding the use

of the brass breakaway couplings.
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2 CRUSHABLE NOSE PENDULUM DETAILS
2.1 Pendulum System Details

The Valmont-MwRSF/UNL pendulum that was utilized for this study consisted of three
main components: (1) the support structure; (2) the pendulum; and (3) the crushable nose
assembly. Each of these components is discussed briefly in the following sections. Detailed
drawings and photographs of the pendulum system are shown in Figures 1 through 11.

2.1.1 Support Structure

The support structure consisted of two 60-ft (18.3-m) tall steel poles spaced 40 ft (12.2
m) apart laterally, as shown in Figure 1. The two support poles were connected at the top by a
catwalk assembly and cross bracing. Four cables were attached to the support structure at a
height of 42 ft — 11 in. (13.1 m) which supported the pendulum mass.

The rear lift structure was comprised of two additional steel poles. These poles had a
height of 52 ft — 9 in. (16.1 m) and were spaced 6 ft (1.8 m) apart laterally. A winch was located
at the base of these poles, and the winch cable extended up to a pulley attached to the top of the
rear lift structure and continued to the back of the pendulum. This winch and pulley system was
used to raise the pendulum mass to the desired elevation. The cable was released remotely to
conduct the impact testing. Further details can be found in Reference 3.

2.1.2 Pendulum Assembly

The pendulum body consisted of a welded, steel plate box frame, as shown in Figures 2
through 4. Two longitudinal steel tubes were mounted through the box frame to act as guides for
the crushable nose. A second set of four steel tubes were installed laterally through the pendulum
box frame for installing through-bolts for use in attaching ballast plates to the pendulum body.
The inside of the box frame was filled with concrete in order to strengthen the frame and add the

necessary mass.
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The pendulum body was supported by four 's-in. (13-mm) diameter, 6x25 XIP IWRC
wire ropes. These wire ropes were attached to the support structure at a height of 42 ft — 11 in.
(13.1 m) and adjusted to set the impact height of the pendulum at 17’2 in. (445 mm) above the
ground line. The wire ropes were configured to support the pendulum and keep the body level
during the pendulum swing.

Note that the pendulum detailed in the drawings contained herein was not configured
with a sweeper plate, as shown on other pendulums used at the Federal Outdoor Impact
Laboratory (FOIL) and the Texas Transportation Institute (TTI) [6-8]. The purpose of the
sweeper plate, as stated in previous reports, was to act as a sacrificial element that grossly
replicated the undercarriage of an automobile. It was not believed that the sweeper plate was
necessary for the testing detailed in this report. Thus, it was not utilized during the first two
rounds of testing. However, the sweeper plate was added to the undercarriage of the pendulum
prior to the third round of pendulum testing as it was deemed necessary for a different testing
project.

2.1.3 Crushable Nose

The crushable nose was mounted on the front of the pendulum mass. It was based on the
crushable nose developed and tested on the FOIL pendulum [6-7]. The aluminum nose tubes
were attached to the aluminum impact head and slide into the guide tubes on the body of the
pendulum. The crushable nose contained ten energy-absorbing aluminum honeycomb elements
with various geometries and stiffness separated by a series of sliding, fiberglass plates. The
aluminum honeycomb was pre-crushed in order to produce consistent force levels. Details of the
crushable nose assembly and the aluminum honeycomb configuration are shown in Figures 5
through 10. Details for each of the ten aluminum honeycomb elements are shown in Table 1. The

certificates of conformance for the aluminum honeycomb are shown in Appendix A.

4
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2.2 Pendulum Weight
The Valmont-MwRSF/UNL crushable nose pendulum and all of its components were
weighed and recorded prior to testing. The total weight of the pendulum for each test, including

the crushable nose, aluminum honeycomb, and accelerometers, is shown in Table 2.
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L1

Table 1. Aluminum Honeycomb Details

Original
Cartridge Manufacturer Density Dime%lsions Pre-Crush Crush Wall Cell Size Pu‘n ch
. Depth Strength Thickness . Size
No. (Part No.) (pcf) (in.) (in.) (psi) (in.) (in.) (in 2)
(Ixwxd) : ) :
Plascore
1 (PAMG-XR1-3.1 3/16 .00IN 3.1 2.75x16x3.25 3 130 0.001 0.1875 --
5052)
2 Plascore 14 4x5%2 2 25 . 1.00 .
(PCGA-XR1-1.4 1/0 N 3003) ’ ’
Plascore
3 (PAMG-XR1-3.1 3/16 .00IN 3.1 8x8x3.25 3 130 0.001 0.1875 21
5052)
Plascore
4 (PAMG-XR1-4.3 1/4 .002N 4.3 8x8x3.25 3 230 0.002 0.25 15
5052)
Plascore
5 (PAMG-XR1-4.3 1/4 .002N 4.3 8x8x3.25 3 230 0.002 0.25 6
5052)
Plascore
6 (PAMG-XR1-4.3 1/4 .002N 4.3 8x8x3.25 3 230 0.002 0.25 -
5052)
Plascore
7 (PAMG_XR1-5.7 3/16 .002N 5.7 8x8x3.25 3 400 0.002 0.1875 21
5052)
Plascore
8 (PAMG_XR1-5.7 3/16 .002N 5.7 8x8x3.25 3 400 0.002 0.1875 12
5052)
Plascore
9 (PAMG_XR1-5.7 3/16 .002N 5.7 8x8x3.25 3 400 0.002 0.1875 -
5052)
Plascore
10 (PAMG_XR1-5.7 3/16 .002N 5.7 8x10x3.25 3 400 0.002 0.1875 -
5052)
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Table 2. Pendulum Assembly Weight by Round and Test

December 22, 2010
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ROUND TEST WEGHT

NO. NO. o

1 BBC-1 ES?S
BBC-2 ES?S

BBC-3 zgi‘g

2 BBC-4 2821?
BBC-5 2821?

3 BBC-6 282%
BBC-7 zgi.%
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3 TEST REQUIREMENTS AND EVALUATION CRITERIA
3.1 Test Requirements
Support structures must satisfy the safety criteria provided in both NCHRP Report No.
350 [1] and AASHTO’s Standard Specifications for Structural Supports for Highway Signs,
Luminaires, and Traffic Signals, Fifth Edition [2] in order to be accepted by FHWA for use on
new construction projects located on the National Highway System (NHS) or as a replacement
for existing designs not meeting current safety standards. According to TL-3 of NCHRP Report
No. 350, support structures must be subjected to two full-scale vehicle crash tests. The two crash
tests are as follows:
1. Test Designation No. 3-60 consisting of a 1,808-1b (820-kg) passenger car impacting
the system at a nominal speed of 21.7 mph (35.0 km/h) and an angle between 0 and
20 degrees.
2. Test Designation No. 3-61 consisting of a 1,808-1b (820-kg) passenger car impacting
the system at a nominal speed of 62.1 mph (100.0 km/h) and an angle between 0 and

20 degrees.

The test conditions for TL-3 support structures are summarized in Table 3.

Table 3. NCHRP Report No. 350 TL-3 Crash Test Conditions

Impact Conditions
Test Test Test Speed Evaluation
Article Designation | Vehicle Angle Criteria '
mph | kmm | (deg)
S 3-60 820C 21.7 35.0 0-20 B,D,F,H,ILK,N
upport
Structures 3-61 820C | 621 | 1000 | 0-20 | BDFHIKN

' Evaluation criteria explained in Table 4.
Although the tests described in Table 3 pertain to full-scale crash tests with production
vehicles, NCHRP Report No. 350 does allow the use of surrogate vehicles, e.g., bogie vehicles

or pendulums. For compliance testing, the surrogate vehicle must be properly designed to
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replicate the essential properties of the original production model. In 2009, FHWA approved the
use of the Valmont-MwRSF/UNL pendulum for the evaluation of breakaway hardware [3].
Therefore, the Valmont-MwRSF/UNL pendulum with crushable nose was used in lieu of a
production model vehicle.

In 1975, ENSCO, INC. developed an analytical method for estimating the high-speed
(62.1 mph or 100.0 km/h) performance of a breakaway device tested at low-speed (21.7 mph or
35.0 km/h) [4]. Currently, the FHWA recognizes this conservative analytical extrapolation
method as an alternative to high-speed, full-scale crash testing [5]. Therefore, only test
designation no. 3-60 was performed with the Valmont-MwRSF/UNL pendulum. The results for
the high-speed test, corresponding to test designation no. 3-61, were calculated using the
analytical extrapolation method.
3.2 Evaluation Criteria

The evaluation criteria were based on three appraisal areas: (1) structural adequacy; (2)
occupant risk; and (3) vehicle trajectory after collision. Criteria for structural adequacy are
intended to evaluate the predictability of the breakaway support. Occupant risk evaluates the
degree of hazard to occupants in the impacting vehicle. Vehicle trajectory after collision is a
measure of the potential for the post-impact trajectory of the vehicle to become involved in
secondary collisions with other vehicles or fixed objects, thereby increasing the risk of injury to
the occupant of the impacting vehicle and to other vehicles. These evaluation criteria are
summarized in Table 4 and defined in greater detail in NCHRP Report No. 350.

In tests of breakaway features, the impulse event on the vehicle may be relatively small
and of short duration. In such tests, it is not unusual for the hypothetical occupant to travel less
than the necessary distance to contact the interior compartment during the period in which

accelerations are recorded or up to the time the vehicle loses contact with the test article. In such
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cases, the vehicle’s change in velocity that occurs during contact with the test article or parts
thereof should be reported instead of occupant impact velocity. If parts of the test article remain
in contact with the vehicle after impact, the vehicle’s change in velocity should be computed at
the time in which the vehicle clears the footing or foundation of the test article.

It was recognized that the extent of vehicle roof crush cannot be evaluated when using a
bogie vehicle or pendulum for testing. However, breakaway poles weighing less than 992 1b (450
kg) have been shown to pose minimal threat to the occupant compartment. Video of the
surrogate vehicle testing can be used to show that the vehicle passes underneath the pole before
the luminaire and the top of the pole fall to the ground, demonstrating a minimal risk of roof
crush. Therefore, a full evaluation of roof crush has not been required for systems weighing less

than 992 1b (450 kg) limit.
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Table 4. Evaluation Criteria for Breakaway Support Structures

NCHRP Report No. 350 Criteria

Structural | B-  The test article should readily activate in a predictable manner by breaking away, fracturing,
Adequacy or yielding.

D. Detached elements, fragments or other debris from the test article should not penetrate or
show potential for penetrating the occupant compartment, or present an undue hazard to
other traffic, pedestrians, or personnel in a work zone. Deformations of, or intrusions into,
the occupant compartment that could cause serious injury should not be permitted. See
discussion in Section 5.3 and Appendix E of NCHRP Report No. 350.

F. The vehicle should remain upright during and after collision although moderate roll, pitch,
and yaw are acceptable.

H. Occupant Impact Velocity (OIV) (see Appendix A, Section A5.3 of NCHRP Report No. 350
for calculation procedure) should satisfy the following:

Occupant Occupant Impact Velocity Limits
Risk
Component Preferred Maximum
Ny 9.8 ft/s 16.4 ft/s
Longitudinal (3.0 m/s) (5.0 m/s)

I.  The Occupant Ridedown Acceleration (ORA) (see Appendix A, Section A5.3 of NCHRP
Report No. 350 for calculation procedure) should satisfy the following:

Occupant Ridedown Acceleration Limits

Component Preferred Maximum
Longitudinal and Lateral 15¢g’s 20 g’s
K. After collision it is preferable that the vehicle’s trajectory not intrude into adjacent traffic
Vehicle lanes.
Trajectory

N. Vehicle trajectory behind the test article is acceptable.

AASHTO Fifth Edition Additional Criteria

Substantial remains of breakaway supports shall not project more than 4 in. (100 mm)
above a line between straddling wheels of a vehicle on 60 in. (1,500 mm) centers. The line
connects any point on the ground surface one side of the support to a point on the ground
surface on the other side, and it is aligned radially or perpendicularly to the centerline of the
Structural roadway.

Adequacy

The maximum mass of combined luminaire support and fixtures attached to breakaway
supports shall be limited to 992 Ib (450 kg). Any increases in these limits are to be based on
full-scale crash testing and an investigation of the range of vehicle roof crush characteristics
that go beyond the recommended testing procedures of NCHRP Report No. 350.

22



December 22, 2010
MwRSF Report No. TRP-03-248-10

4 TEST CONDITIONS
4.1 Testing Facility

The pendulum testing facility is located at Valmont Industries, Inc. in Valley, Nebraska.
The facility consists of the pendulum and a utility building for use in control and setup of the
testing.

4.2 Data Acquisition Systems
4.2.1 Accelerometers

Two environmental shock and vibration sensor/recorder systems were used to measure
the accelerations in the longitudinal direction. The accelerometer systems were mounted on a
rigid plate on top of the pendulum body at the longitudinal center-of-gravity. The acceleration
data was processed using both SAE CFC 60 and CFC 180 filtering procedures.

The primary accelerometer system was a two-arm piezoresistive accelerometer system
manufactured by Endevco of San Juan Capistrano, California. Two accelerometers were used to
measure the longitudinal acceleration at a sample rate of 10,000 Hz. The accelerometers were
configured and controlled using a system developed and manufactured by Diversified Technical
Systems, Inc. (DTS) of Seal Beach, California. More specifically, data was collected using a
DTS Sensor Input Module (SIM), Model TDAS3-SIM-16M. The SIM was configured with 16
MB SRAM memory and 8 sensor input channels with 250 kB SRAM/channel. The SIM was
mounted on a TDAS3-R4 module rack. The module rack was configured with isolated
power/event/communications, 10BaseT Ethernet and RS232 communication, and an internal
backup battery. Both the SIM and module rack were crashworthy. The “DTS TDAS Control”
computer software program and a customized Microsoft Excel worksheet were used to analyze

and plot the accelerometer data.
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The second system, Model EDR-3, was a triaxial piezoresistive accelerometer system
manufactured by IST of Okemos, Michigan. The EDR-3 was configured with 256 kB of RAM
memory, a range of £200 g’s, a sample rate of 3,200 Hz, and a 1,120 Hz low-pass filter. The
“DynaMax 1 (DM-1)” computer software program and a customized Microsoft Excel worksheet
were used to analyze and plot the accelerometer data.

The original FOIL-FHWA pendulum testing into a rigid pole used accelerometers on
both the crushable nose and the body of the pendulum. This setup was used to measure the
accelerations of the two separate masses in the system. During the pendulum impact into a rigid
pole, there was an initial impact that stopped the forward motion of the crushable nose and
brought the nose velocity to zero. This impact event was very short and had a relatively low
magnitude. The remainder of the impact event consisted of deceleration of the main body of the
pendulum which was much higher in magnitude. As such, the researchers believed that there
would be very little error if the crushable nose accelerations were omitted. This assumption
seemed to be proven based on review of the test report for the validation of the TTI pendulum
system [8]. In the noted report, TTI showed cross-plots of the pendulum body acceleration and
the combined body and crushable nose acceleration. The minor differences between the
acceleration curves were relegated to the initial portion of the impact event. Recognizing this, the
Valmont-MwRSF/UNL pendulum was certified and validated against a rigid pole without an
acceleration transducer system on the crushable nose [3]. Therefore, the current pendulum testing
and evaluation program only utilized accelerometers mounted to the pendulum mass.

4.3 Photography Cameras

Three AOS X-PRI high-speed digital video cameras and three JVC digital video cameras

were utilized to film test nos. BBC-1 and BBC-2. The three high-speed cameras and two digital

video cameras were set up perpendicular to impact at a distance of 55 ft (16.8 m) from the pole.
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The other digital video camera was located 55 ft (16.8 m) perpendicular and the pole 49 ft (14.9
m) downstream from the impact. Camera details, lens information, and camera operating speeds
are shown in Table 5.

A similar setup as used for test nos. BBC-1 and BBC-2 was utilized for test nos. BBC-3
through BBC-5, except the other digital video camera was located 86 ft (26.2 m) laterally on the
opposite side of impact and 60 ft (18.3 m) downstream. Camera details, lens information, and
camera operating speeds are shown in Table 6.

During test nos. BBC-6 and BBC-7, only two high-speed cameras and three digital video
cameras were used to document the tests. The distance from impact to the perpendicular cameras
was 56 ft — 6 in. (17.2 m). The offset digital video camera was located an additional 78 ft (23.8
m) downstream from impact. Camera details, lens information, and camera operating speeds are
shown in Table 7.

The high-speed videos were analyzed using a Redlake MotionScope software program.
Actual camera speed and camera divergence factors were considered in the analysis of the high-
speed videos. A Nikon D50 digital still camera was also used to document pre- and post-test

conditions for each test.
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Operating Speed Lens
No. Type (frames/sec) Lens Setting
B 5 AOS X-PRI Gigabit 1000 Fujinon Fixed 50 mm -
0]
Q_‘ o
i.j 'qg) 6 AOS X-PRI Gigabit 500 Sigma Fixed 50 mm -
>
=
ani 7 AOS X-PRI Gigabit 500 Sigma 24-135 135
) JVC - GZ-MG27U 2997
_ (Everio)
< O
5 5 3 JVC - GZ-MG27U 2997
A5 (Everio)
4 JVC - GZ—MG27U 29.97
(Everio)
Table 6. Camera Data, Test Nos. BBC-3 through BBC-5
Operating Speed Lens
No. Type (frames/sec) Lens Setting
3 5 AOS X-PRI Gigabit 500 Fujinon Fixed 50 mm -
(D]
Q‘ o
4 é 6 | AOS X-PRI Gigabit 1000 Sigma 24-70 50
on
ani 7 AOS X-PRI Gigabit 500 Sigma 24-135 135
JVC - GZ-MG27U
E § 3 (Everio) 29.97
&h 2
A > 4 JVC - GZ-MG27U 29.97
(Everio)
Table 7. Camera Data, Test Nos. BBC-6 and BBC-7
Operating Speed Lens
No. Type (frames/sec) Lens Setting
L3l 6 AOS X-PRI Gigabit 1000 Fujinon Fixed 50 mm -
@835
e I AOS X-PRI Gigabit 500 Osawa 28-80 45
) JVC - GZ-MG27U 29.97
_ (Everio)
S ©
55 3 JVC —GZ-MG27U 29.97
A5 (Everio)
4 JVC - GZ-MG27U 29.97
(Everio)
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4.4 Speed Trap, Wooden Dowels

For all pendulum tests reported herein, three wooden dowels, spaced at 18-in. (457-mm)
intervals, were used to determine the speed of the pendulum mass before impact. The dowels
were mounted so that the undercarriage of the pendulum body would incrementally impact all
three dowels just prior to impact with the pole system. The pendulum speed was then determined
from the high-speed video (at 1000 frames/sec) by determining the times at which each dowel

was impacted. A photograph of the speed trap setup is shown in Figure 12.

-

l?i_guré 12. Wooden Dowel Setu_;
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5 TEST INSTALLATION DETAILS - ROUND 1

Two tests were performed in Round 1, test nos. BBC-1 and BBC-2. Each test installation
was comprised of a luminaire pole, arms, simulated luminaires, breakaway couplings, and a
simulated rigid foundation, as shown in Figures 13 through 22. Each component is described
separately in the following sections. The fully assembled test installations for the Round 1 testing
program are shown in Figures 23 and 24. Material specifications, mill certifications, and
certificates of conforming are shown in Appendix A.
5.1 Luminaire

Critical luminaire pole systems were selected for testing and evaluation in order to allow
for other pole configurations to be accepted for use with the breakaway brass couplings, pending
a successful testing program. To define the limits of use for the brass couplers, two separate tests
were required. One test configuration would represent the worst-case condition for evaluating
occupant risk, i.e., the highest change in velocity. A heavy pole system with high rotational
inertia would require the most energy to rotate it away from an impacting vehicle, thus resulting
in the highest reduction in the vehicle’s longitudinal velocity. Therefore, the ILDOT selected a
tall, thick, and heavy steel pole to serve as this worst case luminaire system. On the other end of
the pole spectrum, a very lightweight, thin-gauge pole may not be strong enough to transfer the
impact load down to the couplings. Thus, a weak pole may bend, crush, or fracture before the
couplings break away. Therefore, the ILDOT selected a short, thin, and light aluminum pole to
serve as this worst-case luminaire pole system. Each pole is described independently in the
following sections.

5.1.1 Heavy Steel Luminaire Pole, Test No. BBC-1

The round steel pole was fabricated with a 10-gauge (3.42-mm) wall thickness and had a

shaft height of 50 ft (15.2 m), as shown in Figure 13. The nominal height to the luminaire was 53
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ft (16.2 m). The pole had a top outside diameter of 4 in. (102 mm) and a bottom outside diameter
of 11 in. (279 mm). The two mounting points for attaching the luminaire arms were located 47 ft
-4 1in. (14.4 m) and 49 ft — 7 in. (15.1 m) above the base of the pole. The base plate was 1%4-in.
(16-mm) thick by 15.1-in. (384-mm) square, as shown in Figure 14. The bolt circle was 15'%-in.
(384-mm) in diameter. Dual truss arms were attached to the top of the pole, each with a length of
12 ft (3.7 m), as shown in Figure 15. Each arm was braced with two struts at locations of 4 ft and
8 ft (1.2 m and 2.4 m) laterally from the pole. Steel plates weighing approximately 50 Ib (23 kg)
were attached to the end of each arm to simulate the luminaire bulb weights. The pole and base
plate weighed 603 1b (274 kg), and the two luminaire arms, with simulated luminaire, weighed
376 1b (171 kg) for a total system weight of 979 1b (444 kg).

5.1.2 Light Aluminum Luminaire Pole, Test No. BBC-2

The round aluminum pole was fabricated with a “-in. (6.4-mm) wall thickness and had a
height of 27 ft — 8 in. (8.4 m), as shown in Figure 16. The nominal height to the luminaire was 30
ft (9.1 m). The pole had a top outside diameter of 4 in. (114 mm) and a bottom outside
diameter of 8 in. (203 mm). A handhole was located on the pole centered at a height of 18 in.
(457 mm) from the base of the pole. The base assembly was 12-in. (305-mm) square and was
welded to the base of the pole. The bolt circle had a diameter of 11 in. (279 mm). A single 68-in.
(1,727-mm) long luminaire arm was attached to the top of the pole, as shown in Figure 17. Steel
plates weighing approximately 50 1b (23 kg) were attached to the end of the arm to simulate the
luminaire bulb weight. The pole weighed 169 1b (77 kg), and the luminaire arm, with simulated
luminaire, weighed 88 Ib (40 kg) for a total system weight of 257 1b (117 kg).
5.2 Breakaway Brass Couplings, Test Nos. BBC-1 and BBC-2

Four ASTM B16 brass breakaway couplings were used to fasten the poles to the

foundation in test nos. BBC-1 and BBC-2, as shown in Figures 18 and 19. The 1'5-in. (38-mm)
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wide hexagon-shaped couplings were 3% in. (89 mm) tall and had a 0.15-in. (3.8-mm) deep, 1/8-
in. radius notch cut around the middle. The couplings were drilled and tapped to provide 1 in. -8
UNC internal threads through the entire length of the coupling. A 3-in. (76-mm) long by I-in.
(25-mm) diameter stainless steel threaded rod was inserted and epoxied into one end of the
coupling, leaving 1 in. (25 mm) of the rod exposed.

To prevent the anchor bolts from extending through the critical notched area of the
coupling, a nylon insert was inserted inside the coupling. The threaded nylon insert was %2 in. (13
mm) long by 1-in. (25-mm) diameter, as shown in Figure 20. A single grove was cut into one
end of the insert so that it could be fastened into the coupling using a screwdriver. The nylon
inserts were only used in test no. BBC-1.

5.3 Simulated Rigid Foundation

The base of each pole was bolted to a simulated rigid foundation consisting of a steel
W18x119 (W457x177) support beam and two adapter plates, as shown in Figures 21 and 22. The
steel support beam had two 1-in. (25-mm) plates reinforcing its web at midspan, and the beam
spanned across an 8-ft long by 13-ft wide by 6-ft deep (2.4-m long by 4.0-m wide by 1.8-m
deep) concrete pit. Two 36-in. (914-mm) diameter steel adapter plates were bolted to the top
flange of the beam at midspan. The adapter plates were bolted to the simulated rigid foundation
using 1-in. (25 mm) diameter, ASTM A325 bolts. Finally, the couplings were anchored to the

adapter plates using 1-in. (25 mm) diameter, ASTM A325 threaded rods.
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Figure 16. Aluminum Pole Details, Test Nos. BBC-2 and BBC-5
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Figure 17. Aluminum Luminaire Arm Details, Test Nos. BBC-2 and BBC-5
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Figure 18. Breakaway Brass Coupling (Version 1) Details, Test Nos. BBC-1 and BBC-2



Figure 19. Brass Couplings (Version 1), Test os, BBC-1 and BBC-2

Figure 20. Nylon Inserts for Brass Couplings, Test No. BBC-1
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Figure 23. Assembled Test Installation, Test No. BBC-1
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Figure 24. Assembled Test Installation, Test No. BBC-2
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6 PENDULUM TEST NO. BBC-1

6.1 Test No. BBC-1

The 1,878-1b (852-kg) pendulum with crushable nose impacted the 53-ft (16.2-m)
nominal height steel pole with brass couplings at a speed of 21.8 mph (35.1 km/h). A summary
of the test results and sequential photographs are shown in Figure 25. Additional sequential
photographs are shown in Figures 26 and 27.
6.2 Weather Conditions

Test no. BBC-1 was conducted on November 17, 2009 at approximately 12:30 pm. The
weather conditions, as per the National Oceanic and Atmospheric Administration (station

04924/FET), were documented and are shown in Table 8.

Table 8. Weather Conditions, Test No. BBC-1

Temperature 48°F

Humidity 37%

Wind Speed 7 mph

Wind Direction 0° from True North
Sky Conditions Clear

Visibility 10 Statute Miles
Pavement Surface Dry

Previous 3-Day Precipitation 0.03 in.

Previous 7-Day Precipitation 0.03 in.

6.3 Test Description
The pendulum impacted the pole system at the targeted impact height of 17% in. (445

mm). A sequential description of the impact events is contained in Table 9.
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Table 9. Sequential Description of Impact Events, Test No. BBC-1

Time (sec) Event Description

0.000 The pendulum impacted the steel pole, and honeycomb element no. 1 began to
) compress.

0.005 Honeycomb element no. 2 began to compress.

0.014 Honeycomb element no. 2 was fully compressed, and honeycomb element no. 3
' began to compress.

0.023 Honeycomb element no. 3 was fully compressed, and honeycomb element no.4
' began to compress.

0.031 Honeycomb element no. 4 was fully compressed, and honeycomb element no. 5
' began to compress.

0.034 Honeycomb element no. 6 began to compress.

0.039 Honeycomb element no. 5 was fully compressed.

0.045 Honeycomb element no. 6 was fully compressed, and honeycomb element no. 7
) began to compress.

0.050 The pole dented at the impact location. The front of the pendulum pitched
) downward.

0.055 Honeycomb element no. 7 was fully compressed, and honeycomb element no. 8
) began to compress.

0.070 Honeycomb element no. 8 was fully compressed, and honeycomb element no. 9
' began to compress.

0.082 The front, or impact-side, couplings fractured, but the pole did not break away.

0.117 The pendulum began to rebound back away from the pole.

0.180 The nose of the pendulum lost contact with the pole. The top of the pole was
) oscillating back and forth.

1.200 The pole continued to oscillate and was now leaning backward.

3.180 The rear couplings fractured in bending due to the pole falling backward.

5.690 The pole was horizontal as the top fell to the ground behind and directly in line

with the impact.

6.4 System Damage

Damage to the luminaire pole and brass couplings is shown in Figures 28 and 29. The

steel pole was dented at the impact height. The steel pole and truss arms remained intact and
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came to rest lying with the base 6 ft - 2 in. (1.8 m) downstream from impact. All four couplings
fractured and left stub heights of 1% in. (44 mm), as shown in Figure 28. All four of the nylon
inserts were also fractured into two pieces.
6.5 Occupant Risk

The calculated occupant impact velocity (OIV) and maximum 0.010-sec occupant
ridedown acceleration (ORA) in the longitudinal direction are shown in Table 10. The calculated
longitudinal ORA of -2.06 g’s was within the acceptable limits. However, the calculated
longitudinal OIV of -35.37 ft/s (-10.78 m/s) exceeded the maximum allowable NCHRP Report
No. 350 limits of 16.4 ft/s (5.0 m/s). The recorded data from the accelerometers are shown in

graphical format in Appendix B.

Table 10. Occupant Risk Summary, Test No. BBC-1

Transd
ransducer NCHRP
Evaluation Criteria DTS Report No.
EDR-3 350 Limit
BR39H CM54H
Longitudinal OIV -34.45 -35.37 -35.17 <164
ft/s (m/s) (-10.50) (-10.78) (-10.72) (5.00)
Long‘t“gfzal ORA 140 2.06 1,94 <20

6.6 Discussion

During test no. BBC-1, the 53-ft (16.2-m) nominal height steel luminaire pole with brass
couplings did not break away in a controlled and predictable manner. The two front couplings
fractured following impact, but the two rear couplings fractured much later due to the leaning of
the pole. All four couplings had a stub height of 1% in. (44 mm), thus meeting the 4-in. (100-

mm) maximum stub height requirement provided in AASHTO’s Standard Specifications for
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Structural Supports for Highway Signs, Luminaires, and Traffic Signals, Fifth Edition. The
calculated longitudinal OIV of -35.37 ft/s (-10.78 m/s) exceeded the maximum allowable limit
established by NCHRP Report No. 350. Therefore, test no. BBC-1 (test designation no. 3-60) did

not pass the TL-3 safety performance criteria provided in NCHRP Report No. 350.
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Figure 25. Summary of Test Results and Sequential Photographs, Test No. BBC-1
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0.416 sec 2.142 sec

Figure 26. Additional Sequential Photographs, Test No. BBC-1
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0.304 sec 1.902 sec
Figure 27. Additional Sequential Photographs, Test No. BBC-1
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Figure 28. System Damage, Test No. BBC-1
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7 PENDULUM TEST NO. BBC-2

7.1 Test No. BBC-2

The 1,878-1b (852-kg) pendulum with crushable nose impacted the 30-ft (9.1-m) nominal
height aluminum pole with brass couplings at a speed of 21.8 mph (35.1 km/h). A summary of
the test results and sequential photographs are shown in Figure 30. Additional sequential
photographs are shown in Figures 31 and 32.
7.2 Weather Conditions

Test no. BBC-2 was conducted on November 17, 2009 at approximately 2:00 pm. The
weather conditions, as per the National Oceanic and Atmospheric Administration (station

04924/FET), were documented and are shown in Table 11.

Table 11. Weather Conditions, Test No. BBC-2

Temperature 52°F

Humidity 28%

Wind Speed 9 mph

Wind Direction 340° from True North
Sky Conditions Clear

Visibility 10 Statute Miles
Pavement Surface Dry

Previous 3-Day Precipitation 0.03 in.

Previous 7-Day Precipitation 0.03 in.

7.3 Test Description
The pendulum impacted the pole system at the targeted impact height of 17% in. (445

mm). A sequential description of the impact events is contained in Table 12.
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Table 12. Sequential Description of Impact Events, Test No. BBC-2

Time (sec) Event Description
0.000 The pendulum impacted the aluminum pole, and honeycomb element no. 1
) began to compress.
0.007 Honeycomb element no. 2 began to compress.
0.015 Honeycomb element no. 2 was fully compressed, and honeycomb element no. 3
' began to compress.
0.023 Honeycomb element no. 3 was fully compressed, and honeycomb element no. 4
' began to compress.
0.032 Honeycomb element no. 5 began to compress.
0.040 Honeycomb element no. 6 began to compress, and the pole dented at the impact
' location.
0.045 Honeycomb element no. 4 was fully compressed, and the right-front coupling
' fractured.
0.056 Honeycomb element no. 6 was fully compressed.
0.065 The left-front coupling disengaged from the anchor bolt.
0.069 The right-rear coupling fractured.
0.072 The left-rear coupling fractured.
The left-front coupling, which was still attached to the base plate, fractured
0.093 after the bottom of the coupling contacted the remaining stub from the left-rear
coupling.
0.110 The pendulum lost contact with the luminaire pole, and the pole continued to
) rotate away its original location.
0.724 The base of the aluminum pole contacted the ground.
The pendulum impacted the pole on its up swing at a distance of approximately
1.138 6 ft (1.8 m) from the base of the pole. This secondary impact caused the pole to
rotate at a much quicker rate.
2.500 The luminaire mast arm fell past the rigid base plate and into the pit below.
3.500 The pendulum impacted the luminaire mast arm on its return swing, crushing it

against the back wall of the pit and causing extensive deformations to the arm.
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7.4 System Damage

Damage to the luminaire pole and brass couplings is shown in Figures 33 and 34. The
aluminum pole was dented at the impact height. The luminaire arm was bent significantly from
contact with the pendulum during its back swing. The pole and luminaire arm came to rest on top
of the pendulum. Three brass couplings fractured as expected, resulting in a remaining stub
height of 1% in. (44 mm). The other brass coupling was disengaged from its anchor bolt due to
the improper installation of the coupling onto the anchor bolt.
7.5 Occupant Risk

The occupant impact velocity (OIV) and maximum 0.010-sec occupant ridedown
acceleration (ORA) were not calculated since the hypothetical occupant did not contact the
dashboard within the time that the pole was in contact with the vehicle. However, as described in
Section 3.2, the pendulum’s longitudinal change in velocity throughout the impact event was
recorded and compared against the NCHRP Report No. 350 OIV limit. The calculated change in
velocity was 16.80 ft/s (5.12 m/s), which exceeded the NCHRP Report No. 350 limit of 16.4 ft/s
(5.0 m/s), as shown in Table 13. The recorded data from the accelerometers are shown in

graphical format in Appendix C.

Table 13. Occupant Risk Summary, Test No. BBC-2

Transducer NCHRP
Evaluation Criteria EDR.3 DTS Report No.
BR39H CM54H 350 Limit
o NA NA NA
Lon%‘;udig/al o1V (No occupant (No occupant (No occupant = 51 %’4
s (m/s) contact) contact) contact) (5.0)
o NA NA NA
Longltudznal ORA (No occupant (No occupant (No occupant <20
gs contact) contact) contact)
Max. Vehicle AV 16.52 16.80 16.88 <164
ft/s (m/s) (5.04) (5.12) (5.14) (5.0)
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7.6 Discussion

The analysis of the results for test no. BBC-2 showed that the 30-ft (9.1-m) nominal
height aluminum luminaire pole with brass couplings broke away in a predictable manner. The
high-speed video illustrated that the vehicle would pass underneath the pole before the luminaire
fell to the ground. Therefore, the pole did not show a propensity to cause excessive deformations
to the occupant compartment after it broke away. The change in velocity of the pendulum during
impact was 16.88 ft/s (5.14 m/s), which exceeds the 16.4 ft/s (5.0 m/s) limit established by
NCHRP Report No. 350. One coupling disengaged from the anchor bolt instead of fracturing.
Upon investigation, it was determined that the anchor bolt had only been inserted 4 in (6 mm)
into the bottom of the coupling instead of the full 1% in. (38 mm). As a result, the anchor bolt
stripped the threads inside the brass coupling before it fractured. This occurrence may have
slightly reduced both the total absorbed energy during the test and the resulting change in
velocity. Therefore, test no. BBC-2 (test designation no. 3-60) did not pass the TL-3 safety

performance criteria provided in NCHRP Report No. 350.

54



Y

TSt AZENCY .eevviieiiieriiieeieesieete ettt MwRSF

Test Facility........ccceeuvennenne. Valmont-MwRSF/UNL Pendulum
Test NUMDET .....c.eeuiiiiiiiiienicrceeeeeteeceesee e BBC-2
DALE ..oeiiiiieeieeee e 11/17/09
NCHRP Report No. 350 Test Designation No................... 3-60
Test Article.. Brass Couplings (Version 1) and Aluminum Pole
Nominal Luminaire Height .............ccocoooinininne. 30 ft (9.1 m)
Key Component — Tapered Aluminum Pole
Height ...ooveiiiieiceeeeeee, 27 ft — 8 in. (8.4 m)
Bottom Diameter ...........ccoceevieienniennenns 8.0 in. (203 mm)
ThiCKNESS .....ocovveveieiieiieieeieeeee e Y4 in. (6 mm)
Key Component — Luminaire Mast Arm
Length...oooveieeieieeeeeeeeen 68 in. (1,727 mm)
Mounting Height..........cocoooenencnennne 27 ft— 8 in. (8.4 m)
Key Component — Couplings
Material.......ccoooevienieiieieieeee e, ASTM B16 Brass
SHAPE ..o Hexagon
Width .o 1% in. (38 mm)
Length ..o 3% in. (89 mm)
Total Installation Mass ...........cccceeevereerieerveeneenns 257 1b (117 kg)
POLC . 169 b (77 kg)
ATIN e 88 Ib (40kg)
Surrogate Vehicle........ocoevevieiiiiiniecieceeeee e Pendulum
IMASS..ccnveeereeireeiie ettt 1,878 1b (852 kg)
Impact Head........cooveiveiiieieeeee Crushable Nose

e Impact Conditions

Speed
Angle
Impact Height
Test Article Damage

Stub Heights

Four Occurrences

e  Transducer Data

21.8 mph (35.1 km/h)

....................................................................... 0 deg
17% in. (445 mm)
Moderate

1% in. (44 mm)

Transducer NCHRP
Eval.uat.ion DTS Report
Criteria EDR-3 No.. 3§0
BR39H CM54H Limit
Longitudinal NA NA NA < 16.4 s
o1v (No occupant | (No occupant | (No occupant 50
ft/s (m/s) contact) contact) contact) (5.0)
Longitudinal NA NA NA
ORA (No occupant | (No occupant | (No occupant <20¢g’s
g’s contact) contact) contact)
Max. 16.52 16.80 1688 | <164 fis
Vehicle AV-| 5 o4 (5.12) (5.09) (5.0)
ft/s (m/s) ' ) ' )

Figure 30. Summary of Test Results and Sequential Photographs, Test No. BBC-2
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0.000 sec

0.094 sec 0.396 sec
Figure 31. Additional Sequential Photographs, Test No. BBC-2
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0.046 sec 0.168 sec
Figure 32. Additional Sequential Photographs, Test No. BBC-2
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Figure 33. System Damage, Test No. BBC-2
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Figure 34. System Damage, Test No. BBC-2
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8 SUMMARY OF ROUND 1 TESTING

In the first round of testing, the Valmont/MwRSF-UNL pendulum, equipped with a
crushable nose, was utilized to conduct two tests for evaluating the first version of the breakaway
brass couplings. Both tests failed to satisfy the safety performance criteria established by
NCHRP Report No. 350 and AASHTO’s Standard Specifications for Structural Supports for
Highway Signs, Luminaires, and Traffic Signals. A summary of the evaluation for both tests is
shown in Table 14.

In test no. BBC-1, the couplings were used to support a 53-ft (16.2-m) nominal height,
10-gauge (3.42-mm) thick, steel luminaire pole. During this test, the pole did not break away as
only the front two couplings fractured upon impact. The rear couplings fractured seconds after
the impact due to bending forces caused by the pole leaning backward. The sudden stop of the
pendulum resulted in OIV values over twice the NCHRP Report No. 350 maximum allowable
limit of 16.4 ft/s (5.0 m/s). Upon inspection of the fractured couplings, it was noted that the
nylon spacer inserts fractured along with the notched cross section of the brass couplings. The
nylon spacer inserts were not a part of the original development testing, but rather a late addition
to the couplings meant to ensure that the anchor bolts would not be threaded too far and extend
through the notched fracture plane. Therefore, it was determined that the addition of these nylon
inserts greatly increased the strength of the brass couplings and prevented the desired breakaway
mechanism from activating. Subsequently, the inserts were not utilized in the couplings during
no. test BBC-2.

In test no. BBC-2, the couplings were used to support a 30-ft (9.1-m) nominal height, -
in. (6.4-mm) thick, aluminum luminaire pole. During the test, the pole broke away in a controlled
manner. However, it was later discovered in the high-speed video that only three of the couplings

fractured while the last coupling was pulled from the anchor bolt. Upon investigation, the brass
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coupling was not properly installed on the anchor bolt as only ' in. (6 mm) of the bolt was
threaded into the coupling. This embedment proved to be too small, and the internal threads of
the coupling were stripped as the coupling was loaded. However, this phenomenon was
inconsequential as the longitudinal change in velocity of 16.88 ft/s (5.14 m/s) exceeded the
NCHRP Report No. 350 maximum allowable limit of 16.4 ft/s (5.0 m/s). If the forth coupling
had been installed properly and instead fractured, the impact loads would have only been
increased.

The first round of pendulum testing illustrated that the brass couplings had reserve
strength as both tests resulted in excessive OIVs (or velocity changes). As a result, the
breakaway brass couplings were redesigned before the testing and evaluation process was

continued. The second version of the brass couplings is described in Chapter 9.
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Table 14. Summary of Safety Performance Evaluation Results, Round 1 Testing Program

ey e Test No. Test No.
NCHRP Report No. 350 Criteria BBC-1 BBC-2
Structural . . . . . . . o
Adequacy The test article should readily activate in a predictable manner by breaking away, fracturing or yielding. U S
Detached elements, fragments or other debris from the test article should not penetrate or show potential for
penetrating the occupant compartment or present an undue hazard to other traffic, pedestrians, or personnel S S
in a work zone. Deformations of, or intrusions into, the occupant compartment that could cause serious
injury should not be permitted. See discussion in Section 5.3 and Appendix E of NCHRP Report No. 350.
The vehicle should remain upright during and after collision although moderate roll, pitch, and yaw are NA NA
acceptable.
o Occupant Impact Velocity (OIV) (see Appendix A, Section A5.3 of NCHRP Report No. 350 for calculation
ccupant . .
Risk procedure) should satisfy the following:
Occupant Impact Velocity Limits U U
Component Preferred Maximum
Longitudinal 9.8 ft/s (3.0 m/s) 16.4 ft/s (5.0 m/s)
The Occupant Ridedown Acceleration (ORA) (see Appendix A, Section A5.3 of NCHRP Report No. 350
for calculation procedure) should satisfy the following:
Occupant Ridedown Acceleration Limits S NA
Component Preferred Maximum
Longitudinal and Lateral 15¢g’s 20 g’s
Vehicle After collision it is preferable that the vehicle’s trajectory not intrude into adjacent traffic lanes. NA NA
Trajectory Vehicle trajectory behind the test article is acceptable S S
AASHTO Fifth Edition Additional Criteria
Substantial remains of breakaway supports shall not project more than 4 in. (100 mm) above a line between
straddling wheels of a vehicle on 60 in. (1500 mm) centers. The line connects any point on the ground S S
surface one side of the support to a point on the ground surface on the other side, and it is aligned radially or
Structural perpendicularly to the centerline of the roadway.
Adequacy The maximum mass of combined luminaire support and fixtures attached to breakaway supports shall be
limited to 992 1b (450 kg). Any increase in these limits are to be based on full-scale crash testing and an S S

investigation on the range of the roof crush characteristics that go beyond the recommended testing
procedures of NCHRP Report No. 350.

S- Satisfactory  U-Unsatisfactory NA-Not Applicable

01-8T-€0-dd.L "ON Hodoy JSYMN

0107 ‘7T 1oquedsq



December 22, 2010
MwRSF Report No. TRP-03-248-10

9 TEST INSTALLATION DETAILS — ROUND 2
9.1 Breakaway Brass Couplings (Version 2), Test Nos. BBC-3 and BBC-5

Several modifications were made to the original brass coupling (Version 1). First, the
nylon inserts were removed from the inside of the couplings. As described in the previous
chapter, the inserts proved to greatly increase the coupling capacity, an unintentional and
undesirable effect. However, it was still desired to include a mechanism to prevent the anchor
bolts from being threaded too far into the brass couplings and within the fracture plane. As a
result, a set screw was placed on the side of the coupling % in. (6 mm) from the center notch.
The set screw prevented the anchor bolts from being threaded more than 1% in. (38 mm) into the
coupling, which ensured the fracture plane would be free and clear within the coupling.

The second modification to the brass coupling involved a reduction in the notch radius
from % in. (3.2 mm) to 0.075 in. (1.9 mm) and an increase in the notch depth by 0.02 in. (1 mm)
to 0.170 in. (4.32 mm). The sharper radius created a higher stress concentration in the notch,
while the deeper notch reduced the cross-sectional area of the coupling through the fracture
plane. Together, these changes significantly reduced the strength and fracture energy of the brass
coupling.

The third modification to the coupling was an extension of the 1-in. (25-mm) diameter
stainless steel threaded rod to a length of 4 in. ( 102 mm). As a result, the threaded rod extended
2% in. (64 mm) from the top of the coupling. The increased length was necessary for the rod to
extended through the thick steel base plates and leave enough room for washers and a nut.

As a result of these three modifications, Version 2 of the brass coupling was developed,

as shown in Figure 35. The new coupling was used in test nos. BBC-3 and BBC-5.

63



December 22, 2010
MwRSF Report No. TRP-03-248-10

9.2 TRANSPO Industries, Inc. Breakaway Coupling, Test No. BBC-4

The ILDOT developed the brass breakaway coupling with the intent to provide similar
safety performance and fracture strength to that of the TRANSPO Pole-Safe Double-Neck
couplings. These TRANSPO couplings had been previously tested and accepted by FHWA [9-
10]. Although the ILDOT couplings performed similarly to the TRANSPO coupling in single
component tests, the ILDOT engineers were interested in the dynamic performance of the
TRANSPO couplings in actual luminaire pole installations, especially after conducting the
unsuccessful Round 1 testing program using the brass couplings. Therefore, test no. BBC-4 was
performed on a steel luminaire pole system that was mounted on four 1-in. (25-mm) diameter,
TRANSPO Industries, Inc.’s Pole-Safe, Double-Neck couplings, as shown in Figure 36.
9.3 Luminaire Poles

The luminaire poles from the Round 1 testing program were also utilized for the Round 2
testing program. The 53-ft (16.2-m) nominal height, dual arm, steel luminaire pole system was
utilized for test nos. BBC-3 and BBC-4, while the 30-ft (9.1-m) nominal height, aluminum
luminaire pole system was utilized for test no. BBC-5. Although the poles did receive some
minor damage in the form of denting at the impact height, both the steel and aluminum poles
remained straight and stood vertical when installed. The poles were rotated 180 degrees and the
pendulum impacted the opposite side so that the prior dents would not affect the test results. The
aluminum mast arm, which was damaged during test no. BBC-2, had to be replaced with a new
part. The steel luminaire used in test nos. BBC-3 and BBC-4 had a total system weight of 923 Ib
(419 kg), while the aluminum luminaire used in test no. BBC-5 had a total system weight of 259
Ib (118 kg). The slight difference in weight between the systems used in Round 1 and the

systems of Round 2 was due to a different set of steel plates used to comprise the simulated
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luminaire bulb. Photographs of the assembled systems for test nos. BBC-3 through BBC-5 are
shown in Figures 37 through 39, respectively.

For test nos. BBC-3 through BBC-5, ropes were used to tether the top of the pole to the
pendulum support structure. The ropes allowed the top of the pole to fall about 10 ft (3 m) from
its original position before it was caught. Thus, the tether did not inhibit the freefall/rotation of

the pole until after the impact event.
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Drill & tap to
1"—8 UNC
internal threads
for full length
of coupling

Torque to
50 ft-lbs

ASTM B16 Alloy 360
Free-cutting brass
%2 hard temper;

1 %" haxagon

0.075" R
0.170” deep

——ial

[
i
. 10-32 pilot point

l ‘ socket set screw,
! ! 1 %" black oxide alloy steel,
i I ' 3/8” lang; McMaster-Carr
% i I ; 952505A640 or equal

t |

= J
| 9
e o S O PR S R Y 3 L) 2ll

Lock threads
with Locktite 277
{or aqual) to
14" depth

1

Use stainless
stoel washer
when in contact
with aluminum
pole hase

1°—8 UNC
stainless steel
thread stock, ~
total length, 4"

1 %" HEXAGON

BRASS BREAKAWAY
e COUPLING

e

NOTE: Afll dimensions are
in inches, except as noted.

Figure 35. Brass Coupling (Version 2) Detail, Test Nos. BBC-3 and BBC-5
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Figure 36. 1-in. (25-mm) Diameter, TRANSPO Pole-Safe Breakaway Coupling Details, Test No. BBC-4
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Test No. BBC-3

9

Figure 37. sembld Test Installation
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Figure 38. Assembled Test Installation, Test No. BBC-4
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Test No. BBC-5

Figure 39. Assembld Test Installation,
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10 PENDULUM TEST NO. BBC-3

10.1 Test No. BBC-3

The 1,849-1b (839-kg) pendulum with crushable nose impacted the 53-ft (16.2-m)
nominal height, steel luminaire pole with dual truss arms, simulated luminaire weights, and
mounted on brass breakaway couplings (Version 2) at a speed of 21.8 mph (35.1 km/h). A
summary of the test results and sequential photographs are shown in Figure 40. Additional
sequential photographs are shown in Figures 41 and 42.
10.2 Weather Conditions

Test no. BBC-3 was conducted on June 15, 2010 at 12:10 pm. The weather conditions, as
per the National Oceanic and Atmospheric Administration (station 04924/FET), were

documented and are shown in Table 15.

Table 15. Weather Conditions, Test No. BBC-3

Temperature 73°F

Humidity 64%

Wind Speed 8 mph

Wind Direction 300° from True North
Sky Conditions Clear

Visibility 10 Statute Miles
Pavement Surface Dry

Previous 3-Day Precipitation 3.60 in.

Previous 7-Day Precipitation 8.72 in.

10.3 Test Description
The pendulum impacted the pole system at the targeted impact height of 17% in. (445

mm). A sequential description of the impact events is contained in Table 16.
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Table 16. Sequential Description of Impact Events, Test No. BBC-3

Time (sec) Event Description
0.000 Impact
0.006 Contact region of honeycomb element no. 1 was fully compressed.
0.016 Honeycomb element no. 2 was fully compressed.
0.024 Honeycomb element no. 3 was fully compressed.
0.032 Honeycomb element no. 4 was fully compressed.
0.042 Honeycomb element no. 5 was fully compressed.
0.048 Honeycomb element no. 7 was fully compressed.
0.058 The front two couplings fractured.
0.062 Honeycomb element no. 6 was fully compressed.
0.066 The rear two couplings fractured.
0.140 The pendulum lost contact with the pole.
0.514 The base of the pole contacted the ground as the pole rotated away from impact.
0.862 The pendulum impacted the pole for a second time on its upswing.
2.172 The top of the pole was caught by the tether ropes.

10.4 System Damage

Damage to the luminaire pole and brass couplings is shown in Figures 43 and 44. The

steel pole was dented at the impact height. The base of the pole came to rest 26 ft (7.9 m)

downstream from the initial attachment location with the top of the pole captured by the tether.

The two mast arms were slightly bent due to the tether system catching the pole as it fell. All

four brass couplings fractured through the center notch, resulting in stub heights of 1% in. (44

mm).
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10.5 Occupant Risk

The occupant impact velocity (OIV) and maximum 0.010-sec occupant ridedown
acceleration (ORA) were not calculated since the hypothetical occupant did not contact the
dashboard within the time that the pole was in contact with the vehicle. However, as described in
Section 3.2, the pendulum’s change in longitudinal velocity throughout the impact event was
recorded and compared against the NCHRP Report No. 350 OIV maximum allowable limit of
16.4 ft/s (5.0 m/s). The calculated change in velocity was at the NCHRP Report No. 350 limit,
either slightly over or slightly under depending on which transducer system was used, as shown

in Table 17. The recorded data from the accelerometers are shown graphically in Appendix D.

Table 17. Occupant Risk Summary, Test No. BBC-3

Transducer NCHRP
Evaluation Criteria DTS Report No.
EDR-3 350 Limit
BF57H CM54H
Longitudinal OTV NA NA NA <16.4
fi/s (m/s) (No occupant (No occupant (No occupant (5.0)
contact) contact) contact) '
oy NA NA NA
Longltudzrslal ORA (No occupant (No occupant (No occupant <20
& contact) contact) contact)
Max‘m‘in\’lveh‘de 16.44 16.40 16.36 <16.4
fi/s (m/s) (5.01) (5.00) (4.99) (5.0

10.6 Discussion

The analysis of the results for test no. BBC-3 showed that the 53-ft (16.2-m) nominal
height, steel luminaire system mounted on Version 2 of the brass couplings broke away in a
controlled and predictable manner. The high-speed video illustrated that the vehicle would pass

underneath the pole before the luminaire pole system fell to the ground. Therefore, the pole did
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not show a propensity to cause excessive deformations to the occupant compartment after it
broke away. The change in velocity of the pendulum mass from initial impact until loss of
contact with the test article was between 16.36 ft/s and 16.44 ft/s (4.99 m/s and 5.01 m/s), which
straddles the NCHRP Report No. 350 maximum allowable limit of 16.4 ft/s (5.0 m/s). Therefore,
test no. BBC-3 (test designation no. 3-60) with the Version 2 brass couplings passed or met the

TL-3 safety performance criteria provided in NCHRP Report No. 350.
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TSt AGENCY ettt MwRSF

Test Facility.........ccceeveennenee. Valmont-MwRSF/UNL Pendulum
TeSt NUMDET .....cueiuiiiieieiiienic e BBC-3
Date ..oeiieiieieeeee e 6/15/10
NCHRP Report No. 350 Test Designation No. ................. 3-60
Test Article........... Brass Couplings (Version 2) and Steel Pole
Nominal Height..........cccoooeiiiiiiiee 53 ft (16.2 m)
Key Component — Tapered Steel Pole
HEight e 50 ft (15.3 m)
Bottom Diameter ...........cccccveeveeveevennennne. 11 in. (279 mm)
Thickness .....ccceveeereeieieieieeeee 10-gauge (3.42 mm)
Key Component — Luminaire Mast Arms
Length....ooieiiiiiieeccceeee e 12 ft (3.7 m)
Mounting Height.........c.ccovvveerrennnne 49 ft — 7 in. (15.1 m)
Key Component — Couplings
Material.......ccocevereninieneeieeeeee ASTM B16 Brass
SRAPE ..ot Hexagon
Width ..o 1% in. (38.1 mm)
Length ..o 3% in. (89 mm)
Total Installation Mass ..........cccceeeeveeecieercreennnenne 923 1b (419 kg)
POl i 603 1b (273 kg)
ATINS <ot 321 1b (146 kg)
Surrogate Vehicle........cooveiiiiniiiieiieieeeeee, Pendulum
IMASS..euvieiieieieieeenie et eee e ere e e eeeens 1,849 1b (839 kg)
Impact Head........ccovevveiieieiicieeee, Crushable Nose

e Impact Conditions

Speed
Angle
Impact Height
o  Test Article Damage

e Stub Heights

Four Occurrences

e  Transducer Data

21.8 mph (35.1 km/h)

....................................................................... 0 deg
17% in. (445 mm)
Minimal

Transducer

NCHRP
Fpton X
EDR-3 L: ;
BF57H CMS54H it
Longitudinal NA NA NA < 16.4 s
o1v (No occupant | (No occupant | (No occupant 50
ft/s (m/s) contact) contact) contact) (5.0)
Longitudinal NA NA NA
ORA (No occupant | (No occupant | (No occupant <20g’s
g’s contact) contact) contact)
Max. vehicle | 16.44 16.40 1636 | <164 fuls
fi/s (m/s) (5.01) (5.00) (4.99) (5.0)

Figure 40. Summary of Test Results and Sequential Photographs, Test No. BBC-3
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B 03 se o 09 sec

Figure 41. Additional Sequential Photographs, Test No. BBC-3
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Figure 42. Additional Sequential Photographs, Test No. BBC-3
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Figure 44. System Damage, Test No. BBC-3
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11 PENDULUM TEST NO. BBC-4

11.1 Test No. BBC-4

The 1,849-1b (839-kg) pendulum with crushable nose impacted the 53-ft (16.2-m)
nominal height, steel luminaire pole with dual mast arms, simulated luminaire weights, and
mounted in 1-in. (25-mm) diameter TRANSPO couplings at a speed of 23.3 mph (37.5 km/h). A
summary of the test results and sequential photographs are shown in Figure 45. Additional
sequential photographs are shown in Figures 46 and 47.
11.2 Weather Conditions

Test no. BBC-4 was conducted on June 15, 2010 at 1:45 pm. The weather conditions, as
per the National Oceanic and Atmospheric Administration (station 04924/FET), were

documented and are shown in Table 18.

Table 18. Weather Conditions, Test No. BBC-4

Temperature 75°F

Humidity 60%

Wind Speed 8 mph

Wind Direction 280° from True North
Sky Conditions Scattered Clouds
Visibility 10 Statute Miles
Pavement Surface Dry

Previous 3-Day Precipitation 3.60 in.

Previous 7-Day Precipitation 8.72 in.

11.3 Test Description
The pendulum impacted the pole system at the targeted impact height of 17% in. (445

mm). A sequential description of the impact events is contained in Table 19.
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Table 19. Sequential Description of Impact Events, Test No. BBC-4

Time (sec) Event Description
0.000 Impact
0.008 Contact region of honeycomb element no. 1 was fully compressed.
0.016 Honeycomb element no. 2 was fully compressed.
0.024 Honeycomb element no. 3 was fully compressed.
0.039 Honeycomb element no. 4 was fully compressed.
0.048 Honeycomb element no. 5 was fully compressed.
0.059 Honeycomb element no. 6 was fully compressed.
0.060 Both front couplings fractured at the upper neck.
0.063 The left-rear coupling fractured at the upper neck, and the right-rear coupling
fractured at both neck locations.
0.160 The pendulum nose lost contact with the pole.
0.300 The base of the pole contacted the ground.
0.730 The pendulum impacted the pole a second time on its upswing.
2.200 The top of the pole was captured by the rope tethers.

11.4 System Damage

Damage to the steel luminaire pole and TRANSPO couplings is shown in Figures 48 and

49. The steel pole was dented at the impact height. The base of the pole came to rest 28 ft (8.5 m)

downstream from the initial attachment location with the top of the pole captured by the tether.

The top of the pole and the two luminaire arms were bent due to the tether system catching the

pole as it fell. All four couplings fractured. The right-rear coupling fractured in the lower neck

location, resulting in a stub height of 3 in. (76 mm). The other three couplings only fractured at

the upper neck location, resulting in stub heights of 6 in. (152 mm).

81



December 22, 2010
MwRSF Report No. TRP-03-248-10

11.5 Occupant Risk

The occupant impact velocity (OIV) and maximum 0.010-sec occupant ridedown
acceleration (ORA) were not calculated since the hypothetical occupant did not contact the
dashboard within the time the pole was in contact with the vehicle. However, as described in
Section 3.2, the pendulum’s change in longitudinal velocity throughout the impact event was
recorded and compared against the NCHRP Report No. 350 OIV maximum allowable limit of
16.4 ft/s (5.0 m/s). The calculated change in velocity of 15.22 ft/s (4.64 m/s) was within the
acceptable limit established by NCHRP Report No. 350, as shown in Table 20. The recorded

data from the accelerometers are shown graphically in Appendix E.

Table 20. Occupant Risk Summary, Test No. BBC-4

Transd
ransducer NCHRP
Evaluation Criteria DTS Report No.
EDR-3 350 Limit
BF57H CM54H
Longitudinal OTV NA NA NA <164
fi/s (m/s) (No occupant (No occupant (No occupant (5.0)
contact) contact) contact) ]
oy NA NA NA
Longltudzrslal ORA (No occupant (No occupant (No occupant <20
& contact) contact) contact)
MaximumVehicle 14.99 1522 1522 <16.4
fi/s (m/s) (4.57) (4.64) (4.64) (5.0)

11.6 Discussion

The analysis of the results for test no. BBC-4 showed that the 53-ft (16.2-m) nominal
height, steel luminaire pole system with dual mast arms and mounted on TRANSPO Industries,
Inc.’s Pole-Safe couplings broke away in a controlled and predictable manner. The high-speed

video illustrated that the vehicle would pass underneath the pole before the luminaire system fell
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to the ground. Therefore, the pole did not show a propensity to cause excessive deformations to
the occupant compartment after it broke away. The change in velocity of the pendulum mass
from initial impact until loss of contact with the test article was 15.22 ft/s (4.64 m/s), which falls
below the 16.4 ft/s (5.0 m/s) maximum allowable limit established by NCHRP Report No. 350.
Three of the couplings fractured at the upper neck location, resulting in stub heights of 6 in. (152
mm), which exceeded the 4-in. (100-mm) limit established by AASHTO’s Standard
Specifications for Structural Supports for Highway Signs, Luminaires, and Traffic Signals, Fifth
Edition [2]. However, the TRANSPO couplings have been accepted by FHWA for use based on
full-scale crash testing [9-10]. Therefore, test no. BBC-4 (test designation no. 3-60) with the
TRANSPO Pole-Safe couplings passed the TL-3 safety performance criteria provided in NCHRP

Report No. 350.
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0.000 sec 0.048 sec

TSt AZENCY .eevvieeiiieiiieeteerie ettt MwRSF
Test Facility.......ccccceveenenne. Valmont-MwRSF/UNL Pendulum
Test NUMDET .....c.eeiiiiieiiee et BBC-4
DAt e e 6/15/10
NCHRP Report No. 350 Test Designation No. ................. 3-60
Test Article.... TRANSPO 1 in. (25 mm) Couplings, Steel Pole
Nominal Luminaire Height ...........cccccoevvvninnnnnne. 53 ft (16.2 m)
Key Component — Tapered Steel Pole

Height ..o 50 ft (15.3 m)

Bottom Diameter .........ccccoevevenenerennne 11 in. (279 mm)

Thickness .......cccevveveveeenierieeieeeeeen. 10 gauge (3.42 mm)
Key Component — Luminaire Mast Arm

Length ..o 12 ft (3.7 m)

Mounting Height.........ccooceenverrenne 49 ft — 7 in. (15.1 m)
Key Component — Coupling

TYPC v TRANSPO Pole-Safe Double-Neck

DIAMELET ..oovvvivieeiiceeiceieereere et 1 in. (25 mm)
Total Installation Mass .........c.ccccevveerierieerveeneenns 923 1b (419 kg)

POlC .o 602 b (273 kg)

ATINS Lo 321 1b (146 kg)
Surrogate Vehicle........ccooovevieeiiiciinieieeeeeeeen Pendulum

IMASS..cuveeireeiiesiieieeee et ere e 1,849 1b (839 kg)

Impact Head........coooveiieiiieieeeee Crushable Nose

0.124 sec

e Impact Conditions

Speed
Angle
Impact Height
e  Test Article Damage

e  Stub Heights

Three Occurrences
One Occurrence

e Transducer Data

- || ' i . || |‘ |

0.064 sec

0.228 sec

23.3 mph (37.5 km/h)

....................................................................... 0 deg
17% in. (445 mm)
Minimal

6 in. (152 mm)
3 in. (76 mm)

Transducer

NCHRP
Evaluation DTS Report
Criteria EDR-3 No. 350
BF57H CM54H Limit
Longitudinal NA NA NA <16.4 ft/s
o1V (No occupant | (No occupant | (No occupant | — 5' 0
ft/s (m/s) contact) contact) contact) (5.0)
Longitudinal NA NA NA
ORA (No occupant | (No occupant | (No occupant <20g’s
g’s contact) contact) contact)
Max. vehicle | 14.99 1522 1522 | <164 1us
fi/s (m/s) 4.57) (4.64) (4.64) (5.0)

Figure 45. Summary of Test Results and Sequential Photographs, Test No. BBC-4

01-8+T-€0-d¥d.L "ON Hodoy JSUMN

0107 ‘TT 1oquedsq



December 22, 2010
MwRSF Report No. TRP-03-248-10

0.040 sec

122 sec 0.432 sec

Figure 46. Additional Sequential Photographs, Test No. BBC-4
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1 mw«-«v 2, -\gmrd j

0.058sec ~0.208 sec -
Figure 47. Additional Sequential Photographs, Test No. BBC-4
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Figure 48. System Damage, Test No. BBC-4
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Figure 49. System Damage, Test No. BBC-4
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12 PENDULUM TEST NO. BBC-5

12.1 Test No. BBC-5

The 1,849-1b (839-kg) pendulum with crushable nose impacted the 30-ft (9.1-m) nominal
height, aluminum luminaire pole with single mast arm, simulated luminaire weights, and
mounted on brass breakaway couplings (Version 2) at a speed of 21.8 mph (35.1 km/h). A
summary of the test results and sequential photographs are shown in Figure 50. Additional
sequential photographs are shown in Figures 51 and 52.
12.2 Weather Conditions

Test no. BBC-5 was conducted on June 15, 2010 at 3:30 pm. The weather conditions, as
per the National Oceanic and Atmospheric Administration (station 04924/FET), were

documented and are shown in Table 21.

Table 21. Weather Conditions, Test No. BBC-5

Temperature 77° F

Humidity 52%

Wind Speed 11 mph

Wind Direction 270° from True North
Sky Conditions Scattered Clouds
Visibility 10 Statute Miles
Pavement Surface Dry

Previous 3-Day Precipitation 3.60 in.

Previous 7-Day Precipitation 8.72 in.

12.3 Test Description
The pendulum impacted the pole system at the targeted impact height of 17% in. (445

mm). A sequential description of the impact events is contained in Table 22.
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Table 22. Sequential Description of Impact Events, Test No. BBC-5

Time (sec) Event Description
0.000 Impact
0.008 Contact region of honeycomb element no. 1 was fully compressed.
0.014 Honeycomb element no. 2 was fully compressed.
0.025 Honeycomb element no. 3 was fully compressed.
0.037 Honeycomb element no. 4 was fully compressed.
0.044 Both front couplings fractured.
0.050 Both rear couplings fractured in the middle notch region.
0.144 The pendulum lost contact with the pole.
0.759 The pendulum impacted the pole a second time on its upswing, while the rope
tethers caught the top of the pole.
2.552 The luminaire arm twisted off the tethers.
3.828 The pole fell to the ground.

12.4 System Damage

Damage to the luminaire pole and brass couplings (Version 2) is shown in Figure 53. The

aluminum pole was slightly dented at the impact location. The base of the pole came to rest 32 ft

(9.8. m) downstream from the initial attachment location with the top of the pole lying near the

simulated rigid foundation. All four brass couplings fractured through the center notch, resulting

in stub heights of 1% in. (44 mm).

12.5 Occupant Risk

The occupant impact velocity (OIV) and maximum 0.010-sec occupant ridedown

acceleration (ORA) were not calculated since the hypothetical occupant did not contact the

dashboard within the time the pole was in contact with the vehicle. However, as described in

90




December 22, 2010
MwRSF Report No. TRP-03-248-10

Section 3.2, the pendulum’s change in longitudinal velocity throughout the impact event was
recorded and compared against the NCHRP Report No. 350 OIV maximum allowable limit of
16.4 ft/s (5.0 m/s). The calculated change in velocity of 10.24 ft/s (3.12 m/s) was within the
acceptable limit, as shown in Table 23. The recorded accelerometer data are shown graphically

in Appendix F.

Table 23. Occupant Risk Summary, Test No. BBC-5

Transd
ransducer NCHRP
Evaluation Criteria DTS Report No.
EDR-3 350 Limit
BF57H CM54H
Longitudinal OIV NA NA NA <16.4
fi/s (m/s) (No occupant (No occupant (No occupant (5.0)
contact) contact) contact) '
oy NA NA NA
Longltudzrslal ORA (No occupant (No occupant (No occupant <20
& contact) contact) contact)
Maximum Vehicle 10.59 10.24 10.24 <164
fi/s (m/s) (3.23) (3.12) (3.12) (5.0)

12.6 Discussion

The analysis of the results for test no. BBC-5 showed that the 30-ft (9.1-m) nominal
height, aluminum luminaire pole system with a single mast arm and mounted on the brass
couplings (Version 2) broke away in a controlled and predictable manner. The high-speed video
illustrated that the vehicle would pass underneath the pole before the luminaire system fell to the
ground. Therefore, the pole did not show a propensity to cause excessive deformations to the
occupant compartment after it broke away. The change in velocity of the pendulum throughout
the impact event was 10.24 ft/s (3.12 m/s), falling under the NCHRP Report No. 350 maximum

allowable limit of 16.4 ft/s (5.0 m/s). All four couplings fractured through the notch, thus leaving
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stub heights of 1% in. (44 mm), which falls below the 4-in. (100-mm) limit. Therefore, test no.
BBC-5 (test designation no. 3-60) with brass breakaway couplings (Version 2) passed the TL-3

safety performance criteria provided in NCHRP Report No. 350.
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0.000 sec 0.016 sec
TSt AZENCY .eevvieeiiieiiieeteerie ettt MwRSF
Test Facility......cccccceeevennne. Valmont-MwRSF/UNL Pendulum
Test NUMDET .....c.eeiiiiieiiee et BBC-5
Date ..o 6/15/10
NCHRP Report No. 350 Test Designation No. ................. 3-60
Test Article.. Brass Couplings (Version 2) and Aluminum Pole
Nominal Luminaire Height ..........c..cccooeveviveninennne 30 ft (9.1 m)
Key Component — Tapered Aluminum Pole
Height ...oooveoiiieiceeeeeee, 27 ft— 8 in. (8.4 m)
Bottom Diameter ...........ccooceevverireirniennnnns 8 in. (203 mm)
ThiCKNESS ..c.vveveveeieiieie e Vain. (6.4 mm)
Key Component — Luminaire Mast Arm
Length...oooviiieeeeeeeee 68 in. (1,727 mm)
Mounting Height.........ccccovevvennennne 27 ft—8 in. (8.4 m)
Key Component — Couplings
Material.......cooooveiiriiieieeeee e ASTM B16 Brass
SRAPE ..ot Hexagon
SIZE e 1% in. (38 mm)
Length...ooooioiiiiiieiceeeeeeee e 3% in. (89 mm)
Total Installation Mass .........c.ccceveeereerieerveeneenns 259 1b (118 kg)
POLC . 169 b (77 kg)
AL it 90 1b (41 kg)
Surrogate Vehicle........ccoovvvieiiiciinieiceeeeeen Pendulum
IMASS ..eeeieeieniete ettt 1,849 1b (839 kg)
Impact Head........cccoccevveienincninininenne Crushable Nose

0.054 sec

0.130 sec 0.164 sec
e Impact Conditions
Speed .c..ooiiiiiiin 21.8 mph (35.1 km/h)
ANGIE .o 0 deg
Impact Height.......ccccoeveninininincenne. 17% in. (445 mm)
o Test Article Damage .........ccecvevieieiiienieieieeee e Moderate
e  Stub Heights
Four Occurrences ..........cooceeveenieeeeneenieans 1% in. (44 mm)
e Transducer Data
Transducer NCHRP
Eval.uat'ion DTS Report
Criteria EDR-3 No‘. 3'50
BF57H CMS54H Limit
Longitudinal NA NA NA <16.4 ft/s
o1v (No occupant | (No occupant | (No occupant 50
ft/s (m/s) contact) contact) contact) (5.0)
Longitudinal NA NA NA
ORA (No occupant | (No occupant | (No occupant <20¢g’s
g’s contact) contact) contact)
Max. Vehicle | 10,50 10.24 1024 | <164 fus
fi/s (m/s) (3.23) (3.12) (3.12) (5.0)

Figure 50. Summary of Test Results and Sequential Photographs, Test No. BBC-5
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0.044 sec 0.290 sec

Figure 51. Additional Sequential Photographs, Test No. BBC-5
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0.053 sec

0.000 sec

0.120 sec

0.025 sec

0.151 sec

0.045 sec

Figure 52. Additional Sequential Photographs, Test No. BBC-5
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Figure 53. System Damage, Test No. BBC-5
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13 SUMMARY OF ROUND 2 TESTING

During the Round 2 testing program, the modified breakaway brass coupling (Version 2)
was evaluated using the TI-3 safety performance criteria provided in NCHRP Report No. 350
and then compared to TRANSPO’s 1-in. (25-mm) diameter Pole-Safe, Double-Neck couplings.
A summary of the test evaluations is provided in Table 24.

In test no. BBC-3, the Version 2 brass couplings supported a 53-ft (16.2-m) nominal
height, 10-gauge (3.42-mm) thick, steel luminaire pole with dual mast arms. During this test, all
four of the brass couplings fractured, and the pole broke away in a controlled and predicted
manner. The calculated change in velocity from several accelerometers was at the NCHRP
Report No. 350 limit of 16.4 ft/s (5.0 m/s), ranging from 16.36 to 16.44 ft/s (4.99 to 5.01 m/s).
As a result, the test results were determined to marginally pass the TL-3 safety performance
criteria found in NCHRP Report No. 350. These results were then used to extrapolate the change
in velocity for a high-speed test (test designation no. 3-61) using the published extrapolation
equations. These calculations resulted in a change in velocity of 18.49 ft/s (5.64 m/s), which
exceeds the maximum allowable limit. The extrapolation equation calculations are detailed in
Chapter 18.

In test no. BBC-4, the same heavy steel pole was mounted to a set of previously-tested
and FHWA-accepted couplings, TRANSPO’s Pole-Safe, Double-Neck couplings. Upon impact,
all four of the couplings fractured, resulting in stub heights ranging between 3 and 6 in. (76 and
152 mm). From an analysis of the test data, a change in velocity of 15.22 ft/s (4.64 m/s) was
obtained, thus satisfying the maximum allowable limit. When this test result was utilized in the
extrapolation equation, the high-speed change in velocity was found to be 18.19 ft/s (5.54 m/s),

which exceeded the limit of 16.4 ft/s (5.0 m/s). These calculations are detailed in Chapter 18.
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Two findings were obtained from the results of test nos. BBC-3 and BBC-4. First, the
Version 2 breakaway brass couplings showed significant improvement for reducing the impact
loads and velocity changes. However, the brass coupling did not break away as quickly as the
TRANSPO coupling. As a result, the brass couplings were again modified for another round of
testing. Second, the heavy, steel luminaire pole selected by the ILDOT had too much rotational
inertia to satisfy the change in velocity requirement when using the high-speed extrapolation
procedure. Even the TRANSPO Pole-Safe coupling, a tested and FHW A-accepted coupling, did
not satisfy the change in velocity requirements for a high-speed test when using the extrapolation
equation. Therefore, a different luminaire pole would be necessary to establish the upper bound
of acceptable configurations for use with the brass couplings. Both the modifications to the brass
coupling and the new pole selections are detailed in Chapter 14.

In test no. BBC-5, the Version 2 brass couplings were used to support a 30-ft (9.1-m)
nominal height, “-in. (6.4-mm) thick, aluminum luminaire pole. The pole broke away in a
controlled, predictable manner. An analysis of the test results revealed a change in velocity of
10.24 ft/s (3.12 m/s), satisfying the NCHRP Report No. 350 maximum allowable limit of 16.4
ft/s (5.0 m/s). Further, the extrapolation equation was used to calculate a change in longitudinal
velocity of 7.61 ft/s (2.32 m/s). Therefore, the test results satisfied the safety performance
requirements, and the tested system can be identified as the smallest and weakest of the
luminaire poles for which the brass couplings are appropriate. In other words, aluminum poles
with a thickness of at least % in. (6.4 mm) and a base diameter of at least 8 in. (203 mm) would
be approved for use with the breakaway brass couplings. The brass couplings used in test no.
BBC-5 were not the final version of the couplings. However, the difference between Version 2
and Version 3 (as described later) only improves its ability to breakaway by lowering the fracture

loads. Thus, the Version 3 brass couplings would perform just as well, if not better, than the
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version 2 couplings, and the system evaluated in test no. BBC-5 would still satisfy the TI-3

safety performance criteria provided in NCHRP Report No. 350.

99



001

Table 24. Summary of Safety Performance Evaluation Results, Round 2 Testing Program

NCHRP Report No. 350 Criteria

Test No.

BBC-3

Test No.
BBC-4

Test No.

BBC-5

Structural
Adequacy

The test article should readily activate in a predictable manner by breaking away, fracturing or
yielding.

S

S

S

Occupant
Risk

Detached elements, fragments or other debris from the test article should not penetrate or show
potential for penetrating the occupant compartment or present an undue hazard to other traffic,
pedestrians, or personnel in a work zone. Deformations of, or intrusions into, the occupant
compartment that could cause serious injury should not be permitted. See discussion in Section
5.3 and Appendix E of NCHRP Report No. 350.

The vehicle should remain upright during and after collision although moderate roll, pitch, and
yaw are acceptable.

NA

NA

NA

Occupant Impact Velocity (OIV) (see Appendix A, Section A5.3 of NCHRP Report No. 350 for
calculation procedure) should satisfy the following:

Occupant Impact Velocity Limits

Component Preferred Maximum

Longitudinal 9.8 ft/s (3.0 m/s) 16.4 ft/s (5.0 m/s)

The Occupant Ridedown Acceleration (ORA) (see Appendix A, Section A5.3 of NCHRP Report
No. 350 for calculation procedure) should satisfy the following:

Occupant Ridedown Acceleration Limits

Component Preferred Maximum

Longitudinal and Lateral 15g’s 20g’s

NA

NA

NA

Vehicle
Trajectory

After collision it is preferable that the vehicle’s trajectory not intrude into adjacent traffic lanes.

NA

NA

NA

Vehicle trajectory behind the test article is acceptable

AASHTO Fifth Edition Additional Criteria

Structural
Adequacy

Substantial remains of breakaway supports shall not project more than 4 in. (100 mm) above a line
between straddling wheels of a vehicle on 60 in. (1500 mm) centers. The line connects any point
on the ground surface one side of the support to a point on the ground surface on the other side,
and it is aligned radially or perpendicularly to the centerline of the roadway.

The maximum mass of combined luminaire support and fixtures attached to breakaway supports
shall be limited to 992 1b (450 kg). Any increase in these limits are to be based on full-scale crash
testing and an investigation on the range of the roof crush characteristics that go beyond the
recommended testing procedures of NCHRP Report No. 350.

S- Satisfactory  U-Unsatisfactory NA-Not Applicable
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14 TEST INSTALLATION DETAILS —- ROUND 3

14.1 Breakaway Brass Couplings (Version 3), Test Nos. BBC-6 and BBC-7

Following a review and analysis of the results from test nos. BBC-3 and BBC-4, as
discussed in Chapter 13, it was evident that the Version 2 breakaway brass couplings did not
fracture quickly enough and/or resisted too high of an impact load. Therefore, further research
and component testing was undertaken, and the Version 3 brass coupling was developed. The top
segment of the Version 3 brass coupling was extended from 1% in. (44 mm) to 3% in. (89 mm),
resulting in an overall height of 5% in. (133 mm). The notch size and its distance to the bottom of
the coupling remained the same. The longer top segment served to provide a longer moment arm
between the luminaire pole’s base plate and the notch. Thus, under lateral loading from a vehicle
impact, higher bending forces would be imparted to the notched cross section of the coupling,
causing fracture and lower impact loads. Version 3 of the brass couplings is detailed in Figure 54
and shown in Figure 55.
14.2 Luminaire Poles

After analyzing the results from test nos. BBC-3 and BBC-4, the heavy, steel luminaire
pole was deemed to have too much mass and rotational inertia to satisfy the change in velocity
limits of NCHRP Report No. 350, specifically for test designation no. 3-61. When considering
the parameters in the high-speed extrapolation equation, as detailed in Chapter 18, the inertial
contribution of this heavy steel luminaire pole to the change in velocity made it difficult to obtain
a successful high-speed test result. Therefore, a shorter and lighter steel luminaire pole was
selected for further testing with the brass coupling.

However, ILDOT personnel still desired to use the brass couplings when taller luminaire
poles were warranted. Traditionally, the height and weight of an as-tested luminaire pole system

became the upper bounds for acceptable configurations. Thus, a taller pole was needed for
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testing to gain acceptance of the brass couplings in such instances. Although using steel poles
appeared to be limited to only shorter installations, opting to use an aluminum pole would result
in a reduction in both weight and rotational inertia when compared to similar-sized steel poles.
With these reductions, a tall aluminum pole would likely satisfy the safety performance criteria
and was selected for testing.

For test nos. BBC-6 and BBC-7, ropes were used to tether the top of the pole to the
pendulum support structure. The ropes allowed the top of the pole to fall about 10 ft (3 m) from
its original position before it was caught. Thus, the tether did not inhibit the freefall/rotation of
the pole until after the impact event.

14.2.1 Steel Luminaire Pole, Test No. BBC-6

The selected steel luminaire pole had a 45-ft (13.7-m) nominal mounting height, as
shown in Figure 56. The pole was a 7-gauge (4.55-mm thick), 40-ft (12.2-m) long shaft with top
and bottom diameters of 4% in. (114 mm) and 10 in. (254 mm), respectively. The base plate was
a 1% in. (32 mm) thick by 14 in. (356 mm) square. The bolt circle was 13 in. (343 mm) in
diameter. Dual 15-ft (4.6-m) truss arms were attached to the top of the pole. The poled weighed
571 1b (259 kg), while the arms and simulated luminaires weighed 329 1b (149 kg). The total
weight of the luminaire pole system was 900 1b (409 kg).

14.2.2 Aluminum Luminaire Pole, Test No. BBC-7

The selected aluminum luminaire pole had a 55-ft (16.8-m) nominal mounting height, as
shown in Figures 57 and 58. The pole shaft was 50-ft (15.2-m) long, */j¢-in. (8-mm) thick, and
had top and bottom diameters of 6 in. (152 mm) and 10 in. (254 mm), respectively. The base
plate was a 1% in. (32 cm) thick by 14 in. (356 mm) square. The bolt circle was 15 in. (381 mm)

in diameter. Dual 15-ft (4.6-m) truss arms were attached to top of the pole. The poled weighed
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536 1b (243 kg), while the arms with simulated luminaires weighed 219 1b (99 kg). The total

weight of the luminaire pole system was 755 Ib (343 kg).
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Figure 55. Version 3 Brass Couplings, Test Nos. BBC-6 and BBC-7
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6

Test No. BBC-

3

Figure 59. Assembled Test Installation
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Figure 60. Assembled Test Installation, Test No. BBC-7

110



December 22, 2010
MwRSF Report No. TRP-03-248-10

15 PENDULUM TEST NO. BBC-6

15.1 Test No. BBC-6

The 1,882-1b (854-kg) pendulum with crushable nose impacted the 45-ft (13.7-m)
nominal height, steel luminaire pole with dual mast arms, simulated luminaire weights, and
mounted on breakaway brass couplings (Version 3) at a speed of 22.2 mph (35.8 km/h). A
summary of the test results and sequential photographs are shown in Figure 61. Additional
sequential photographs are shown in Figures 62 and 63.
15.2 Weather Conditions

Test no. BBC-6 was conducted on December 1, 2010 at 1:00 pm. The weather conditions,
as per the National Oceanic and Atmospheric Administration (station 04924/FET), were

documented and are shown in Table 25.

Table 25. Weather Conditions, Test No. BBC-6

Temperature 28°F

Humidity 56%

Wind Speed 10 mph

Wind Direction 280° from True North
Sky Conditions Clear

Visibility 10 Statute Miles
Pavement Surface Dry

Previous 3-Day Precipitation 0.0 in.

Previous 7-Day Precipitation 0.0 in.

15.3 Test Description
The pendulum impacted the pole system at the targeted impact height of 17% in. (445

mm). A sequential description of the impact events is contained in Table 26.
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Table 26. Sequential Description of Impact Events, Test No. BBC-6

Time (sec) Event Description

0.000 Impact

0.010 Contact region of honeycomb element no. 1 was fully compressed.
0.017 Honeycomb element no. 2 was fully compressed.

0.028 Honeycomb element no. 3 was fully compressed.

0.038 Honeycomb element no. 4 was fully compressed.

0.044 Honeycomb element no. 5 was fully compressed.

0.048 Honeycomb element no. 6 was fully compressed.

0.056 The two front couplings fractured.

0.057 Honeycomb element no. 7 was fully compressed.

0.061 The two back couplings fractured.

The base of the pole contacted the ground as the pole rotated away from the

0.190 impacting pendulum.
0.240 The pendulum lost contact with the pole.
0.622 The pendulum impacted the pole for a second time on its upswing.

1.400 The top of the pole was caught by the tether ropes.

15.4 System Damage

Damage to the luminaire pole and brass couplings is shown in Figures 64 and 65. The
luminaire arms were bent slightly forward from when the tethers caught the pole as it fell. The
base of the pole came to rest 20 ft (6.1 m) downstream from the initial attachment location with
the top of the pole captured by the tether system. All four brass couplings fractured through the

notch, thus, leaving stub heights of 1% in. (44 mm).
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15.5 Occupant Risk

The occupant impact velocity (OIV) and maximum 0.010-sec occupant ridedown
acceleration (ORA) were not calculated since the hypothetical occupant did not contact the
dashboard within the time that the pole was in contact with the vehicle. However, as described in
Section 3.2, the pendulum’s change in velocity throughout the impact event was recorded and
compared against the NCHRP Report No. 350 OIV maximum allowable limit of 16.4 ft/s (5.0
nm/s). The calculated longitudinal change in velocity satisfied the NCHRP Report No. 350 limit
using each of the accelerometer transducers, as shown in Table 27. The recorded data from the

accelerometers are shown graphically in Appendix G.

Table 27. Occupant Risk Summary, Test No. BBC-6

T
ransducer NCHRP
Evaluation Criteria DTS Report No.
EDR-3 350 Limit
BF57H CM54H
Longitudinal OTV NA NA NA <16.4
fi/s (m/s) (No occupant (No occupant (No occupant (5.0)
contact) contact) contact) '
oy NA NA NA
Longltudzrslal ORA (No occupant (No occupant (No occupant <20
& contact) contact) contact)
Max‘m‘in\’lveh‘de 13.39 12.96 13.25 <16.4
fi/s (m/s) (4.08) (3.95) (4.04) (5.0

15.6 Discussion

The analysis of the results for test no. BBC-6 showed that the 45-ft (13.7-m) nominal
height, steel luminaire pole with dual mast arms and mounted on the Version 3 brass couplings
broke away in a controlled and predictable manner. The high-speed video illustrated that the

vehicle would pass underneath the luminaire pole before it fell to the ground. Therefore, the pole
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did not show a propensity to cause excessive deformations to the occupant compartment after it
broke away. The change in velocity of the pendulum mass from initial impact until loss of
contact with the test article was 13.25 ft/s (4.04 m/s), which satisfied the NCHRP Report No. 350
maximum allowable limit of 16.4 ft/s (5.0 m/s). Therefore, test no. BBC-6 (test designation no.
3-60) with Version 3 brass couplings passed the TL-3 safety performance criteria provided in

NCHRP Report No. 350.
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0.000 sec 0.029 sec
TSt AZENCY .eevviieiiieriiieeieesieete ettt MwRSF
Test Facility........ccceeuvennenne. Valmont-MwRSF/UNL Pendulum
Test NUMDET .....c.eeuiiiiiiiiienicrceeeeeteeceesee e BBC-6
Date ..o 12/1/10
NCHRP Report No. 350 Test Designation No................... 3-60
Test Article........... Brass Couplings (Version 3) and Steel Pole
Nominal Height........cceoeiiiiiiiiiiiieieieceee 45 ft (13.7 m)
Key Component — Tapered Steel Pole
Height ..o 40 ft (12.2 m)
Bottom Diameter ...........cccocveevrevenvennnnne. 10 in. (254 mm)
Thickness ......cccevverieeriieieiienieeieenens 7 gauge (4.55 mm)
Key Component — Luminaire Mast Arms
Length...oooeeceiieieeeeeeeee e 15 ft (4.6 m)
Mounting Height..........cccovverveennnnen. 39 ft- 61in. (12.0 m)
Key Component — Brass Couplings (Version 3)
Material........coooevienieiieeeeee e, ASTM B16 Brass
SHAPE ..o Hexagon
Width .o, 1% in. (38.1 mm)
Length....ccooiiieeiieeeeeeeee e, 5% in. (133 mm)
Total Installation Mass ...........ccccevveerierieerieeneenns 900 Ib (409 kg)
POl . 571 1b (259 kg)
ATINS oo 329 1b (149 kg)
Surrogate Vehicle........ccoovevieiiiciinieieeee e Pendulum
IMASS..cnveeereeiieseieie et ete et eeeens 1,882 1b (854 kg)
Impact Head........cooveveveieieieeeeee Crushable Nose

0.062 sec

e Impact Conditions

Speed .vveieee e 22.2 mph (35.8 km/h)
ANGIC .o 0 deg
Impact Height.......ccccoevenininininennne. 17% in. (445 mm)
e Stub Heights
Four Occurrences ..........coceeeeeeeeeenuennenne. 1% in. (44 mm)
o Test Article Damage .........cceeeeeeienienieieceececee e Minimal
e  Transducer Data
Transducer NCHRP
ena EDR-3 e
BF57H CM54H tmit
Longitudinal NA NA NA <16.4 fi/s
orv (No occupant | (No occupant | (No occupant 50
ft/s (m/s) contact) contact) contact) (5.0)
Longitudinal NA NA NA
ORA (No occupant | (No occupant | (No occupant <20¢g’s
g’s contact) contact) contact)
Max. A\ij’hwle 13.39 12.96 13.25 <16.4 fi/s
fi/s (m/s) (4.08) (3.95) (4.04) (5.0)

Figure 61. Summary of Test Results and Sequential Photographs, Test No. BBC-6
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0.000 sec 0.240 sec

0.060 sec 0.380 sec

0.102 sec 0.460 sec

0.178 sec 0.622 sec

Figure 62. Additional Sequential Photographs, Test No. BBC-6
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TR 1267 sec

Figure 63. Additional Sequential Photographs, Test No. BBC-6
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Figure 64. System Damage, Test No. BBC-6
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Figure 65. System Damage, Test No. BBC-6
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16 PENDULUM TEST NO. BBC-7

16.1 Test No. BBC-7

The 1,882-1b (854-kg) pendulum with crushable nose impacted the 55-ft (16.8-m)
nominal height, aluminum luminaire pole with dual mast arms, simulated luminaire weights, and
mounted on breakaway brass couplings (Version 3) at a speed of 21.8 mph (35.1 km/h). A
summary of the test results and sequential photographs are shown in Figure 66. Additional
sequential photographs are shown in Figures 67 and 68.
16.2 Weather Conditions

Test no. BBC-7 was conducted on December 1, 2010 at 2:30 pm. The weather conditions,
as per the National Oceanic and Atmospheric Administration (station 04924/FET), were

documented and are shown in Table 28.

Table 28. Weather Conditions, Test No. BBC-7

Temperature 29°F

Humidity 56%

Wind Speed 9 mph

Wind Direction 240° from True North
Sky Conditions Clear

Visibility 10 Statute Miles
Pavement Surface Dry

Previous 3-Day Precipitation 0.0 in.

Previous 7-Day Precipitation 0.0 in.

16.3 Test Description
The pendulum impacted the pole system at the targeted impact height of 17% in. (445

mm). A sequential description of the impact events is contained in Table 29.
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Table 29. Sequential Description of Impact Events, Test No. BBC-7

Time (sec) Event Description
0.000 Impact
0.009 Contact region of honeycomb element no. 1 was fully compressed.
0.017 Honeycomb element no. 2 was fully compressed.
0.026 Honeycomb element no. 3 was fully compressed.
0.033 Honeycomb element no. 4 was fully compressed.
0.045 Honeycomb element no. 5 was fully compressed.
0.048 The left-front coupling fractured.
0.049 The right-front coupling fractured.
0.052 The right-rear coupling fractured.
0.053 The left-rear coupling fractured.
0.055 Honeycomb element no. 6 was fully compressed.
0.222 The pendulum lost contact with the pole.
0.264 The base of the pole contacted the ground as the pole rotated away from its
) initial mounting location.
0.556 The pendulum impacted the pole for a second time on its upswing.
1.724 The top of the pole was caught by the tether ropes.
The left luminaire arm bent near the arm simplex due to the impact load caused
1.931
by the tethers.
2.214 The left luminaire arm fractured away from the arm simplex.
3.034 The left luminaire arm contacted the ground after fracturing off the pole.

16.4 System Damage

Damage to the luminaire pole and brass couplings is shown in Figures 69 through 71. The

pole came to rest with its base 31.5 ft (9.6 m) downstream from the initial impact location, while
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the top of the pole was captured by the tether system. All four brass couplings fractured through
the notch, resulting in stub heights of 1% in. (44 mm). The left luminaire arm fractured near the
arm simplex due to the tether catching the pole as it fell. The left arm came to rest approximately
15 ft (4.6 m) upstream of impact.
16.5 Occupant Risk

The occupant impact velocity (OIV) and maximum 0.010-sec occupant ridedown
acceleration (ORA) were not calculated since the hypothetical occupant did not contact the
dashboard within the time that the pole was in contact with the vehicle. However, as described in
Section 3.2, the pendulum’s change in velocity throughout the impact event was recorded and
compared against the NCHRP Report No. 350 OIV maximum allowable limit of 16.4 ft/s (5.0
nm/s). The calculated change in velocity satisfied the NCHRP Report No. 350 limit using each of
the accelerometer transducers, as shown in Table 30. The recorded data from the accelerometers

are shown graphically in Appendix H.

Table 30. Occupant Risk Summary, Test No. BBC-7

Transducer NCHRP
Evaluation Criteria DTS Report No.
EDR-3 350 Limit
BF57H CM54H
Longitudinal OTV NA NA NA <16.4
fi/s (m/s) (No occupant (No occupant (No occupant (5.0)
contact) contact) contact) '
oy NA NA NA
Longltudzrslal ORA (No occupant (No occupant (No occupant <20
& contact) contact) contact)
MaximumVehicle 10.04 9.81 9.94 <164
fi/s (m/s) (3.06) (2.99) (3.03) (5.0)
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16.6 Discussion

The analysis of the results for test no. BBC-7 showed that the 55-ft (16.8-m) nominal
height, aluminum luminaire pole with dual mast arms, simulated luminaire weights, and mounted
on the Version 3 brass couplings broke away in a controlled and predictable manner. The high-
speed video illustrated that the vehicle would pass underneath the luminaire pole before it fell to
the ground. Therefore, the pole did not show a propensity to cause excessive deformations to the
occupant compartment after it broke away. The change in velocity of the pendulum mass from
initial impact until loss of contact with the test article was 9.94 ft/s (3.06 m/s), which satisfied the
NCHRP Report No. 350 maximum allowable limit of 16.4 ft/s (5.0 m/s). Therefore, test no.
BBC-7 (test designation no. 3-60) performed with the Version 3 brass couplings passed the TL-3

safety performance criteria provided in NCHRP Report No. 350.
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0.000 sec

TSt AZENCY eevvvieeiieiiieeieeeie ettt s e e MwRSF
Test Facility........cceeueennenne. Valmont-MwRSF/UNL Pendulum
Test NUMDET .....c.evuiiiiiiiiienicricneeceteeceesee e BBC-7
Date ..ooviieiirieeeeee e 12/1/10
NCHRP Report No. 350 Test Designation No. ................. 3-60
Test Article.. Brass Couplings (Version 3) and Aluminum Pole
Nominal Height.........ccooiiiiiiiiiiiieeeee. 55 £t (16.8 m)
Key Component — Tapered Aluminum Pole
Height ..o, 50 ft—2 in. (15.2 m)
Bottom Diameter ...........cccocvevveeveevennnnne. 10 in. (254 mm)
ThiCKNESS ...c.veeeveieieiieiieieee e 316 in. (8 mm)
Key Component — Luminaire MastArms
Length...oooeeeeeeeeeeeeee e 15 ft (4.6 m)
Mounting Height..........cccccevenininns 49 ft- 6 in. (15.1 m)
Key Component — Brass Couplings (Version 3)
Material.......ccoooeeveerieiieeeeeeeeen ASTM B16 Brass
Shape ..coveeeieieieereccee e Hexagon
Width .o 1% in. (38.1 mm)
Length.....cooiiiiiiiiiieeeeeeeeee 5% in. (133 mm)
Total Installation Mass ............ccceeveereerreeneeneenns 755 1b (343 kg)
POl . 536 1b (243 kg)
ATINS oot 219 1b (99 kg)
Surrogate Vehicle.........ccocvevienieciiiiiiienieeee e Pendulum
IMASS..eneeeeeeeiresiieie et ete st 1,882 1b (854 kg)
Impact Head........coovveeiveiiieieeeee Crushable Nose

0.054 sec 0.107 sec

Impact Conditions

Speed .ooviiieiee e, 21.8 mph (35.1 km/h)
ANGIE ..o 0 deg
Impact Height........coocvevveiieieieenee 17% in. (445 mm)
Test Article Damage ..........cccoeveveieiieiinieieceeeee Minimal
Stub Heights
Four Occurrences ..........cooceeveeneeeeeneenicens 1% in. (44 mm)
Transducer Data
Transducer NCHRP
Fplater Ropor
EDR-3 L‘. ;
BF57H CM54H tmit
Longitudinal NA NA NA < 16.4 ft's
orv (No occupant | (No occupant | (No occupant 50
ft/s (m/s) contact) contact) contact) (5.0)
Longitudinal NA NA NA
ORA (No occupant | (No occupant | (No occupant <20¢g’s
g’s contact) contact) contact)
Max. A\{f’hlde 10.04 9.81 9.94 <16.4 fi/s
ft/s (m/s) (3.00) (2.99) (3.03) (5.0)

Figure 66. Summary of Test Results and Sequential Photographs, Test No. BBC-7
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0.000 sec ‘ 0.138 sec

0.050 sec _ 0.222 sec

0.264 sec

0.092 sec 0.378 sec

Figure 67. Additional Sequential Photographs, Test No. BBC-7
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0.200sec

0334 sec S 5 ec

Figure 68. Additional Sequential Photographs, Test No. BBC-7
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Figure 69. System Damage, Test No. BBC-7
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Figure 70. System Damage, Test No. BBC-7
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Figure 71. System Damage, Test No. BBC-7
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17 ROUND 3 TESTING SUMMARY

During the Round 3 testing program, two tests were conducted to evaluate the Version 3
breakaway brass coupling according to the TL-3 safety performance criteria provided in NCHRP
Report No. 350. The brass couplings were tested and evaluated while supporting both steel and
aluminum versions of tall, thick luminaire poles in an effort to identify the largest poles for
which the brass couplings would be appropriate for use. A summary of the testing evaluation is
provided in Table 31.

In test no. BBC-6, the Version 3 breakaway brass couplings were used to support a 45-ft
(13.7-m) nominal height, 7 gauge (4.55-mm thick), 900-1b (409-kg) steel luminaire pole system
with dual mast arms. During this test, all four couplings fractured, and the pole broke away in a
controlled and predicted manner. The remaining coupling stub heights measured 1% in (44 mm)
high, thus satisfying the 4-in. (100-mm) maximum limit. Finally, the calculated longitudinal
change in velocity of 13.25 ft/s (4.04 m/s) satisfied the NCHRP Report No. 350 maximum
allowable limit of 16.4 ft/s (5.0 m/s).

In test no. BBC-7, the Version 3 breakaway brass couplings were used in combination
with a 55-ft (16.8-m) nominal height, */;¢-in. (8-mm) thick, 755-Ib (343-kg) aluminum luminaire
pole system with dual mast arms. Shortly after impact, all four couplings fractured, and the pole
broke away in a controlled and predicted manner. The remaining coupling stub heights measured
1% in (44 mm) high, thus satisfying the 4-in. (100-mm) maximum limit. The calculated
longitudinal change in velocity of 9.94 ft/s (3.03 m/s) satisfied the NCHRP Report No. 350
maximum allowable limit of 16.4 ft/s (5.0 m/s).

Test nos. BBC-6 and BBC-7 both passed the TL-3 safety performance criteria provided

in NCHRP Report No. 350 for test designation no. 3-60. Therefore, the results from these two
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tests were used to calculate the results of the high-speed test using the high-speed extrapolation

equation. These calculations are discussed in Chapter 18.
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Table 31. Summary of Safety Performance Evaluation Results, Round Three Tests

L. Test No. Test No.
NCHRP Report No. 350 Criteria BBC-6 BBC-7
Structural . . . . . . . S
Adequacy The test article should readily activate in a predictable manner by breaking away, fracturing or yielding. S S
Detached elements, fragments or other debris from the test article should not penetrate or show potential
for penetrating the occupant compartment or present an undue hazard to other traffic, pedestrians, or
personnel in a work zone. Deformations of, or intrusions into, the occupant compartment that could cause S S
serious injury should not be permitted. See discussion in Section 5.3 and Appendix E of NCHRP Report
No. 350.
The vehicle should remain upright during and after collision although moderate roll, pitch, and yaw are NA NA
acceptable.
Occupant Impact Velocity (OIV) (see Appendix A, Section A5.3 of NCHRP Report No. 350 for
Occupant calculation procedure) should satisfy the following:
Risk Occupant Impact Velocity Limits S S
Component Preferred Maximum
Longitudinal 9.8 ft/s (3.0 m/s) 16.4 ft/s (5.0 m/s)
. The Occupant Ridedown Acceleration (ORA) (see Appendix A, Section A5.3 of NCHRP Report No. 350
for calculation procedure) should satisfy the following:
Occupant Ridedown Acceleration Limits . NA NA
Component Preferred Maximum
Longitudinal and , )
Lateral 15¢’s 20g’s
Vehicle . After collision it is preferable that the vehicle’s trajectory not intrude into adjacent traffic lanes. NA NA
Trajectory Vehicle trajectory behind the test article is acceptable S S
AASHTO Fifth Edition Additional Criteria
Substantial remains of breakaway supports shall not project more than 4 in. (100 mm) above a line between
straddling wheels of a vehicle on 60 in. (1500 mm) centers. The line connects any point on the ground S S
surface one side of the support to a point on the ground surface on the other side, and it is aligned radially
Structural or perpendicularly to the centerline of the roadway.
Adequacy The maximum mass of combined luminaire support and fixtures attached to breakaway supports shall be
limited to 992 1b (450 kg). Any increase in these limits are to be based on full-scale crash testing and an S S

investigation on the range of the roof crush characteristics that go beyond the recommended testing
procedures of NCHRP Report No. 350.

S- Satisfactory ~ U-Unsatisfactory ~M-Marginal

NA-Not Applicable
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18 ANALYTICAL EXTRAPOLATION OF HIGH-SPEED TEST RESULTS
NCHRP Report No. 350 specifies two tests for evaluating breakaway support structures (test
designation nos. 3-60 and 3-61). However, only the low-speed test (test designation no. 3-60) was
conducted on each luminaire pole system using the pendulum and crushable nose. The results of the
high-speed test (test designation no. 3-61) were estimated using the results from the low-speed test
in combination with an analytical extrapolation method accepted by FHWA. This procedure uses

the equations shown below and follows the procedure described in the noted references [4-5].

(AMV)y = E(AMV) +b<V —V—L2> (EQ. 1)
HOT oy L Y .

AMV = Vehicle momentum change
= Vehicle mass (M) x vehicle velocity change (Vi o gy — Vi)
(AMV), = Measured vehicle momentum change in low-speed test
(AMV), = Computed vehicle momentum change for high-speed test
V, = Measured impact velocity during low-speed test
v, = Extrapolated change in vehicle velocity for the high-speed test

RZ
0

Mp = Mass of system
D, = Distance from impact point to system center of mass

R = Radius of gyration of system about its center of mass

Since differing poles, arms, and couplings were incorporated into the various test
installations, the center of gravity and radius of gyration were calculated for each individual test.
The values were calculated as an assembly of 4 individual components: (1) the pole; (2) the base
plate; (3) the luminaire arm; and (4) the luminaire bulb assembly. Due to the taper associated with
luminaire poles, a 50-segment pole model was developed using the prescribed dimensions. The
system c.g. and mass moment of inertia were calculated using this model and a lumped mass

procedure. The radius of gyration, R, was then calculated as the square root of the mass moment of
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inertia divided by the mass of the system. All system constants used in Equation 1 as well as the

extrapolation results for the high-speed tests are shown in Table 32.

Table 32. Summary of High-Speed AV Results from Extrapolation Procedures

System Test No. Test No. Test No. Test No. Test No.
Parameters BBC-3 BBC-+4 BBC-5 BBC-6 BBC-7
Counlin Version 2 TRANSPO Version 2 Version 3 Version 3
pling Brass Coupling Pole-Safe Brass Coupling | Brass Coupling | Brass Coupling
Lugl;gzlre Steel Pole Steel Pole Aluminum Pole Steel Pole Aluminum Pole
Nominal 53 ft 53 ft 30 ft 45 ft 55 ft
Height (16.2 m) (16.2 m) (9.1 m) (13.7 m) (16.8 m)
v 31.9 ft/s 34.1 ft/s 31.9 ft/s 32.6 ft/s 31.9 ft/s
L (35.1 km/h) (37.5 km/h) (35.1 km/h) (35.8 km/h) (35.1 km/h)
v 91.1 ft/s 91.1 ft/s 91.1 ft/s 91.1 ft/s 91.1 ft/s
H (100 km/h) (100 km/h) (100 km/h) (100 km/h) (100 km/h)
Vehicle 1,849 1b 1,849 1b 1,849 1b 1,882 1b 1,882 1b
Mass (839 kg) (839 kg) (839 kg) (854 kg) (854 kg)
AV}, 16.40 ft/s 15.22 ft/s 10.24 ft/s 13.25 ft/s 9.94 ft/s
(3-60) (5.00 m/s) (4.64 m/s) (3.12 m/s) (4.04 m/s) (3.03 m/s)
M 923 1b 923 1b 259 1b 900 1b 755 1b
P (419 kg) (419 kg) (117 kg) (409 kg) (343 kg)
System 30.7 ft 30.7 ft 17.6 ft 26.5 ft 31.7 ft
c.g. Height (9.4 m) (9.4 m) (5.4 m) (8.1 m) (9.7 m)
D 29.3 ft 29.3 ft 16.2 ft 25.0 ft 30.2 ft
° (8.9 m) (8.9 m) (4.9 m) (7.6 m) (9.2 m)
R 18.7 ft 18.7 ft 11.3 ft 16.0 ft 18.8 ft
(5.7 m) (5.7 m) (3.4 m) (4.8 m) (5.7 m)
AVy 18.49 ft/s 18.19 ft/s 7.61 ft/s 16.85 ft/s 13.36 ft/s
(3-61) (5.64 m/s) (5.54 m/s) (2.32 m/s) (5.14 m/s) (4.07 m/s)

As shown above, the conservative extrapolation procedures were used to determine the high-

speed, longitudinal change in velocity (AVy) for three different steel luminaire pole configurations
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corresponding to test nos. BBC-3, BBC-4, and BBC-6. From this analysis and for the three specific
configurations, the AVy values were found to exceed the NCHRP Report No. 350 maximum
allowable limit of 16.4 ft/s (5.0 m/s). As such, these steel luminaire pole configurations did not meet
the TL-3 safety performance criteria found in NCHRP Report No. 350 when using pendulum testing
in conjunction with the conservative, high-speed extrapolation procedures. These tall, steel
luminaire pole systems were found to be too massive to satisfy the AVy limits when utilizing the
conservative extrapolation procedures.

As discussed previously, the low-speed pendulum tests on the three steel luminaire pole
configurations resulted in longitudinal changes in velocity (AVy, that were equal to or below the
maximum allowable limit of 16.4 ft/s (5.0 m/s). For the high-speed test condition (test designation
no. 3-61), full-scale vehicle crash testing can be used in lieu of the conservative, high-speed
extrapolation procedures to evaluate the safety performance of breakaway support systems. Actual
full-scale vehicle crash testing may provide lower AVy values than those determined above. If full-
scale vehicle crash testing had been performed, some of these steel pole configurations may have
demonstrated acceptable safety performance according to the NCHRP Report No. 350 guidelines.
However, time and cost restraints did not allow for the use of full-scale vehicle crash testing
according to test designation no. 3-61, and the high-speed extrapolation procedures were used.

As a result, an upper bound was needed for the acceptable steel luminaire pole sizes that
could be used with the breakaway brass couplings. Altering the luminaire pole and mast arm system
to either a shorter or thinner gauge pole may satisfy the AVy limits of NCHRP Report No. 350 and
provide an acceptable configuration. This philosophy was explored using the pendulum testing

results with the extrapolation equation and is described in Chapter 19.
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For the short, aluminum luminaire pole system used in test no. BBC-5, the AVy was
calculated to be 7.61 ft/s (2.32 m/s), which was lower than the safety performance limit as well as
the low-speed change in velocity (AVy) result of 10.24 ft/s (3.12 m/s). This finding was expected as
breakaway systems weighing less than 400 1b (182 kg) have regularly been shown to produce a
lower AVy than the AV due to the higher impact energy in test designation no. 3-61 and the low
rotational inertia for lighter systems. From test no. BBC-5, the low-speed change in velocity (AVy)
and the extrapolated high-speed change in velocity (AVy) satisfied the safety performance criteria
found in NCHRP Report No. 350 and the AASHTO Standard Specifications. As such, the
breakaway brass couplings were deemed crashworthy when used in combination with a 30-ft (9.1-
m) nominal height, Y4-in. (6.4 mm) thick, aluminum luminaire pole system.

For test no. BBC-7, the tall, heavy, aluminum luminaire pole system also showed favorable
results as the AVy was calculated to be 13.36 ft/s (4.07 m/s). In this test, the low-speed change in
velocity (AVy) and the extrapolated high-speed change in velocity (AVy) satisfied the safety
performance criteria found in NCHRP Report No. 350 and the AASHTO Standard Specifications.
As such, the breakaway brass couplings were deemed crashworthy when used in combination with a
55-ft (16.8-m) nominal height, 755 Ib (343 kg) aluminum luminaire pole system.

In summary, the short aluminum luminaire pole system (test no. BBC-5) and the tall, heavy,
aluminum luminaire pole system (test no. BBC-7) satisfied the safety requirements. Thus, other
aluminum poles with heights, weights, and thicknesses ranging between those used in the as-tested
luminaire pole systems would also be expected to satisfy the safety performance criteria provided in

NCHRP Report No. 350.
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19 STEEL LUMINAIRE POLE ANALYSIS
Equation 1 provides the primary extrapolation equation for determining the change in

velocity for the high-speed test condition and can be described as a combination of two terms. The

first term, ://—L (AMV);, is comprised of the ratio of test impact speeds multiplied by the change in
H

2
momentum during the low-speed test. The second term in Equation 1, b (VH - Z—L), is comprised of
H

a factor relating impact speeds, which is multiplied by a geometric or inertial factor. Since the
impact speeds for the low- and high-speed tests are targeted at 21.7 mph (35.0 km/h) and 62.1 mph
(100.0 km/h), respectively, the first term contributes roughly one third of the low-speed momentum
change to the extrapolated high-speed momentum change. As a result, the majority of the high-
speed momentum change is the result of the second term, or more specifically, the geometry and
inertial properties of the system. Further, using poles of varying sizes and weights can greatly affect
the change in momentum/velocity. In other words, a lighter system weight or a more optimum
system configuration may result in a satisfactory change in momentum/velocity. Therefore, the
extrapolation equation was used in combination with the geometrical properties of various steel
luminaire poles to identify the upper bound for steel pole sizes that could be used with the
breakaway brass couplings.
19.1 Analysis Methodology and Procedure

As discussed previously, the largest contribution to the change in momentum/velocity was a
result of the system’s geometry and mass distribution, which comprises the ‘b’ variable in the
second term of Equation 1. Therefore, each configuration required accurate calculations for the
center of gravity (c.g.), the mass moment of inertia, the radius of gyration, and the resulting ‘b’
term. The system c.g. was calculated as an assembly of 4 individual components: (1) the pole; (2)

the base plate; (3) the luminaire arm; and (4) the luminaire bulb assembly. Due to the taper
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associated with luminaire poles, a 50-segment pole model was developed using the prescribed
dimensions, and the pole c.g. was calculated using a lumped mass procedure. The luminaire arms
remained mounted at a constant distance from the top of the pole, 6 in. (152 mm) as measured from
test no. BBC-6, while the simulated luminaire bulb assembly was taken to be 5 ft (1.5 m) above the
top of the pole. The base plate c.g. was always placed at ground level. Although the weight of the
pole was calculated for each individual system, the mast arms, simulated luminaire bulb assembly,
and base plate weights remained constant to the measured values taken from test no. BBC-6.

The system mass moment of inertia was calculated using the same lumped mass model
described previously and the calculated center of gravity for the system. Only the weight and
vertical location of each component, or segment, was used in the mass moment of inertia
calculations. The radius of gyration, R, was then calculated as the square root of the mass moment
of inertia divided by the mass of the system.

The low-speed change in momentum/velocity in Equation 1 was held constant and taken
from the test no. BBC-6. Recall that this test involved a tall, heavy, steel pole with a large mass
moment of inertia, or rotational resistance, where the calculated AVy exceeded the NCHRP Report
No. 350 limit. Thus, the pole was deemed too large or massive for use with the breakaway brass
couplings. Thus, the extrapolation analysis focused on the use of steel poles with either (1) same
thickness but shorter or (2) thinner but taller. The alternative pole systems would have lower
rotational inertia values and would be expected to produce lower AV values if actually tested.
Therefore, using the AVy value obtained in test no. BBC-6 was deemed to be a conservative
approach.

The remaining variables used in Equation 1 were held constant to the prescribed testing

conditions. The impact height was set at 17 in. (445 mm). The low- and high-speed velocities
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were set to the low- and high-speed test velocities prescribed by NCHRP Report No. 350, Vi,=21.7
mph (35.0 km/h) and Vy,= 62.1 mph (100.0 km/h), respectively.

The geometrical factors that affect the rotational inertia of the pole itself are the height, the
thickness, and the shaft diameter. To reduce the number of steel shafts to be evaluated during this
study, the base diameter was held constant at 10 in. (254 mm) and a constant taper of 0.14 in./ft was
applied to all theoretical poles. Thus, only the shaft height and thickness were changed. Pole
thicknesses ranged between 7 gauge (4.55 mm) and 11 gauge (3.03 mm). For each of the five
thicknesses, the height of the shaft was altered until the maximum height which satisfied the AVy
limit of 16.4 ft/s (5.0 m/s) was determined.

19.2 Results

The results of the maximume-size steel pole study are shown in Table 33. For a pole with a 7-
gauge (4.55-mm) wall thickness, the maximum shaft and nominal heights were found to be 36 ft
(11.0 m) and 41 ft (12.5 m), respectively. The calculated maximum height pole is only 4 ft (1.2 m)
shorter than the pole system utilized in test no. BBC-6. This minor deviation was expected, because
the calculated high-speed change in velocity for that system, 16.85 ft/s (5.14 m/s), was just slightly
over the NCHRP Report No. 350 limit. As the thickness of the shaft was reduced, the maximum
allowable height increased by approximately 5 ft (1.5 m) per reduction in gauge thickness. It should
be noted that the maximum nominal height of the system was capped at 60 ft (18.3 m). As a result
and as shown in Table 33, the 11-gauge (3.03-mm) thick pole system only had a calculated AVy of
15.22 ft/s (4.64 m/s), while the remainder of the pole systems had AVy values much closer to the
16.4 ft/s (5.00 m/s) limit.

This analysis held the pole base diameter and base plate weight constant. In reality, these

values would be expected to increase with an increase in system height. The luminaire arms may
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also have varying sizes and weights depending on the application. A change in these parameters in
favor of larger dimensions or heavier weights would alter the mass distribution of the luminaire pole
system, thus potentially leading to an increase in the calculated high-speed, longitudinal change in
velocity (AVy). However, changes to these parameters in favor of smaller and/or lighter
components would only reduce the rotational inertia and create a more favorable system. As a
result, Table 33 should only be used as a general guide for selecting luminaire poles with a
maximum base diameter of 10 in. (254 mm). Any pole with a greater base diameter would need to
be individually analyzed using the high-speed extrapolation equation and either the methodologies
described in Section 19.1 or another procedure to accurately calculate the system c.g. height and

mass moment of inertia.

Table 33. Maximum Size of Steel Pole Results

Shaft Shaft Nominal System | System c.g. Do R AV

Thickness Height Height Mass Height i

7 gauge 36 ft 41 ft 872 1b 23.8 ft 22.7 ft 14.4 ft 16.31 ft/s
(455mm) | (11.0m) | (12.5m) | (396 kg) (7.3 m) (6.9 m) (4.4 m) (4.97 m/s)

8 gauge 41 ft 46 ft 871 1b 26.7 ft 25.6 ft 16.3 ft 16.39 ft/s
(4.18mm) | (12.5m) | (14.0m) | (395 kg) (8.1 m) (7.8 m) (5.0 m) (5.00 m/s)

9 gauge 46 ft 51 ft 856 1b 29.6 ft 28.6 ft 18.3 ft 16.28 ft/s
(3.80 mm) | (14.0m) | (15.5m) | (389 kg) (9.0 m) (8.7 m) (5.6 m) (4.96 m/s)

10 gauge 54 ft 59 ft 841 34.1 ft 33.1 ft 21.6 ft 16.35 ft/s
(3.42mm) | (16.5m) | (18.0m) | (382kg) (10.4 m) (10.1 m) (6.6 m) (4.98 m/s)

11 gauge 55 ft 60 ft 782 1b 35.7 ft 34.7 ft 22.1 ft 15.22 ft/s
(3.03mm) | (16.8m) | (183 m) | (355kg) (10.9 m) (10.6 m) (6.7 m) (4.64 m/s)
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20 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

The objective of this research project was to evaluate the safety performance of the
ILDOT’s breakaway brass couplings used in combination with steel and aluminum luminaire poles.
More specifically, the new brass couplings were evaluated in terms of their ability to breakaway
when struck by an errant vehicle. The couplings were (1) fabricated from ASTM B16, free-cutting
brass, (2) drilled and tapped for 1 in. — 8UNC threaded bars, and (3) had a circumferential notch cut
around its outer surface to induce fracture.

The evaluation process began with a physical impact testing program that was conducted at
the Valmont/UNL-MwRSF pendulum testing facility. Initially, the brass couplings were configured
with both a large, heavy luminaire pole as well as a smaller, lighter, and weaker aluminum
luminaire pole. The large steel pole system was selected to determine the upper bound of acceptable
luminaire poles as it provided a high rotational inertia and was believed to dissipate the most energy
during the activation of the breakaway mechanism. The smaller pole was selected to determine the
lower bound of acceptable luminaire poles and ensure that the brass couplings would fracture before
the pole would bend, fracture, or crush. The pendulum mass was configured with crushable nose
and used to test and evaluated the breakaway support systems at a speed of 22 mph (35 km/h) and in
compliance with test designation no. 3-60 of NCHRP Report No. 350.

In lieu of conducting the high-speed impact test also required by NCHRP Report No. 350,
test designation no. 3-61, an analytical extrapolation procedure was used to conservatively predict
the high-speed, longitudinal change in velocity. This analytical method was developed at ENSCO,
INC. and has been approved by the FWHA. The extrapolation procedure uses the change in velocity
from the low-speed impact test, the mass distribution of the luminaire pole system, and fundamental

physics principles to extrapolate the vehicle’s longitudinal change in velocity for the high-speed
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test. This extrapolation procedure was conducted on any system that satisfied the safety
performance criteria for the low-speed test.

During the Round 1 testing program, test nos. BBC-1 and BBC-2, the original brass
couplings (Version 1) proved stronger than anticipated and resulted in changes in velocity that were
higher than the maximum allowable limit. As a result, the brass couplings were redesigned. The
Version 2 brass couplings did not include the internal nylon spacer inserts and utilized set screws to
ensure the anchor bolts would not be threaded through the center notch region. In addition, the
notch radius was decreased to create a higher stress concentration, and the notch depth was increase
to reduce the cross-sectional area of the fracture surface. All of these changes were aimed at
reducing the strength of the couplings and reducing the time to fracture.

During the Round 2 testing program, test nos. BBC-3 through BBC-5, the Version 2 brass
couplings were used to support the same two poles that were used in the Round 1 testing program.
In test no. BBC-3, the brass couplings fractured, but the calculated low-speed, longitudinal change
in velocity (AVy) was at the 16.4 ft/s (5.0 m/s) limit. As a result, the high-speed longitudinal change
in velocity (AVy) was well over the limit when utilizing the high-speed extrapolation equation to
evaluate the results for test designation no. 3-61. Similarly and for test no. BBC-4, the heavy steel
pole was mounted on the previously-tested and FHWA-accepted TRANSPO Pole-Safe couplings.
For this test, the low-speed change in velocity (AVy) was satisfactory, but the extrapolated, high-
speed, longitudinal change in velocity (AVy) exceeded the performance limit. Since the tall, heavy,
steel pole resulted in high-speed test failures for both the brass coupling as well as the TRANSPO
coupling, the tall, heavy steel pole was determined to be too massive to satisfy the AVy limit, and a

different steel pole was selected for Round 3 testing program.
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During test no. BBC-5, the brass couplings fractured through the center notch and allowed
the aluminum luminaire pole system to rotate away from its initial ground attachment location. The
measured AV as well as the extrapolated AVy both satisfied the NCHRP Report No. 350 maximum
allowable limit of 16.4 ft/s (5.0 m/s). The remaining coupling stub heights were all 1% in. (38 mm),
satistying the 4-in. (100-mm) limit. Therefore, the smaller aluminum pole system met the TL-3
safety performance criteria found in NCHRP Report No. 350 and established a lower bound for the
acceptable luminaire pole configuration for use with the breakaway brass couplings.

Prior to conducting the Round 3 pendulum testing, the brass couplings were again
redesigned. The Version 3 brass couplings had an extended upper segment, resulting in an overall
height increase. All other coupling characteristics, including notch radius and depth, notch distance
from the bottom, coupling width, and material, remained the same. The upper segment of the
coupling was doubled in length in order to increase the bending stresses in the notch that resulted
from the impact loads. Thus, the fracture strength of the coupling was reduced. The final
dimensions for the breakaway brass couplings are shown in Figures 54 and 55.

As stated previously, the heavy, steel pole utilized in the Rounds 1 and 2 testing programs
was deemed too massive to satisfy the AV limits, especially for the high-speed test. As a result, a
shorter, 45-ft (13.7-m) nominal height, steel luminaire pole was selected for use in the Round 3
testing program. However, the ILDOT representatives desired to utilize the brass couplings with
taller poles. The difference in density between steel and aluminum is significant. Thus, tall poles
could be configured from aluminum versus steel and meet the impact safety standards due to a
significantly lower rotational inertia for the same-size poles. Therefore, a 55-ft (16.8-m) nominal

height, aluminum luminaire pole was also selected for testing and evaluation.
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During test no. BBC-7, the breakaway brass couplings fractured and allowed the tall,
aluminum luminaire pole system to rotate away from its initial ground attachment location. The
remaining coupling stub heights were 1% in. (38 mm), satisfying the 4-in. (100-mm) limit. Both the
measured AV, and the extrapolated AVy satisfied the NCHRP Report No. 350 maximum allowable
limit of 16.4 ft/s (5.0 m/s). Therefore, aluminum luminaire poles of nominal heights ranging
between 30 ft (9.1 m) and 55 ft (16.8 m), minimum wall thicknesses of V4 in. (6.4 mm), and weights
equal to or less than 755 1b (343 kg) should be acceptable for use with the breakaway brass
couplings and meet the TL-3 impact safety standards.

Although test no. BBC-5 was conducted with the smaller aluminum pole mounted to the
Version 2 breakaway brass couplings, the low-speed change in velocity AV and the extrapolated
AVy were believed to be conservative estimates for the Version 3 breakaway brass couplings. The
only difference between Version 2 and Version 3 couplings was the distance between the notch and
top of the coupling as well as overall coupling height. As explained in Chapter 14, this change
lowered its impact resistance and effectively shorted the time to fracture. Therefore, a similar test
conducted on Version 3 breakaway brass couplings would result in lower AVy and AVy values.
Subsequently, the Version 3 brass couplings were deemed to meet the TL-3 impact safety standards
when utilized with a 30 ft (9.1 m) nominal height, aluminum luminaire pole system.

For test no. BBC-6, the Version 3 brass couplings were used to support a 45-ft (13.7-m)
nominal height, steel luminaire pole system. During the impact event, all four couplings fractured,
thus leaving stub heights of 1% in. (38mm). In the test, the pole system rotated away from its initial
attachment location. The measured AV, was 13.25 ft/s (4.04 m/s), which satisfied the NCHRP
Report No. 350 maximum allowable limit of 16.4 ft/s (5.0 m/s). However, the extrapolated AVy

was calculated to be 16.85 ft/s (5.14 m/s). As a result, the 45-ft (13.7-m) nominal height, steel
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luminaire system did not meet the TL-3 safety performance criteria and was not approved for use
with the breakaway brass couplings.

To identify the largest steel luminaire poles that can be used in combination with the
breakaway brass couplings, further analysis was undertaken using the high-speed extrapolation
equation to predict the AVy for different size poles. Steel luminaire pole configurations with
varying thickness and height were analyzed to determine the extrapolated high-speed, change in
longitudinal velocity (AVp). These extrapolated values were compared to the maximum allowable
limit of 16.4 ft/s (5.0 m/s) in order to determine whether specific poles were acceptable for use with
the brass couplings. During this study, the luminaire arms, base plate, and pole base diameter were
held constant to the dimensions and weights corresponding to those used in test no. BBC-6. Thus,
only the shaft thickness and heights were altered. This analysis yielded the maximum shaft height
for poles with a wall thickness ranging between 7 gauge (4.55 mm) and 11 gauge (3.03 mm). For a
7-gauge (4.55-mm) wall thickness or the same thickness as used in test no. BBC-6, the maximum
shaft height was determined to be 36 ft (11.0 m). The results from this analysis for all wall
thicknesses are shown in Table 33.

These steel pole results (as shown in Table 33) are valid for luminaire pole configurations
using system parameters similar to those used in test no. BBC-6. Since the pole’s base diameter was
held constant at 10 in. (254 mm) throughout the analysis, only pole shaft diameters equal to or less
than 10 in. (254 mm) are applicable to the results shown in the noted table. Poles with larger
diameters must to be analyzed independently using the proposed system’s mass distribution and the
AVy extrapolation calculation presented in Chapter 19. Similarly, the mast arms were held constant
throughout the analysis. Thus, luminaire pole systems utilizing mast arm configurations other than

the truss type luminaire arms need to be analyzed on a case-by-case basis.
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A summary of all of the applicable luminaire poles for use with the breakaway brass
couplings (Version 3) is shown in Table 34. Since the maximum sizes for the steel luminaire pole
systems were established using the high-speed extrapolation procedure assuming truss arms with a
5-ft (1.5-m) rise height, this table applies only to truss arm configurations. Any desired steel
luminaire pole system within 5 ft of the maximum nominal height must either utilize these truss

arms, or a separate analysis must be conducted.

Table 34. Applicable Luminaire Pole Systems for Use with the Brass Breakaway Couplings

Base Nominal System
Pole Type | Thickness Diameter Height Weight
Min. Max. Min. Max. Min. Max.
Aluminum > Y4 in. 8 in. 10 in. 30 ft 55 ft 259 1b 7551b
(>6.4mm) | (203 mm) | (254 mm) (9.1 m) (16.8m) | (118kg) | (343 kg)
7 gauge NA 10 in. 30 ft 41 ft 259 1b 900 Ib
(4.55 mm) (254 mm) (9.1 m) (12.5m) | (118kg) | (409 kg)
8 gauge NA 10 in. 30 ft 46 ft 259 b 900 Ib
(4.18 mm) (254 mm) (9.1 m) (140m) | (118 kg) | (409 kg)
Steel 9 gauge NA 10 in. 30 ft 511t 259 1b 900 1b
(3.80 mm) (254 mm) (9.1 m) (15.5m) | (118kg) | (409 kg)
10 gauge NA 10 in. 30 ft 59 ft 259 1b 900 1b
(3.42 mm) (254 mm) (9.1 m) (18.0m) | (118kg) | (409 kg)
11 gauge NA 10 in. 30 ft 60 ft 259 1b 900 1b
(3.03 mm) (254 mm) (9.1 m) (183 m) | (118 kg) | (409 kg)
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PLASCORE

CERTIFICATE OF CONFORMANCE

Date : 02-06-2008 To : VALMONT INDUSTRIES, INC.
VALLEY MRC STOREROOM
7002 NORTH 288TH STREET
PO BOX 358

PURCHASE ORDER INFORMATION

Customer P.O. Number :

Work Order Number :
Quantity :
Size :

Customer Part Number :

Core Type :

Foil Gauge

Coil Number

Core Block Number :
Measured Density :
Measured Cell Size :

99801989

221619

96 pieces

3.250 " x 16.000 " x 2.750 "
130 PSI

CORE INFORMATION

PAMG-XR1-A31316N5062T

oo

208-1820/2
A31316N5052.4BX96%043A1208
3.02 Ibjcu.ft

.199 Inches

This is to certify that the aluminum honeycomb core supplied meets the crush requirements
of 130 +/- 10%.

Plascore
008
= Quality/%nf?ol Representative

PLASCORE INC. * 615 N. FAIRVIEW ST. * P.O. BOX 170 * ZEELAND, MI 49464-0170
PHONE(616)772-1220 * FAX(616)772-1289

Figure A-1. Aluminum Honeycomb Element No. 1 Material Certification
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PLASCORE

Date : 02-09-2009

Customer P.O. Number :

Work Order Number :
Quantity :
Size :

Customer Part Number :

Core Type :

Foil Gauge

Coil Number

Core Block Number :
Measured Density :

Measured Cell Size :

CERTIFICATE OF CONFORMANCE

To : VALMONT INDUSTRIES, INC.
VALLEY MRO STOREROOM
7002 NORTH 288TH STREET
PO BOX 358

PURCHASE ORDER INFORMATION

99801989

221618

32 pieces

2.250 " x 4.000 " x 5.000 "
25 Psl

CORE INFORMATION

PCGA-XR1-A1410N3003T

003

204-17587/27
A1410N3003.37X96%124B1204
1.4 Ib/cu.ft

1.0 Inches

This is to certify that the aluminum honeycomb core supplied meets the crush requirements

of 25 +/- 10%.

PLASCORE INC. * 615 N. FAIRVIEW ST, * P.O. BOX 170 * ZEELAND, M| 49464-0170
PHOME(B16)772-1220 * FAX(616)772-1289

Figure A-2. Aluminum Honeycomb Element No. 2 Material Certification
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PLASCORE

CERTIFICATE OF CONFORMANCE

Date : 02-06-2009

Customer P.O. Number :

Work Order Number :
Quantity :
Size :

Customer Part Number :

Core Type ;

Foil Gauge

Coil Number

Core Block Number :
Measured Density @
Measured Cell Size :

Ton % VALMONT INDUSTRIES, INC.
VALLEY MRO STORERQOM
7002 NORTH 288TH STREET
PO BOX 358

PURCHASE ORDER INFORMATION

-9

99801989

221620

96 pieces

3.250 " x 8.000 " x 8.000 "
130 PSI

CORE INFORMATION

PAMG-XR1-A31316N5052T

001

208-1820/2
A31316N5052.48X96*043A1208
3.02 Ibjcu.ft

.199 Inches

This is to certify that the aluminum honeycomb core supplied meets the crush requirements

of 130 +/- 10%.

PLASCORE INC. * 615 N. FAIRVIEW ST. * P.O. BOX 170 * ZEELAND, M| 49464-0170
PHONE(616}772-1220 * FAX(616)772-1288

Figure A-3. Aluminum Honeycomb Element No. 3 Material Certification
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PLASCORE

CERTIFICATE OF CONFORMANCE

Date : 02-06-2009 To : VALMONT INDUSTRIES, INC.
VALLEY MRO STOREROOM
7002 NORTH 288TH STREET
PO BOX 358

PURCHASE ORDER INFORMATION

Customer P.O. Number : 99801989
Work Order Number : 221621
Quantity : 288 pieces
Size : 3.250 " x 8.000 " x 8.000 "
Customer Part Number : 230 PSI

CORE INFORMATION
Core Type : PAMG-XR1-A4314N5052T
Foil Gauge E 002
Coil Number 5 208-2133/2
Core Block Number : A4314N5052.48X967147B1008
Measured Density : 3.96 Ib/cu.ft
Measured Cell Size : .257 Inches

This is to certify that the aluminum honeycomb core supplied meets the crush requirements
of 230 +/- 10%.

PLASCORE INC, * 615 N. FAIRVIEW ST. * P.O. BOX 170 * ZEELAND, MI 49464-0170
PHONE(616)772-1220 * FAX(6161772-1289

Figure A-4. Aluminum Honeycomb Element Nos. 4 through 6 Material Certification
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Date : 02-06-2009

Customer P.O. Number :

Work Order Number :
Quantity :
Size :

Customer Part Number :

Core Type :

Foil Gauge

Coil Number

Core Block Number :
Measured Density :
Measured Cell Size :

PLASCORE

CERTIFICATE OF CONFORMANCE

To

December 22, 2010
MwRSF Report No. TRP-03-248-10

VALMONT INDUSTRIES, INC.

VALLEY MRO STOREROOM
7002 NORTH 288TH STREET
PO BOX 3568

PURCHASE ORDER INFORMATION

99801989
221622
288 pieces
3.250 " x 8.000 " x B.000 "
400 PSI

CORE INFORMATION
PAMG-XR1-A57316N5052T
ooz
208-3039N1
AB7316NH052.48X96*094A0109

lb/cu.ft
Inches

. %._.1“

6\

This is to certify that the aluminum honeycomb core supplied meets the crush requirements

of 400+ /-10%.

PLASCORE INC. * 615 N. FAIRVIEW ST. * P.O. BOX 170 * ZEELAND, MI 49464-0170
PHONE(B16)772-1220 * FAX(616)772-1289

Figure A-5. Aluminum Honeycomb Element Nos. 7 through 9 Material Certification
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PLASCORE

CERTIFICATE OF CONFORMANCE

Date : 02-06-2009 To : VALMONT INDUSTRIES, INC.
VALLEY MRO STOREROOM
7002 NORTH 288TH STREET
PO BOX 358

PURCHASE ORDER INFORMATION

Customer P.O. Number : 99801989
Work Order Number : 221623
Quantity : 96 pieces
Size : 3.250 " x 8.000 " x 10.000 "
Customer Part Number : 400 PSI

CORE INFORMATION
Core Type : PAMG-XR1-A57316N5052T
Foil Gauge : 002
Coil Number 4 208-3039/1
Core Block Number : AG57316N5052.48X96*094A0109
Measured Density @ Ibfeu.ft
Measured Cell Size : Inches

This is to certify that the aluminum honeycomb core supplied meets the crush requirements
of 400 +/-10%.

PLASCORE INC. * 616 N. FAIRVIEW ST. * P.O. BOX 170 * ZEELAND, M| 49464-0170
PHONE{616)772-1220 * FAX(616}772-1289

Figure A-6. Aluminum Honeycomb Element No. 10 Material Certification
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CHICAGO SPECTRO SERVICE LABORATORY, INC.

Spectrographic and Chemical Analysts

Metallurgists
&245 5, OAK PARK AYE. = CHICAGO, IL 40638-4015
TELEPHOME: 773-229-0099 » FAX: 773-229-0313
4073101 Fiaall: chicngospectro@core. com

AMALTHIE AEFORT FOR:

i i 1 § 1 1 dalab s :
Liniversity of Tineis

Atteniion: D, Greg Banas, 11725 NCEL
35 N, Mathews Ave,
|irhana, 10, G1801-2207 DATE 102109

Repsrl Mumber w161

SUBJECT: Chemical compesition amd Alloy type ol sample receneed 1071905

CHEMICAL COMPOSITION:

Capper eU.07 %5
Manpanese 001
Mickel 0.0
Lead 276
lin 019
Trimn 027
Finc Balance

ALLOY TYPE: (5640

TESTMETHODS: ASTM T478; ASTM 1621

I’ape 1 of ] ‘_,f{

Tl

THE FOREGOING REFCAT B =0 &Y s T TG CONTRAGT AND M B8TRICT CONFIDEWCE. MO PART HEREDr WAY BE RE-
PEOCUCED FOM PUSLICATION WITHDNUT OUM PHKIN WHITTEN AFPROVAL "

Figure A-7. Brass Coupling Material Certification, Test Nos. BBC-1 and BBC-2
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APR-21-2818 18:11 1DOT 217 782 3572 J:'E.Q*/@E

A3, Uik sl (FT- p T|

CHICAGO SPECTRO SERVICE LABORATORY, INC.

Spectrographic and Chemical Analysts

Metallurgists
G245 5, QAK PARK AVE. » CHICAGD, IL 60638-4015
TELEPHOMNE: 773-229-0099 = FAX 773-229-0313
#078101 EMaAlL: chicagospacrofcore.com
AMALTESS AEPORT MO
L A, O R *:

IDOT FPA433970
Anention: Christopher Hahin
126 East Ash Street oare 41310

Springfield, 11, 62704-4766
Repont Number: GR195

SUBJECT: Chemical composition of sample received 4/12/10

SAMPLE IDENTIFICATION/DESCRIPTION: Brass

CHEMICAL COMPOSITION:
Copper 61.03 %
Lead 2.82
Tin 0.1
Manganese 0.02
Silicon < (.01
Tron 016
Mickel n.04
Zing Balance
TEST METHOQDS: ASTM E478; ASTM E162)
A T
Fage 1 of 1 b

FORESOING REFDAT & F

THL L T TO CONTAACT AMD M ETRICT COMFIDENCE, NO PART RERECE WAY BE RE-
PRCOUCRD FOR PLELICATION WITHOUT OUR FROR WRITTEN =~

TOTAL P.B82

Figure A-8. Brass Material Certification, Test Nos. BBC-3 and BBC-5 Through BBC- 7
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]\491 Testing & Engineering, Inc.

Your Source for Metallurgical Testing and Failure Analysis
1390 N. 25th Avenue

Melrose Park, IL 60160 g
708:343-3444
F A X3033 TESTTNC::::T #0510-01
linois DOT Materials Report No.: 151842
126 E. Ash Street Date: 10-27-09
Springfield, IL 60704 Order No.: FPA 315344
Page: 1 0of 1

Atth: Mr. Chris Hahin

SAMPLE IDENTIFICATION

Material Condition Description
316 Stainless Steel | Cold Drawn or Worked | Thread Stock

TEST RESULTS =

Chemical Testing

Carbon .020 %
Manganese 1.50
Phosphorus .035

Sulfur 026

Silicon 47

Nickel 10.30
Chromium 16.24
Molybdenum 2.02

Copper .54
Nitrogen .05
Titanium <.01
Hardness Testing

Core | 1/3R | 23R

Hardness, HRC 24 27 30

*  Testing performed in accordance with ASTM E1086, E18 and MSi Procedure No. 1002.
Respectfully Submitted,
MSi Testing & Engineering, Inc.

Bawt Bobek

Bart Bobek
BB/oa/E-Document Associate Metallurgical Engineer

The Above Test Report Relates Only To The items Tested And Shail Mat Be Regroduced Except [n Full, Without The Wiitlen Cansent Of MSi Testing & Engineening, inc.
All Specimen Rernnants Pertaining To The Above Tested iferms Are Refained For & Maxirmum OF 30 Days, Unless Nofified In Wiiting,
Template: Reportsh Repod Termplates\Wew Client - address.doc

Figure A-9. Threaded Rod For Brass Couplings Material Certification
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S TEeENILLE PLANE g

CERTIFICA ANALYSIS AND TESTS
PAGE 1CF 1 E G TESTING CERTIFICATE 0341.C

CHARGED TO ‘ E
wuﬁ INDUSTRIES INC. VALMORT INDUSTRIES INC.

ASTM STANDARD COMPLIANCE:

[
i i
! Ipp i CAL- E4
BOX 358 - : HaY 64 i i I"C"E%ICAL- ég ELB
T&%DE'IG B'Ev:smu ! DODOOBIWEST |
CUST ORD, PO1196-2 MILL ORDER NO. 018—018933—01 PART NO # 4165138
THICKNESS ~ ".1510 1IN WIDTH 38.0000 1IN

o e e e e o - e ———— - - - R - ——— - -

?B%cﬁuceal?sw %SCREiNPao‘;ESSED :DOMESTIC STEEL ONLY:C-1015:CS:DRY:MIN GAUGE MILL EDGE

. T l*EGEli.EI‘?NTALUALLES WIS, o e v BB
£90628  1.15 10.34 |.po8 !.0og |.022 '.i2 l.0a !.0a !.0i i.&o ..om ..nuz i, ! oo7z!.ooo1!
INDUSTRIES INC. *
358
68064
DIVISION

VALMONT INDUSTRIES INC.
IPD

68064
SE8hE1

THIS IS TD CERTIF‘( TH&T THE CHEMICAL ANALYSIS AND/OR MECHANICAL PROPERTIES ON THE HﬂTERIAL REPORTED ABOVE ARE CORRECT AS CONTAINE

IN QUR R ACTURED IN THE USA
: . ALLURGIST g 03/19/09
B‘f IS REPORT MAY IED EiT 5 BY ﬁ ﬁEN PERMISSION OF SEVERSTAL H-E‘ELI%T‘?-NC

Figure A-10. Steel Pole Material Certification, Test Nos. BBC-1, BBC-3, and BBC-4
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VALMONT Industrial Products Division
CERTIFICATION OF mmm{mmmmmmm

Customer Hame: VALMONT / NEBRASKA COSTOMER ORDER: 68967 Jw
Castomer Address: 7002 NORTH 288TH STREET VALMONT ORDER: 0%-43521
VALLEY » HE &8064 DATE: 4/24/2009

CHEMISTRY IS TRANSCRIBED FROM MILL TEST REPORTS AVAILABLE UPOH REQUEST. TENSION TEST
SPECIMENS RRE MACHINED/TESTED PER ASTM A370 (E.U.L.). FLATTENING, FLARING , REVERSE
FLATTENTNG, CRUSH, RB HARDWESS (E18-05), CHARFY, OR TENSION TESTS ARE PER A370 AND/OR PRODUCT
SPECIFICATION. EDDY CURRENT IS PER ASTM E309. PRODUCT I3 MANUFACTURED TO NATIONAL
STANDARDS AND CONFORMS TO THE REVISION IN EFFECT AT MANUFACTURE .

Raw Material: 1015 1015 1015
Tobing Size: 2.375 2.375 2.375
Gauge: .156 -156 156
Haat: 20905580 20503940 ES0628
carbon: .18 17 .15
Manganesa: .54 .55 .34
Phosphorus: .012 .01 008
Sulphur: .002 006 004
S8ilicomn: .03 02 .022
Chromiwm:
Hickel:
Holybdanom:

Copper: 12
Alominum: .03 .03 .04
Vanadium:

Columbium:
Titanium:
ASTM Spec: AS00-07/B MOD AS00-07/B MOD AS00-07/B MOD
Long Yield: 71700 63500 66300
Long Tensile: 80100 T1000 T2300
Elong {2-IN8) : 17 18 18
Bardness RE: 20 a7 86
Trav Tensile:
Weld Tensile:
Bydrestatic:
Flattening:
Reveras Flat:
Flare:
Eddy:
Anneal :
Other Specs:
Finish: HR HR HR
Chrpy:
Paxt Mo: 41010 41010 41010
Comments:
HELTED : UMITED STATES UNITED STATES
MANUFACTURE/ORTGIN: U.5.A. U.S5.A. U.5.A.
LARRY WATZKE FORM 2044 (02/27/2003)

MMANAGER OF QUALITY SYSTEMS

Valment Tubing - Simply the Best
Page 1 1 of 1

Figure A-11. Steel Arms Material Certification, Test Nos. BBC-1, BBC-3, and BBC-4
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@ i IlLK, Industries, Inc.

REPORT OF PHYSICAL AND CHEMICAL TESTS

Date: JUNE 20, 2009 Lot#: 55984
Customers VALMONT INDUSTRIES IMC Report#: ME2QQ902
Customer PO#: 71115 Our Order #:@ 1285651
Guantitys: S@8 PN 283025
Specification: ASTM A35-@S5 Items: DOUBLE ARM SIMPLEX FOR 1 1/4 PIPE
. ]
r I/B F

#edw% CHEMICAL ABNRLYSIS#*#xx
Heat ®%/ ID # c HMn P = 8i Cr MNi Mo ¢ Cu
: JH@S1O0P9Pal : .13 t .73 : @20 1 030 : .18 3 .13 & .22 1 .06 1 ]
LI 1+ Cb ¢
1 Q@2 @ 001 &

####% MECHAMICAL PROPERTIES ##&%#
Heat # / ID# Tensile Strength

Yield Strength % E. * R.A.

¢ JUesieeeddsl- ¢ 67208 PSI
g L ' ] L i

46500 PSI 1 BS.0

-
e

HARDMNESS =

MILL: NUCOR BAR MILL

DREF: @521@9T8

MOTE: MELTED AND MANUFACTURED IM THE LISA
1 NO WELD REPAIR

The item listed above was processed in accordance with J.L.K.
Ine Quality Manual Rew C 2/94,

S el

J.L.K. IMDUSTRIES INC

P.0. Box 40743 14545 Sommmermeyar
MHouston, Texas TT240 Houston, Texss 77041
Fax (T13) 462-4715 {7130 482-TTE1

Figure A-12. Steel Arm Simplex Material Certification, Test Nos. BBC-1, BBC-3, and BBC-4
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Figure A-13. Steel Base Plate Material Certification, Test Nos. BBC-1, BBC-3, and BBC-4
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VALMONT INDUSTRIES Pari Number: 0301270
HIGHWAY 275 Description:  DOUBLE BOLT POLE
PO BOX 358 Material Spec:  ASTM A27-08 GR 65-35
VALLEY, NE 68064-0358 P.O. Number; 76315

PourDate  Heat Number Quantity Heat Code

T/I62009 TBH33 500 MNA

CHEMICALS
FG_ZII _______ Mol 057 Si: 0.50 Mi: 006
Cri 12 Mo 0,02 Alr 0.D4 5:0.01
P: 0.0 Cug; (08 w001 Ti: 0034
Nb; 0010 _t_.cﬂ (CE: 0,00
FHYSICALS

Hardness (BEN): 174 Elongation (3]: 0
Tensile Strength (psi): 1303 Reduction of Ares (%) 49
Field Strength (psi): 52412
Remarks:
These castings were melied and manufactured in the USA by Eagle Alloy, Tne. (Thess castings meet a minimum 75,000 psi
tensile and 43,000 psi yicld sirength).

150 BO-2000 Reglstered

Cartificets No, FM 59154 : HIN2009
s PED Annex 1 Seckion 4.3 Certified for
¥ e e mead T ASTMAZIE, A3SY, AZS2 Bruce Gilkert / Tom Leier Date
SMA Cariificate Mo, 512178

Figure A-14. Steel Pole Simplex Material Certification, Test Nos. BBC-1, BBC-3, and BBC-4
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valmont¥ o qificate

Extrusion Departmant
E802T Charfobte Ave
Exnart, IN 48517
Phc (574) 285 8542

Date: August 10, 2009 Elkhart Internal Order No. 105665
Customer:  LEXINGTON Customer Order No. 67115

Customer Part No,  26108008R
No. of lengths. 132
Alloy/Temper: 6063 - Td Cast No. 809042

Part Desc,  Extruded Tube 26 f 10 ims long x & ing dia x 0,25 ins wall, (Elkhart Part # ALZ2753)

We hereby certify that the materal shipped and covered by this document, has been
inspected in accordance with the extruded tube dimensional requirements of "Aluminum
standards and data 2000", as published by the Aluminum Association, and with other
applicable requirements as stated on the customer arder, and has been found to comply.
The material mests the compositional limits for tha alloy as indicated, and has beean
processed to comply with T4 temper raquirements for the alloy.

Q&ﬁ ........

Chemical Composition (Wt %):

Si_Fs_Cu Mn Mg Cr Zn T Otivar Blements
ki 020 045 Each Max Terlal Max
Max | 0 035 06 010 0g 040 040 010 .08 015 * Alusninum = Remaindar

Al cadt anahywis proviced by bllel verdor is melained o e

Figure A-15. Aluminum Pole Material Certification, Test Nos. BBC-2 and BBC-5
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FABRICATOR'S MATERIAL STATEMENT

FORM NO : 914 (REV. 2/23/90) DATE : 12/1/2010
CUSTOMER : UNIVERSITY OF NEBRASKA VAILMONT INDUSTRIES, INC.
SITE : P.O. BOX 358
PROJECT : VRLLEY, NE 68064
PURCHASE ORDER : TEST ORDER NO : 137123-1-1

MATERIAL INFORMATION

P.0O. QTY MATERIAL HEAT MATERIAL ASTM
No. DESCRIPTION VENDOR NUMBER USE SPEC/GR
105269 4 2.375™ OD PIPE VALMONT INDUSTRIES 41022820 PIPE ARM A500/B
97186 4 STEEL CASTING J.L.K. INDUSTRIES JW0910009 ARM SPX  A36

D2365 1 10" OD TUBE STEEL DYNAMICS 11016110 POLE SHFT A595/A
96623 1 1.25" PLATE CLAYMONT STEEL 2K071 BS PLT A36
106149 4 STEEL CASTING EAGLE ALLOY, INC. 1DD143 POLE SPX A27/65-35

THIS STATEMENT CERTIFIES THAT MATERIALS BEARING THE ABOVE LISTED DESCRIPTIONS WERE USED
IN THIS PROJECT/ORDER. THE ATTACHED "MILL TEST REPCRTS" ARE TYPICAL FOR MATERIALS

OF THOSE DESLIGNATIONS. ALTERNATIVELY, THROUGH "CERTFICATION", VALMONT ATTESTS THAT THE
MATERIALS ARE OF PROPER DESIGNATION. THIS PRODUCT DCES CONFORM TO THE "BUY AMERICA"™
REQUIREMENTS OF THE SURFACE TRANSPORTATION ACT OF 1982, (S.T.A.A.)

SUBSCRIBED IN MY PRESENCE, SWORN TC, AND ACKNOWLEDGED BEFORE ME AT VALLEY, NEBRASKA,
THIS 1 DAY OF DECEMBER42010 BY THE SUBSCRIBER WHO IS TO Mf PERSONALLY KNOWN.
TAUNA TARSEN

CERTIFICATION SPECIALIST
E GEHERAL EOTARY-State of dchiska STRUCTURES DIVISION

NOTARY PUBLIC:

KiMi MANN DAVERPGRT
My Comm. Exp. Aug. 6, 2013

Page : 1 of 2

Figure A-16. Steel Luminaire Material Certification, Test No. BBC-6
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VAILMONT INDUSTRIES INC. STRUCTURES DIVISION FORM

914A

CERTIFIED TEST REPORT : A5S%5 TAPERED TUBE(S) DATE : 12/1/2010
CUSTOMER ORDER NO : TEST VALMONT ORDER NO : 137123-1-1

VENDORS : NS-NATIONAL, US-USS, LT-LTV, GE-GENEVA, NU-NUCOR *WEATHERING ASTM A595
GRADE(S) :A-MIN 55KSI, B-MIN 60 KSI, WEATHERING({A606/4) MIN 60 KSI THE
CHEMISTRY IS TRANSCRIBED FROM MILL REPORTS MAINTAINED IN VALMONT FILES

QTY GA DIAM HEAT VE C YIELD TENSL EL% C MN B s SI cu CR NI
PSIT PSI
i 7 10.00 1101611 SD N 62600 74200 36 0.19 0.84 0.01 0.00 G.C3

SUBSCRIBED IN MY PRESENCE, SWORN TO, AND ACKNOWLEDGED BEFCRE ME AT VALLEY, NEBRASKA,
THIS 1 DAY OF DECEMBER 2010 BY THE SUE

RIBER WHO IS TO MALES KNOWN .

LAUNA LARSEN
CERTIFICATION SPECIALIST
STRUCTURES DIVISION

NOTARY PUBLIC: <TEA(

5, GENERAL ROTARY-State of Bebrasta
KInd BIANN DAVENPORT
ey My Comm. Exp. Aug.6,3013

Page : 2 of 2

Figure A-17. Steel Pole Material Certification, Test No. BBC-6
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@\ Steel Dynamics*

Steel dynamics Sales North Amerlea, Inc.
Flat Rofi Division

4500 County Road 69

CHEMICAL/PHYSICAL CERTIFICATION -

Butler, N 46721 USA [ | Valmont Industrles(r Valmont Industries, INC
Telephone (260) 868-8000 | > |LC.P.D. S |7002 N. 288th St.
Fax (260) 868-8566 H [Hwy 64 O [338
| |Valley, NE 68084 L | Valley, NE 83064-0358
United States United States
P D
— | Valley RECEIVING Cheryel Christenson
T | 4023592201 EXT 385 T | purchasing
Load ID fe) O |402-359-6037
1134870 I ___11-402-358-4481
ustomer # Part# Po# Order# Line ltem# Coil # Heat # Coil Waight (Ibs)
589 90044 D2365 -4 222537 4 108531348 11016110 41,830
Width (in} Gauge (In) Lenath{ft} Material Specification ‘ Produ cription
44.73 - mill edge ) 0.17 - Min 1,568 SAE 1021 Prime Hot Rolled Band

Chem Treat : No Qiled :
Produced as ASTM A653 CS

L91

Ladle Chemical Analysis %

C | Mn P $ Si Al | Cu | Ni Cr | Mo | Sn N v Nb | Ti B Ca | Pb

0.19 | 0.84 ;0.012]0.004] 0.03 {0.021} 0,11 | 0.05 { 0.07 | 0.02 |0.009 |0.008 |0.002 | 0,001 }0.001 | 0.00000.001 | 0.00

Made in USA

Shipped from Butler, IN, United States

Megited, thin slab cast and rolled by proud Amsricans In Butler, IN.

Al tests were performed according to applicable standards and ara correct as contained In the records of the company.
Quality

Retrioved on : 0503110 13:89:45

Stes! Dynamics, inc. Rev. Level 5.2 [1003] Page 2014

Figure A-18. Steel Pole Material Certification, Test No. BBC-6
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VALMONT Industrial Products Division
CERTIFICATION OF CHEMICAL AND/OR MECHANICAL PROPERTIES FOR TUBULAR FRODUCTS

CUSTOMER ORDER: 104772 JW
VALMONT ORDER: 10-52690
DATE: 10/13/2010

Customer Name: VALMONT / NEBRASKA
Customer Address: 7002 NORTH 288TH STREET
VALLEY » NE 68064

CHEMISTRY IS TRANSCRIBED FROM MILL TEST REPORTS AVAILABLE UPON REQUEST. TENSION TEST
SPECIMENS ARE MACHINED/TESTED PER ASTM A370 (E.U.L.). FLATTENING, FLARING ,REVERSE
FLATTENING, CRUSH, RB HARDNESS {E18-05}, CHARPY, OR TENSION TESTS ARE PER A370 AND/OR PRODUCT
SPECIFICATION. EDDY CURRENT IS PER ASTM E309. PRODUCT IS MANUFACTURED TO NATIONAL

Raw Material:
Tubing Size:
Gange:

Heat:

Carbon:
Manganese:
Phosphorus:

Elong (2-IN®) :
Hardness RB:
Tenv Tensile:
Weld Tensile:
Hydrogtatio:
Flattening:
Reverse Flat:
Flare:

Eddy:

Anneal:

Other Speocs
Finish
Chrpy:

Part No:
Comments :
MANUFACTURE/ORIGIN :

.

LARRY WATZKE

1015
2.375
.156
41022820
.18

.44

.007
.004

.02

-03

A500~-07/C MOD
68200

78800

20

90

HR
41010

U.5.A.

MANAGER OF QUALITY SYSTEMS

Valmont Tubing ~ Simply the Best

STANDARDS AND CONFORMS TO THE REVISION IN EFFECT AT MANUFACTURE.

FORM 2044 (02/27/2003)

Page : 1 of 1

Figure A-19. Steel Arms Material Certification, Test No. BBC-6
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@) Stesl Dynamics® CHEMICAL/PHYSICAL CERTIFICATION

Steel Dynamics Saies North America, Inc,

Fiat Roll Bivision
4500 County Road 59
Butler , IN 46721 USA [~ | Valmont industries(r Valmont Industries, INC
Telephone (260) ags-8oc0 | S |1.C.P.D. 8 | 7002 N. 288th St.
Fax (260) 868-8955 H |Hwy 64 O |358
| |Valley, NE 68064 L |Valley, NE 88084-0358
United States Unlted States
P D
Valley RECEIVING Cheryel Christensen
T | 402.350-2201 £XT 385 T | Purchasing
0 : O {402-359-6037
, l | 14023504481 ,
Customer # Part # Po # Order# Lineltem#  Coll # Hest#  Coil Weight (Ibs)
589 4156156 PO1742-1 225625 1 10B547176 41022820 46,830
Width (n) Gauge(n) Length(ft) Materjal Specification Pr escription
56.0 0.143 - Min 1,664  SAE 1015 Prime Hot Rolled Band
Chem Treat: No  Qil Type ;
Produced as ASTM A659 CS

691

Ladle Chemical Analysis %

Cc Mn P S Si Al Cu | NI Cr | Mo | Sn N vV Nb | Ti B Ca | Pb

0.18 | 0.44 10.007 {6.004 | 0.02 [0.026] 0.11 | 0.04 | 0.05 | 0.01 | 0.006 [0.010 0.001 { 0.000 | 0.001 [0.0000] 0.002 | 0.00

Made In USA ' ; / /
SMelted, thin slab cast and rolied by proud Americans In Butler, IN. -

All tests wers performed according to applicable standards and ere corract as contalnad In ther ds of the pany MF

Quality Assurance,

Retrieve on Steel Dynamics, Inc. Rev. Level 2.3 [802] - coll

Figure A-20. Steel Arm Material Certification, Test No. BBC-6
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VALMONT INDUSTRIES
HIGHWAY 275

VALLEY, NE 68064-0358

Part Number: 0301270
Description: DOUBLE BOLT POLE
Material Spec:  ASTM A27-68 GR 65-35
P.O. Number: 106149

CERTIFICATION

MATERIAL

Pour Date Heat Number Quantity Heat Code
9/30/2010 1DD143 498 N/A
CHEMICALS
C:0.20 Mn: 0.98 Si: 0.46 Ni: 0.12
Cr:0.11 Mo: 0.04 Al: 0.05 S:0.01
P: 0,00 Cu: 0.09 V:0.01 Ti: 0.025
b 0014 Co: 0.006
PHYSICALS ‘
Hardness (BHN): 167 Elongation (%) 27
! Tensile Strength {psi): 75422 Reduction of Area (%): 61

Yield Strength (psi): 44742
Rentarks:

‘These castings were melted and manufactured in the USA by Eagle Alloy, nc. (These castings meet 2 minimum 75,000 psi
tensile and 45,000 psi yield strength).

150 9001-2008 Registered
Cortificate No. FY 69154

EA #: 64423

Yy aseyaten Repo s usios H TRt

it -in ' . . . .

10/29/2010

'PEDY Annex 1 Section 4.3 Certified for ASTM AZ76,
A217, A351, A352, A48T, AT43, AT44, ABRO, A99S.
SMA Centficate No. 512178

Brues Gilbert / Kim Ingalls Pate

Figure A-21. Steel Pole Simplex Material Certification, Test No. BBC-6

170



December 22, 2010
MwRSF Report No. TRP-03-248-10

J.L.K. Industrie

REFORT OF PHYSICAL AND CHEMICAL TESTS

Date: JULY 9, 2010
Customer: VALMONT INDUSTRIES ING
Customer PO#: 97186

- Duantity:
Specifications ASTM A36-@5 Ttems:
xxuu% CHEMICAL ANALYSIG#*¥*&¥
Heat #/ ID # c Mn = S
: JU@S1gepseal s .13 s . 73 : P20 : .@30
: Y : Cb = 1
] r JB@E o .B@1 = :

#¥#%% MECHANICAL

PROPERTIES *%%¥¥

Heat # / 1D# Tensile Strength :

JW@I12a090a1 : 67206 PSI :
HARDNESS
MILL: NUCOR BAR MILL

S2199TS
MELTED AND MANUFACTURED IN THE usA
NO WELD REPRIR

DREF:
NOTE:

item listed above was processed
Quality Manual Rev C /4.

The
Inc

JelaK. INDUSTRIEZ INC

P.0. Box 40143
Houston, Texas 77240
Fax (713) 462-4715

Lot#: 55984

Report#: 81218283

Dur Drder #: 137893
5@ PN B30T
DOUBLE ARM SIMPLEX FOR 1 1/4 PIPE
3/8 F

Si Cr Ni Mo : Cu
r L18 3 L13 o LBE Oz L@E s 359
Yield Strength % E. % R.A.
46500 PS1 o5. @

in accordance with J.L.HK.

a2 =m wm
e mm =

Industries

Motary Nublic in and for
Harris County, Texas

pRiLiE J. MCMAHON .
Notary Public, State of Texas ;

Ny Cornmission Expires |3
March 30, 2013 i

14545 Sommermeyer
Hauston, Texas 77041
{713) 462-7761

e . R R PO B R R

171

Figure A-22. Steel Arm Simplex Material Certification, Test No. BBC-6
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SEVRAZ ot Material Test Report B/L: 280990
+ 4001 Philadeiphia Pike, Claymont DE 19703 . 07/22/2010

S0ld To: VALMONT INDUSTRIES, INC.
ATTENTION: LAURIE CLARK, P.O. BOX 358, VALLEY, NE 68064-0358

Ordexr 217773-02 Customer PO Ull81 Part No, 56765, S-56, RE

Specifications:
ASTM AS7200 GRADE 50 TYPE 2 with .15 - .40 Si/ Valmont Spec S-56 Re v, 1, 2/6/07
Products Shipped for Order 217773-02 (sorted by Serial)

[ serial [Heat-slab orig| R/R | Plate 3ize in Inches | Plate Siza in MM 1bs Xg |
[A25614-1 |23960-403 USA | - 3.5| 2.7500 x 60.0000 x 165.0000] 69.85 x 1534.00 % 4191.00] 7,721 3,474|
: Shipment &mzy of Order 217773-02: 1 piece 7,721 lbs (3,474 kg)

Chemical Analysis for Order 217773-02 (sorbad by Eeat)

[Beatanlys|  Heat c Mn 8 |  8i Cu Ni 33 ) En
[ |23360 0.09 1.45 0.014 0.013 0.34 0.329) ©.135 0.131[ 0.035) 0.017
AL v Nb/Ch N Alsol | Ti B CEQ
0.023 0.13 0.00] o.o08) 0.022] o0.003] 0.0004 0.48

Tensile Tests for Order 217773-02 (sorted by Heat)

Gauge Tensile Yield Elongation | RA | Head
Serial Heat~Slab | Inches M K8I MPA KSI |MPA | % |In, | Md | % | Tail | Dir | Norm | S/R [Test ID
AZ4422-1 120960-302 2.1250 53,98 76] 523 52} 361| 32 2| 50 Tran 275741
A24325-1 |2J960-503 2.5000 63.50 75| 518 56 383' 29 2] 50 d _Tran 275716
Impact Tests for Order 217773-02 (sorted by Heat)
Gal._go Temnp Ft-Lbs Joules Head Stress
Sexial | Heat-Slab | Inches MM P [ *c | I ]2[ 33127 3 |Tail | Dir |Norm | Rel |Test ID
A24731-1 [27960-501 2.2500 57.15f -40| =-40| 93] 92; 75{126| 125} 102 Long 100519
A25610-1 |2J960~301 3.7560 95.25f -20] -29| 22| 28| 24; 30| 38f 33 Long 100778
Impact Tests for Order 217773-02 Supplemental Information (sorted by Heat) o )
Gauge Mil Lat Exp| Shear % Head Strass | e
Sexial | Heat-Slab | Inches MM 1 [ 273|317 273 |size|Loc| Tail | Dixr |Noxm | Rel [Tast ID
A424731-1 [23960-501 2.2500 57.15 I Full, Std Long 100519
A25610-1 [2J960-301 3.7500 35.25 f Full| std| Long 100779

Other Information for Order 217773-02
Material is 100% melled and manufactured in the USA.

Order 217863-02 Customer PO 96623 Part No. 53158, 8-127, R

Specifications:
ASTM A3B/A36M-08 / ASME SA3G/SA36M 2007 Edition Fine Grain Fully Kifl ed Steel; Valmont Spec. $-127 Rev. 5, 7/14/08

Products Shipped for Qrder 217883-02 (sorted by Serial}

| Sezial |Heat-Siab oOrig| R/R | Plate Size in Inches ] Plate Size in MM | ibs
|n26915-1 [2K071-402 USA | 7.8 1.2500 x 96.0000 x 120.0000{ 31.75 % 2438.40 x 3048.00] 4,084] 1,838
Shipment Summary of Order Z17883-02: 1 piece 4,08¢ ibs (1,838 kg)

Chemical Analysis for D::der 217883-02 (soxtad hgr Heat)

[Heatanlys|  Heat Mn §i Cu Ni Cr Mo Sn
[2x071 o.us 0.86 0.017 0.015 0.21,  0.347] 0.178] ©0.171] 0.045] o0.621
Al v ¥b/Cb N Alsol Ti B CEQ
0.030 0.01 0.00] 0.00%5 0.030] o0.002 0.0000 0.34
Valmont industries Inc
Valiay, NE

BE | s

Uniess otherwise specified, Mercury, radium or aiphs Source materials have not been used.

| cetify the above results to be comect as i i i
prasirLlioy bbb g sk o Chief Metallurgist, David J. Cemava Q,D' 9, CSormiaiiss
Revision: Page 10of4

Figure A-23. Steel Base Plate Material Certification, Test No. BBC-6
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valmont¥ |

STRUCTURES

September 28, 2010

Valmont Famington
Aftn: Laura Hess
20805 Eaton Ave
Farmington, MN 55024

Subject: Aluminum Lighting Standard Certification
Famington Purchase Order No.: 71311 '
Valmont Indiana Order No: 132758-1-1 ‘ i
In accordance with the contract, the products provided by Valmont comply with the
following reqguirements:

1. Materlals used were of appropriate alloy 356-T6 or B108-T6 (base) and
6063-T6 (shaft).

2. Welding was in accordance to AW.S.D1.2 code. Welder, welder
qualifications, and welding procedure records are on file.

3. Inspections of weldments were made by an AW.5. certified weld inspector,
certified associate welding inspector, and/or parsonnel working under a
ceriified weld inspector.

4. Materials were purchased to T-4 spacifications and heat-treated to T-6.

| certify that the reports are a true and correct copy as contained in the records of the
company, and are available upon request.

Respectiully, Subserlbed in my presence, sworn to and
acknowledged before me in Elkhart, Indiana,
this 28th day of September 2010 by the

VALMONT INnﬂfi INC. subscriber who is o Ee}ef,aanaliy knawn.
4% & M C‘V'—\

Franceo Garcia
Production Manager
Structurcs Division

Enginesred Suppart Sructres Division, Valmont Indusiries, lnc.
58027 Chorlote Avenue  Elkhan, Indiana 46517 USA
5742956942 Fox 5742956998 valmenl.com

Figure A-24. Aluminum Pole Material Certification, Test No. BBC-7
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Addresst 2610 Ross Ava.
Schofeld, Wl 54478
Phigne: §55-555-0100
Faw: 556.555-0111

i

Date Shippad: 2/5/10
Packslip Number: 250127
Purchase Order; 68898
Job # 244501-2-1

Alloy: §063

Tamper: T1

Extruded Date: 2/3/10

Partn

Certificate of Conformance

Descrigtion

Certificates# 250127-2
Date: 2/572010

Ship Tos

valmant Structures

20805 Eaton Ave.
Farmington 1N 55024-7932

Alurinum Association Industry Standards Quantity

Chemical Analysls p 29564
Val Tubs.
Alloy 6061 6063 | 6005

S 0.40 - 0.80 0.20 + 0.60 0.06 - 0.90

Fg. 0.20 0.3 .35

Cy. 0.15 = 0.40 3

(Mo 0.15

Mg 0,80+ 1,20

Cr 0.04- 0,35

Zn 0.25

T .15

Others each 0.05

Total 0.15

A Rest
Note: AN of Crystal Finishing Systems extrusion processes are cenlifled to the ASTM B224 standard. Periodic audits are leted and testing Is by Anderson L
4

Figure A-25. Aluminum Pole Material Certification, Test No. BBC-7
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FINISTIT | FEMS. INC.

Certificate# 268097-1

Certificate Of Conformance Date:  6/9/2010

Address: Ship To:

2610 Ross Avenue Valmont Structures
Schofield W1 54476 20805 Eaton Ave.
Phone: (715)-355-5351

Fax (715)-355-8812

Farmington MN  55024-7932

17003504R 1615

VALMONT 204" [17-0"}X3.5X.125 RD TUBE 204" (16 45.00 09-Jun-2010
6063-NO AGE
Extrusion Info:
Cast Alloy xtruded
30652 6063 Tuesday, June 8, 2010
Alloy Si Fe Cu Mn Mg Cr Zn Ti |Others Each| Total Al
6061 |0.40-080| .70 |0.15-0.40 | 0.15 0.80-120 | 0.04-0.35] 0.25 0.25 0.05 0.15 Rest
6063 |0.40-0.80| 35 0.10 0.10 0.45-0.90 0.10 0.10 | 0.10 0.05 0.15 Rest
6005 [0.40-0.80] 35 0.10 0.10 | 0.40-0.60 0.10 0.10 | 0.10 0.05 0.15 | Rest

Note: All of Crystal Finishing Systems extrusion processes are certified to the ASTM B221 standard. Periodic audits are I

pleted and testing is performed by And Laboratories

Figure A-26. Aluminum Arms Material Certification, Test No. BBC-7
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Appendix B. Accelerometer Data Plots, Test No. BBC-1
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0.05 0.1 0.15 0.2
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0.25

Figure B-1. Longitudinal Deceleration (DTS-BR39H), Test No. BBC-1
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Figure B-2. Longitudinal Change in Velocity (DTS-BR39H), Test No. BBC-1
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R
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N

0.05

0.1 015
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Figure B-3. Longitudinal Change in Displacement (DTS-BR39H), Test No. BBC-1
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Figure G-5. Longitudinal Change in Velocity (DTS-CM54H), Test No. BBC-6
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Figure G-6. Longitudinal Change in Displacement (DTS-CM54H), Test No. BBC-6
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Figure G-7. Longitudinal Deceleration (EDR-3), Test No. BBC-6
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Figure H-1. Longitudinal Deceleration (DTS-BF57H), Test No. BBC-7
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Figure H-2. Longitudinal Change in Velocity (DTS-BF57H), Test No. BBC-7
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Figure H-5. Longitudinal Change in Velocity (DTS-CM54H), Test No. BBC-7
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