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DISCLAIMER STATEMENT

This material is based upon work supported by the Federal Highway Administration, U.S.
Department of Transportation and the Midwest Pooled Fund Program under TPF-5(193)
Supplement #92. The contents of this report reflect the views and opinions of the authors who are
responsible for the facts and the accuracy of the data presented herein. The contents do not
necessarily reflect the official views or policies of the University of Nebraska-Lincoln, state
highway departments participating in the Midwest Pooled Fund Program nor the Federal Highway
Administration, U.S. Department of Transportation. This report does not constitute a standard,
specification, or regulation. Trade or manufacturers’ names, which may appear in this report, are
cited only because they are considered essential to the objectives of the report. The United States
(U.S.) government and the State of Nebraska do not endorse products or manufacturers.

UNCERTAINTY OF MEASUREMENT STATEMENT

The Midwest Roadside Safety Facility (MwWRSF) has determined the uncertainty of
measurements for several parameters involved in standard full-scale crash testing and non-standard
testing of roadside safety features. Information regarding the uncertainty of measurements for
critical parameters is available upon request by the sponsor and the Federal Highway
Administration. Test nos. SPDA-1 through SPDA-5 were non-certified component tests conducted
for research and development purposes only and are outside the scope of the MwRSF’s A2LA
Accreditation.
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1 INTRODUCTION

1.1 Problem Statement

In 2010, the Midwest Roadside Safety Facility (MwRSF) developed the Universal
Breakaway Steel Post (UBSP) as a replacement for Controlled Release Terminal (CRT) wood
posts utilized within the thrie-beam bullnose system [1-2]. The UBSP consisted of an ASTM A36,
steel W6x8.5 top section and a 6-in. x 8-in. x %e-in. ASTM A500 Grade B steel tube bottom
section, as shown in Figure 1. The two post sections were welded to the base plates and connected
by four “ie-in. diameter, ASTM A325 hex-head bolts. The UBSP breaks away following the
fracture of the four vertical bolts in tension due to the moment applied at the base plate connection
when the upper post stub is laterally loaded. Different strong- and weak-axis capacities were
generated by altering the spacing of the bolts connecting the two base plates to one another. During
the development of the UBSP, three successful full-scale crash tests were performed on the thrie-
beam bullnose with UBSPs according to the TL-3 criteria provided in NCHRP Report No. 350 [2-
3]. Based on the satisfactory crash performance of UBSPs, it was concluded that the UBSP was a
suitable alternative for wood CRT posts used in the original thrie-beam bullnose system. During
the development of the UBSP, considerations were given to developing a post that could function
as a replacement for both the CRT and Breakaway Cable Terminal (BCT) posts. MwRSF
researchers concluded that the BCT design would also have to function as part of the anchorage
system, and that such a design might be significantly different from the design used for the CRT
post replacement. Due to the project time and cost constraints and the fact that CRT posts
comprised the timber posts in the bullnose system, a CRT replacement was only developed for the
bullnose system.
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Figure 1. UBSP Utilized in Thrie Beam Bullnose System [2]

Following the initial UBSP research effort, the Midwest Pooled Fund Program funded a
project to further investigate the application of the breakaway steel post technology to other
systems. The project consisted of bogie tests of the UBSP and CRT posts in both the strong and
weak axes to determine the feasibility of the UBSP as a replacement for CRT posts in other
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systems. The results indicated that the UBSP compared favorably to existing CRT posts. Strong-
axis behavior of the UBSP was nearly identical to the CRT post, while the weak-axis capacity of
the UBSP was slightly lower than the CRT post. Thus, it was decided to expand the use of the
UBSP to other systems incorporating CRT posts.

In 2013, a non-proprietary, trailing-end anchorage system with BCT wood posts was
developed by the Midwest Roadside Safety Facility (MwRSF) for use with the Midwest Guardrail
System (MGS) [4-5]. This trailing-end guardrail anchorage system has been successfully crash
tested and adequately met the TL-3 safety requirements of the American Association of State
Highway and Transportation Officials (AASHTO) Manual for Assessing Safety Hardware
(MASH 2009) [6]. The trailing-end anchorage system consisted of two BCT wood posts set into a
6-in. wide x 8-in. deep x 72-in. long (152-mm x 203-mm x 1,829-mm), ASTM A500 Grade B,
steel foundation tube. The two 6-ft (1,829-mm) long steel foundation tubes were connected at the
ground line with a strut and yoke assembly. The BCT end anchorage posts were placed in the
foundation tubes such that their top was 32 in. (813 mm) above the ground line. One end of a %:-
in. (19-mm) diameter by 6x19 wire rope was attached on the back side of the W-beam, and the
other end passed through the hole at the bottom of the end post and was secured through a 8-in. x
8-in. x ¥%-in (203-mm x 203-mm x 16-mm) steel bearing plate, as shown in Figure 2.

:.‘f-ﬂ"&

T e DR

Figure 2. MGS Trailing-End, Guardrail Anchorage System [4]

Two successful crash tests were conducted on the wood-post, trailing-end anchorage
system under the TL-3 requirements of MASH 2009. The first test, test no. WIDA-1, was a
modified MASH test designation no. 3-37 with an 1100C vehicle, which evaluated vehicle snag
and instability at the downstream anchorage system [4]. The second test, test no. WIDA-2, was a
modified MASH test designation no. 3-37 with a 2270P vehicle impacting the sixth post from the
end anchor post to evaluate the downstream MGS length-of-need (LON) [4]. For the downstream
end of longitudinal guardrail systems, the end of the LON has been previously defined as a
downstream CIP at which the end anchorage system would no longer redirect an errant vehicle but
instead gate and permit the vehicle to encroach behind the system. During both tests, the BCT
posts within the trailing-end anchorage system fractured near the ground line and allowed the
vehicle to pass by without excessive snagging [4].
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For the trailing-end guardrail anchorage system, the two BCT wood posts were designed
to break away in a controlled manner to allow an impacting vehicle to pass through the barrier
without imposing a sudden deceleration or rapidly changing its trajectory. This release behavior
minimized the risk of vehicle rollover and/or snag on the cable anchorage system in near end
impact events.

Wood has historically been selected for use in breakaway posts due to being readily
available, relatively low cost, providing brittle fracture behavior, and the ability to control load
duration and fracture energy with holes drilled through the post at the ground level. However, the
use of wood posts has also been noted to have drawbacks. First, the structural properties and
performance of graded wood posts can still vary due to the presence of small knots, checks, and
splits, thus often requiring enhanced grading and inspection. Second, the breakaway holes drilled
near the ground line of BCT posts exposes the interior of the wood post to the environment, which
may accelerate deterioration. Further, the chemical preservatives used to treat the breakaway wood
posts have been deemed harmful to the environment by some government agencies. Thus, the use
of treated wood posts may require special consideration during their disposal.

Due to these concerns, a critical need existed to develop a non-wood option to anchor the
trailing-end of W-beam guardrail system, which led the researchers to develop a steel-post,
trailing-end anchorage system for use with the MGS. Additionally, for state departments of
transportation (DOTSs) that primarily utilize steel posts, it was desirable to use a steel post
alternative for the BCT posts in the non-proprietary, trailing-end anchorage. Although BCT and
CRT posts differ in function and design, they have similar cross sections and weakening holes at
the ground line. Thus, modifications to the UBSP may result in performance similar to that of a
BCT post. Therefore, an adaptation of the UBSP was desired for use in a new steel-post version
of the non-proprietary, trailing-end anchorage system.

1.2 Research Objective

The objective of the research project was to develop a steel-post version of the non-
proprietary, trailing-end anchorage system based on the success of the UBSP design used in the
thrie-beam bullnose system. This new system was to be evaluated according to the MASH 2016
TL-3 safety performance criteria [7].

1.3 Scope

The research objectives were achieved through a series of tasks. The research project began
with a review of current systems and patents on guardrail anchorages and end terminal posts to
prevent infringement upon existing patents. MwWRSF researchers then brainstormed a number of
design concepts for the steel-post version of the trailing-end anchorage system. Concepts which
satisfied the performance requirements of the trailing-end, anchorage system were further designed
and analyzed. The UBSP was modified to replicate the performance of BCT posts in terms of
breakaway performance and anchorage load through engineering analysis and design. Dynamic
jerk tests were conducted on the selected design concepts to evaluate the performance and overall
design capacity. The results of the dynamic jerk tests and the Midwest Pooled Fund Program
member states’ input were used to select the preferred design to be further evaluated through full-
scale crash testing.
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2 LITERATURE REVIEW

2.1 Introduction

A literature review was performed on previous trailing-end, anchorage systems. A review
of patents was also conducted on guardrail anchorages and end terminal posts to prevent
infringement upon the existing patents. The details of previous trailing-end, anchorage systems
and patent review are presented in the following sections.

2.2 Previous Trailing-End, Anchorage System Performance
2.2.1 NCHRP Report No. 129 BCT Projects

In the 1970s, researchers at Southwest Research Institute (SwRI) initiated research efforts
to design, evaluate, and recommend warrants for guardrail end treatments [8-13]. The first BCT
design concept, presented in NCHRP Report No. 129 [10], is shown in Figure 3.

2.2.1.1 First BCT Design

In this BCT design concept, one end of the anchor cable was attached to the rail while the
other end was threaded through a U-bar and attached to an 8-in. x 8-in. (203-mm x 203-mm) timber
anchor post. The U-bar and anchor post were set in a concrete footing. The test program on the
BCT anchor included two head-on (0-degree) crash tests (test nos. 130 and 132) and one 15-degree
impact angle crash test (test no. 131) on the second span from the end. Test no. 130 was a head-on
crash test on flared end treatment, while test no. 132 was a head-on crash test on tangent end
treatment. Both the flared and tangent configurations demonstrated satisfactory performance
regarding crash severity. However, the flared terminal showed better performance when
considering vehicle dynamic instability. Test no. 131, where the terminal was impacted at an angle
of 15 degrees at the second span from the end, demonstrated the effectiveness of the terminal as
an anchor. The vehicle was redirected satisfactorily with no damage to the anchor assembly. This
BCT concept appeared to be an effective terminal for longitudinal barrier systems and was
recommended for use in the field even though improved BCT designs were recommended.
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Figure 3. First BCT Design Concept [10]
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2.2.1.2 Modified BCT Design

Research continued on guardrail end treatments at the SwRI to evaluate the new prototype
BCT designs [11]. The significant modifications made to the first BCT design are shown in Figure
4. Test nos. 133 through 137 were conducted on flared end treatment with timber-post W-beam
guardrail or G4W. In test no. 133, a 2,400-Ib (1,089-kg) vehicle impacted the system at a speed of
42.5 mph (68.4 km/h) and at an angle of O degrees. High vehicle deceleration indicated that the
BCT design neither eliminated nor increased the danger of small car end-terminal collisions. Test
no. 134 was then conducted on the same end terminal design as test no. 133 but with a 4,200-1b
(1,905-kg) vehicle impacting at a speed of 62.8 mph (101 km/h) and at an angle of O degrees. In
test no. 134, the second post deflected, which was undesirable. Consequently, the BCT design
concept was modified to include a concrete footing and drilled hole at the second post, as shown
in Figure 4. Test no. 135 was conducted using a 3,800-Ib (1,724-kg) vehicle impacting at a speed
of 60.7 mph (97.7 km/h) and at an angle of 0 degrees. It performed satisfactorily. Test no. 136 was
conducted with a 3,800-1b (1,724-kg) vehicle impacting at a speed of 59.7 mph (96.1 km/h) and
an angle of 27 degrees within the second span. Test no. 137 was conducted using a 3,900-Ib (1,769-
kg) vehicle impacting at a speed of 62.0 mph (100.0 km/h) and at an angle of 27 degrees.

A o
6.3
167 12
Y i 1 v rtatatats 1
A A [ }
L2 2. 2.8
A - s e o
o :;-’/gh 4 o 6 p |
T 2o 2o ]
o~ -
27 :
) A~
G, 2-3/8" B1A HOLE
EEEE ————— CABLE ASSEMBLY —\\
DETAIL B — T GROUMD LINE .
IR faf. —i ==t HIRNTZRS THRRITRN T
[l|,?‘_\=.:..-(_":|a_ ,“ ! h‘ 1 #I'“L'
kt,_.' v )}‘\_‘ﬁ,_ Bt g ‘JI Ll h
3.0 . - —— — ____,
0 nom. B o 5/8" DIA MACHINE BOLTS WMASHEHS 5T
Y b &‘d ! ON FRONY FACE TOTAL 8 -1’: _j{, ‘1 ™y
[ it i s it Ry L U _“J_‘_.a

24" DIA CONCRETE FOUTING
{TWO POSTS ONLY) A TYP .l

6 X 6-6/6 WELDED WIRE FARRIC

Figure 4. Recommend Guardrail BCT Design [11]

Test nos. 138 through 142 were conducted on non-flared end treatments with steel-post,
W-beam guardrail G4S. Test no. 138 utilized a 1,900-1b (862-kg) vehicle impacting the end
treatment at a speed of 41.3 mph (66.5 km/h) and at an angle of O degrees. High vehicle
decelerations indicated that the recommended BCT design neither eliminated nor increased the
danger in small car end terminal collisions. Test no. 139 was conducted using a 3,900-1b (1,769-
kg) vehicle with a speed of 59.0 mph (95.0 km/h) and at an angle of 25 degrees. The vehicle
penetrated the rail due to beam tearing at fourth post, but BCT remained undamaged. Test no. 140
was conducted using a 4,000-1b (1,814-kg) at a speed of 60.0 mph (96.6 km/h) and at an angle of
0 degrees. The right-side of the vehicle’s occupant compartment was deformed, but no penetration
occurred. Test no. 141 was conducted using a 3,900-Ib (1,769-kg) vehicle with a speed of 62.0
mph (100.0 km/h) and at an angle of 27.4 degrees. The vehicle redirected and the BCT posts
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developed adequate anchorage strength without damage. Test no. 141 was conducted using a
3,850-1b (1,746-kg) vehicle with a speed of 52.5 mph (84.5 km/h) and at an angle of 0 degrees.
The vehicle gated through the system and ended behind the rail. No evidence of vehicle occupant
compartment damage was found.

In order to improve the earlier BCT designs, SWRI conducted additional component
testing, analytical simulation, and full-scale crash testing [12]. The focus of this research included:
(1) performance improvement of the guardrail BCT for head-on impacts with a small car; (2)
development of steel BCT posts to replace the wood BCT posts; and (3) refinement of the BCT
design to reduce cost. During this research, the wood BCT posts were replaced by W6x8.5 slip-
base steel posts and a bearing plate to transfer the cable anchor load directly to the foundation tube,
as shown in Figure 5. The slip-base post utilized three ASTM A325 bolts in three patterns with
Hi-Lok nuts.
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Figure 5. Guardrail BCT with Steel Slip Base Terminal Post [12]

Seven full-scale crash tests were conducted on this modified BCT design. Test nos. 159
through 165 were conducted on a system with a flared end treatment, while test nos. 166 and 167
were conducted on a system with a non-flared end treatment. Test no. 159 was a 0-degree impact
test with a 2,402-1b (1,090-kg) vehicle impacting at a speed of 38.0 mph (61.2 km/h). In this test,
the vehicle gated through and ended behind the rail. Test no. 160 consisted of a 4,000-Ib (1,814-
kg) vehicle impacting at a speed of 58.0 mph (93.3 km/h) and at an angle of 25.5 degrees in the
second span from the end. In this test, the vehicle pocketed and yawed significantly into a spin.
Due to the unexpected results from test no. 160, modifications were made to the BCT design which
included post spacing reduction in the third, fourth, and fifth span from 6 ft —3 in. (1.91 m) to 4 ft
-2in. (1.2 m).

Test no. 162 was conducted on the modified design using a 4,202-1b (1,906-kg) vehicle
impacting the second span from the end at a speed of 58.0 mph (93.3 km/h) and an angle of 24.0
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degrees. The vehicle was redirected with significant vehicle wheel-post interaction. In test no. 164,
a 4,423-1b (2,006-kg) vehicle impacted the system at a speed of 62.0 mph (100.0 km/h) and at an
angle of 0 degrees. The vehicle traveled behind the installation without passenger compartment
intrusion. In test no. 165, a 2,130-Ib (966-kg) vehicle impacted the system at a speed of 31.5 mph
(51.0 km/h) and at an angle of 0 degrees. The vehicle decelerated after contacting the barrier.

Test nos. 166 and 167 were conducted on the steel-post, W-beam median barrier MB4S
(blocked-out W-beam) with no rail rub, while test no. 167 included a base flush with the ground.
Test no. 166 was conducted on the system with the base of the slip-base terminal post 4 in. above
the ground using a 4,500-1b (2,041-kg) vehicle impacting at a speed of 59.7 mph (96 km/h) and at
an angle of 1.7 degrees. The vehicle smoothly decelerated until it snagged on the base of the
barrier. The vehicle ramped up the barrier but remained in contact with the barrier. Test no. 167
was then conducted on the system with the base of the slip-base terminal flush with the ground
using a 4,500-1b (2,041-kg) vehicle impacting the second span from the end at a speed of 62.0 mph
(100.0 km/h) and at an angle of 26 degrees. The vehicle vaulted over the W-beam due to the
excessive deflection of the terminal rails.

Following the results found in NCHRP Research Results Digest 84, the Federal Highway
Administration (FHWA) sponsored a research on a steel-post, BCT anchorage system [13]. The
tests were conducted at Texas Transportation Institute (TTI) and indicated improved performance
with a reduced stub height. Test no. 3 was conducted using a 2,330-Ib (1,057-kg) vehicle with a
speed of 65.9 mph (106 km/h) and at an angle of O degrees. In this test, the vehicle undercarriage
snagged on the slip-base foundation. The maximum barrier penetration was 9.6 ft (2.9 m).
Although the 4-in. (102-mm) stub height did not pose problems in previous tests, this result led to
the lowering of the slip-base foundation plate. Thus, TTI designed a foundation post with a
minimum stub height to eliminate the snagging problem observed in test no. 3, as shown in Figure
6 [13]. Subsequent 0-degree tests (i.e., test nos. 4 through 6) demonstrated an improved safety
performance with this modification. Test no. 4 was conducted using a 2,370-1b (1,075-kg) vehicle
impacting at a speed of 59.1 mph (95 km/h) and at an angle of 0 degrees. In this test, the maximum
barrier deflection was 11 ft (3.4 m). Test no. 5 was conducted using a 4,490-Ib (2,037-kg) vehicle
impacting at a speed of 55.5 mph (89 km/h) and at an angle of 0 degrees. In this test, the maximum
penetration was 21 ft (6.4 m). Test no. 6 was conducted using a 2,270-lb (1,030-kg) vehicle
impacting at a speed of 31 mph (50 km/h) and at an angle of 0 degrees. The vehicle came to rest
after barrier deflected 6.2 ft (1.9 m).
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Figure 6. Modified Steel Post BCT Foundation Designs [13]

BCT anchorage systems and their derivatives have often been used as an economical means
of providing tensile anchorage for corrugated W-beam guardrail system [4]. End anchorage
systems derived from BCT terminals have used the following primary components: (1) two
breakaway wood posts; (2) steel foundation tubes with or without soil plates; (3) a steel cable
anchor; and (4) a steel groundline compression strut between the two foundation tubes. Variations
of the BCT are frequently used by many state DOTs and adopted for use in many crashworthy
terminal ends [4].

2.2.2 Texas Department of Transportation (TxDOT) Downstream Anchorage

In 2011, TTI developed a downstream anchorage system for TxDOT, as shown in Figures
7 and 8. TTI conducted a reverse-direction, full-scale crash test according to MASH test
designation no. 3-20 using an 1100C vehicle to evaluate the performance of the downstream
anchorage system [14]. The TxDOT end anchorage system utilized two BCT wood posts
embedded into steel foundation tubes along with a cable anchor and two C3x5 channel sections,
which connected the two foundation tubes to one another. The W-beam rail was supported at the
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end anchor post with a steel, shelf-angle bracket. TTI researchers conducted one reverse-direction,
full-scale, crash test using an 1100C small car to evaluate the safety performance of the
downstream anchorage system. In test no. 420021-1, the TXDOT downstream anchorage system
was impacted by a 2420-Ib (1098-kg) small car at a speed of 61.9 mph (99.6 km/h) and at an angle
of 25.3 degrees. This end anchorage system was successfully crash tested in combination with a
31-in. (787-mm) tall, 8-in. (203-mm) blocked, MGS under MASH 2009 modified test designation
no. 3-37 conditions, later defined as test designation no. 3-37b conditions in MASH 2016.

e

Figure 7. TXDOT Downstream W-beam Terminal [14]
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1 6 x 8 x 72" Foundation Tube 2

2 Tube Post for Terminal 2

3 Strut, Channel 2

4 Rail for Terminal 1

5 Shelf Angle Bracket 1 FPP02

6 BCT Bearing Plate 1 FPBO1

T BCT Past Sleeve 1 FMMOZ2

8 Guardrail Anchor Bracket 1 FPAO1

9 W-beam End Section 1 RWEO03a

10 BC'T Cable Anchor 1 FCAO1

11 Nut, Recessed Guardrail 20 FBB

12 Bolt, Button-head 1-1/4" 4 FBBO1

13 Bolt, Button-head 10" 2 FBBO3

14 Bolt, 5/8 -11 x 2 hex 8 FBX16a

15 Bolt, 5/8 -11 x 8 hex 4 FBX16a

16 Bolt, 5/8 -11 x 10 hex 2 FBX16a

17 Washer, 5/8 flat 18 | FWCl16a

2a. All hardware 1s A307 unless otherwise indicated.

2b. Rail is supported by Shelf Angle Bracket (5) at
Post 20 and does not attach to post.
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2d. Foundation Tube protrudes 1-1/2" above
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2e. Top edge of Strut at 2" above ground line.
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2.2.3 MGS Trailing-End Anchorage System

In 2013, MWRSF developed a non-proprietary, trailing-end, anchorage system for the MGS
that utilizes two wood BCT posts, steel foundation tubes connected with a steel strut, and an anchor
cable connecting the W-beam rail to the base of the end post, as shown in Figure 9. A detailed
description of the trailing-end anchorage components and testing of this system are available in
Mongiardini et al. [4, 5].

The two steel foundation tubes within the trailing-end anchorage system enhance the post-
soil resistance by distributing the tensile load from the rail in a more homogenous manner, while
allowing for easier wood post replacement if fractured. The soil resistance can be further increased
by attaching vertical steel bearing plates (soil plates) to the foundation tubes, which increases the
area of the tube that is exposed to the soil. A compression ground line strut between the two
foundation tubes is used to maximize the soil resistance by coupling the two foundation tubes. For
common crashworthy guardrail end terminals, steel anchor cables have been used to develop the
tensile strength of the rail for impacts occurring beyond the length-of-need (LON) of the barrier.
For the downstream end of longitudinal guardrail systems, the end of the LON has been previously
defined as a downstream CIP at which the end anchorage system would no longer redirect an errant
vehicle but instead gate and permit the vehicle to encroach behind the system [4, 5]. In crashworthy
guardrail end terminals, one end of the cable is anchored to the base of the upstream end post and
foundation tube near the ground line, while the other end of the cable is connected to the back of
the rail near the second post using a steel mounting bracket, which is designed to quickly release
away from the rail during end-on impact events.

A series of dynamic component tests and dynamic jerk tests were conducted at MWRSF to
investigate the behavior and capabilities of the wood-post BCT anchorages [12]. In test nos.
DSAP-1 and DSAP-2, dynamic jerk tests were conducted on a modified MGS trailing-end
anchorage system, consisting of two wood BCT posts, a steel W6x8.5 post, two 12- ft 6-in. (3.8-
m) long W-beam segments, and an instrumented cable anchor connecting the W-beam rail to the
end BCT post, as shown in Figure 10. During test no. DSAP-1, the nylon strap used in the
connection joint between the pull cable and upstream end of the guardrail ruptured. Consequently,
the anchorage was only partially loaded and no damage occurred to the wood posts nor the post-
to-rail connection bolts. In test no. DSAP-2, the tension in the anchor cable increased up to 35 Kips
(155.7 kN). The increased tension in the anchor cable caused the end anchor post to fracture first.
The post was pulled upstream and upward by the anchor cable but it remained attached to the rail
following the fracture until it rotated approximately 90 degrees [4]. The second BCT post fractured
at nearly the same time, but the post largely rotated about the BCT hole toward the ground level.
The post released away from the rail and fractured. The maximum load sustained by the end
anchorage system was 35 kips (155.7 kN).
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Figure 10. Test Setup: Test Nos. DSAP-1 and DSAP-2 [4]

Furthermore, two successful crash tests were conducted on the MGS, trailing-end
anchorage system per MASH 2009 requirements. In first test, test no. WIDA-1, a 5,172 Ib (2,346
kg), 2270P pickup impacted the sixth post from the downstream end of the anchor at 63.0 mph
(101.4 km/h) and 26.4 degrees, which caused the end anchorage to gate, and the vehicle proceeded
behind the system. The second test, test no. WIDA-2, consisting of a 2,619 Ib (1,188 kg) 1100C
small car impacting the system 4 in. (102 mm) upstream of the third post from the downstream
end of the anchor at 62.0 mph (99.8 km/h) and 25.5 degrees, resulted in acceptable redirection.

2.3 Universal Breakaway Steel Post Performance

In 2010, MwRSF developed a, non-proprietary, UBSP to replicate the strength and
behavior of the wood CRT post. The UBSP consisted of a W6x8.5 for the upper portion, which is
a standard steel section used for line posts in strong-post guardrail, and a 6-in. x 8-in. x %e-in.
(152-mm x 203-mm x 5-mm) tube for the lower portion, as shown in Figure 11. The lower portion
was the same cross-section size as the CRT post to ensure similar soil-post resistance. The two
post sections were welded to base plates and connected by four 7is-in. (11-mm) diameter ASTM
A325 bolts. The UBSP releases by fracturing the four vertical bolts in tension due to the moment
at the base plate connection when the post is loaded. Different strong- and weak-axis capacities
were generated by the spacing of the bolts connecting the base plates [1].

13
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DETAIL H

UBSP Post and Component Details

Figure 11. UBSP in Thrie-Beam Bullnose System [1]
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During the development of the UBSP, three successful full-scale crash tests were
performed on the thrie-beam bullnose with UBSPs according to the TL-3 safety performance
criteria provided in NCHRP Report No. 350 [1-2]. Based on the satisfactory crash performance of
UBSPs, the researchers determined that the UBSP was a suitable alternative for wood CRT posts
used in the original thrie-beam bullnose system.

Following the initial UBSP research efforts, the Midwest Pooled Fund Program funded a
project to further investigate the application of this technology to other systems, including
guardrail systems [15]. The research study included a series of nine component tests of UBSPs
and CRT posts installed in soil and impacted in both the strong and weak axes. The UBSP
demonstrated similar strong-axis behavior in terms of disengagement and force and energy levels
as compared to the CRT post. The average strong-axis peak force for the UBSP was 14.6 kips
(64.9 kN), while the average strong-axis peak force for the CRT post was 14.5 kips (64.5 kN). The
weak-axis behavior of the UBSP was found to provide similar post disengagement, but the post
released at lower force and energy levels than the CRT post. The average weak-axis peak force for
the UBSP was 7.9 Kkips (35.1 kN), while the average weak-axis peak force for the CRT post was
10.9 Kkips (48.5 kN). The lower force and energy levels generated by the UBSP were not believed
to negatively affect performance, as CRT and other breakaway posts are used to limit the force
and energy during weak-axis impacts. As such, the reduced forces and energies in the UBSP were
not found to be an issue and may even improve the performance in certain applications. Thus, the
UBSP was determined to be a potential replacement for CRT posts used in applications other than
the thrie-beam bullnose, such as in guardrail end terminals, long-span guardrail systems, guardrail
systems installed in subsurface rock foundations or rigid pavement mow strips, and new, reduced-
maintenance barrier systems.

2.4 Patent Review

A patent review was performed to identify the relevant guardrail end terminals, guardrail
anchorages, and breakaway post concepts to prevent infringement upon the existing patents. The
parent review includes both enforced and expired patents, patent applications, and international
patents.

A total of 752 patents, filed under a U.S. classification, related to road safety features were
collected. Of the total of 752, 148 patents directly related to guardrails, posts, anchor assemblies
for guardrails, and end terminals for highway safety appurtenances. These patents cover a broad
range of guardrail end terminals, guardrails, guardrail anchorages, breakaway sign posts,
breakaway guardrail posts, and breakaway terminal posts. The filing dates range from 1982 to
2016. The patents earlier than patent no. 4,999,999 are guaranteed to be expired based on the date
of issuance.

Design criteria considered to identify the relevance of each patent to the development of a
steel-post, trailing-end anchorage system was different for each device category. For guardrail end
terminals, guardrails, and breakaway steel posts, the criteria included: (1) proper breakaway
mechanism and (2) ease and simplicity in design, fabrication, assembly, and maintenance. For the
anchorage assemblies, the criteria included: (1) proper connection between the post and back of
the rail; (2) ability to develop sufficient longitudinal tensile force in the rail when impacted by an
errant vehicle; and (3) proper release of tension in the cable.
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Using the design criteria and parameters, researchers identified the relevant patents, which
included thirteen patents related to guardrail end terminals, eight patents related to anchorage
assemblies, nine patents related to breakaway sign posts, twelve patents related to breakaway
guardrail posts, and eleven patents related to breakaway terminal posts.

2.4.1 Guardrail End Terminal Patents

Eleven patents and two patent applications were found for guardrail end terminals relevant
to the trailing-end anchorage system, as listed in Table 1. In the following section, the patents are
described in detail.
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Table 1. Patents for Guardrail End Terminals

Patent No. Date of Title Notes Authors Reference
Issue No.
Cable release anchor that has bearing plates with Dean C. Alberson; Lance Bullard,
6,729,607 5/4/2004 Cable Release Anchor U-shaped cutouts Jr.; Roger P. Bligh; C. Eugene Buth 16
Guardrail Safety for Dissipating Akram Y. Abu-Odeh; Dean C.
7,694,941 4/13/2010 Energy to Decelerate the Energy dissipating guardrail system Alberson; Roger P. Bligh; Lance D. 17
Impacting Vehicle Bullard Jr.; Eugene C. Buth
Akram Y. Abu-Odeh; Dean C.
7,883,075 2/8/2011 Tension Guardrail Terminal Coupling between post, rail, and tensile cable Alberson; Roger P. Bligh; Lance D. 18
Bullard Jr.; Eugene C. Buth
Akram Y. Abu-Odeh; Dean C.
8,882,082 11/11/2014 Tension Guardrail Terminal Coupling between post, rail, and tensile cable Alberson; Roger P. Bligh; Lance D. 19
Bullard Jr.; Eugene C. Buth
Terminal post for a barrier with slots for
20120056143 3/8/2012 Posts receiving cables and to form a predefined failure Dallas Rex James 20
20160047094 | 2/18/2016 Posts Method for releasing an anchor cable from a Dallas Rex James 21
terminal post
Breakaway Support Post for
6,398,192B1 6/4/2002 Highway Guardrail End Breakaway post with a coupler James R. Albritton 22
Treatments
Breakaway Support Post for . .
6,619,630B2 | 9/16/2003 Highway Guardrail End Breakaway base for aoifardra" end terminal James R. Albritton 23
Treatments P
8,177,194 5/15/2012 Frangible Post for Guardrail Frangible post to be _used with te_rmlnal with Dallas Rex James 24
cable passing through it
6,065,894 5/23/2000 Breakaway Post Connector Frangible coupler for c_onnectlng guardrail posts Lance David Wasson; Gary James 25
to buried bases Melrose
Breakaway Support Post for . .
6,488,268B1 | 12/3/2002 Highway Guardrail End | beam post for terminals that resists strong James R. Albritton 26
direction impacts
Treatments
Breakaway Support Post for Includes new embodiments of the TRN posts,
6,793,204B2 9/21/2004 Highway Guardrail End including a releasable hinge coupler at post James R. Albritton 27
Treatments bases
Breakaway Support Post for i
6,886,813 5/3/2005 Highway Guardrail End Related to 6488268 and 6793204 - additional James R. Albritton 28

Treatments

post base and connection embodiments
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2.4.1.1 Patent No. 6,729,607

Patent no. 6,729,607 [16] describes a guardrail end terminal with a cable release anchor
that has bearing plates with U-shaped cutouts to hold the cable. Schematics of patent no. 6,729,607
are shown in Figure 12. The patent includes 20 claims that cover a plurality of cable release anchor
options, bearing plates, where the first bearing plate is attached to the top member and the second
bearing plate is attached to the lower member, and cable release terminals.

Claim 1 of patent no. 6,729,607 discusses a cable release anchor comprising the first anchor
post partially buried in the ground with a bearing plate attached to end of the post and a second
anchor post connected to the end of first anchor post. The second anchor post consists of a second
bearing plate attached to the end of the anchor post. The two bearing plates join when the top and
bottom parts of the anchor post are interconnected.

Claim 2 of patent no. 6,729,607 discusses an anchor plate attached to the top part of the
anchor post and a second plate connected to the bottom part of the anchor post. These plates join
when the top and bottom parts of the anchor post are interconnected.

Figure 12. Schematics of Patent No. 6,729,607 [16]
18
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2.4.1.2 Patent No. 7,694,941

Patent no. 7,694,941 [17] describes a guardrail end terminal with an energy-dissipating
system. Schematics of patent no. 7,694,941 are shown in Figure 13. The guardrail end terminal
slopes from a first vertical height for redirecting an errant vehicle to a second vertical height
proximate to the ground surface. An impact plate attaches to the flattening portion. The patent
includes 31 claims that cover a plurality of vertically flattened and sloped W-beam with a plate
coupled to the flattening portion. The claims also include a plurality of means for flattening the
W-beam, a support post for an upstream terminal end, parallel and flared terminal portions of a
guardrail system, and a W-beam that has a valley with upper and lower peaks.

Claim 1 of patent no. 7,694,941 discusses an impact plate for disengaging an impacting

vehicle at the end of the guardrail system. Claims 2 and 3 of this patent present an end treatment
with four vertically stacked plates.
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Figure 13. Schematics of Patent No. 7,694,941 [17]
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2.4.1.3 Patent No. 7,883,075

Patent no. 7,883,075 [18] describes a guardrail end terminal that is related to patent no.
7,694,914, It contains a sloped anchor plate with a vertical slot and a sloped washer plate. The
sloped anchor plate includes rectangular plates with circular-shaped, V-shaped, and U-shaped
cutouts; the plates are stacked adjacent to each other. Schematics of patent no. 7,883,075 are shown
in Figure 14. The patent includes 33 claims that cover a plurality of sloped anchor plates, a support
post for an upstream terminal end, parallel and flared terminal portions of a guardrail system, and
a W-beam that has a valley with an upper and lower peak.

Claim 1 of patent no. 7,883,075 discusses a tensile coupling of three plates stacked adjacent
to one another. The first plate is a rectangular plate with a V-shaped cut-out in the upper edge, the
second plate is a rectangular plate with a circular shaped opening, and the third plate is a
rectangular plate with a U-shaped cut-out in an upper edge. These three cutouts align when the
first, second, and third plates are stacked adjacent to one another.
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Figure 14. Schematics of Patent No. 7,883,075 [18]
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2.4.1.4 Patent No. 8,882,082

Patent no. 8,882,082 [19] describes a guardrail end terminal that slopes down to redirect
an errant vehicle to a height adjacent to the surface of the ground at an upstream end of the guardrail
terminal. Schematics of patent no. 8,882,082 are shown in Figure 15. This patent is related to
patent nos. 7,694,941 [17] and 7,883,075 [18]. The patent includes 35 claims that cover a plurality
of support post for the terminal end, parallel and flared terminal portions of a guardrail system;
plates comprising V-shaped, U-shaped, and circular-shaped cutouts; and a W-beam that has a
valley with upper and lower peaks.

Claim 14 of patent no. 8,882,082 discusses a plurality of plates comprising a first plate
with a V-shaped cut-out, a second plate with a circular shaped opening, and the third with a U-
shaped cut out. The V-shaped cutout, the circular opening, and U-shaped cut out align when the
first, second, and third plates are stacked together.
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Figure 15. Schematics of Patent No. 8,882,082 [19]
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2.4.1.5 Patent Application Nos. 20120056143 and 20160047094

In patent application nos. 20120056143 [20] and 20160047094 [21], the guardrail end
terminal includes posts that have a slot for receiving a cable and a pair of notches that form a pre-
defined failure line. Schematics of patent application nos. 20120056143 and 20160047094 are
shown in Figure 16. Patent application no. 20120056143 includes nine claims that cover a plurality
of different terminal posts with a slot for receiving a cable and a guardrail terminal, which includes
a post with a disengaging portion. Patent application no. 20160047094 includes six claims that
cover possible methods for releasing an anchor cable from a terminal post in a cable barrier, and
different methods for deforming the post. These methods include sliding the terminal end of the

anchor cable through the slot, levering the terminal end of the anchor cable, and forming a pre-
determined failure line.
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Figure 16. Schematics of Patent Application Nos. 20120056143 [20] and 20160047094 [21]
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2.4.1.6 Patent Nos. 6,398,192B1 and 6,619,730B2

Patent nos. 6,398,192B1 [22] and 6,619,630B2 [23] describe a breakaway support post for
a guardrail end terminal with a releasable coupling assembly consisting of a shear pin to break
away during a weak-axis impact. Schematics of patent nos. 6,398,192B1 and 6,619,630B2 are
shown in Figure 17. Both patents include an embodiment for a Hinged Break Away (HBA) post.
Patent no. 6,398,192B1 comprises three claims that cover a plurality of guardrail terminal
breakaway posts, a method of coupling the post to the guardrail terminal, and a means for rotatable
coupling of the upper and the lower portion of the post. Patent no. 6,619,630B2 includes 21 claims
that cover a highway guardrail terminal system with a plurality of posts, a method of coupling the
upper and lower portion of the post, plates, strut, and different possible means of breaking away
the post in the weak direction.

Fitc. 1

Figure 17. Schematics of Patent Nos. 6,398,192B1 [22] and 6,619,630B2 [23]
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2.4.1.7 Patent No. 8,177,194

Patent no. 8,177,194 [24] describes a guardrail end terminal with a frangible post that has
a region of weakness defined by notches formed in the vertical edge of the post. Schematics of
patent no. 8,177,194 are shown in Figure 18. Patent no. 8,177,194 includes 22 claims that cover a
plurality of frangible posts for a guardrail terminal, mainly focusing on possible means of forming
a region of weakness in the terminal post and a guardrail terminal system, including a frangible
post.

Figure 18. Schematics of Patent No. 8,177,194 [24]
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2.4.1.8 Patent No. 6,065,894

Patent no. 6,065,894 [25] describes a molded coupling unit for a breakaway end post in
guardrail end terminals that substitutes for the typically-utilized timber posts. The coupling unit
has an intermediate fracture zone that allows C-channel, rectangular, or square post segments to
separate when subjected to a vehicle impact greater than a predetermined severity. Schematics of
patent no. 6,065,894 are shown in Figure 19. Patent no. 6,065,894 also covers a guardrail terminal
supported by posts that are coupled by this integrally-molded coupling unit. The patent includes
47 claims that cover a plurality of slotting means for the post, a barrier assembly, a post assembly,
fastening means, and different possible materials for constructing the coupling unit.
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Figure 19. Schematics of Patent No. 6,065,894 [25]

2.4.1.9 Patent Nos. 6,488,268B1, 6,793,204B2, and 6,886,813

Patent nos. 6,488,268B1 [26], 6,793,204B2 [27], and 6,886,813 [28] describe guardrail end
terminal systems with breakaway support posts that resist an impact in the strong direction and
yield in the weak direction. Schematics of patent nos. 6,488,268B1, 6,793,204B2, and 6,886,813
are shown in Figure 20. Patent nos. 6,488,268B1 and 6,793,204B2 include HBA posts. Patent no.
6,488,268B1 includes five claims that cover a plurality of guardrail terminal systems, a breakaway
post with upper and lower portions, a spacer between the upper and lower portions, and a fastening
mechanism for the upper and lower posts. Patent no. 6,793,204B2 describes a guardrail end
terminal system with two different breakaway support posts that have elongated slots in the flanges
of an I-beam to form a yieldable connection in the weak direction. Patent no. 6,793,204B2 includes
18 claims that cover a guardrail terminal system comprising breakaway support posts with slots,
openings in the flange and the web of an 1-beam, soil plate, support post directly driven into the
ground, and a frangible connection. Patent no. 6,886,813 describes a guardrail end terminal system
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with a breakaway post that has a connection of two rods, or bolts, aligned in the strong direction
with spacing between the breaker bars or nuts allowing the post to bend and fail the rods. Patent
no. 6,886,813 includes 13 claims that cover a rotatable coupling unit between the upper and lower
posts. The rotatable coupling unit has two U-shaped brackets connected by a pivot pin. The claim
also includes a guardrail terminal system comprising a rotatable coupling unit between the upper
and lower posts, and a means for attaching the post to a guardrail.

554

540"
556

144

(©)

Figure 20. Schematics of: (a) Patent No. 6,488,268B1 [26]; (b) Patent No. 6,793,204B2 [27]; and
(c) Patent No. 6,886,813 [28]

2.4.2 Guardrail Anchorage Patents

Eight patents were found for guardrail anchorages that were deemed relevant to the trailing-
end anchorage design, as listed in Table 2.
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Table 2. Patents for Guardrail Anchorages

Patent No. Date of Title Notes Authors Reference

Issue No.

System to release cables in a cable barrier when Dean C. Alberson; Roger P. Bligh;
6,932,327 8/23/2005 Cable Guardrail Release System Y . Lance D. Bullard Jr.; Eugene C. 29
impacted from the end Buth
. . Dean C. Alberson; Roger P. Bligh;
7,556,242 7/7/2009 Cable Guardrail Release System Continuation of patent no. .6932327 Release for Lance D. Bullard Jr.; Eugene C. 30
cable rails Buth
. Method for anchoring the end of a rope safety . .
7,367,549 5/6/2008 Safety Barrier Anchorage barrier into the ground Michael Thomas Titmus 31
6,065,738 5/23/2000 Anchor for Cables Anchor system for cable safety barrier systems Philip Pearce; Timothy John Heldt; 32
Stephen Cawthorne
. . . End treatment for a thrie-beam guardrail with . . _—
5,503,495 4/2/1996 Thrie-Beam Terminal with breakaway support post cable release King K. Mak; Roger P. B“g.h’ Hayes 33
Breakaway Post Cable Release . E. Ross, Dean L. Sicking
mechanism
. . . End treatment for a thrie-beam guardrail with . .
Thrie-Beam Terminal with King K. Mak; Roger P. Bligh; Hayes
5,547,309 8/20/1996 Breakaway Post Cable Release breakaway Sﬁggg;ﬁgﬁ;cable release E. Ross; Dean L. Sicking 34
6,109,507 8/29/2000 Anchor Cable Relegse Mechanism Anchor cable release pracket with slots and Dean L. Sicking; John D. Reid; John 35
for a Guardrail System openings R. Rohde

6,299,141 10/9/2001 Anchor Assembly for Highway Anchor assembly with cable anchor bracket Wilson J. Lindsay; Dennis B. 36

Guardrail End Terminal

Woodard; Steven D. Easton
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2.4.2.1 Patent Nos. 6,932,327 and 7,556,242

Patent nos. 6,932,327 [29] and 7,556,242 [30] describe a cable barrier end terminal that
was designed and crash tested by TTI in 2002, as shown in Figure 21. Schematics of the end
terminal system are shown in Figure 22. The end terminal incorporated proprietary breakaway
posts in the end terminal section followed by Rib-Bak or U-Channel posts for the line posts. The
breakaway terminal posts were designated as Cable Release Posts (CRP) and were used to anchor
one of the three cables used in the system.

Patent no. 6,932,327 includes 16 claims that cover a plurality of possible cable guardrail
release systems with a plurality of anchor posts, and a cable guardrail system with a wood post in
a foundation tube that has slots in it. Patent no. 7,556,242 includes 20 claims, mainly focusing on
the coupling between the cable and the anchor post, a plurality of upper and lower posts, and plates
that are coupled to posts.

Claim 1 of patent no. 6,932,327 depicts an anchor post with upper and lower parts. The
upper and bottom parts of the anchor post retain a slanted plate at the lower end of the top and a
second slanted plate at the upper end of the base. The first slanted plate is adjacent the second
slanted plate such that the first cutout of the top portion and the second cutout of the bottom align
to form an opening for the cable to pass through.

Claim 1 of patent no. 7,556,242 discusses a cable guardrail release system with the first
plate coupled to the upper part of the anchor post and the second plate coupled to the lower part of
the anchor post. The first and second plates are coupled to one another to form an opening through
which an end of a cable is secured. These plates are uncoupled from one another and the cable
releases during an impact of the anchor post while the plate is retained with the anchor post. Claim
14 of the patent depicts the first and second plates being uncoupled from one another and releasing
the end of the during an impact of the anchor post. At least one plate is retained with the anchor
post when the cable is released.

T AR S o T T h e L

Figure 21. TTI End Terminal [39]
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Figure 22.
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Schematics of Patent Nos. 6,932,327 [29] and 7,556,242 [30]
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2.4.2.1 Patent No. 7,367,549

December 17, 2020

MwRSF Report No. TRP-03-370a-20

In 2003, Brifen USA, Inc. successfully crash tested a cable end terminal design [40], found
in patent no. 7,367,549 [31]. The Brifen design incorporated an angled post no. 2 with proprietary
“S” or “Z” posts for the remainder of the system, as shown in Figure 23. The cables were
terminated using an anchor bracket that was secured to a buried concrete block. Patent no.
7,367,549 includes ten claims covering a plurality of road safety barriers and a series of posts with
a weakened region.
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2.4.2.2 Patent No. 6,065,738

Brifen Limited GB, Inc. developed an anchor for cables with a series of proprietary posts,
found in patent no. 6,065,738 [32]. This patent includes a cable end fitting passing through a slotted
angled plate set on a concrete foundation. Different embodiments of the concept are shown in
Figure 24. Patent no. 6,065,738 includes 15 claims that cover a plurality of safety barriers, an
anchor body, and possible methods for disengaging the cable from the anchor body. The method
includes fixing the angle that the end portion of the cable approaches the anchor body relative to
the horizontal plane.
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Figure 24. Schematics of Patent No. 6,065,738 [32]
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2.4.2.3 Patent Nos. 5,503,495 and 5,547,309

Patent nos. 5,503,495 [33] and 5,547,309 [34] included relevant details for guardrail
anchorages. Schematics of patent nos. 5,503,495 and 5,547,309 are shown in Figure 25. These
patents describe an end treatment for a thrie-beam guardrail with a slotted section in the thrie-beam
terminal to reduce the buckling response to an axial loading in end impacts. Patent no. 5,503,495
includes three claims that cover a cable release mechanism with fragile support post member, a
cable anchored at the support post, and a release plate with a VV-shaped cutout to anchor the cable.
Patent no. 5,547,309 includes six claims that cover a plurality of guardrail terminal with an
upstream and downstream end with a cable release mechanism, a release plate that has a cable
resting in a V-shaped slot cutout.

Figure 25. Schematics of Patent Nos. 5,503,495 [33] and 5,547,309 [34]
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2.4.2.4 Patent No. 6,109,597

Patent no. 6,109,597 [35] describes an anchor cable release bracket that is connected to a
rail by sleeved mounting bolts with openings and slots to release an anchor cable from the
guardrail. Schematics of patent no. 6,109,597 are shown in Figure 26. Patent no. 6,109,597
includes two claims that cover an anchor cable release mechanism in a guardrail system, including
cable release brackets, bracket bolts, a mounting bolt encompassing a shank, fixed spacer, and a
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Figure 26. Schematics of Patent No. 6,109,597 [35]
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2.4.2.5 Patent No. 6,299,141

Patent no. 6,299,141 [36] describes an anchor assembly for end terminal which includes a
cable anchor bracket releasing during a head-on impact at the end of the guardrail. Schematics of
patent no. 6,299,141 are shown in Figure 27. Patent no. 6,299,141 includes six claims that cover
an anchor cable assembly with a plurality of posts, a cable anchor bracket that has a U-shaped
cross section, a plate, possible connection between the end post and the guardrail, and multiplicity
of possible construction methods for the end terminal assembly.

N 3 50 54 240 52
Z

Figure 27. Schematics of Patent No. 6,299,141 [36]

2.4.3 Breakaway Sign Post Patents

Nine patents were found for breakaway sign posts that were deemed relevant to the trailing-
end design, as listed in Table 3.
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Table 3. Patents for Breakaway Sign Posts

Patent No. | Date of Issue Title Description Authors Reference Nos.
Breakaway Connection Breakaway connector with shear plates Ronald K. Faller; John D. Reid; Eugene
5,855,443 1/5/1999 System for Roadside Use and bolts W. Paulsen; Kenneth L. Krenk 37
Breakaway signpost assembly with
6,264,162 7/24/2001 Breakaway Sign Post support post, anchoring post, Theodore D. Barnes 38
&breaking collar
Breakaway sign post assembly with
6,390,436 5/21/2002 Breakaway Sign Post support post, anchoring post, Theodore D. Barnes; Darren Potter 41
&breaking collar
6,409,156 6/25/2002 | Breakaway Bracket fgi”g;ie bracket for connecting a post | it pent 42
6,422,783 7/23/2002 Breakaway Post Slipbase g:?oilislar omni-directional slip base Horace M. Jordan 43
6,540,196 4/1/2003 Break Away Support Triangular omnidirectional slip base for Steven James Ellsworth 44
Structure Coupling sign posts
6,868,641 3/22/2005 Breakaway Post Base Sarggldlrectlonal triangular slip post Michael D. Conner, Stanley E. Partee 45
Flanged Base and Breakaway Triangular post slip base for breakaway .
7,195,222 3/27/2007 System Connector for Road osts Clifford M. Dent 46
Accessory Posts P
7,537,412 5/26/2009 | Breakaway Signpost Sectional | beam sign post with two Donald G. Lewis 47

frangible areas
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2.4.3.1 Patent No. 5,855,443

Patent no. 5,855,443 [37] describes a one-directional breakaway connection, as shown in
Figure 28. This system includes plate washers that form a plane to shear the fasteners connecting
a support surface to a sign support. Patent no. 5,855,443 includes 21 claims covering a plurality of
breakaway structure with elongated mounting members, shearing plates, attachment plates, and
fasteners.
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Figure 28. Schematic of Patent No. 5,855,443 [37]

2.4.3.2 Patent Nos. 6,264,162 and 6,390,436

Patent nos. 6,264,162 [38] and 6,390,436 [41] describe a breakaway collar surrounding a
sign support post. The sidewall of the collar includes one vertical line of weakness to facilitate a
portion of the sidewall breaking away. Schematics of patent nos. 6,264,162 and 6,390,436 are
shown in Figure 29. Patent no. 6,264,162 includes 25 claims covering a plurality of breakaway
collars with different configurations and collar materials, and a breakaway sign post focusing on
methods of forming slots and weakened regions. Patent no. 6,390,436 includes 18 claims covering
a plurality of breakaway collars with different means of creating a line of weakness and possible
configurations of the breakaway collar to support the sign post.

Figure 29. Schematics of Patent Nos. 6,264,162 [38] and 6,390,436 [41]
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2.4.3.3 Patent No. 6,409,156

Patent no. 6,409,156 [42] describes a breakaway bracket assembly connecting two
structural members with a central section that contains a VV-shaped, pre-formed, break point. A
schematic from patent no. 6,409,156 is shown in Figure 30. Patent no. 6,409,156 includes four
claims focused on the post assembly, base assembly, and breakaway bracket.

R
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Figure 30. Schematic of Patent No. 6,409,156 [42]

2.4.3.4 Patent No. 6,422,783

Patent no. 6,422,783 [43] describes a breakaway post with a triangular, multi-directional,
slip base plate. Low-friction, galvanized sheets of metal are utilized between the ground plate and
the base plate to facilitate the breakaway mechanism. Schematics of patent no. 6,422,783 are
shown in Figure 31. Patent no. 6,422,783 includes 25 claims covering a plurality of breakaway
posts, slip-base systems with a longitudinal cavity, retaining grommets, and different methods for
connecting the slip-base flange and base stub flange, including bolts and nuts.

Figure 31. Schematics of Patent No. 6,422,783 [43]
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2.4.3.5 Patent No. 6,540,196

Patent no. 6,540,196 [44] describes a breakaway coupling for connecting two posts, as
shown in Figure 32. One plate is attached to the top post, and another plate is connected to the
bottom post. A bearing housing is fastened between the two plates and a ball bearing contacts the
two plates. Patent no. 6,540,196 includes 16 claims that cover a plurality of breakaway couplings
for support posts, in particular the means to connect posts with different sections (e.g. tubes and
W-sections) and methods for connecting the plates to the support posts, as well as a plurality of
bearing housings with various openings.
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Figure 32. Schematic of Patent No. 6,540,196 [44]

2.4.3.6 Patent No. 6,868,641

Patent no. 6,868,641 [45] describes a breakaway post with notched triangular slip plates
that are bolted through the notches. A schematic from patent no. 6,868,641 is shown in Figure 33.
Patent no. 6,868,641 includes five claims covering a plurality of breakaway bases and methods of
constructing a breakaway post base, and a possible bolt assembly.
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Figure 33. Schematic of Patent No. 6,868,641 [45]

2.4.3.7 Patent No. 7,195,222

Patent no. 7,195,222 [46] describes a breakaway post connector. A schematic from patent
no. 7,195,222 is shown in Figure 34. This patent includes 14 claims covering a plurality of
breakaway post connectors with different shapes (e.g. polygon and circular shapes) and devices
for fasteners.

2b
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Figure 34. Schematic of Patent No. 7,195,222 [46]
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2.4.3.8 Patent No. 7,537,412

Patent no. 7,537,412 [47] describes a breakaway sign post with an I-beam cross-section
and slip breakaway mechanism in two regions, as shown in Figure 35. Patent no. 7,537,412
includes four claims covering a plurality of posts with different means of coupling the two regions.

Figure 35. Schematic of Patent No. 7,537,412 [47]

2.4.4 Breakaway Guardrail Post Concepts

Seven patents and seven patent applications were found for guardrail posts that were
deemed relevant to the trailing-end design, as listed in Table 4.
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Table 4. Patents for Breakaway Guardrail Posts

Patent No. Date of Title Description Authors Reference
Issue Nos.
4,330,106 5/18/1982 Guardrail Construction Breakaway guardrerxrlllerrf;;sr with steel channel Douglas B. Chisholm 48
5,664,905 9/9/1997 Fence Post with notches in rear face Peter John Thompson; lain James 49
McGregor
5,988,598 11/23/1999 Breakaway Steel Guardrail Post Guardrail |1 beam post with a plate splice Dean L. S'Ck';g;égmeD' Reid; John 50
6,254,063 2/3/2001 Energy Absorbing _Breakaway Steel | beam breakaw_ay posts for guardrail John R. Rohde; J_ohr_1 D. Reid; Dean 51
Steel Guardrail Post terminals L. Sicking
- . | beam post weakened to impact parallel to .
6,902,150 6/7/2005 Steel Yielding Guardrail Support traffic to induce failure or yield from end-on Dean C. Alberson; Lance D. Bull_ard 52
Post impact Jr., Eugene C. Buth, Roger P. Bligh
20070063177 3/22/2007 Yielding Post Guardrail Safety Guardrall_ post with various cutouts including Defsln C. Alberson; ITance D. Bull_ard 53
System circular cutouts and saw cuts Jr.; Eugene C. Buth; Roger P. Bligh
20070063178 3/22/2007 Guardrail Flange Protector Guardrall_ post with various cutouts including De.an C. Alberson; ITance D. Bull_ard 54
circular cutouts and saw cuts Jr.; Eugene C. Buth; Roger P. Bligh
20070063179 3/22/2007 A weakened Guard_rall Mounting Guardrall_ post with various cutouts including Defsm C. Alberson; ITance D. Bull_ard 55
Connection circular cutouts and saw cuts Jr.; Eugene C. Buth; Roger P. Bligh
Energy Absorbing Post for Energy absorbing post where impact energy is Dean L. Sicking; John R. Rohde,
20060027797 2/9/2006 Roadside Safety Devices absorbed by out of -plane deformation. John D. Reid; King K. Mak 56
Energy Absorbing Post for Energy absorbing post where impact energy is Dean L. Sicking; John R. Rohde;
20060038164 2/23/2006 Roadside Safety Devices absorbed by out of -plane deformation. John D. Reid; King K. Mak 57
20140110651 | 10/10/2013 Guardrail Guardrail post W'thr;';‘;zgr brackets for cable | » 500 James Cox, Brent . Sindorf 58
20140145132 5/29/2014 Guardrail System with a Guardrail post with hole and slot Patrick A. Leonhardt, Brian E. Smith 59
Releasable Post
6,644,888 11/11/2003 Roadway Guardrail Structure Guardrail post with a pair of flanges Carlos M. Ochoa 60
SSS;%:?'ILQS:%T?é’ugrrg?;?vg% _ _ Patrick A._Leonhardt; Barry D.
8,215,619 7/10/2012 Guardrail breakaway post with coupler Stephens; Michael J. Buehler; Brent 61

Methods for the Assembly and use
Thereof

S. Sindorf
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2.4.4.1 Patent No. 4,330,106

Patent no. 4,330,106 [48] describes a steel channel member with fastening bolts that
connects upper and lower 1-beam members. The steel channel connection breaks away when
impacted in the weak axis. Schematics of patent no. 4,330,106 are shown in Figure 36. Patent no.
4,330,106 includes 29 claims covering a plurality of guardrail systems, means for connecting the
upper and lower 1-beam members, and a breakaway post focusing on the means of connection
between the post and the rail.

4¢

74 4535‘)

Figure 36. Schematics of Patent No. 4,330,106 [48]

2.4.4.2 Patent No. 5,664,905

Patent no. 5,664,905 [49] describes a post with V-shaped or U-shaped cutouts. Schematics
of patent no. 5,664,905 are shown in Figure 37. Patent no. 5,664,905 includes 28 claims covering
a plurality of crash barriers, mainly focusing on the type and number of notches and different
means of connection between the rail and the post.

Figure 37. Schematics of Patent No. 5,664,905 [49]
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2.4.4.3 Patent Nos. 5,988,598 and 6,254,063

Patent nos. 5,988,598 [50] and 6,254,063 [51] describe a breakaway steel guardrail post
that includes upper and lower post sections connected by different breakaway joints, as shown in
Figure 38. One type of joint consisted of bolts designed to either break or tear out. Another
embodiment comprises of two U- or channel-shaped steel plates with the flanges of the channel
designed to yield when impacted in the weak axis. The pin with a larger diameter provides strength
in the strong axis. The other breakaway mechanism of the embodiment relies on weld failure in
the breakaway joint to control the post strength. Patent no. 5,988,598 includes six claims covering
a plurality of posts with different breakaway mechanisms, including bolt tear-out, bolt break, and
weld failure. Patent no. 6,254,063 includes 12 claims covering a plurality of guardrail posts
focusing on the means of connecting the upper and lower post members, a cable restraining
member configuration, and straps with slotted openings.
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Figure 38. Schematics of Patent Nos. 5,988,598 [50] and 6,254,063 [51]
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2.4.4.4 Patent No. 6,902,150 and Application Nos. 20070063177, 20070063178,
and 20070063179

Patent no. 6,902,150 [52] and application nos. 20070063177 [53], 20070063178 [54], and
20070063179 [55] describe steel breakaway posts with cutouts in the flanges of 1-beams. Various
cutouts, including circular cutouts and saw cuts, are detailed to weaken the post and create a failure
point in the post. Schematics of patent no. 6,902,150 and application nos. 20070063177,
20070063178, and 20070063179 are shown in Figure 39. Patent no. 6,902,150 includes 25 claims
covering a plurality of guardrail posts, particularly focusing on different means of cutouts and bolt
holes. Patent application nos. 20070063177, 20070063178, and 20070063179 include 20 claims
covering a plurality of guardrail systems consisting of posts with cutouts, a plurality of different
cross section breakaway steel posts, and a guardrail beam protector.
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Figure 39. Schematics of Patent No. 6,902,150 [52] and Patent Application Nos. 20070063177
[53], 20070063178 [54], and 20070063179 [55]
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2.4.4.5 Patent Application Nos. 20060027797 and 20060038164

Patent application nos. 20060027797 [56] and 20060038164 [57] describe an energy-
absorbing post where out-of-plane deformation absorbs the impact energy. The energy is either
absorbed through bolt tear-out or by out-of-plane (mode 3) tearing in a splice plate. Schematics of
patent application nos. 20060027797 and 20060038164 are shown in Figure 40. Patent application
nos. 20060027797 and 20060038164 include 35 claims covering a plurality of energy absorbing
posts focusing on the means of coupling the upper and lower post members, a splice plate and
fastener, and different slots that would enhance out-of-plane tearing.
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Figure 40. Schematics of Patent Application Nos. 20060027797 [56] and 20060038164 [57]

2.4.4.6 Patent Application No. 20140110651

Patent application no. 20140110651 [58] describes a guardrail system with posts, a cable
attached to the rail section and posts, and an anchor bracket. The patent application covers different
methods of rehabilitating a guardrail system. Schematics of patent application no. 20140110651
are shown in Figure 41. Patent application no. 20140110651 includes 20 claims that cover a
guardrail system with a plurality of posts, anchor brackets focusing on releasing the cable, and a

means for connecting the post to the W-beam.

Figure 41. Schematics of Patent Application No. 20140110651 [58]
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2.4.4.7 Patent Application No. 20140145132

Patent application no. 20140145132 [59] describes a guardrail system consisting of a post
and a fastener for connecting the post to a W-beam rail. The post has a hole and a slot. The slot
moves the fastener during an impact. Schematics of patent application no. 20140145132 are shown
in Figure 42. Patent application no. 20140145132 includes 25 claims that cover a plurality of
guardrail systems focusing on different slots and fastening mechanism, methods for forming slots,
and different possible methods for retaining the fastener.

i
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Figure 42. Schematics of Patent Application No. 20140110651 [59]

2.4.4.8 Patent No. 6,644,888

Patent no. 6,644,888 [60] describes a breakaway post with a pair of flanges. The free edges
of the post form a tabular sphere for providing reinforcement. Schematics of patent no. 6,644,888
are shown in Figure 43. Patent no. 6,644,888 includes 38 claims covering a plurality of posts with
different cross sections and methods of forming various tabular and elliptical shapes. This patent
also includes the means of creating openings and a weakened zone in the post, and a plurality of
guardrail systems comprising the post.

Figure 43. Schematics of Patent No. 6,644,888 [60]
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2.4.4.9 Patent No. 8,215,619

Patent no. 8,215,619 [61] describes a guardrail breakaway post comprising a coupler
between the upper and lower members. Rotation between the two members is prevented by
coupling them with a tension bolt or a shear connection. Schematics of patent no. 8,215,619 are
shown in Figure 44. Patent no. 8,215,619 includes 20 claims that cover a plurality of guardrail
assemblies with breakaway posts mainly focusing on the means of coupling the post members and
different possible configuration with various post cross-sections.
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Figure 44. Schematics of Patent No. 8,215,619 [61]

2.4.5 Breakaway Terminal Post Patents

Ten patents and one patent application were found for breakaway terminal posts that were
deemed relevant to the trailing-end design, as listed in Table 5.
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Table 5. Patents for Breakaway Terminal Posts

Patent no. Date of Title Description Authors Reference
Issue Nos.
Cable release anchor that has bearing plates with Dean C. Alberson; Lance Bullard,
6,729,607 5/4/2004 Cable Release Anchor U-shaped cutouts Jr., Roger P. Bligh; Eugene C. Buth 16
Breakaway Support Post for
6,398,192 6/4/2002 Highway Guardrail End Breakaway post with a coupler James R. Albritton 22
Treatments
Breakaway Support Post for . .
6,619,630 9/16/2003 Highway Guardrail End Breakaway base for a guardrail end terminal James R. Albritton 23
Treatments post
8,177,194 5/15/2012 Frangible Post for Guardrail Frangible post made of single post construction Dallas Rex James 24
Breakaway Support Post for
6,488,268B1 12/3/2002 Highway Guardrail End | beam post for terminals James R. Albritton 26
Treatments
Breakaway Support Post for Related to 6,488,268BL1 - includes new
6,793,204B2 9/21/2004 Highway Guardrail End embodiments of the TRN posts, including a James R. Albritton 27
Treatments releasable hinge coupler at post bases
Breakaway Support Post for Related to 6488268 and 6793204 - additional
6,886,813 5/3/2005 Highway Guardrail End post base and connection embodiments to allow James R. Albritton 28
Treatments the post to resist on the strong axis impacts
Frangible Post for Highway
20140110652 4/21/2014 Barrier Breakaway end terminal posts Patrick A. Leonhardt 62
End Terminals
6,065,894 5/23/2000 Breakaway Post Connector Frangible coupler f_or connecting guardrail Lance David Wasson; Gary James 63
terminal posts Melrose
Breakaway Support Post for
8,038,126 10/18/2011 Highway Guardrail End Terminal post which fracture at the base James R. Albritton 64
Treatments
Continuation of 8757597 - post with window in
9,243,375 1/26/2016 Posts the web to receive tensioning cable includes Dallas Rex James 65

weakened portion
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2.4.5.1 Patent No. 6,729,607

Patent no. 6,729,607 [16] describes a terminal breakaway post with a cable release anchor
that has bearing plates with U-shaped cutouts to hold a tension cable, as shown in Figure 45. Patent
no. 6,729,607 includes 20 claims that cover a plurality of cable release anchor options, bearing
plates, and cable release terminals.

Figure 45. Schematics of Patent No. 6,729,607 [16]

2.4.5.2 Patent Nos. 6,398,192 and 6,619,630

Patent nos. 6,398,192 [22] and 6,619,630 [23] describe a breakaway terminal post with a
releasable coupling assembly consisting of a shear pin designed to break away in a weak-axis
impact. Schematics of patent nos. 6,398,192 and 6,619,630 are shown in Figure 46. Patent no.
6,398,192 includes three claims that cover a breakaway post and method of coupling the post to
the guardrail, as well as a plurality of means for coupling the upper and lower posts. Patent no.
6,619,630 includes 21 claims that cover a highway guardrail terminal system with a plurality of
posts, a method of coupling the upper and lower posts, a multiplicity of plates, a strut, and different
possible means of breaking the post away in the weak direction.
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Figure 46. Schematics of Patent Nos. 6,398,192 [22] and 6,619,630 [23]

2.4.5.3 Patent No. 8,177,194

Patent no. 8,177,194 [24] describes a single-piece, frangible, terminal post with a wedge-
shaped notch to form a region of weakness, as shown in Figure 47. Patent no. 8,177,194 includes
22 claims that cover a plurality of frangible posts with a variety of different groove shapes and
connections between the post and the rail.

Figure 47. Schematic of Patent No. 8,177,194 [24]
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2.4.5.4 Patent Nos. 6,488,268B1, 6,793,204B2, and 6,886,813

Patent nos. 6,488,268B1 [26], 6,793,204B2 [27], and 6,886,813 [28] describe terminal
posts that resist impact in the strong direction and yield to impact in the weak direction. Schematics
of patent nos. 6,488,268B1, 6,793,204B2, and 6,886,813 are shown in Figure 48. The details of
these three patents include (1) elongated slots in the flanges of an I-beam to form a yieldable
connection in the weak direction (2) a shear and pivot pin, where the shear pin breaks away in the
weak direction, and the post rotates to the ground around the pivot pin, and (3) a connection of two
rods or bolts aligned in the strong direction with a spacing between breaker bars or nuts allowing
the post to bend and fail the rods.

Patent no. 6,488,268B1 includes five claims that cover a plurality of breakaway posts with
upper and lower portions, a spacer between the upper and lower posts, and a fastening mechanism.
Patent no. 6,793,204B2 includes 18 claims that cover breakaway support posts, openings in the
flange and web of I-beam, soil plate, a guardrail terminal system with slots, a support post that is
directly driven into the ground, and a frangible connection. Patent no. 6,886,813 includes 13 claims
that cover a rotatable coupling unit between upper and lower posts. The rotatable coupling unit has
two U-shaped brackets connected by a pivot pin. The claims also include a guardrail terminal
system comprising a rotatable coupling unit between upper and lower posts and a means for
attaching the post to a guardrail.

Figure 48. Schematics of Patent Nos. 6,488,268B1 [26], 6,793,204B2 [27], and 6,886,813 [28]
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2.4.5.5 Patent Application No. 20140110652

Patent application no. 20140110652 [62] describes a breakaway guardrail terminal post
with a notch. Schematics of patent application no. 20140110652 are shown in Figure 49. The
breakaway post releases an anchor cable when impacted by an errant vehicle. Patent application
no. 20140110652 includes 29 claims that cover a multiplicity of a breakaway guardrail terminal
posts with different means of forming a weakness zone and a plurality of guardrail anchors mainly
focusing on the disengagement of the bearing plate.

Figure 49. Schematics of Patent Application No. 20140110652 [62]

2.4.5.6 Patent No. 6,065,894

Patent no. 6,065,894 [63] describes a molded coupling unit with an intermediate fracture
zone that allows the C-channel post segments to separate when subjected to a vehicle impact
greater than a predetermined severity. Schematics of patent no. 6,065,894 is shown in Figure 50.
A thermoplastic or formed-up thermosetting compound is molded into the coupling unit. Patent
no. 6,065,894 includes 47 claims that cover a plurality of slotting means, barrier assembly, post
assembly, fastening means, and the materials for constructing the coupling unit.

Figure 50. Schematic of Patent No. 6,065,894 [63]
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2.4.5.7 Patent No. 8,038,126

In patent no. 8,038,126 [64], a terminal post with an upper and lower member breaks at the
base in a weak-axis impact as shown in Figure 51. This patent includes an embodiment for a post.
Patent no. 8,038,126 comprises two claims covering a plurality of guardrail terminal post with a
means of connecting the upper and lower post members.

Figure 51. Schematic of Patent No. 8,038,126 [64]

2.4.5.8 Patent No. 9,243,375

Patent no. 9,243,375 [65] describes a guardrail terminal post with an opening in the web to
receive a cable, as shown in Figure 52. The post includes a weakened zone to control failure along
the rail direction. Patent no. 9,243,375 includes six claims covering a plurality of terminal posts
with slots, notches, and an opening on the web.
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Figure 52. Schematic of Patent No. 9,243,375 [65]
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3 STEEL-POST, TRAILING-END ANCHORAGE CONCEPT DEVELOPMENT

3.1 Introduction

Following the review of patents and past studies on trailing-end anchorage systems,
possible design concepts were brainstormed. The steel-post version of the non-proprietary,
trailing-end anchorage system was required to have a proper breakaway mechanism, sufficient
tensile rail strength, and satisfactory soil-post interaction. Thus, the design criteria included: (1)
proper breakaway mechanism; (2) ability of the anchor cable to develop longitudinal tensile force,
but release in impacts at the end; and (3) ease and simplicity in design, fabrication, installation,
and maintenance.

3.2 Design Concepts
3.2.1 Trailing-End Anchorage System with Steel Posts and Breakaway Coupler

The first design concept included: (1) steel top and bottom posts; (2) a breakaway coupler
(collar) for connecting the top and bottom posts; (3) a compression groundline strut; and (4) a
cable anchorage, as shown in Figure 53. The breakaway coupler was connected to the posts by
four %2-in. (13-mm) diameter ASTM A325 bolts. A cable anchor was attached to the end post and
the back of the W-beam rail. This system would develop proper longitudinal tensile force in the
W-beam rail for impacts within the LON of the guardrail but break away during impacts at the end
without developing excessive forces.

This concept was not considered for further analysis as the breakaway coupler connecting
the upper and lower posts was deemed insufficient. The bolts may not fracture, and the posts may
not break away freely. Also, the breakaway coupler may present design complexities associated
with fracturing the bolts. The coupler would be costly since a custom mold would be necessary.
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Figure 53. Trailing-End Anchorage with Steel Posts and Breakaway Coupler
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3.2.2 Trailing-End Anchorage with Steel Tube Posts

This design concept utilized (1) a steel tube for the top and bottom posts, (2) a compression
ground line strut, and (3) a cable anchorage system, as shown in Figure 54. The breakaway
mechanism of this trailing-end anchorage system relied on fracture of the brittle steel tube used
for the top post. An anchor cable was attached to the foundation tube and the back of the W-beam
rail. The anchorage system would provide tensile strength in the W-beam rail for impacts within
the LON of the guardrail but break away for impacts at the end without developing excessive force.
A concern existed that the top post may not break away similar to the wood BCT post. The steel
tube may bend over to the ground and may not fracture due to the ductile behavior of steel. This
design concept required complex and uneconomical details. Thus, this concept was not considered
for further analysis.
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Figure 54. Trailing-End Anchorage with Steel Tube Posts

3.2.3 Trailing-End Anchorage with Slip Base

Another design concept included: (1) a W6x9 steel section for top post and a steel tube for
bottom post; (2) a base plate attached to the upper and lower steel posts to provide breakaway
performance; (3) a T-shaped, breaker bar attached to the end post; and (4) a compression strut. The
breakaway mechanism relied on the failure of the connections between the upper and lower base
plates. The slip-base steel post included two base flanges, which are upper and lower posts clamped
together with bolts, as shown in Figure 55. Bolts resided in slots that would allow the bolts to
disengage the posts.

Considering the breakaway performance of the design concept, a concern was that the
system may not breakaway similar to the wood BCT posts due to the dependency of the breakaway
performance on friction between the base plates. Thus, this concept was disregarded.
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Figure 55. Trailing-End Anchorage with Slip Base and T-Shaped Breaker Bar

3.2.4 Trailing-End Anchorage without Top Post

A fourth design concept consisted of the following main components: (1) a W6x9 steel
foundation tube for the bottom post with an attached soil plate; (2) a cable anchorage; (3) a slip-
base plate; and (4) a compression ground line strut, as shown in Figure 56. This concept was based
on the three-cable guardrail design, described in Nelson et al. [66].

The breakaway performance of this concept relied on the slip-base failure. The system
utilized an anchor cable attached to a steel foundation tube to develop tensile strength in the W-
beam rail for impacts within the guardrail LON. However, a concern existed that the slip-base and
the steel foundation tube may not fracture similar to the wood BCT posts. Additionally, the cable
attached to the end steel post may show satisfactory performance for cable barrier systems, but
this cable anchorage needs further research to be used in guardrail anchorage systems.
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Figure 56. Trailing-End Anchorage without Top Post
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3.2.5 Trailing-End Anchorage with Modified UBSP

This design concept, adopted from the original UBSP, included: (1) top and bottom steel
posts; (2) a compression ground line strut between the foundation tubes; (3) a T-shaped, breaker
bar attached to the end post; and (4) an anchor cable to provide the tensile strength of the guardrail
during impacts within the guardrail LON, as shown in Figure 57. The end anchor post and second
post utilize a two-part steel post. The top post is a 27%2 in. (699 mm) long, W6x9 ASTM A992
steel post welded to a 5%2-in. x 5%-in. X %-in. (140-mm- x 140-mm x 19-mm), ASTM 36 steel
base plate. The bottom post is a HSS 6-in. x 8-in. x ¥%e-in. (152-mm x 203-mm x 5-mm) ASTM
A500 Grade B steel foundation tube welded to a 13-in. x 7-in. X %-in. (330-mm- x 178-mm X 16-
mm), ASTM 36 steel base plate. The top and bottom base plates are connected using four “ie-in.
(11-mm) diameter, ASTM A325 bolts.

The breakaway performance of the design concept relied on fracturing and shearing of
bolts. During an impact, bolts are expected to fracture in tension on the impact side and in shear
on the back side. The size and location of the bolts control the post fracture load. In this design
concept, posts may break away similar to the BCT wood posts. Thus, this design concept was
considered for further design.
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Figure 57. Trailing-End Anchorage with Modified UBSP and T-Shaped Breaker Bar
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3.3 Candidate Design Concepts with Modified UBSP

Following the brainstorming of a number of design concepts for the new, steel-post, non-
proprietary trailing-end anchorage system, three modified UBSP trailing-end anchorage system
design concepts were developed for dynamic component testing.

3.3.1 Design Concept No. 1

The first modified UBSP non-proprietary, trailing-end anchorage design concept contained
the following main components:

1. A two-part steel post, where the top post was a W6x8.5 section and the bottom post
was a 6-in. x 8-in. x ¥1e-in. (152-mm x 203-mm x 5-mm) tube section. The top post
was welded to a 5%-in. x 5%-in. X ¥-in. (140-mm x 140-mm x 19-mm), ASTM 36 steel
base plate. The bottom post was welded to a 13-in. X 7-in. X %-in. (330-mm x 178-mm
x 16-mm), ASTM 36 steel base plate. The top and bottom base plates were connected
using four “ie-in. (11-mm) diameter, ASTM A325 bolts.

2. An anchor cable assembly to provide anchorage for the guardrail.

3. A compression ground strut connected to the foundation tubes to provide proper load
distribution between the posts, as shown in Figure 58.

4. A bearing plate to transfer the load from the cable to the top and bottom sections of the
end post.

The details of concept no. 1 are shown in Figure 58. The post breakaway mechanism relied
on the fracture of bolts. A slot was included at the bottom of the W6x8.5 post to pass the cable
through the top section of the end post. An opening in the base plate allows the cable to release
when the top section of the end post disengaged. Calculations were performed to determine the
adequacy of the spacing and size of the breakaway bolts for the UBSP within the non-proprietary,
trailing-end anchorage system and are detailed in Appendix A. Based on the calculations, the 7/16-
in. (11-mm) diameter breakaway bolts were found to be adequate with respect to strong-axis
bending. The bolts were spaced 2% in. (64 mm) apart in the weak axis and 10 in. (254 mm) apart
in the strong axis.

The anchor cable’s ability to release from the W-beam during head-on impacts was
considered. Calculations were also performed to determine the tensile capacity of the cable anchor
and are detailed in Appendix A. Based on these calculations, the anchor cable could develop a
tensile load of 40.2 kips (179 kN) before bolt fracture. The anchor cable would also develop
sufficient W-beam rail tensile strength for the impacts within the guardrail LON.
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3.3.2 Design Concept No. 2

Design concept no. 2 contained the following main components:

1.

4.

Two steel posts with post sections similar to design concept no. 1. However, the
opening to receive the cable anchor was at the top of the foundation tube.

A cable anchor attached to the W-beam rail at one end and anchored to the foundation
tube through a slot in the bottom base plate and foundation tube.

A slotted bearing plate to anchor the anchor cable to the foundation tube and transfer
the longitudinal anchor load to the foundation tube.

A compression ground line strut connected to the steel foundation tubes.

The details of concept no. 2 are shown in Figure 59. The bolt spacing and top and bottom
base plate thicknesses were similar to design concept no. 1. Design concept no. 2 included a slot
in the foundation tube that forms the lower section of the end post and an opening in the bottom
base plate to facilitate cable release, as shown in Figure 59. This design concept intended to transfer
the longitudinal anchor load primarily to the lower section of the post and the surrounding soil.
However, vertical cable loads would still be imparted to the top section of the end post.
Calculations were performed to determine the shear and flexural capacity of the fillet welds for the
expected loading conditions and are detailed in Appendix B.
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3.3.3 Design Concept No. 3

Design concept no. 3 contained the following main components:

1. Two-part steel posts with post sections similar to design concept nos. 1 and 2.

2. An anchor cable assembly similar to design concept nos. 1 and 2. However, the anchor
cable was anchored to an inclined slotted bearing plate, which was welded to the bottom
base plate and the foundation tube.

3. An inclined slotted bearing plate attached to the foundation tube and the bottom base
plate by a ¥-in. (6-mm) fillet weld. The inclined, slotted, bearing plate transfers the
load from the anchor cable to the foundation tube.

4. A compression ground line strut, which was similar to design concept nos. 1 and 2.

The anchorage system was similar to design concept nos. 1 and 2. However, design concept
no. 3 utilized an inclined, slotted, anchor cable bearing plate that was welded to the bottom base
plate and foundation tube with a Y-in. (6-mm) fillet weld, as shown in Figure 60. This
configuration ensured transfer of the entire cable load to the lower foundation tube and the
surrounding soil. An opening was made in the bottom of the top post, both base plates, and the top
of the foundation tube, as shown in Figure 60. Calculations were performed to check the shear and
flexural capacity of the fillet welds for the expected loading conditions and are detailed in
Appendix C.
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4 DYNAMIC COMPONENT TEST CONDITIONS AND INSTRUMENTATION

Dynamic component tests were performed to evaluate the behavior and capacity of the
steel-post versions of the non-proprietary, trailing-end anchorage design concepts. Dynamic jerk
tests were utilized to assess the overall dynamic capacity of the anchorage systems.

4.1 Test Facility

All dynamic jerk tests were conducted at the MwRSF outdoor test site located at the
Lincoln Air Park on the northwest side of the Lincoln Municipal Airport. The facility is
approximately 5 miles (8 km) northwest of the University of Nebraska’s city campus in Lincoln,
Nebraska.

4.2 Test Equipment and Instrumentation

Equipment and instrumentation utilized to collect and record data during the dynamic bogie
testing program included a bogie, accelerometers, tensile load cells, string potentiometers, high-
speed and standard-speed digital video cameras, and still cameras.

4.2.1 Bogie Vehicle

A rigid-frame bogie vehicle was used to conduct the jerk test on each end-trailing
anchorage system. The mass of the bogie vehicle on the test day was 6,652 Ib (3,017 kg), and the
same bogie vehicle was used for test nos. SPDA-1 through SPDA-5. Four 3x7 wire rope cables
were connected in a parallel configuration and used to pull on various components. The wire ropes
were terminated with thimble (or cable saver) terminations and attached to the back of the bogie
vehicle using a high-strength nylon strap and a pin-and-shackle connection. The bogie vehicle and
the pull cable used for all tests are shown in Figure 61.

Figure 61. Rigid-Frame Bogie Vehicle, Test Nos. SPDA-1 through SPDA-5
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A pickup truck with a reverse-cable, tow system was used to propel the bogie vehicle to a
target impact speed of 20 mph (32 km/h) for all five tests. A steel corrugated beam guardrail guided
the tire of the bogie vehicle. When the bogie vehicle approached the end of the guidance system,
it was released from the tow cable, allowing it to be free rolling when it started to tension the pull
cable. A remote-controlled braking system was installed on the bogie vehicle allowing it to be
brought safely to rest after the test.

4.2.2 Accelerometers

Two environmental shock and vibration sensor/recorder systems were used to measure the
acceleration in the longitudinal, lateral, and vertical directions. All of the accelerometer systems
were mounted near the center of gravity (c.g.) of the bogie vehicle.

The two systems, the SLICE-1 and SLICE-2 units, were modular data acquisition systems
manufactured by Diversified Technical Systems, Inc. (DTS) of Seal Beach, California. The
SLICE-1 unit was designated as the primary system. The acceleration sensors were mounted inside
the bodies of custom-built, SLICE 6DX event data recorders and recorded data at 10,000 Hz to the
onboard microprocessor. Each SLICE 6DX was configured with 7 GB of non-volatile flash
memory, a range of £500 g’s, a sample rate of 10,000 Hz, and a 1,650 Hz (CFC 1000) anti-aliasing
filter. The “SLICEWare” computer software program and a customized Microsoft Excel
worksheet were used to analyze and plot the accelerometer data.

4.2.3 Tensile Load Cells

One tensile load cell was installed in line with the cable anchor and one load cell was
installed in the pull cable for all tests. The load cells were Transducer Techniques model no.
TLL-50K with a load range up to 50 kips (222 kN). During testing, output voltage signals were
sent from the load cells to a National Instruments data acquisition board, acquired with LabView
software, and stored permanently on a personal computer. The data collection rate for the load
cells was 10,000 samples per second (10,000 Hz). The location and setup of the load cells are
shown in Figures 62 through 66.

4.2.4 String Potentiometers

In test nos. SPDA-1, SPDA-2, and SPDA-3, a linear displacement transducer, or string
potentiometer, was attached to the end of the anchor cable. In test nos. SPDA-4 and SPDA-5, the
string potentiometer was attached to the bottom base plate welded to the foundation tube. The
positioning and setup of the string potentiometer are shown in Figure 67. The string potentiometer
used was a UniMeasure PA-50 with a range of 50 in. (1,270 mm). A Measurements Group Vishay
Model 2310 signal conditioning amplifier was used to condition and amplify the low-level signals
to high-level outputs for multichannel, simultaneous dynamic recording in the “LabView”
software. The sample rate of the string potentiometer was 1,000 Hz.
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Figure 63. Tensile Load Cell Setup, Test No. SPDA-2

Figure 64. Tensile Load Cell Setup, Test No. SPDA-3
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Figure 65. Tensile Load Cell Setup, Test No. SPDA-4
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Figure 66. Tensile Load Cell Setup, Test No. SPDA-5
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Figure 67. String Potentiometer Locations, (a) Test Nos. SPDA-1 through SPDA-3, and (b) Test
Nos. SPDA-4 and SPDA-5
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4.2.5 Digital Photography

Two AOS high-speed digital video cameras were used to document test no. SPDA-1. One
AOS high-speed digital video camera was used to document each of test nos. SPDA-2 through
SPDA-5. GoPro digital video cameras were also used to document each test. Six GoPro digital
video cameras were used to document test nos. SPDA-1 and SPDA-2, and test nos. SPDA-3,
SPDA-4, and SPDA-5 used five, four, and five Go Pro digital video cameras, respectively. The
AOS high-speed camera had a frame rate of 500 frames per second and the GoPro video cameras
had frame rates of 120 frames per second. The cameras were placed on (1) the front side of the
system, (2) perpendicular to the system viewing the back side of the rail focused on the end anchor
and connection between the end of the W-beam rail and pull cable, (3) perpendicular to the system
viewing the front and back sides of W-beam rail, and (4) parallel to the system viewing anchor
post. A Nikon digital still camera was also used to document pre- and post-test conditions for all
tests.

4.3 Data Processing
4.3.1 Accelerometers

The electronic accelerometer data obtained in the dynamic testing was filtered using the
SAE Class 60 Butterworth filter conforming to the SAE J211/1 specifications [67]. The pertinent
acceleration was extracted from the bulk of the data signals. The processed acceleration data was
then multiplied by the mass of the bogie to get the impact force using Newton’s Second Law. Next,
the acceleration trace was integrated to find the change in velocity versus time. The calculated
velocity trace was then integrated to find the bogie’s displacement. Combining the previous results,
a force versus deflection curve was plotted for each test. Finally, integration of the force versus
deflection curve provided the energy versus deflection curve for each test.

4.3.2 Load Cells

For test nos. SPDA-1 through SPDA-5, force data was measured with the load cell
transducers and filtered using the SAE Class 60 Butterworth filter conforming to the SAE J211/1
specifications [67]. The pertinent voltage signal was extracted from the bulk of the data signal
similar to the acceleration data. The filtered voltage data was converted to load using the following
equation:

Filtered Load Cell Data

1
Load = [Gain] I((Calibration Factor)(Excitation Voltage)) ( 1V )
Full — Scale Load 1000 mV

Details behind the theory and equations used for processing and filtering the load cell data
are located in SAE J211/1. The gain and excitation voltage were recorded for each test. The full-
scale load for the TLL 50K load cells was 50 kips (222 kN). The calibration factor varied
depending on the specific load cell being used. The load cell data was recorded in a data file and
processed in a specifically designed Microsoft Excel spreadsheet. Force versus time plots were
created to describe the load imparted to the system.
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4.3.3 String Potentiometers

For test nos. SPDA-1 through SPDA-5, the pertinent data from the string potentiometers
was extracted from the bulk signal similar to the accelerometer and load cell data. The extracted
data signal was converted to a displacement using the transducer’s calibration factor. Displacement
versus time plots were created to describe the motion of the system at the ground line. The exact
moment of impact could not be determined from the string potentiometer data as impact may have
occurred a few milliseconds before post movement. Thus, the extracted time shown in the
displacement versus time plots should not be taken as a precise time after impact, but rather a
general time in relation to the impact event.

Note that string potentiometer data from test nos. SPDA-1 through SPDA-3 were not
accurate for estimating the displacement of the foundation tube as the string potentiometer was
attached to the end of the anchor cable. However, considerable effort was made to reasonably
compare string potentiometer data obtained from the five tests, as described in the following
chapters.
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5 DYNAMIC COMPONENT TEST — DESIGN CONCEPT NO. 1

5.1 System Details — Concept No. 1

Test no. SPDA-1 was a dynamic jerk test of design concept no. 1, which was the anchorage
system consisting of two modified UBSPs with a slot at the bottom of a W6x8.5 anchor post,
allowing the anchor cable to pass through the top post, a steel W6x8.5 post, two 12-ft — 6-in.
(3,810-mm) long W-beam segments, and an instrumented cable anchor connecting the W-beam
rail to the end post. The test matrix and test setup are shown in Figures 68 through 84. Photographs
of the test setup are shown in Figures 85 and 86. Material specifications, mill certifications, and
certificates of conformity for the system materials used in test no. SPDA-1 are shown in Appendix
G.
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Figure 68. Bogie Testing Matrix and Setup, Test No. SPDA-1
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Figure 69. Anchorage Layout, Test No. SPDA-1
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Figure 70. Anchorage Layout, Test No. SPDA-1

02-80.€-€0-dYL 'ON Moday 4SHMIN

020¢ ‘LT 1aquiaded



Ll

Ground

d3

£

QA

DETAIL A

d4

D
| e

3 3/8"[86]

nl@ ““““ 7 4
i /1 1/47[32]

Line

®

u
H

DETAIL B

f

DETAIL C

1/16"[2]

GAP
\%é

/1/8" [3]E

3/16" [5]

Ground

Line

SECTION D-D
ANCHOR CABLE COMPONENTS & BEARING PLATE HIDDEN

r 2 3/%"[70]

Midwest Roadside
Safety Facility

DWG. NAME.

Steel Post Downstream

Anchorage (Concept 1)

Anchorage Details

SHEET:
4 of 17

DATE:
11/23/2020

DRAWN BY:
JEK /SBW

PostC1_R7

SCALE: 1:6 EV. BY:
UNITS: in.[mm] FKAL/MP/RK
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Figure 73. Anchor Post Components, Test No. SPDA-1
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Figure 74. Anchor Post Components, Test No. SPDA-1
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Figure 76. Modified BCT Anchor Cable, Test No. SPDA-1

02-80.€-€0-dYL 'ON Moday 4SHMIN

020¢ ‘LT 1aquiaded



€8

1 3/8"[35] —
\<—R3"[76] ()
R1 5/8”[41] N
|
[ 5 3/8"[137] o
3 3/4”[95]
i g @
U N 1 3/8"[35] 2 5/8"[67]
—-2"[52] [~ 5
ELEVATION VIEW PROFILE VIEW R1 1/4"[32] e
I
|
= _ L
= 1D : 6 1/2"[165]
\II II / (\ NN I )
S S 4"[102] ’ 3 7/57eA] 7
ny NV 2 1/8"[54]
PLAN VIEW ! \ S\ 4
Part e5
ELEVATION VIEW PROFILE VIEW
., 3 1/2"[89]
3/4"[19] 82" [51] @1 1/2”[38] R1 9/16"[40]
g 4 1/2"[115] ‘ a ,
1 3/4"[45] 2 3/4°70]
L 1 318°sa] PLAN VIEW
ELEVATION VIEW PROFILE VIEW ! Part €6
SHEET:
Steel Post Downstream 1o'ef 92
o Anchorage (Concept 1) &
G [51] 11/23/2020
@1 1/16"[26] M
: : Shackle and Eye Nut Detail
PLAN VIEW Midwest Roadside| ~ - "¢ ¢ T " jaos
Part e7 Sofety FOCIlIty DWG. NAME. SCALE:.1:4 FEV. BY:
PostC1_R7 UNITS: in [rmm][KAL/MP /RK

Figure 77. Shackle and Eye Nut, Test No. SPDA-1
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Figure 79. Ground Strut Details, Test No. SPDA-1
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Figure 80. Rail Section Details, Test No. SPDA-1
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Figure 81. Bolt and Washer Details, Test No. SPDA-1
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%e:‘ QTY. Description Material Spec Galvanization Spec Hoggiv‘;gre
al 1 |12’-6" [3,810] 12 gauge [2.7] W—Beam MGS End Section AASHTO M180 ASTM A123 or AB53 -
a2 1 [12’-6" [3,810] 12 gauge [2.7] W—Beam MGS Section AASHTO M180 ASTM A123 or AB53 —
b1 2 [TS6”x8"x3/16" [152x203x5], 72" [1,829] Long Foundation Tube ASTM A500 Gr. B AASHTO M111 (ASTM A123) -
b2 | 2 |00 WI52x12.8] or Wexd [Wi52xT3.4], 27 3/47 [705] Long ASTM A992 MASHTO M111 (ASTM A123) -
b3 2 |13"x7"x5/8" [330x178x16] Steel Plate ASTM A36 AASHTO M111 (ASTM A123) -
b4 | 4 |5 1/2"°x5 1/2"x3/4” [140x140x19] Steel Plate ASTM A36 AASHTO M111 (ASTM A123) =
W6x8.5 [W152x12.6] or W6x9 [W152x13.4], 72" Lon 1,829 ASTM A992
b5 | 1 (4885 ! s ] ¢ [1.829] Min. 50 ksi [345 MPa] ASTM A123 PWEO6
b6 1 |6"x12"x14 1/4" [152x305x368] Timber Blockout for Steel Posts SYP Grade No.1 or better - PDB10a
d1 1 |Ground Strut Assembly ASTM A36 ASTM A123 PFPO1
d2 2 [Anchor Bracket Assembly ASTM A36 ASTM A123 FPAO1
d3 | 1 [8"x7"x2 1/8" [203x178x54] Bearing Plate ASTM A36 AASHTO M111 (ASTM A123) =
d4 1 |2 3/8" [60] 0.D. x 3 15/16” [100] Long BCT Post Sleeve ASTM A53 Gr. B Schedule 40 AASHTO M111 (ASTM A123) -
el 4 [3/4" [190] Dia. 6x19 IWRC IPS Wire Rope IPS ASTM A741 Type Il Class A -
: Fitting — ASTM A576 Gr. 1035 Fitting — ASTM A153
82, | % €I Anchior Soble: Ead Swaged: Fikng Stud — ASTM F568 Class C Stud — ASTM A153 or B695 3
e3 2 |115—HT Mechanical Splice — 3/4” [19] Dia. As Supplied - -
e4 2 |Crosby Heavy Duty HT — 3/4” [19] Dia. Cable Thimble Stock No. 1037773 As Supplied -
Crosby G2130 or S2130 Bolt Type Shackle — 1 1/4” [32] Dia. Stock Nos. 1019597 and
e5 6 g;mngrm head bolt, nut, and cotter pin, Grade A, Class or 1019604 — As Supplied - -
Chicago Hardware Dr orged Heavy Duty Eye Nut — Drilled :
e6 | 4 |ongTipad 1 172" T8a] Bie” MINE 8Pl Stack Ne. 107 — #» Supplled - -
e7 1 |1” [25] Dia. Eye Nut As Supplied As Supplied -
e8 2 |TLL—50K—-PTB Load Cell - - -
Steel Post Downstream
Anchorage (Concept 1)
. . Bill of Materials
Midwest Roadside
Sofety FGCIllty DWG. NAME. SCALE: ,NOM
PostC1_R7 UNITS: in.[mm] FAL/MF‘/RK

Figure 82. Bill of Materials, Test No. SPDA-1
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I%Jeg\ QTY. Description Material Spec Galvanization Spec Hccrgﬁgre
f1 | 1 |5/8" [16] Dia. UNC, 14” [356] Long Guardrail Bolt and Nut Belf, = ETHL Ao o1 B ASTM. K155 ar D300 ‘Closs B8 or | pppoe
5/8” [16] Dia. UNC, 1 1/4" [32] Long Guardrail Bolt and Bolt — ASTM A307 Gr. A ASTM A153 or B695 Class 55 or
fz | 10 Nét [re] /4" [22] Lot Nut — ASTM AB63A F2329 FBBO1
5/8" [16] Dia. UNC, 10" [254] Long Hex Head Bolt and Bolt — ASTM _A307 Gr. A ASTM A153 or_B695 Class 55 or
3] 2 Nét [ve] lael o —"ASTM A563A F2329 FBX16a
5/8” [16] Dia. UNC, 1 1/2" [38] Long Hex Head Bolt and Bolt — ASTM _A307 Gr. A ASTM A153 or B695 Class 55 or
| 16 8 D€l /2" 8] tong Nut — ASTM A563A F2329 FBX16a

Bolt — ASTM F3125 Gr. 120 (A325)[ 5| e e
t6 | 8 |7/]8] [11] Dio. UNC, 2 1/47 [57] Long Heavy Hex Bolt ! 1327251l 20 (A323)] 85 or PR O o, O TS0 0 _
and Nu Nut — ASTM ASG3DH or' A194 Gr. |\t _ aSTM' A133. o ohws o BEGS
Class 55 or F1941 or F2329
f7 3 [1” [25] Dia. Plain Round Washer ASTM F844 ASTM A123 or A153 or F2329 FWC24a
f8 36 |5/8” [16] Dia. Plain Round Washer ASTM FB844 ASTM A123 or A153 or F2329 FWC16a
f9 | 32 |7/16" [11] Dia. Plain Round Washer ASTM FB44 ASTM A123 or A153 or F2329 -
10 | 3 [1” [25] Dia. Hex Nut ASTM A563A ASTM. A15d ior BERS (lase B8 16 | exouy
f11 1 |16D Double Head Nail = - —
g1 2 |Portable Concrete Barrier Min f'c=5,000 psi [34.5 MPa] - SWC09
g2 1 |[Concrete Block — MN Noise Wall - - —
SHEET:
Steel Post Downstream 158t 12
Anchorage (Concept 1) &
11/23/2020)
DRAWN BY:
. . Bill of Materials JEK/SBW
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Figure 83. Bill of Materials, Test No. SPDA-1
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Figure 84. Isometric View, Test No. SPDA-1
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Figure 85. Test Setup, Test No. SPDA-1
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Figure 86. Test Setup, Test No. SPDA-1
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5.2 Test No. SPDA-1 Results

During test no. SPDA-1, the top portion of both anchor posts began to deflect downstream
when the tow cable started to pull the rail. The pull force was immediately transferred to the two
foundation tubes, which rotated in the soil. When the cable anchor was tensioned, a downward
vertical force component was applied to the rail at the second anchor post bolt connection. This
force deformed the rail and caused vertical rail tearing at the second anchor post bolt connection.
Following the rail tearing, the two downstream bolts in the slip base of the second post fractured
in tension, and the top portion of the second post returned to its original position. The two
downstream bolts in the slip base of the end anchor post fractured. The remaining bolts in both
slip base plates remained undamaged. The tow cable yielded. Thus, the system was not loaded to
its full capacity.

The force versus time and the displacement versus time curves for test no. SPDA-1 were
processed from transducer data using the SLICE-1 and SLICE-2 units and are shown in Appendix
H. The anchor cable loads, pull cable loads, and anchor cable displacements are shown in Figure
87. The peak force from the anchor cable load cell was 36.5 Kips (162.4 kN), and the peak force
from the pull cable was 43.0 kips (191.3 kN). Both peak loads occurred around 0.160 sec after the
start of the dynamic jerk event. The maximum displacement of 2.3 in. (58 mm) occurred at 0.180
sec, measured by the string potentiometer attached to the end of the anchor cable. Time-sequential
photographs are shown in Figures 88 and 89. Post-impact photographs are shown in Figures 90
and 91.
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il
0.150 sec

Figure 88. Time-Sequential Photographs, Test No. SPDA-1
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0.30 sec
Figure 89. Time-Sequential Photographs, Test No. SPDA-1 (Continued)
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Figure 90. Post-Impact Photographs, Test No. SPDA-1
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Figure 91. Post-Impact Photographs, Test No. SPDA-1
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5.3 Discussion

In test no. SPDA-1, several observations were made. The increased tension in the anchor
cable caused the top part of the second anchor post to disengage from the rail. This force tore the
rail vertically at the second anchor post bolt connection. The two downstream bolts, which were
used to connect the top and bottom parts of the second anchor post, fractured in tension after the
post disengaged from the rail. Following this, the two downstream bolts fractured from the first
anchor post. The anchor cable remained attached to the first anchor post, and neither posts broke
away. The pull cable yielded after the pull load exceeded the strength of the cable. The anchorage
system deflected ¥z in. (10 mm) downstream following the vertical tearing of the rail.

The two downstream bolts in each anchor post fractured in tension. Due to the tensile
yielding of the pull cable, the bolts were not loaded to their full capacity. The upper and lower
plates in each post did not experience noticeable deformation.

The force versus time data from the BCT cable load cell and the pull cable load cell was
different since the pull load was directly applied to the pull cable and then transferred to the anchor
cable. The maximum peak tensile load of 36.5 kips (162.4 kN) was measured by the BCT cable
load cell. The first peak load occurred when the downstream bolts in the slip base of the second
post fractured in tension at approximately 0.160 sec. The second peak load occurred while the
downstream bolts in the slip base of the first anchor post fractured in tension at approximately
0.180 sec.

The maximum load sustained by the end anchorage was 36.5 kips (162.4 kN). The anchor
cable load versus anchor cable displacement is shown in Figure 92. The maximum load of 36.5
kips (162.4 KN) occurred at nearly the same time as the first peak deflection of 2.2 in. (56 mm).
During the test, the anchor cable was not released due to the tensile yield of the pull cable before
the full capacity of the system was reached. Results from test no. SPDA-1 are summarized in Table
6.

Table 6. Summary of Test Results, Test No. SPDA-1

Impact Peak | Displacement | Energy at
Velocity | Force | atPeak Load | Peak Load Failure Component | Attachment
Test No. . . L .
mph Kips in. kips-in. Mechanism Damage Damage
(km/h) (kN) (mm) (kJ)
Rail
Downstream
deformed at | 1ic'in both
SPDA-1 18.3 36.5 2.2 45.3 Pull cable second anchor posts
(29.5) (162.4) (55) (5.1) yielded ancrg)cgrltpost fractured in
. tension
connection
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6 DYNAMIC COMPONENT TEST — DESIGN CONCEPT NO. 2

6.1 System Details — Concept No. 2

Test no. SPDA-2 was a dynamic jerk test of design concept no. 2 which was the anchorage
system with the cable passing through the bottom post. This system design included two modified
UBSPs with a slot in the end foundation tube that formed the lower portion of the end anchor post
and an opening in the bottom base plate to allow cable release. The test matrix and test setup are
shown in Figures 93 through 109. Photographs of the test setup are presented in Figures 110 and
111. Material specifications, mill certifications, and certificates of conformity for the system
materials used in test no. SPDA-2 are shown in Appendix G.
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Notes:
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ELEVATION VIEW

(1) Use a parallel combination of three 3x7 cables as towing cables.
(2) High—speed camera perpendicular to the breakaway posts.

(3) Accelerometers on bogie: SLICE—1 and SLICE-2.

(4) Use two 50—kip tension load cells and one string potentiometer.

String Potentiometer
Attached to Anchor Post

Midwest Roadside
Safety Facility

SHEET:

Steel Post Downstream ' "
Anchorage (Concept 2) &

11/23/2020
DRAWN BY:
Bogie Setup JEK/SBW
DWG. NAME. SCALE: 1:75 [REV. BY:
PostC2_R7 UNITS: in.[mm] FKAL/MP/RK

Figure 93. Bogie Testing Matrix and Setup, Test No. SPDA-2
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Figure 94. Anchorage Layout, Test No. SPDA-2
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Figure 95. Anchorage Layout, Test No. SPDA-2
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Figure 96. Anchorage Details, Test No. SPDA-2
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Figure 97. Anchor Post Assembly, Test No. SPDA-2

02-80.€-€0-dYL 'ON Moday 4SHMIN

020¢ ‘LT 1aquiaded



L0T

6"[152] _ﬂ

8"[203] —~}-3/16"[5)

PLAN VIEW

4"[102]
3"[76]<1-— _—‘ 3/16"[5]

4 —

1 3/4”[44]J _g3/47[19]

R1 1/4”[32]J

72”[1829]
ELEVATION VIEW PROFILE VIEW
Part b1
SCALE 1:16

3 15/16"[100] 4+—

3/167[4] 5 13/16"[148]

PLAN VIEW

13/16"[21]—| |-—-|2 5/16"[59]

7 1/8"[181]

¢3/4"[19]—/

27 3/4"[705]

B I 1

ELEVATION VIEW PROFILE VIEW
Part b2

Steel Post Downstream
Anchorage (Concept 2)

Anchor Post Components

Midwest Roadside

Safety Facility [™ ™= SRE 78
PostC2_R7 UNITS: in.[mm] gAL/MP/RK

Figure 98. Anchor Post Components, Test No. SPDA-2
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Figure 99. Anchor Post Components, Test No. SPDA-2
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Figure 100. BCT Anchor Cable and Load Cell Detail, Test No. SPDA-2
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Figure 101. Modified BCT Cable, Test No. SPDA-2
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Figure 102. Shackle and Eye Nut, Test No. SPDA-2
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Figure 103. BCT Post Components and Anchor Bracket Details, Test No. SPDA-2
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Figure 104. Ground Strut Details, Test No. SPDA-2
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Figure 105. Rail Section Details, Test No. SPDA-2
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Figure 106. Bolt and Washer Details Test No. SPDA-2
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Iteorfw QTY. Description Material Spec M—GalvSpec HqGrSiv:igre
g | 1 [T, 15s1e] 2 geuge (2] WoBEam MOS ERd AASHTO M180 ASTM A123 or A653 -
a2 1 [12'-6" [3,810] 12 gauge [2.7] W—Beam MGS Section AASHTO M180 ASTM A123 or A653 -
8 | & [BBegerte. [temanms]: v2" Llsas] Long ASTM AS00 Gr. B AASHTO M111 (ASTM A123) -~
b2 | 2 ‘[”’755%5L£!’;5§’;L%‘505‘§r WO [Wib2xls Al 27 /4 ASTM A992 AASHTO M111 (ASTM A123) .
b3 | 4 |7°x5 1/4°x5/8" [178x133x16] Steel Plate ASTM A36 AASHTO M111 (ASTM A123) -
b4 2 |13"x5 1/2""x3/4” [330x140x19] Steel Plate ASTM A36 AASHTO M111 (ASTM A123) —
W6x8.5 [W152x12.6] or W6x9 [W152x13.4], 72" Lon ASTM A992 or ASTM A36 Min.
bs | 1 [Me:85 WIS212.6] [ ] g 202S [5an ) MSHTO M111 (ASTM A123) PWEOS
b6 1 eSSt)e(;lz Ig(;;;cs1/4 [152x305x368] Timber Blockout for SYP Grade No.1 or better _ PDB10q
d1 1 |Modified Ground Strut Assembly ASTM A36 AASHTO M111 (ASTM A123) -
d2 2 |Anchor Bracket Assembly ASTM A36 ASTM A123 FPAO1
43 | 1 |7 1/2°x&"x1 178" [191x102x29] Bearing Plate ASTM A36 AASHTO M111 (ASTM A123) =
44 | 1 |7 1/4"x1 3/4"x1/2" [184x44x13] Steel Plate ASTM A36 AASHTO M111 (ASTM A123) =
d5 | 2 |2 1/2°x1/2°x1/2" [64x13x13] Square Bar ASTM A36 AASHTO M111 (ASTM A123) =
el | 4 |3/4" [190] Dia. 6x19 WRC IPS Wire Rope PS AASHTO M30 (ASTM A741) Type Il Class A =
e Fitting — ASTM A576 Gr. 1035 Fitting — ASTM A153
g2 | @ [RGT hnehor Leble Frd Swaged. Fitting Stud — ASTM F568 Class C Stud — ASTM A153 or B695 -
e3 2 |115—HT Mechanical Splice — 3/4" [19] Dia. As Supplied - -
ed 2 |Crosby Heavy Duty HT — 3/4” [19] Dia. Cable Thimble Stock No. 1037773 As Supplied -
rosby G2130 or S2130 Bolt Type Shackle — 1 1/4”
e5 | 6 isz] Yic2with, thin Poad bok, AOE, ang_estter pin’ | |Stock o, oo o URRGDE - -
rade A, Class 3 or Similar pp
Chicago Hardware Drop Forged Heavy Duty Eye Nut —
e6 4 E)rille nd Tapped 1 1/2 g[38] Dia. — UKJC 6 Stock No. 107 — As Supplied - -
M36x4]
e7 1 [1” [25] Dia. Eye Nut As Supplied As Supplied -
e8 | 2 |[TLL-50K—PTB Load Cell = = =
[SHEET:
Steel Post Downstream |®° ¥
Anchorage (Concept 2) [
11/23/2020)
Bl ¢ Material DRAWN BY:
. . il of Materials
Midwest Roadside e
Sofety Foclllty DWG. NAME. SCALE: 4None REV. BY:
PostC2_R7 UNITS: in.[mm] EAL/MF‘/RK

Figure 107. Bill of Materials, Test No. SPDA-2
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LTT

Ikegw QrY. Description Material Spec M—GalvSpec Hchmgre
5/8" [16] Dia. UNC, 14" [356] Long Guardrail Bolt Bolt — ASTM_A307 Gr. A
e | 1 BT e [356] Long i ASTM 8307 or ASTM A153 or B695 Class 55 or F2329 | FBBO6
5/8" [16] Dia. UNC, 1 1/4” [32] Long Guardrail Bolt Bolt — ASTM_A307 Gr. A
f2 | 10 a{ e /4" [32] Long Lop DoRA AT G ASTM A153 or B695 Class 55 or F2329 | FBBO1
5/8" [16] Dia. UNC, 10" [254] Long Hex Head Bolt Bolt — ASTM_A307 Gr. A
| 2 B [254] Long Lo ARTMLER07 L1 ASTM A153 or B695 Class 55 or F2329 | FBX16a
5/8" [16] Dia. UNC, 1 1/2" [38] Long Hex Head Bolt Bolt — ASTM_A307 Gr. A
m | 18 [ LE pa- 28], Long BETH Sonl & ASTM A153 or B635 Class 55 or F2329 | FBX16a
" o Bolz - ASTM F3125 Gr 120 Bo|t — ASTM A153 or B695 Class 55 or
6 g |2/16 [‘IU Dia. UNC, 2 1/4" [57] Long Heavy Hex A325) or A354 136 Gr. 3 F2329 or F2833 Gr. 1 _
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Figure 108. Bill of Materials, Test No. SPDA-2 (Continued)
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b~

First Anchor Post

Second Anchor Post

Figure 110. Test Setup, Test No. SPDA-2
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Figure 111. Test Setup, Test No. SPDA-2
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6.2 Test No. SPDA-2 Results

During test no. SPDA-2, the top portion of both anchor posts deflected downstream when
the tow cable pulled the rail. The pull force was immediately transferred to the two foundation
tubes, which rotated in the soil. When the cable anchor was tensioned, a downward vertical force
component was applied to the rail. First, the second anchor post twisted and caused the rail to
deform and tear vertically at the rail-to-post bolt connection. Following the rail tearing at the
second anchor post, the rail moved vertically downward. All bolts in the first anchor post fractured
in tension and the anchor cable and bearing plate were released. All bolts in the second anchor post
also fractured.

The force versus time and the displacement versus time curves for test no. SPDA-2 were
processed from transducer data using the SLICE-1 and SLICE-2 units and are shown in Appendix
H. The anchor cable loads, pull cable loads, and anchor cable displacements are shown in Figure
112. The peak force from the anchor cable and the pull cable were 44.0 Kips (195.7 kN) and 17.0
kips (75.6 kN), respectively. These peak loads occurred at 0.190 sec and 0.100 sec, respectively.
The peak displacement of 2.4 in. (61 mm) was measured by the string potentiometer attached to
the end of the anchor cable which occurred at 0.214 sec. Time-sequential photographs are shown
in Figures 113 through 114. Post-impact photographs are shown in Figures 115 and 116.
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-

© 0,000 sec

© 0.50sec
Figure 113. Time-Sequential Photographs, Test No. SPDA-2
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0.

Figure 114. Time-Sequential Photographs, Test No. SPDA-2 (Continued)
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6.3 Discussion

In test no. SPDA-2, several observations were made. The increased tension in the anchor
cable caused the top part of the second anchor post to disengage from the rail. This force caused
the rail to tear vertically at the rail-to-post bolt connection. All four bolts in the slip base of the
first anchor post fractured in tension. These bolts fractured after the rail released from the second
anchor post. Following this, the anchor cable and bearing plate released from the first anchor post.
Finally, all bolts in the slip base of the second anchor post fractured in tension.

The maximum load of 17.0 kips (75.6 kN), measured in the pull cable occurred at 0.100
sec after the start of the dynamic event. After 0.100 sec, the pull cable load dropped to zero, which
meant technical difficulty occurred with the load cell. At 0.150 sec, the rail began to deform and
tore at the second anchor post with the peak force and displacement during this time at 35.0 Kips
(155.7 kN) and 1.75 in. (44 mm), respectively. Around 0.170 sec, the peak load dropped to 30.0
Kips (133.4 kN) as twisting and rail tearing occurred at the second anchor post. The displacement
at 0.170 sec was 1.8 in. (46 mm). At 0.190 sec, a maximum peak force of 44.0 kips (195.7 kN)
was measured in the anchor cable, which displaced 2.1 in. (53 mm). At 0.220 sec, a peak force of
42.0 kips (186.8 kN) was measured in the BCT anchor cable. During this time, a maximum
displacement of 2.4 in. (61 mm) was measured by the string potentiometer attached to the end of
the anchor cable.

Three peak tensile loads of 35.0 kips (155.7 kN), 44.0 Kips (195.7 kN), and 42.0 kips (186.8
kN) were recorded by the BCT anchor cable load cell. The first large load occurred when the rail
began to tear vertically at the second anchor post bolt connection. The second large load occurred
while the rail tearing progressed at the second anchor post bolt attachment. The third large load
occurred when all bolts fractured from the first anchor post.

The maximum load sustained by the end anchorage was 44.0 kips (195.7 kN). The anchor
cable load versus anchor cable displacement is shown in Figure 117. All bolts in both anchor posts
fractured in tension. The anchor cable and bearing plate were released completely after the bolts
fractured. Results from test no. SPDA-2 are summarized in Table 7.

Table 7. Summary of Test Results, Test No. SPDA-2

. Energy
Impa_ct Peak | Displacement | 5 pga) . Component | Attachment
Test No Velocity | Force | atPeak Load | | 154 Failure Damage Damage
' mph kips in. Kips-in. Mechanism
(km/h) (KN) (mm) (kJ)
Rail tore on
Anchor post post b(_)lt AIIboItg
broke away connection, fractur-ed in
SPDA-2 18.3 44.0 21 49.6 releasin posts broke tension
(29.5) | (195.7) (53) (5.6) g away, rail releasing
BCT anchor
released and | both anchor
cable
pulled posts
downstream
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7 DYNAMIC COMPONENT TEST — DESIGN CONCEPT NO. 3

7.1 System Details — Concept No. 3

Test no. SPDA-3 was a dynamic jerk test of design concept no. 3 which was the anchorage
system with an angled bearing plate. This system design included two modified UBSPs with a slot
in the end foundation tube that formed the lower portion of the end anchor post, an opening in the
bottom base plate to allow cable release, and an angled bearing plate welded to the bottom post to
restrain the anchor cable. The test matrix and test setup are shown in Figures 118 through 135.
Photographs of the test setup are presented in Figures 136 and 137. Material specifications, mill
certifications, and certificates of conformity for the system materials used in test no. SPDA-3 are
shown in Appendix G.
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Figure 118. Bogie Testing Matrix and Setup, Test No. SPDA-3
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Figure 119. Anchorage Layout, Test No. SPDA-3
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Figure 122. Anchor Post Assembly, Test No. SPDA-3
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Figure 123. Bearing Plate Assembly Weld, Test No. SPDA-3
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Figure 124. Anchor Post Components, Test No. SPDA-3
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Figure 125. Anchor Post Components, Test No. SPDA-3
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Figure 126. BCT Anchor Cable and Load Cell Detail, Test No. SPDA-3
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Figure 132. Hardware, Test No. SPDA-3
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v1

Ike:’ Qry. Description Material Spec Galvanization Spec Hqcrgi"é(e’re
a1 | 1 [1258 13810] 12 gauge [2.7] W—Beam MGS End AASHTO M180 ASTM A123 or AB53 -
@ | g |25 el N2 gungs [207] WBeant M5 AASHTO M180 ASTM A123 or A653 -
b1 | 2 [[S8 X8 x3/16 1152x203x5], 72" [1,829] Long ASTM A500 Gr. B AASHTO M111 (ASTM A123) -
W6x8.5_[W152x12.6] or W6x9 [W152x13.4], 27
b2 | 2 [§73% 97051 ong Slee, Post [ ] ASTM A992 AASHTO M111 (ASTM A123) -
b3 4 [7"x5 1/4"x5/8" [178x133x16] Steel Plate ASTM A36 AASHTO M111 (ASTM A123) =
b4 | 4 |5 1/2°x5 1/4"x3/4" [140x133x19] Steel Plate ASTM A36 AASHTO M111 (ASTM A123) =
W6x8.5 [W152x12.6] or Wbx9 [W152x13.4], 72" | ASTM A992 or ASTM A36  Min. 50
b5 | 1 [one T1.826] K1Zblor, C ] kel (345 MBo] AASHTO M111 (ASTM A123) PWEOS
b6 | 1 fso:(1§qt'2((e1l4P<1)ét‘; [152x305x368] Timber Blockout SYP Grade No.1 or better _ PDB10a
dl | 1 |Cround Strut Assembly ASTM A36 ASTM A123 PFPO1
d2 | 2 |Anchor Bracket Assembly ASTM A36 ASTM A123 FPAOT
d3 | 1 |7 1/2°x3 3/47x5/8" [191x95x16] Bearing Plate ASTM A36 AASHTO M111 (ASTM A123) -
d4 2 (2 3/8"x1 7/16"x5/8" [60x37x16] Gusset Plate ASTM A36 AASHTO M111 (ASTM A123) -
d5 1 |3"x2 3/8"x1/2" [76x60x13] Plate Washer ASTM A36 AASHTO M111 (ASTM A123) —
el | 4 |3/4" [190] Dia. 6x19 IWRC IPS Wire Rope PS AASHTO M30 (ASTM A741) Type Il Class A -
s Fitting — ASTM A576 Gr. 1035 Fitting — ASTM A153
82 | 4 |BET Anchor Cable End Swaged Fitting Stud — ASTM F568 Class C Stud — ASTM A153 or B695 &
e3 115—HT Mechanical Splice — 3/4” [19] Dia. As Supplied - -
o4 Crosby Heavy Duty HT = 374" [19] Dia. Cable Stock No. 1037773 As Supplied -
Crosby 02130 or S2130 Bolt Type Shackle — 1
es | 6 [7/P133] 0. “with thin hasd Dok, nit, and Stock Nes. 1910907 diid 1019604 - -
cotter piri, Grade A, Class 3 or Similar S iDUpPhe
Chicago Hardware Drop Forged chvil uty Eye
eb 4 UHtC_S lfalé%dﬁnd Tapped 1/2” [38] Dia. = Stock No. 107 — As Supplied - -
X
e7 1 [1” [25] Dia. Eye Nut As Supplied As Supplied -
e8 2 |TLL—50K—-PTB Load Cell - - -
i
Steel Post Downstream | ™
Anchorage (Concept 3) =
11/23/2020)
Bill of Material el
. . i o aterials /:
Midwest Roadside =
Sofety FOCIlIty DWG. NAME. SCALE: .Nnne IF:vv BY:
PostC3_R9 UNITS: in.[mm] FAL/MP/RK

Figure 133. Bill of Materials, Test No. SPDA-3
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ov1

Ithch Qry. Description Material Spec Galvanization Spec H"(;’S;{;‘;'e
5/8" [16] Dia. UNC, 14" [356] Long Guardrail Bolt — ASTM_A307 Gr. A
f1 1 Bé[t o[nd ut [ ] 9 Nut — ASTM A563A ASTM A153 or B695 Class 55 or F2329 FBBO6
8" [16] Dia. UNC, 1 1/4” [32] Long Guardrail Bolt — ASTM A307 Gr. A
2 |10 [3/2 L1610 /4" [32] Long bar 2SI Aslr o ASTM A153 or B695 Class 55 or F2329 |  FBBO1
5/8” [16] Dia. UNC, 10" [254] Long Hex Head Bolt — ASTM_A307 Gr. A
B |z B A [254] Cong L5 ASIM Ay Cr ASTM A153 or B695 Class 55 or F2329 | FBX16a
8” [16] Dia. UNC, 1 1/2" [38] Long Hex Head Bolt — ASTM_A307 Gr. A
f4 16 Bélt o[nd ]Nut / [ ] ) Nut — ASTM A563A ASTM A153 or B695 Class 55 or F2329 FBX16a
- g " Bolt — ASTM F3125 Gr. 120 (A325) Bolt — ASTM A153 or B695 Class 55 or
16 8 7/16 P‘I] Dia. UNC, 2 1/4” [57] Long Heavy A354 Gr. BC F1136 Gr 3 or F2329 or F2833 Gr. 1 -
Hex Bolt and Nut Nut — ASTM A563DH or A194 Gr. [Nut — AST A153 or B633 or B695 Class
55 or F1941 or F2329
f7 2 |1” [25] Dia. Plain Round Washer ASTM FB44 ASTM A123 or A153 or F2329 FWC24a
8 36 |5/8” [16] Dia. Plain Round Washer ASTM F844 ASTM A123 or A153 or F2329 FWC16a
9 32 |7/16” [11] Dia. Plain Round Washer ASTM FB844 ASTM A123 or A153 or F2329 -
f10 3 |1” [25] Dia. Hex Nut ASTM A563A ASTM A153 or B695 Class 55 or F2329 FNX24a
f11 1 (16D Double Head Nail = = =
gl 2 |Portable Concrete Barrier Min f'c=5,000 psi [34.5 MPa] = SWC09
g2 1 |Concrete Block — MN Noise Wall - = =

Midwest Roadside
Safety Facility

—
DWG. NAME.

Steel Post Downstream

Anchorage (Concept 3)

Bill of Materials

PostC3_R9

[SCALE: None
UNITS: in.[mm] FAL/MP/RK

Figure 134 Bill of Materials, Test No. SPDA-3 (Continued)
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Figure 135 Isometric View, Test No. SPDA-3
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First A'nchor Post

= Second Anchor Post

Figure 136. Test Setup, Test No. SPDA-3
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Figure 137. Test Setup, Test No. SPDA-3
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7.2 Test No. SPDA-3 Results

During test no. SPDA-3, as the tow cable started to pull the rail, the top portion of both
anchor posts began to deflect downstream. The anchor cable released from the bearing plate, and
the four bolts connecting the two base plates attached to the top and bottom portions of the first
anchor post fractured. Unlike test nos. SPDA-1 and SPDA-2, the rail did not disengage from the
posts in test no. SPDA-3 due to the lower peak force developed in the system as compared to test
nos. SPDA-1 and SPDA-2.

The force versus time and the displacement versus time curves for test no. SPDA-3 were
processed from transducer data using the SLICE-1 and SLICE-2 units and are shown in Appendix
H. The anchor cable loads, pull cable loads, and anchor cable displacements are shown in Figure
138. The peak force from the anchor cable and the pull cable were 23.3 kips (103.6 kN) and 29.3
kips (130.3 kN), respectively. The peak loads occurred at 0.120 sec and 0.140 sec, respectively. A
maximum displacement of 1.0 in. (25 mm) occurred at 0.130 sec. Time-sequential photographs
are shown in Figures 139 and 140. Post-impact photographs are shown in Figure 141.
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Figure 138. Force vs. Time and Displacement vs. Time, Test No. SPDA-3

0.25

0.30

0.0
0.35

String Pot Displacment (in.)

02-80.€-€0-dYL 'ON Moday 4SHMIN

020¢ ‘LT 1aquiaded



December 17, 2020
MwRSF Report No. TRP-03-370a-20

Figure 139. Time-Sequential Photographs, Test No. SPDA-3
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Figure 140. Time-Sequential Photographs, Test No. SPDA-3 (Continued)
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Figure 141. Post-Impact Photographs, Test No. SPDA-3
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7.3 Discussion

In test no. SPDA-3, several observations were made. Following the release of the anchor
cable from the first anchor post, the top portion of both posts twisted and deflected downstream.
The rail deformed at the rail-to-post bolt connection in both anchor posts. The bolts in the slip base
of the first anchor post fractured, and the anchor cable released and shifted to the downstream
direction together with the first anchor post while the second anchor post twisted. All bolts in the
slip base of the second anchor post fractured in tension.

Around 0.110 sec, the anchor cable released from the angled bearing plate. The maximum
load sustained by the BCT anchor cable was 23.3 kips (103.6 kN), which occurred at 0.120 sec
after the beginning of the test. At 0.130 sec, the four bolts in the first anchor post fractured in
tension. The maximum displacement measured by the string potentiometer attached to the end of
the BCT anchor cable was 1.0 in. (25 mm), which occurred around 0.130 sec. At this time, the
string potentiometer was lifted into the air and shifted to the other side.

The maximum load sustained by the end anchorage was 23.3 kips (103.6 kN). The anchor
cable load versus anchor cable displacement is shown in Figure 142. The loading curve of the
anchor cable was approximately linear up to 0.5 in. (13 mm). All bolts in each anchor post fractured
in tension. The anchor cable was fractured into two pieces. The top portion of the anchor posts
were twisted and deformed at the slot in the post. Results from test no. SPDA-3 are summarized
in Table 8.
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Table 8. Summary of Test Results, Test No. SPDA-3
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Energy
Impact | Peak | Displacement | at Peak
Test | Velocity | Force | at Peak Load | Load Failure Component | Attachment
No. mph kips in. Kips-in. | Mechanism Damage Damage
(km/h) | (KN) (mm) (kJ)
Anchor All bolts
Anchor post cable fractured
SPDA-3 ég'g) (12033.36) 215'00 (115;; fractured in | slipped from | after anchor
' ' (25.0) ' tension the bearing cable
plate slipped off
60 1 | 1 I 1 I ] I ] I 1 I 1
50 |- —
’(3‘ 4
2
=~
— 40 |- —
§e)
®
o] _
—1
Q
e = -
2 30
O
B -
-
&)
e -
<
0 | | | l | |
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

String Pot Displacement (in.)
Figure 142. Anchor Cable Load vs. String Pot Displacement, Test No. SPDA-3
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8 DYNAMIC COMPONENT TESTING — DESIGN CONCEPT NO. 4

8.1 System Details — Concept No. 4

During test no. SPDA-1, the anchorage system with the cable passing through the top
portion of the anchor post performed sufficiently, but the pull cable yielded after the pull load
exceeded its capacity. Thus, the four bolts connecting the top and bottom posts were not loaded to
their full capacity. As such, the maximum anchorage capacity of this concept was not known.
Thus, an additional test was conducted to determine the maximum anchorage capacity of the
system.

Test no. SPDA-4 was a dynamic jerk test of design concept no. 4, which was the anchorage
system with the cable passing through the top portion of the anchor post (similar to design concept
no. 1). The system was modified slightly prior to rerunning the jerk test. The height of the bearing
plate was decreased from 7 in. (178 mm) to 6% in. (159 mm). It was believed that it would transfer
the load distribution in the top and bottom portions of the anchor post more evenly to where more
load could be transferred to the foundation tube. This could potentially increase the overall
anchorage capacity. Calculations were performed to determine the modified width of the bearing
plate and are shown in Appendix D.

The design included two modified UBSPs with a slot at the bottom of the top W6x8.5
anchor post in order to pass the cable of the post and an opening in the top base plate to allow the
cable to release when the top portion of the post disengaged. The test matrix and test set up are
shown in Figures 143 through 159. Photographs of the test setup are shown in Figures 160 and
161. Material specifications, mill certifications, and certificates of conformity for the system
materials used in test no. SPDA-4 are shown in Appendix G.
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Notes:

Test Name |Bogie No.

Estimated Boqgie | Bogje Speed
Weight (Ib) (mph)

SPDA-4 2

6,667 20

4
N
4
.

Y
4
Y
v

<A
Al

N’

PLAN VIEW

N
P

|
L \l
Line
ELEVATION VIEW

(1) Use a parallel combination of three 3x7 cables as towing cables.
(2) High—speed camera perpendicular to the breakaway posts.

(3) Accelerometers on bogie: SLICE—1 and SLICE-2.

(4) Use two 50—kip tension load cells and one string potentiometer.

String Potentiometer
Attached to Foundation
Post like DSAP—-2

Steel

Midwest Roadside

Post Downstream
Anchorage (Concept 4)

Bogie Setup

Safety Facility [™ ™=

PostC4_R2

ISCALE: 1:75
UNITS: in.[mm]

Figure 143. Bogie Setup, Test No. SPDA-4
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Figure 144. Anchorage Layout, Test No. SPDA-4
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Figure 145. Anchorage Layout, Test No. SPDA-4
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Figure 146. Anchorage Details, Test No. SPDA-4
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Figure 147. Anchor Post Assembly, Test No. SPDA-4
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Figure 148. Anchor Post Components, Test No. SPDA-4
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Figure 149. Anchor Post Components, Test No. SPDA-4
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Figure 150. BCT Anchor Cable and Load Cell Detail, Test No. SPDA-4
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Figure 151. Modified BCT Anchor Cable, Test No. SPDA-4
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Figure 152. Shackle and Eye Nut, Test No. SPDA-4
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Figure 153. BCT Post Components and Anchor Bracket Details, Test No. SPDA-4
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02-80.€-€0-dYL 'ON Moday 4SHMIN

020¢ ‘LT 1aquiaded



TLT

14”[356]

N
&
NG
[o4]
lS

10"[254]

1 3/47[44]

5/8"-11 UNC—
Part 3

’_—‘_1 1/4"[32] W9/15"[14] —{1 1/2"[38]
-—\—5/8"—11 UNC —

Part f2

|-—-I—9/1s"[1
N\—5/8"-11 UNC

Part f4
®1/2"[12]
I i}-:m 1/8"[29]

ELEVATION VIEW
Part f9

.‘ 1"[26] ’~
—

! 1/2"[38]’— I.*'_s/s"[w]

1/2"-13

Part f5

2 1/4"[57]
41 1/8"[29]

7/16"-14 unc—

Part f6

H»s/s"[m]

>

PROFILE VIEW

I-—-1—9/16”[14]

H

4] H

ELEVATION VIEW
P

$5/8"[17]
@1 3/47[44]
.H.1 /16°[2] @

ELEVATION VIEW

9/16"[14]
-

8

@2 1/2"[64]
@1 1/16"[27]

—~ [-3/16"[4]

I

. PROFILE VIEW

«%»1/8”[3]

PROFILE VIEW
Part f8

art f

ELEVATION VIEW PROFILE VIEW
Part f10

Midwest Roadside
Safety Facility

Steel Post Downstream
Anchorage (Concept 4)

Hardware

DWG. NAME.
PostC4_R2

SCALE: 1:2
UNITS: in.[mm]

Figure 156. Bolt and Washer Details, Test No. SPDA-4

02-80.€-€0-dYL 'ON Moday 4SHMIN

020¢ ‘LT 1aquiaded



¢L1

IF\lec;T‘ QTY. Description Material Specification Treatment Specification HOéSiVégre
at | = (232, [%B10] 12 gougs [2] Wneam: Mis Erd AASHTO M180 ASTM A123 or AB53 -
az | - [{228 [5810] 12 ‘gouge [2.7] W--Beam: MGS AASHTO M180 ASTM A123 or AB53 -
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il | - [BOREIBAE L ki 72 |1:828], Long ASTM A500 Gr. B ASTM A123 -
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es | - %527 Dl “with thin hagd Lok, . and R el TR0 S 1BTRR06 = A - -
cotter pm Grade A, Class 3 or Similar ppl
ChICQ o_Hardware Drop For ed H uty Eye
e6 — [Nut - Drilled and Top%e '?a[!f y A Stock No. 107 — As Supplied — o
UNC 6 [M36x4]
e7 — [17 [25] Dia. Eye Nut As Supplied As Supplied -
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Figure 157. Bill of Materials, Test No. SPDA-4
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IF\lec;T‘ QTY. Description Material Specification Treatment Specification HOéSiVégre
1 | _ [5/8" [16] Dia. UNC, 14" [356] Long Guardrail Bolt — ASTM_A307 Gr. A ASTM A153 or_B695 Class 55 or FBBO6
Bolt and Nut Nut — ASTM A563A F2329
5/8” [16] Dia. UNC, 1 1/4” [32] Long Guardrail Bolt — ASTM A307 Gr. A ASTM A153 or B695 Class 55 or
2 |- Y o[nd ]Nut /A e Leng Nut — ASTM A563A F2329 FBBO1
5/8" [16] Dia. UNC, 10" [254] Long Hex Head Bolt — ASTM A307 Gr. A ASTM A153 or B695 Class 55 or
3| - [RL% ]Nut [254] Long Nut — ASTM A563A F2329 FBX16a
5/8" [16] Dia. UNC, 1 1/2" [38] Long Hex Head Bolt — ASTM_A307 Gr. A ASTM A153 or_B695 Class 55 or
| - B LAY /2" [38] Long Nut — ASTM A563A F2329 FBX16a
P T e
or | 2 or or
f6 | - [7£16] [11] Die. UNC, 2 1/4" [57] Long Heavy Bolt = ASTM. F2126 Gr. 120 (A3525) or F2833 Gr. 1 _
Hex Bolt and Nut Nut — ASTM ASB30H o A194 Gr. 2H Nk s s 2172 oL Boe ar
F2329
7 — [1” [25] Dia. Plain Round Washer ASTM F844 ASTM A123 or A153 or F2329 FWC24a
8 | — |5/8” [16] Dic. Plain Round Washer ASTM F844 ASTM A123 or A153 or F2329 FWC16a
f9 | — [7/16" [11] Dia. Plain Round Washer ASTM F844 ASTM A123 or A153 or F2329 -
£10 | = [1” [25] Dio. Hex Nut ASTM AS63A ASTM A123 or BSS ‘Claes 99 :6F |  FilNR4a
f11 — |16D Double Head Nail - - -
g1 — |Portable Concrete Barrier Min f'c=5,000 psi [34.5 MPa] - SWC09
q2 — |Concrete Block — MN Noise Wall = - —
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Figure 158. Bill of Materials, Test No. SPDA-4 (Continued)
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Figure 160. Test Setup, Test No. SPDA-4
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8.2 Test No. SPDA-4 Results

During test no. SPDA-4, the rail and the top portion of the anchor posts began to deflect
downstream when the tow cable started to pull the rail. The pull force was immediately transferred
to the two foundation tubes, which rotated in the soil. When the cable anchor was tensioned, a
downward vertical force component was applied to the rail. This force twisted the second anchor
post and deformed the rail at the second anchor post bolt connection, causing the rail to tear
vertically and move downward. Next, all four bolts in the slip base of the first anchor post fractured
in tension. The anchor cable and the bearing plate then released from the first anchor post and
moved downstream with the anchor post. The bearing plate and the anchor cable remained attached
to the top base plate during the test.

The force versus time and the displacement versus time curves for test no. SPDA-4 were
processed from transducer data using the SLICE-1 and SLICE-2 units and are shown in Appendix
H. The anchor cable loads, pull cable loads, and anchor cable displacement are shown in Figure
162. The peak loads from the anchor cable and the pull cable load cell were 49.5 kips (220.2 kN)
and 58.8 kips (261.6 kN), respectively. The peak loads occurred at 0.086 sec and 0.096 sec,
respectively. Two displacements of 1.7 in. (43 mm), and 1.9 in. (48 mm) were measured by the
string potentiometer attached to the foundation tube of the first anchor post, which occurred at
0.086 sec and 0.096 sec, respectively. Time-sequential photographs are shown in Figures 163 and
164. Post-impact photographs are shown in Figure 165.
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Figure 163. Time-Sequential Photographs, Test No. SPDA-4
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Figure 164. Time-Sequential Photographs, Test No. SPDA-4 (Continued)
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SPDA-4

Post-Impact Photographs, Test No.

Figure 165
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8.3 Discussion

In test no. SPDA-4, the increased tension in the anchor cable caused the rail to tear
vertically at the second anchor post bolt connection. All four bolts connecting the top and bottom
parts of the first anchor post fractured in tension after the rail moved approximately half the post
length downward. Following the bolt fracture, the bearing plate and the anchor cable were released
away from the first anchor post and remained together with the top post base plate. Finally, all
bolts from the second anchor post fractured in tension.

A first peak load of 41.6 kips (185.9 kN) occurred when the rail tore vertically at the second
anchor post bolt connection at 0.086 sec. A second peak load of 49.5 kips (220.2 kN) occurred
when all bolts fractured in the base plate of the first anchor post at 0.096 sec.

The maximum load sustained by the end anchorage was 49.5 kips (220.2 kN). The anchor
cable load versus foundation tube displacement is shown in Figure 166. All bolts in each anchor
post fractured in tension. The anchor cable and bearing plate remained together and moved
downstream after the anchor post bolts fractured. Results from test no. SPDA-4 are summarized
in Table 9.

Table 9. Summary of Test Results, Test No. SPDA-4

Energy
Impact | Peak | Displacement | at Peak
Test | Velocity | Force | at Peak Load Load Failure C%rzr[:]c;nint Ag‘:;;‘;nint
No. mph Kips in. Kips-in. | Mechanism g g
(km/h) | (kN) (mm) (kJ)
Ratl ore 2| Allbolts
Anchor cgnnection fractured in
21.1 49.5 1.7 50.6 posts ’ tension
SPDA-4 - posts broke .
(34.0) | (220.2) (43) (5.7) fractured in releasing
. away, and
tension . both anchor
bearing plate
posts
released
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9 DYNAMIC COMPONENT TESTING — DESIGN CONCEPT NO. 5

9.1 System Details — Concept No. 5

During test no. SPDA-3, the anchor cable released from the angled bearing plate early in
the event. The peak force measured by the BCT anchor cable load cell was 23.3 kips (103.6 kN),
which was a lower peak load as compared to design concept nos. 1 and 2. This resulted in
modifications to design concept no. 3 to better anchor the cable in the bearing plate. The
modifications included changing the angle of the bearing plate, welding the bearing plate to the
foundation tube, and adding a brass keeper rod across the cable end. A patent review was
conducted to avoid infringing upon any available patent, and it was determined that no patents
were using this design concept.

Calculations were performed to determine the fillet weld capacity, as detailed in Appendix
E. Based on these calculations, the fillet weld size of %46 in. (5 mm) was sufficient to resist the
anchor cable load, which was estimated to be 40.0 kips (177.9 kN).

Test no. SPDA-5 was a dynamic jerk test of design concept no. 5, which was the anchorage
system with the cable passing through the top portion of the anchor post and connecting to a
welded, angled bearing plate (similar to design concept no. 3). The test matrix and test setup are
shown in Figures 167 through 184. Photographs of the test setup are presented in Figures 185 and
186. Material specifications, mill certifications, and certificates of conformity for the system
materials used in test no. SPDA-5 are provided in Appendix G.
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Figure 172. Bearing Plate Weld Detail, Test No. SPDA-5
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02-80.€-€0-dYL 'ON Moday 4SHMIN

020¢ ‘LT 1aquiaded



€67

' 80 1/16"[2033]

DETAIL |

Note: (1) 6x25 IWRC IPS cables meet the minimum breaking strength of
42.7 kips [190 kN] and may be substituted for the 6x19 IWRC IPS

cables.

(2) Part g2 hidden in Detail | for clarity.

Midwest Roadside
Safety Facility

Steel Post Downstream
Anchorage (Concept 5)

BCT Anchor Cable & Load Cell

Detail

DWG. NAME.
PostC5_R3

SCALE: 1:8
UNITS: in.[mm]
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Figure 176. Modified BCT Anchor Cable, Test No. SPDA-5
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Figure 177. Shackle and Eye Nut Detail, Test No. SPDA-5
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Figure 178. BCT Post Components and Anchor Bracket, Test No. SPDA-5
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Figure 179. Ground Strut Details, Test No. SPDA-5
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Figure 180. Rail Section Details, Test No. SPDA-5
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Figure 181. Bolt and Washer Details, Test No. SPDA-5
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'heg‘ QTY. Description Material Spec Galvanization Spec H%S[-'égre
al | 1 [{256 [3810] 12 gauge [2.7] W—Beam MGS End AASHTO M180 ASTM A123 or A653 =
gz | ¢ [258 [Bp0] 92 gauge |25 Wesaenm Mes AASHTO M180 ASTM A123 or AB53 -
TS6"x8"x3/16" [152x203x5], 72" [1,829] Lon
1 | g [CEoeErE ] iy 72" | 5=8], Long ASTM AS00 Gr. B ASTM A123 -
W6x8.5 |W152x12.6] or W6x9 [W152x13.4|, 27
b2 | 2 (%5383, [W152x12.6] or Wex [ 1 ASTM A992 ASTM A123 =
b3 4 |[7"x5 1/4"x5/8” [178x133x16] Steel Plate ASTM A36 ASTM A123 -
b4 | 4 |5 1/2"x5 1/4"x3/4" [140x133x19] Steel Plate ASTM A36 ASTM A123 =
W6Ex8. 2x12.6] or W6x9 [W152x13.4], 72" ASTM A992
b3 1 Long ?_1 5_] Steel ]Pos : ) Min. 50 ksi ?345 MPa] ASTM. 123 PWEOB
6"x12"x14 1/4" [152x305x368] Timber Blockout
b6 | 4 [Exeae 1 ] ] SYP Grade No.1 or better - PDB10a
d1 1 |Ground Strut Assembly ASTM A36 ASTM A123 PFPO1
d2 2 |Anchor Bracket Assembly ASTM A36 ASTM A123 FPAO1
d3 | 1 |7 1/2'x2 9/16'x5/8" [191x65x16] Bearing Plate ASTM A36 ASTM A123 =
d4 1 |3"x2 3/8"x1/2"” [76x60x13] Plate Washer ASTM A36 ASTM A123 -
3/16” [5] Dia. Brass Rod, 6 7/8" [175] Lon
as | 1 [3pe. 5] 75 |78] Loy ASTM B16-00 - -
el 4 [3/4” [190] Dia. 6x19 IWRC IPS Wire Rope IPS ASTM A741 Type Il Class A ~
g Fitting — ASTM A576 Gr. 1035 Fitting_ — ASTM A153
82 | % [BET #ncror Cable: End Swaged Fitting Stud — ASTM F568 Class C Stud — ASTM A153 or B695 -
e3 2 [115—HT Mechanical Splice — 3/4" [19] Dia. As Supplied - -
of | 2 [goaby Heavy Duty HT — 3/4" [19] Dia. Gable Stock No. 1037773 As Supplied -
Crosb 62130 or S2130 Bolt Type Shackle — 1
e5 6 32] Dia. with thin head {%t nut, and Stock Nos. 1019537 oendd 1019604 — As - =
cotter pir, Grade A, Class 3 or Similar ppli
Chicago Hardware Drop Forged H uty Eye
eb 4 |Nut = Drill ed nd Tap%ed 1/2"’“[3'8]0 y z Stock No. 107 — As Supplied = =
UNC 6 [M36x4]
e7 1 |17 [25] DICJ. Eye Nut As Supplied As Supplied -
e8 2 |TLL-50K—-PTB Load Cell - = >
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Figure 182. Bill of Materials, Test No. SPDA-5
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I'heg\ QrY. Description Material Spec Galvanization Spec H%'givéoere
5/8" [16] Dia. UNC, 14" [356] Long Guardrail Bolt — ASTM_A307 Gr. A ASTM A153 or B695 Class 55 or
T RN R [356] Long Nut — ASTM A563A F2329 FBB06
5/8” [16] Dia. UNC, 1 1/4” [32] Long Guardrail Bolt — ASTM_A307 Gr. A ASTM A153 or_B695 Class 55 or
2 |10 RF 2 at ¢ 1] Tong Nut — ASTM A563A F2329 FBBO1
5/8" [16] Dia. UNC, 10" [254] Long Hex Head Bolt — ASTM A307 CGr. A ASTM A153 or B695 Class 55 or
3 |2 [gr LIS\D [254] Long Nut — ASTM A563A F2329 FBX16a
5/8” [18] Dia. UNC, 1 1/2” [38] Long Hex Head Bolt — ASTM A307 Gr. A ASTM A153 or B695 Class 55 or
4 |16 B4R LIS\ = 1 g Nut — ASTM A563A F2329 FBX16a
W BT
or r. 3 or or
f6 | & [7/16] [11] Die. UNC, 2 1/4" [57] Long Heavy Bolt — ASTM F3125 Gr. 120 (A325) or F2833 Gr. 1 ~
Hex Bolt dnd Nut Nut — ASTM A563DH or A194 Gr. 2H Nut — ASTM A153 or B633 or
B695 Class 55 or F1941 or
F2329
f7 2 [1” [25] Dia. Plain Round Washer ASTM F844 ASTM A123 or A153 or F2329 FWC24a
f8 36 |5/8” [16] Dia. Plain Round Washer ASTM F844 ASTM A123 or A153 or F2329 FWC16a
f9 32 |7/16” [11] Dia. Plain Round Washer ASTM F844 ASTM A123 or A153 or F2329 -
10 | 3 |1” [25] Dio. Hex Nut ASTM A563A AniM Adsas: BE SRRy KieE 99 B | | Ekade
i 1 |16D Double Head Nail - - -
g1 2 |Portable Concrete Barrier Min f'¢=5,000 psi [34.5 MPa] - SWC09
g2 1 [Concrete Block — MN Noise Wall e = -
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Figure 183. Bill of Materials, Test No. SPDA-5 (Continued)
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Figure 184. Isometric View, Test No. SPDA-5
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Figure 185. Test Setup, Test No. SPDA-5
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Figure 186. Test Setup, Test No. SPDA-5
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9.2 Test No. SPDA-5 Results

During test no. SPDA-5, the top portion of both anchor posts deflected downstream. The
pull force was immediately transferred to the two foundation tubes, which rotated in the soil. When
the cable anchor was tensioned, a downward vertical force component was applied to the rail. This
force twisted the second anchor post and deformed the rail slot at the second anchor post bolt
connection, causing the rail to tear and disengage from the first anchor post bolt connection. After
the rail disengagement, the anchor cable fractured. The peak load in the anchor cable exceeded the
cable breaking strength. The breaking strength of a %-in. (19-mm) diameter 6x19 IWRC IPS wire
rope was 52.0 kips (231.3 kN).

The force versus time and the displacement versus time curves for test no. SPDA-5 were
processed from transducer data using the SLICE-1 and SLICE-2 units and are shown in Appendix
H. The anchor cable loads, pull cable loads, and anchor cable displacements are shown in Figure
187. The peak force from the anchor cable and pull cable load cell were 49.4 kips (219.7 kN) and
54.0 kips (240.2 kN), respectively. Both peak loads occurred at around 0.08 sec. A maximum
displacement of 3.2 in. (81.3 mm) was measured by the string potentiometer attached to the anchor
post foundation tube. Time-sequential photographs are presented in Figures 188 and 189. Post-
impact photographs are displayed in Figures 190 and 191.

205



90¢

S0

4.5

1 I 1 I 1 I
| e SPDA-5 BCT Anchor Cable Load
80 | == SPDA-5 Pull Cable Load
| = SPDA-5 String Pot Displacement

70 +
60
50

40

Force (kips)

30
20

10

0 1 | 1
0.00 0.05 0.10 0.15
Time (sec)

Figure 187. Force vs. Time and Displacement vs. Time, Test No. SPDA-5

0.0

0.20

0.25

String Pot Displacement (in.)

02-80.€-€0-dH L 'ON Hoday 4SHMIN

020¢ ‘LT Jequiadeq



December 17, 2020
MwRSF Report No. TRP-03-370a-20

0.050 sec

0.150 sec
Figure 188. Time-Sequential Photographs, Test No. SPDA-5
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0.2505ec

0.350 sec
Figure 189. Time-Sequential Photographs, Test No. SPDA-5 (Continued)
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Figure 190. Post-Impact Photographs, Test No. SPDA-5
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Figure 191. Post-Impact Photographs, Test No. SPDA-5

s

o

\) x : ‘Y‘L
s \ S

02-80/E-£0-dH.L "ON Hoday 4SHMIN

020¢ ‘LT Jequiadeq



December 17, 2020
MwRSF Report No. TRP-03-370a-20

9.3 Discussion

In test no. SPDA-5, the increased tension in the anchor cable caused the top portion of the
first anchor post to disengage from the rail. Following the rail tearing, the anchor cable fractured
at 95% of its breaking strength (i.e., 49.5 kips). All bolts in the slip base of the second anchor post
fractured in tension.

Two peak tensile loads of 44.8 kips (199.3 kN) and 49.4 kips (219.7 kN) were measured
by the BCT cable load cell. A peak load of 44.8 kips (199.3 kN) occurred during rail tearing at the
first anchor post at 0.070 sec. A second peak load of 49.4 Kkips (219.7 kN) occurred when the
anchor cable fractured at 0.080 sec. The maximum load sustained by the end anchorage was 49.4
kips (219.7 kN). The anchor cable load versus foundation tube displacement is shown in Figure
192.

The four bolts in the first anchor post did not fracture, while all bolts in the second anchor

post fractured in tension. The upper and lower base plates for each anchor post remained
undamaged. Test results from test no. SPDA-5 are summarized in Table 10.

Table 10. Summary of Test Results, Test No. SPDA-5.

Impact | Peak | Displacement aEtnlgggi
Test | Velocity | Force | at Peak Load L oad Failure Component | Attachment
No. mph Kips in. Kips-in Mechanism | Damage Damage
(km/h) | (kN) (mm) (kJ)
Rail tearing | Anchor cable Bolts
SPDA- 20.6 49.4 2.9 81.2 at both broke, fractured in
5 (33.1) | (219.7) (74) (9.2) anchor second post tension in
posts broke away | second post
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10 SUMMARY OF RESULTS AND DISCUSSION

10.1 Summary of Results

The results from the dynamic jerk tests were analyzed to evaluate the performance of the
trailing-end anchorage design concepts and are summarized in Table 11. Test no. SPDA-1 was
conducted on design concept no. 1, which consisted of two modified UBSPs with a slot at the
bottom of a W6x8.5 anchor post for passing the anchor cable through the top post. Test no. SPDA-
2 was conducted on design concept no. 2, which consisted of two modified UBSPs with a slot in
the foundation tube and bottom base plate to facilitate cable release. The third test, test no. SPDA-
3, was conducted on design concept no. 3, which consisted of two modified UBSPs with a slot in
the foundation tube and bottom base plate and an angled bearing plate welded to the foundation
tube. Test no. SPDA-4 was conducted on design concept no. 4, which was similar to design concept
no. 1, except it included a decreased width for the bearing plate from 7 in. (178 mm) to 6% in. (159
mm). Test no. SPDA-5 was conducted on design concept no. 5, which was similar to design
concept 3, and it included a change to the angle of the bearing plate, welding the angled bearing
plate to the foundation tube, and adding a brass keeper rod. Comparisons of the design concepts
in terms of force, energy, deflection, and impulse are shown in Figures 193 through 198.

10.1.1 Force Versus Time Response

The force versus time plot for test nos. SPDA-1 through SPDA-5 is shown in Figure 193.
The peak forces from the anchor cable load cell were 36.5 kips (162.4 kN), 44.0 kips (195.7 kN),
23.3 kips (103.6 kN), 49.5 kips (220.2 kN), and 49.4 kips (219.7 kN) for test nos. SPDA-1 through
SPDA-5, respectively. The increase in peak loads in test nos. SPDA-4 and SPDA-5 as compared
to test nos. SPDA-1 and SPDA-3 were due to the design modification made to design concept nos.
1 and 3, respectively. Based on the peak force value, the design concepts were ranked from highest
to lowest: (1) test no. SPDA-4, (2) test no. SPDA-5, (3) test no. SPDA-2, (4) test no. SPDA-1, and
(5) test no. SPDA-3.

10.1.2 Displacement Versus Time Response

In test nos. SPDA-1 through SPDA-3, the string potentiometer was attached to the end of
the anchor cable, while in test nos. SPDA-4 and SPDA-5, the string potentiometer was attached to
the foundation tube base plate. The displacement versus time plot is shown in Figure 194. In test
nos. SPDA-1 through SPDA-5, the displacements at the peak load were 2.2 in. (55 mm), 2.1 in.
(53 mm), 1.0 in. (25 mm), 1.7 in. (43 mm), and 2.9 in. (74 mm), respectively. String potentiometer
data from test nos. SPDA-1 through SPDA-3 were not accurate for estimating the displacement of
the foundation tube as the string potentiometer was attached to the end of the anchor cable.

10.1.3 Energy Versus Displacement Response

As discussed previously, a linear displacement transducer (string potentiometer) was
attached to the end of the anchor cable in test nos. SPDA-1, SPDA-2, SPDA-3, while in test nos.
SPDA-4 and SPDA-5, the string potentiometer was attached to the bottom base plate that was
welded to the foundation tube. Also, string potentiometers were used in the steel-post MGS
downstream anchorage systems to measure the horizontal displacement. In order to properly use
the data from these string potentiometers and the in-line cable anchor tensile load cells, the
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horizontal component of the BCT anchor cable force was compared. Thus, the estimated horizontal
anchor cable force was calculated using the in-line BCT anchor cable force and the angle formed
by the anchor cable and the ground line.

The energy versus displacement plot was created by integrating the area under the
estimated horizontal anchor cable force versus displacement curve, as shown in Figure 196. Design
concept nos. 2, 4, and 5 were the concepts with higher energy levels (i.e., energy at peak load) of
49.6 kips-in. (5.6 kJ), 50.6 kips-in. (5.7 kJ), and 81.2 kips-in. (9.2 kJ), respectively.

10.1.4 Impulse Versus Time Response

The impulse versus time plot was generated by integrating the area under the force versus
time curve, as shown in Figure 198. A design concept with maximum impulse should sustain the
peak load for a longer period, which was desired for a guardrail anchorage system. Ranking of
maximum impulse response from highest to lowest is as follows: design concept nos. 2, 4, 1, 5,
and 3.
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Table 11. Results of Dynamic Jerk Tests — Test Nos. SPDA-1 through SPDA-5

Impact Displacement Energy at Energy at Peak
Velocity Peak' Load at Peak Load Peak Load Dlspllace_ment Failure Attachment
Test No. kips - L kips-in. . Component Damage
mph (kN) in. kips-in. (KJ) Mechanism Damage
(km/h) (mm) (kJ)
183 365 29 453 49.8 pull cable Rail deformed at downstream bolts in
SPDA-1 (29.5) (162.4) (55) (5.1) (5.5) ielded second anchor post both anchor posts
' ' ' ' y bolt connection fractured in tension
Rail tore at post bolt
Anchor post - .
oAz | 183 | 40 21 406 62 |brokeaway | OREEL A it | fencionreleasing ot
(29.5) (195.7) (53) (5.6) (6.9) releasing BCT | P Y g
released and pulled anchor posts
anchor cable
downstream
19.2 233 1.0 15.8 15.9 Anchor p(_)st Anchor cable_sllpped All bolts fractured
SPDA-3 (30.9) (103.6) 25 (1.8) (1.8) fractured in from the bearing after anchor cable
' ' (25) ' ' tension plate slipped off
Rail tore on post bolt .
soas | 2L | 98 L7 50 519 | e | comeetion poss | ot
(34.0) (220.2) (43) .7) (6.5) : broke away, and g
tension . posts
bearing plate released
sppas | 206 | 44 28 B2 08 | Lo anchar | and te second posy | ension i th second
(33.1) (219.7) (74) 9.2) (10.3) P
posts broke away post
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Figure 193. Force versus Time Plot, Test Nos. SPDA-1 through SPDA-5
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Figure 195. Force versus Displacement Plot, Test Nos. SPDA-1 through SPDA-5

100 ' T ' T ' T ' T T T ' T
——SPDA-1
e SPDA-2
SPDA-3
80 | -
<
¢ 60 - -
o
<
=
o2
o 40 -
c
L
20 | -
0 ] . | . | . | | | . |

0.0 0.5 1.0 1.5 20 25 3.0 3.5
String Pot Displacement (in.)

Figure 196. Energy versus Displacement Plot, Test Nos. SPDA-1 through SPDA-5 (Note:
Energy calculated using peak load)
217



December 17, 2020
MwRSF Report No. TRP-03-370a-20

100 [ T [ | I T T T | T —
—— SPDA-1

80 ||

60

40 |

Energy (kips-in.)

20

0 | . I . | . | | | | | .
00 0.5 10 1.5 20 25 30 3.5

String Pot Displacement (in.)

Figure 197. Energy versus Displacement Plot, Test Nos. SPDA-1 through SPDA-5 (Note:
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10.2 Discussion on Rail Tearing

During the dynamic jerk test nos. SPDA-1, SPDA-2, SPDA-4, and SPDA-5, the rail tore
at the second anchor post rail-to-post bolt attachment. The pre-test rail-to-post attachments are
shown in Figure 199. A review was performed to investigate concerns about rail tearing and
mitigation considerations. Results from this investigation are summarized in Table 12.

In test nos. SPDA-1 and SPDA-2, rail tearing occurred between force levels of 34.0 kips
(151.2 kN) and 44.0 kips (195.7 kN). In test no. SPDA-3, the anchor cable released from the anchor
bearing plate and resulted in no rail tearing. In test nos. SPDA-4 and SPDA-5, rail tearing occurred
between force levels of 33.0 kips (146.8 kN) and 49.0 kips (218 kN) kips. The load curve for all
five tests is shown in Figure 200. The rail tearing for test nos. SPDA-1, SPDA-2, SPDA-4, and
SPDA-5 are shown in Figure 201.

In the previous dynamic component tests conducted on the downstream anchorage system
with BCT wood posts, the maximum anchor cable load was 35.0 kips (155.7 kN) [4]. This wood-
post, downstream anchorage system in combination with the MGS was successfully crash tested
and adequately met the TL-3 safety requirements outlined in MASH. In test nos. SPDA-2, SPDA-
4, and SPDA-5, peak loads of 44.0 kips (195.7 kN), 49.5 kips (220.2 kN), and 49.4 kips (219.7
kN), respectively, were sustained by the anchor cable. The peak force levels in test nos. SPDA-2,
SPDA-4, and SPDA-5 were 20% to 30% higher than the peak force measured in the BCT wood-
post anchorage system. Given these higher peak force levels and the successful full-scale crash
tests conducted on MGS with the BCT wood-post downstream anchorage system, it was believed
that rail tearing mitigation would not be necessary.
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PR T BRSNS,
Figure 199. Pre-Test Rail-To-Post Attachment, Test Nos. SPDA-1 through SPDA-5
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Table 12 Summary of Rail Tearing, Test Nos. SPDA-1 through SPDA-5
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Range of Load at
Which Rail Peak Load
Test No. Rail Tearing Tearing Occurred Kips Failure Mechanism
Kips (KN)
(kN)
Rail tore at second
34.0t0 36.5 36.5 :
SPDA-1 anzr;(r)]rng((:)tsitogolt (151.2 to 162.4) (162.4) Pull cable yielded
Rail tore at second Anchor post broke
SPDA-2 anchor post bolt (122'3 :g ‘113;507) (145207) away releasing
attachment ' ' ' BCT anchor cable
23.3 Anchor post
SPDA-3 N/A N/A (103.6) | fractured in tension
spoa | tore at second 33.0 10 49.5 495 Anchor posts
attacﬁmen t (146.810220.2) | (220.2) | fractured in tension
SPDA-5 ;?Cllhgc;reoasttt;)%tn 35.0t049.0 49.4 Rail tearing at both
Conngction (155.7 to 218) (219.7) anchor post
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Test No. SPDA-2
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Figure 201. Rail Tearing, Test Nos. SPDA-1, SPDA-2, SPDA-4, and SPDA-5
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10.3 Comparison of Test Nos. SPDA-2, SPDA-4, SPDA-5, and DSAP-2

Three design concepts for the steel-post, trailing-end anchorage system were determined
to have the highest potential for passing MASH TL-3 impacts. The results from the dynamic jerk
tests on steel-post, trailing-end anchorage design concept nos. 2, 4, and 5 were compared to the
results obtained from test no. DSAP-2 on the wood-post, trailing-end anchorage system, as shown
in Table 13. Test no. DSAP-2 was a dynamic jerk test conducted on a wood-post, trailing-end
anchorage system consisting of two BCT wood posts in steel foundation tubes with a compression
ground line strut and a cable anchor. Criteria were established to evaluate the safety performance
of the systems, economics, and aesthetics. A trailing-end, anchorage system should:

1) Develop tensile strength necessary to ensure satisfactory redirection performance in
impacts within the LON, withstanding the peak forces and the energy levels absorbed at
the peak force of the anchorage system.

2) Minimize vehicle deceleration for end impacts while containing, or redirecting vehicle, or
controlling penetration. Thus, the impacting vehicle does not launch, roll, or pocket.

3) Minimize potential for occupant compartment penetration.
4) Be economically feasible for fabrication and installation.

5) Provide functional appearance.

Table 13. Comparison Parameters and Associated Values

Steel-Post Trailing-End Anchorage
Wood-Post,
End-trailing, Anchorage Design Design Design Trailing-End
Performance Parameters Concept Concept Concept Anchorage
No. 2 No. 4 No. 5 (DSAP-2)
(SPDA-2) (SPDA-4) (SPDA-5)
: 44.0 49.5 49.4 35.0
Peak Force, kips (kN) (195.7) (220.2) (219.7) (155.7)
Energy at Peak Force, 49.6 50.6 81.2 16.8
kip-in. (kJ) (5.6) (5.7) (9.2) (1.9)
Breakaway Behavior Excellent Excellent N/A* Excellent
Anchor Cable Releasability Excellent Excellent N/A* Excellent

*Anchor cable broke exceeding yield strength

The wood-post, trailing-end anchorage system developed a peak force of 35.0 Kips (155.7
kN) in test no. DSAP-2 [4]. The steel-post, trailing-end anchorage concepts developed peak forces
of 44.0 Kips (195.7 kN), 49.5 kips (220.2 kN), and 49.4 kips (219.7 kN) during the dynamic jerk
tests of design concept nos. 2, 4, and 5, respectively. Design concept no. 2 generated 25% more
peak force than the wood-post, trailing-end anchorage system, while design concept nos. 4 and 5
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generated 40% more peak force than the wood-post, trailing-end anchorage system. Considering
the peak force response of design concept nos. 2, 4, and 5, these steel-post, trailing-end anchorage
designs developed the adequate tensile strength necessary to ensure desirable redirection
performance.

A comparison was made between the energy level at the peak force during test no. DSAP-
2 and test nos. SPDA-2, SPDA-4, and SPDA-5. The energies at peak force in test nos. DSAP-2,
SPDA-2, SPDA-4, and SPDA-5 were 16.8 Kips-in. (1.9 kJ), 49.6 kips-in. (5.6 kJ), 50.6 Kips-in.
(5.7 kJ), and 81.2 kips-in. (9.2 kJ), respectively. The energies at peak force in test nos. SPDA-2
and SPDA-4 were approximately three times greater than the energy level in test no. DSAP-2,
while the energy at peak force in test no. SPDA-5 was approximately five times greater than the
energy level in test no. DSAP-2. Considering the energy at the peak force, all design concepts for
the steel-post, trailing-end anchorage system performed well as compared to the wood-post,
trailing-end anchorage system. Based on the results of the dynamic jerk tests, the three best options
for the steel-post, trailing-end anchorage system absorbed adequate energy to ensure the desired
redirection performance.

In test nos. SPDA-2 and SPDA-4, both modified UBSPs broke away cleanly and released
the anchor cable. In test no. SPDA-5, the anchor cable broke and remained attached to the bearing
plate. This behavior was due to overloading the anchor cable. If this behavior of anchor cable
yielding did not occur, this design concept may have developed an adequate tensile strength. In
this test, the second post broke away. In test no. DSAP-2, the BCT wood posts cleanly broke away
and released the anchor cable. Thus, considering the breakaway behavior and anchor cable release,
the new steel-post, trailing-end anchorage design concepts performed satisfactorily as compared
to the wood-post, trailing-end anchorage system.

Full-scale crash testing should be conducted to verify performance for the steel-post versus
wood-post trailing-end anchorage system. Breakaway load values, anchorage capacity, and W-
beam performance are essential to assure the effectiveness and integrity of the trailing-end
anchorage performance. Thus, the researchers recommended the evaluation of the performance for
the steel-post, trailing-end anchorage system through full-scale crash testing.

10.4 Steel-Post, Trailing-End Anchorage Design Concept Selection

Design concept nos. 2, 4, and 5 were considered as potential alternatives for the steel-post
version of the trailing-end anchorage system. The candidate design concepts and their impact
performance were presented and discussed with the Midwest Pooled Fund Program member states.
The three design concepts differed primarily in how the anchorage cable was secured to the end
post. Concept no. 2 passed through the foundation tube, concept no. 4 passed the cable through the
top W6x8.5 steel post, and concept no. 3 passed the cable through an angled plate welded to the
foundation tube. Member states gave input on a preferred final concept for full-scale crash testing
through a survey. More details on the survey results can be found in Appendix I.

Based on this input, a modified version of concept no. 4, as shown in Figure 202a, was
selected as the final design and slightly modified for use in full-scale vehicle crash testing.
Modifications to the system included the addition of a T-shaped, breaker bar assembly attached to
the end anchor post to facilitate the release and rotation of the end post as well as the subsequent
release of the cable anchor for impacts occurring upstream from the anchor post, as shown in
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Figure 202b. The T-shaped, breaker bar assembly was bolted to the web of the upper end post stub
to ensure a controlled release of the anchor as well as to reduce the potential for vehicle instability
and/or unacceptable ridedown decelerations.
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Figure 202. Final Design Concept for Steel-Post, MGS Trailing-End Anchorage System — (a)
Design Concept No. 4 and (b) T-Shaped, Breaker Bar Design
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11 FURTHER DESIGN RECOMMENDATIONS

11.1 Ground Line Strut Design Concepts

During installation of the wood-post, trailing-end anchorage system using two BCT wood
posts, ground line struts are often installed to maximize the resistance of soil surrounding the
foundation tubes. For actual field installations of the MGS wood-post, trailing-end anchorage
system, the ground line strut can be installed before or after the installation of the two breakaway
wood posts. However, for the current prototypes of the steel-post, trailing-end anchorage system,
steel baseplates are welded to the top and bottom ends of the adjoining sections, thus making
installation of the ground line strut difficult. Therefore, modifications were necessary to facilitate
the ground line strut installation procedure.

A total of four ground line strut design concepts were developed based on different
alternatives for coupling the 66%-in. x 11%-in. x 10-gauge (1,689-mm x 298-mm X 3.4-mm)
ASTM A36 steel C-channel ground line strut with the two TS 8x6x%6 ASTM A500 Grade B
foundation tubes. It should be noted these modifications have not been component tested. These
ground line strut design concepts include: (1) bolted yoke placed outside strut; (2) bolted yoke
placed inside strut; (3) welded yoke placed outside strut; and (4) welded yoke placed inside strut.

11.1.1 Ground Line Strut Design Concept No. 1 — Bolted Yoke Placed Outside Strut

Design concept no. 1, bolted yoke placed outside of the strut, included: (1) a 66%2-in. X
11%-in. x 10-gauge (1,689-mm x 298-mm x 3.34-mm) steel C-channel strut, (2) two 17-in. x 3-in.
X Y4-in. (432-mm x 76-mm X 6-mm) steel bent plates placed outside the steel bent C-channel strut,
and (3) two 7-in. x 2%-in. X ¥%-in. (178-mm x 70-mm x 13-mm) steel plates bolted to the steel bent
plates and the foundation tubes. At the location of the anchor and second posts, a 17-in. X 3-in. X
Ya-in. (432-mm x 76- mm x 6-mm) steel bent plate was placed outside of the C-channel strut and
was bolted to the strut using one 7-in. (22-mm) diameter, 8%2-in. (216-mm) long hex-head bolt.
The steel bent plate was bolted to the 7-in. x 2%-in. X %-in. (178-mm x 70-mm x 13-mm) steel
plate and the foundation tube using two %.-in. (13-mm) diameter, 2-in. (51-mm) long hex-head
bolts. To secure the connection between the steel plate and foundation tube, the heads of the bolts
were designed to be welded inside the foundation tube using a %4e-in. (5-mm) weld. Detailed
drawings for design concept no. 1 are shown in Figures 203 through 210.
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Figure 209. Ground Line Strut Design Concept No. 1 — Bill of Materials
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11.1.2 Ground Line Strut Design Concept No. 2 — Bolted Yoke Placed Inside Strut

Design concept no. 2, bolted yoke placed inside the strut, was similar to the ground line
strut design concept no. 1, except the two 15%-in. X 3-in. X ¥4-in (391-mm X 76-mm X 6-mm) steel
bent plates were placed inside the C-channel ground line strut. This design concept included: (1)
a 67-in. X 11%-in. x 10-gauge (1,702-mm x 298-mm x 3.4-mm) steel C-channel strut; (2) two
15%-in. x 3-in. X ¥4-in. (391-mm x 76-mm x 6-mm) steel bent plates; and (3) two 7-in. x 2%-in. X
Yo-in. (178-mm x 70-mm x 13-mm) steel plates bolted to the steel bent plate and the foundation
tube. At the location of the anchor and second posts, two 15%s-in. X 3-in. X %-in (391-mm x 76-mm
x 6-mm) steel bent plates were placed inside the strut and bolted to the strut using one 7&-in.
(22-mm) diameter, 7%2-in. (191-mm) long hex head bolt at each end. The steel bent plate was
bolted to the 7-in. x 2%-in. x ¥2-in. (178-mm x 70-mm x 13-mm) steel plate and the foundation
tube using two “.-in. (13-mm) diameter, 2-in. (51-mm) long hex head bolts. To secure the
connection between the steel plate and foundation tube, the heads of the bolts were designed to be
welded inside the foundation tube using a %4e-in. (5-mm) weld. Detailed drawings for design
concept no. 2 are shown in Figures 211 through 218.
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Iheom Qty. Description Material Specification Treatment Specification HaGrSi\;\'jgre
ai 1 gz(;;ln‘le' Jat‘rl-u;(‘lﬂ—gauge [1,702x298x3.4] Bent Steel ASTM A36 ASTM A123 _
a2 2 |15 3/8"x3"x1/4" [391x76x6] Bent Steel Plate ASTM A36 ASTM A123 -
a3 2 |7"x2 3/4"x1/2" [178x70x13] Steel Plate ASTM A36 ASTM A123 -
a4 | 2 Euﬁd’;%g‘r?@u%e [203x152x5], 727 [1,828] Long ASTM A500 Gr. B ASTM A123° -
as 2 |13"x7"x5/8" [330x178x16] Steel Plate ASTM A36 ASTM A123" -
b1 2 |7/8°-8 UNC JM22>(2.5], 7 1/2" [191] Long Hex Bolt — ASTM_A307 Gr. A ASTM A153 or B695 Class 55 or _
Head Bolt and MNut Mut — ASTM AS63A F2329
bz 4 |7/8" [22] Dia. Plain Round Washer ASTM FB44 ASTM A123 or A153 or F2329 -
b3 4 |[1/2°—13 UNC [M14x2], 2" [51] Long Hex Head Bolt — ASTM A307 Gr. A ASTM A153 or BE35, Class 55 or FEX14a
Bolt and Nut Mut — ASTM ASB63A F2329
b4 4 |1/2" [13] Dia. Plain Round Washer ASTM FB44 ASTM A123 or A153 or F2329 FWC14a
* Weld before galvanization.
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Figure 217. Ground Line Strut Design Concept No. 2 — Bill of Materials
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December 17, 2020
MwRSF Report No. TRP-03-370a-20

11.1.3 Ground Line Strut Design Concept No. 3 — Welded Yoke Placed Outside Strut

Design concept no. 3, welded yoke placed outside the strut, included; (1) a 66%2-in. X 11%4-
in. X 10-gauge (1,689-mm x 298-mm x 3.4-mm) steel bent C-channel strut; (2) two 17-in. x 3-in.
X Ya-in. (432-mm x 76-mm x 6-mm) steel bent plates placed outside the C-channel strut and bolted
to the strut using one 7-in. (22-mm) diameter, 8%-in. (216-mm) long hex head bolt at each end;
and (3) two 7-in. X 2%-in. X ¥2-in. (178-mm x 70-mm x 13-mm) steel plates welded to the steel
bent plate and the foundation tube with a %16-in. (5-mm) weld at the location of the anchor and
second posts. Detailed drawings for design concept no. 3 are shown in Figures 219 through 226.
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l:f: Qty. Deseription Material Specification Treatment Specification HaGrsl_\ggre
ol | 1 |88 B g1 gquae [1.689x298x3.4] ASTM A36 ASTM A123 -

a2 2 |17"x3"x1/4" [432x76x6] Bent Steel Plate ASTM A36 ASTM A123" ~

a3 2 |7"x2 3/4"x1/2" [178x70x13] Steel Plate ASTM A36 ASTM A123" -

a4 2 Euﬁ;’é‘?;;‘f/TL‘g; [203x152x5], 72" [1,828] Long ASTM AS00 Gr. B ASTM A123" PTEOE
as 2 |13"x7"x5/8" [330x178x16] Steel Plate ASTM A3B ASTM A123" -

b1 2 Eéﬁ:’igﬂgNé:ul[mcznzdxznﬂ, 8 1/2" [216] Long an|rtduz fs;gﬂaaggﬁg& A ASTM A153 oerEajﬁzggs Class 55 or _

b2 4 |7/8" [22] Dia. Plain Round Washer ASTM FB44 ASTM A123 or A153 or F2329 -

4514

* Weld before galvanizing
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Figure 225. Ground Line Strut Design Concept No. 3 — Bill of Materials
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December 17, 2020
MwRSF Report No. TRP-03-370a-20

11.1.4 Ground Line Strut Design Concept No. 4 — Welded Yoke Placed Inside Strut

Design concept no. 4, welded yoke placed inside the strut, was similar to ground line strut
design concept no. 3, except the two 15%-in. X 3-in. X ¥%-in. (391-mm x 76-mm x 6-mm) steel bent
plates were placed inside the C-channel strut. This ground line strut design concept included: (1)
a67-in. X 11%-in. x 10-gauge (1,702-mm x 298-mm x 3.4-mm) steel bent C-channel strut; (2) two
15%-in. x 3-in. X ¥a-in. (391-mm x 76-mm x 6-mm) steel bent plates placed outside the steel bent
channel strut and bolted to the strut using one 7-in. (22-mm) diameter, 7%2-in. (191-mm) long hex
head bolt at each end; and (3) two 7-in. X 2%-in. X ¥2-in. (178-mm x 70-mm x 13-mm) steel plates
welded to the steel bent plate and the foundation tube with a %46-in. (5-mm) weld at the location of
the anchor and second posts. Detailed drawings for design concept no. 4 are shown in Figures 227
through 234.
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Figure 231. Ground Line Strut Concept No. 4 — Strut Components
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Figure 232. Ground Line Strut Concept No. 4 — Hardware
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Figure 233. Ground Line Strut Concept No. 4 — Bill of Materials
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11.1.5 Ground Line Strut Design Concept Selection

The four candidate design concepts for the groundline strut were discussed with the
Midwest Pooled Fund Program member states. Using a survey, a majority of the member states
desired ground-line strut concept no. 1, (i.e., bolted yoke placed outside strut) due to its increased
ease of installation over the other concepts. More details on the survey results can be found in
Appendix 1.

11.2 T-Shaped, Breaker Bar Design Concept

Anchor cables are advantageous to efficiently anchor the trailing end of a guardrail system.
However, these cable anchors may affect the safety performance of the system when struck during
impacts approaching the downstream end. A vehicle snagging on the anchor cable when directly
impacting the trailing-end anchorage system is a potential hazard. Thus, a T-shaped, breaker bar
assembly attached to the anchor post was developed to facilitate the release of the anchor post and
the cable anchor during impact events, thus reducing the potential for vehicle instabilities or
unacceptable ride-down decelerations. Design details of the T-shaped, breaker bar assembly are
shown in Figures 235 through 241.

The T-shaped, breaker bar consisted of a horizontal 40-in. (1,016-mm) long, 2%-in. x 2%-
in. X ¥-in. (64-mm x 64-mm x 6-mm) ASTM A500 Grade B steel square tube welded to a vertical
9-in. (229-mm) long, 3-in. x 3-in. X ¥%-in. (76-mm X 76-mm x 6-mm) steel square tube. This T-
shaped, breaker bar was attached to the end anchor post with a mounting height of 15% in. using
a 10-in. X 4%-in. X ¥-in. (254-mm x 114-mm x 6-mm) ASTM A36 steel plate and four ¥s-in. (6-
mm) thick, ASTM A36 steel gusset plates to facilitate cable anchor disengagement and mitigate
vehicle snag under the anchor cable.

Calculations were performed to determine adequate T-shaped, breaker bar properties,
including size, bending or flexural capacity, buckling strength, axial load carrying capacity, size
of stiffeners (steel gussets) utilized at the end of the T-shaped, breaker bar, and the connection
details for the assembly including bearing plates and welds. These calculations are provided in
Appendix F. It should be noted that this T-shaped, breaker bar concept was not component tested
but rather planned for full-scale crash testing.
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12 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

The objective of the project was to develop a non-proprietary, steel-post version of the
wood-post, trailing-end anchorage system. The new system was adapted from the UBSP that was
utilized within the thrie-beam bullnose system. Following brainstorming of initial concepts, five
design concepts were developed for the steel-post, trailing-end anchorage. These concepts
included modifications of the UBSP while using the same basic cable anchorage and ground line
strut as used in the existing trailing-end anchorage to provide similar breakaway performance and
anchorage capacity. The design concepts utilized a two-part steel post based on the original UBSP.
The top post was 27%-in. (699-mm) long, W6x8.5 ASTM A992 steel post welded to a 5%-in. x
5%-in. X %-in. (140-mm- x 140-mm x 19-mm) ASTM 36 steel base plate. The bottom post was
HSS 6-in. x 8-in. x ¥46-in. (152-mm x 203-mm x 5-mm) ASTM A500 Grade B steel foundation
tube welded to a 13-in. X 7-in. X %-in. (330-mm- x 178-mm x 16-mm) ASTM 36 steel base plate.
The top and bottom base plates were connected using four 716-in. (11-mm) diameter ASTM A325
bolts. Five design concepts were explored through dynamic component tests: (1) design concept
no. 1 included a slot at the bottom of the W6x8.5 post for passing the cable through the top post
and an opening in the top base plate to allow the cable to release when the top post disengaged;
(2) design concept no. 2 included a slot in the foundation tube that formed the lower post and an
opening in the bottom plate to facilitate cable release; (3) design concept no. 3 used an angled
bearing plate welded to the lower section of the post to restrain the cable; (4) design concept no. 4
was a modification of design concept no. 1 and included a decreased width of the bearing plate
from 7 in. (178 mm) to 6% in. (159 mm); and (5) design concept no. 5 was a modification of design
concept no. 3 that changed the angle of the bearing plate, welded the angled bearing plate to the
foundation tube, and added a brass keeper rod to better anchor the bearing plate.

Dynamic jerk tests revealed that the new steel-post version of the trailing-end anchorage
system may be an alternative for the existing wood-post, trailing-end anchorage system. Compared
to the BCT wood-post, trailing-end anchorage system, three design concepts, concept nos. 2, 4,
and 5, demonstrated adequate tensile strength. The steel-post, trailing-end anchorage concepts
developed peak forces of 44.0 Kips (195.7 kN), 49.5 Kkips (220.2 kN), and 49.4 kips (219.7 kN)
during the dynamic jerk tests of design concept nos. 2, 4, and 5, respectively. Design concept no.
2 generated 25% more peak force than the wood-post, trailing-end anchorage system, while design
concept nos. 4 and 5 generated 40% more peak force than the wood-post, trailing-end anchorage
system.

With input from the Midwest Pooled Fund Program member states, a modified version of
concept no. 4, as shown in Figure 242, was selected as the final design and was slightly modified
for use in a full-scale vehicle crash testing program. Modifications to the system included the
addition of a T-shaped, breaker bar assembly attached to the end anchor post to facilitate the release
and rotation of the end post as well as the subsequent release of the cable anchor for impacts
occurring upstream from the anchor post. The T-shaped, breaker bar assembly was bolted to the
web of the upper end post stub to ensure a controlled release of the anchor as to well as reduce the
potential for vehicle instabilities and/or unacceptable ridedown decelerations.

271



December 17, 2020
MwRSF Report No. TRP-03-370a-20

F 75"[1905] "i
= — = — Im = = = — =
C—— e C——
H — — 317787]
. 12 3/47324]
3 5/8792 2

| i b
G_round o | 4 ‘1/2 [114]
Line 1 1727381 !

69 1753) ISOMETRIC CROP VIEW

(a)

(b)

Figure 242. Final Design Concept for Steel-Post, MGS Trailing-End Anchorage System — (a)
Design Concept No. 4, and (b) T-Shaped, Breaker Bar Design

Furthermore, a total of four ground line strut design concepts were developed, including
(2) bolted yoke placed outside strut, (2) bolted yoke placed inside strut, (3) welded yoke placed
outside strut, and (4) welded yoke placed inside strut. Again, with sponsor input, the ground line
strut concept no. 1, (i.e., bolted yoke placed outside strut) was selected because it provided
increased ease of installation.

Although the performance of the steel-post version of the trailing-end anchorage system
was explored through dynamic jerk tests, full-scale crash tests are necessary to evaluate the safety
performance of the steel-post, trailing-end anchorage system according to MASH 2016. The full-
scale testing program and results will be contained in a subsequent report.
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Appendix A. Steel-Post, Trailing-End Anchorage Design Concept No. 1 Calculations
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Calculation: Design Concept No. 1

. |-7?5"[ 1905] ——————

; : O = =::
31 '[733 L n32”[513]
[ L15"[381]
3 3/8" BB]—_L_ "[406] 0 :2 cable
Ground .1| l ' F s 4 1/4»[ 103] _]_
Line 1 1/4 [32]_T i
a
69 1/4"11759]

ELEVATION VIEW

Figure A-1. Steel-Post, Trailing-End Anchorage Design Concept No. 1

1. Force Calculation

The maximum load sustained by the BCT wood post downstream anchorage system was 35 Kips
(155.7 kKN). This load was used as a baseline for the following calculations. More details regarding
BCT wood post anchorange capacity are provided in Mongiardini et al. [4].

Va

F cable

cosf =

Ta = F.qp1e * sinB = 35kips * sin 27° = 15.89 kips (70.27 kN)
Va = 35kips * cos 27° = 31.2kips (138.84 kN)

Where:

F_.p1e= Force in anchor cable

Ta = Tension force

Va = Shear force
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T: Tension in bolts
C: Compression in bolts

Figure A-2. Forces Acting on Design Concept No. 1

Moment about A:

V1x(25in.)=V2x (0.875in.)

Where:

0.875 in. (22 mm) = distance between V and V2
2.5 in. (64 mm) = distance between V and V1

Equilibrium of Forces:

V1+V2 = V, = 35 kips*cos(27°)
V1 =8.08 kips (35.96 kN)
V2= 23.12 kips (102.88 kN)

Tension in a single bolt:

T=(M/2.5in.) /2 =4.04 kips (17.98 kN) (2.5 in. = distance b/n bolts)

2. Capacity of Bolts: Tension [Load and Resistance Factor Design (LRFD)]

a) Pure Tension:

As per the American Institute of Steel Construction (AISC) specification Table J3.2, Group B (e.g.
A325) bolt has the following strength properties found in [68]:

Fnt = Nominal tensile stress = 90ksi (0.62 GPa) (4 Fnt = 0.75 * 90 ksi = 67.5 ksi (0.465 GPa))

Fnv = Nominal shear stress = 54 ksi (0.372 GPa) (¢ Fnv = 0.75 * 54 ksi = 40.5 ksi (0.279 GPa))
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Fu = Ultimate stress Fu =120 ksi (0.826 GPa)
Area of a 7/16-in. diameter bolt is:
Ap = m/4*(7/16)% = 0.1503 in.2 (97 mm?)

Acting tensile stress in a single bolt:

fe=(T) /As + (Ta/d) IAs (T=4.04 Kips (17.98 kN ), Ta= 15.89 kips (70.27 kN ))
fi= (4.04 Kips) /0.1503 in.2 + (15.89 kips/4) /0.1503 in.?
= 26.87 ksi + 26.43 ksi = 53.33 ksi (0.367 GPa) (acting tensile stress)

¢ Fnt (Tensile strength) > (Acting tensile stress) ft (OK)

b) Combined Shear and Tension:

When a bolt is subjected to combined tension and shear force, the available tensile strength is
determined according to the limit states of tensile and shear rupture, as follows [68]:

F
F'oo = 1.3F, — @T‘“ fr, < Fn (AISC Spec.Eq]3.3a[68])
nv

Where:
F'nt = Available tensile strength in combined shear and tensile

V, *
Ap

frvo =

Where:
frv = Required shear stress
V. = Acting shear force in a single bolt
Ap = Area of a single bolt
2* = (8.08 kips)/4 = 2.02 kips (8.98 kN) f = (2.02 kips)/(0.1503 in.2 ) =13.44 ksi (0.092 GPa)
Fne =1.3*%(90 ksi) - (90 ksi*13.44 ksi)/(0.75*54 ksi) = 87.13 ksi (0.6 GPa)
F'nt = 87.13 ksi (0.6 GPa) — Available tensile strength > Acting (OK)

3. Capacity of Bolts: Shear Strength (Pure Shear)
The shear stress (fr=13.44 ksi (0.092 GPa)) < the shear strength (¢Fn=40.5 ksi (0.279 GPa))
(OK)
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4. Capacity of Bolts: Combined Tensile and Shear Strength

Tests have shown that the strength of bearing fasteners subjected to combined shear and tension
resulting from externally applied forces can be defined by an ellipse [68].

2 2
(L) N <f_> < 1 (B3.3,AISC [68])
¢Fnt ¢an

Where:

¢ = LRFD strength reduction factor, 4 = 0.75

fv = Required shear stress, ksi (MPa)

fi= Required tensile stress, ksi (MPa)

Fnv = Nominal shear stress, ksi (MPa)

Fnt = Nominal tensile stress, ksi (MPa)

(f/§Fn)® + (F/gFnv)? <1

(53.30 ksi / (0.75 *90 ksi))? + (13.44 ksi /(0.75 * 54 ksi))? < 1
0.62+0.11 <1

073 <1

Therefore, the strength of the fasteners is enough to resist the applied shear and tensile load.

5. Capacity of Bolts: Bearing Strength at Bolt Hole
a) Top Base Plate

i. Minimum edge distance:

From Table J3.4 of the AISC manual [68], the minimum edge distance = 0.75 in. (19 mm) for a
"he-in. diameter bolt.

Available edge distance (1.5 in. (38 mm)) > 0.75 in. (19 mm). Therefore, minimum edge distance
requirements are satisfied.

AISC specifications in section J3.3 state that the minimum distance (s) between the centers of bolt
holes shall not be less than 2.67 d,. However, a distance of 3dy is preferred [68]. (Where: dy =
nominal diameter of fastener)

Minimum spacing = 2.67 dp = 2.67 x 0.4375 = 1.17 in. (30 mm)
Preferred spacing = 3.0 dp = 3.0 x 0.4375 = 1.31 in. (33 mm)
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Available spacing 2.5 in. (64 mm) > 1.31 in. (33 mm), therefore, spacing requirements are
satisfied.

ii. Bearing strength at bolt holes:

AISC specifications in section J3.10 state that the available bearing strength at bolt holes is ¢ Rn
(¢ =0.75, LRFD) when deformation at the bolt holes is a design consideration [68]:

Rn =1.2 Lct Fu < 24 db t Fu (J3'6a, [68])
Where:
Fu = Specified minimum tensile strength of the connected material (for ASTM A36, Fy =58 ksi)

L. = Clear distance, in the direction of the force, between the edge of the hole and the edge of the
adjacent hole or edge of the material (in.)

t = Thickness of connected material (in.)
Lc = 1.5 —hole diameter/2 = 1.5 — (7/16 + 1/16)/2 = 1.25 in. (32 mm)

4Rn=0.75x (1.2 Le t Fy) = 0.75 x (1.2 x 1.25 x 0.75 x 58) = 48.78 kips (217.07 kN)

But, ¢Rn<0.75 (2.4 dv t Fy) = 0.75 x (2.4 x 0.4375 x 0.75 x 58) = 34.26 kips (152.46 kN)
Therefore, ¢ Rn =34.26 Kips (152.46 kN) at edge holes

At other holes, S=2.5in, L¢ = 2.5 (7/16 +1/16) = 2.0 in. (51 mm)

JRn=0.75X (1.2 Le t Fy) = 0.75 x (1.2 x 2.0 X 0.75 x 58) = 78.3 kips (348.44 kN)
But, yRn<0.75 (2.4 do t Fu) = 34.26 kips. Therefore, 4 Rn = 34.26 Kips (152.46 kN)

Therefore, bearing strength at bolt holes = 2x 34.26 = 68.52 kips (304.92 kN). Bearing strength at
bolt holes (upper base plate) = 68.52 kips (304.92 kN).

b) Bottom Base Plate
i. Minimum edge distance

As per Table J3.4 of the AISC manual [68], minimum edge distance = 0.75 in. (19 mm) for 7/16
diameter bolt.

Available edge distance 1.5 in. (38 mm) > 0.75 in. (19 mm), therefore, minimum edge distance
requirements are satisfied.
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AISC specification in section J3.3 state that the minimum distance (s) between the centers of bolt
holes shall not be less than 2.67 dp. However, a distance of 3dy is preferred [68]. (Where: dy =
Nominal diameter of fastener)

Minimum spacing = 2.67 dp = 2.67 x 0.4375 = 1.17 in. (30 mm)
Preferred spacing = 3.0 dp = 3.0 x 0.4375 = 1.31 in. (33 mm)

Available spacing 1.50 in. (38 mm) > 1.31 in. (33 mm), therefore, spacing requirements are
satisfied.

Ii. Bearing strength at bolt holes:

AISC specification J3.10 indicates the available bearing strength at bolt holes is Rn ( = 0.75,
LRFD), when deformation at the bolt holes is a design consideration [68]:

Rn=12LctFu<24dbtFu (J3-6a)
Where:

Fu = Specified minimum tensile strength of the connected material (for ASTM A36, Fu = 58 ksi
(0.399 GPa))

Lc = Clear distance, in the direction of the force, between the edge of the hole and the edge of the
adjacent hole or edge of the material (in.).

t = Thickness of connected material (in.).
Lc = 1.5 —hole diameter/2 = 1.5 — (7/16 + 1/16)/2 = 1.25 in. (32 mm)

dRn=0.75x (1.2 Lc t Fy) = 0.75 x (1.2 x 1.25 x 0.75 x 58) = 40.78 kips (217.07 kN)
But, jRn<0.75 (2.4 do t Fy) = 0.75 X (2.4 x 0.4375 x 0.625 x 58) = 28.54 Kips (127.00 kN)
Therefore, ¢ Rn =28.54 Kips at edge holes

At other holes, s =2.51in, Lc = 2.5 - (7/16 +1/16) = 2.0 in. (51 mm)

dRn=0.75x (1.2 Lc t Fy) =0.75x (1.2 x 2.0 X 0.75 x 58) = 65.25 kips (290.36 kN)
But, yRn<0.75 (2.4 do t Fu) = 28.54 kips. Therefore, 4 Rn = 28.54 kips (127.00 kN)

Therefore, bearing strength at bolt holes = 2 x 28.54 = 57.09 Kkips (254.05 kN) .

Bearing strength (4 Rn) > applied load (15.79 kips (70.26 kN)) (OK)
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6. Weld Design Capacity
a) Top Post (W6X8.5)

‘—740 in, <102 mm
L

hyal

T

895 In (72.5 2735 In. (635 mm

430 I CLL4 s

- 1A
4-—‘ 150 Ik, (38 mmd ’——} — 1
AN
’7

Figure A-3. Top Post (W6X8.5) Weld Size

Web thickness (tw) = 0.17 in. (4 mm)
Flange width (bf) = 4.0 in. (102 mm)
Flange thickness (tf) = 0.215 in. (5 mm)
Area (A) = 2.68 in.2 (1729 mm?)

Moment capacity of the weld

| outside flange = (2)*(%)*(4) *(0.707 *0.25)3 + (2)*(0.707)*(0.25)*(4)*(2.95) = 12.31 in.# (5123809

mm?%)

| inside flange = (2)*(%)*(3)*(0.707 *0.25) + (2)*(0.707)*(0.25)*(3)*(2.95)? = 7.94 in.* (3304878

mm?%)
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| web = (2)*(%)*(0.707)*(0.25)*(2)3 = 0.24 in* (99896 mm?)
| ow = 20.5in.% (8532744 mm?)

S=205/2.95 = 6.94 in.? (113726 mm?)

Mcapacity = (694 in.3 )*(70 kSl) =486.1 kipS-in. > Macting =20.2 kipS-in. (OK) ( Fu =70 k5|)

Peak Force capacity = 4{2%:1?5 = 194.44 Kips (865.26 kN) > 15.79 Kips (70.26 kN) (OK)

b) Lower Post (Foundation Tube)

&
- [152] [

g
[203]

L1/2"
1/4" (6] i [13]

Figure A-4. Lower Post (Foundation Tube) Weld Size

Weld size (amin) = ¥4 in. (6 mm)

Length of the weld (Lw) = 2*6 in. +2*8 in. =28 in. (711 mm)
Shear strength of weld metal = 4R

Rn = Fow Awe [68]

Where:

Faw=0.60 Fexx (Fexx = Filler metal classification strength = 70 ksi (E70XX electrode for the
fillet welds))

Shear strength of weld metal = 4 Rn = 0.75 X 0.60 X Fexx X 0.707 X a X Lw
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Where: 0.707 a = Throat (The shear failure of the fillet weld occurs along a plane through the
throat of the weld)

¢#Rn=0.75x0.60 X Fexx X 0.707 x a X Lw
=0.75x0.60 x 70 ksi x 0.707 x 0.25 in x 28 in.
= 155.89 kips (693.71 kN)

Shear strength of the weld metal (4 Rn =155.89 kips (693.71 kN)) > acting shear (OK)

7. Design of Top Post: Shear Strength

— b-—
'k
i
I
' N
I

Figure A-5. Top Post Cross section

Material Specifications (ASTM designation): A992 (AISC Table 2-4, [68]).
Fy (yield stress) = 50 ksi (0.344 GPa)

Fu (tensile stress) = 65 ksi (0.447 GPa)

Section dimensions and properties (AISC, Table 1-1 (1-28), [68]):
Area (A) = 2.68 in.2 (1729 mm?)

Depth (d) = 6.0 in. (152 mm)

Web thickness (tw) =0.17 in. (4 mm)

As per AISC manual section 16.1-67 (chapter G) [68], the nominal shear strength, V», according
to the limit states of shear yielding is:

Vh = 0.6FyAwCy , Cy = 1.0 for I-shaped members
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Where:

Aw = dty (area of web, in.?)

d = Overall depth,

tw = Thickness of web

Fy = Specified minimum yield stress, ksi

Vh = 0.6*50 ksi * ((6-2.5)*0.17) in.2= 18 kips (80.1 kN) > Acting (8.08 kips ( 35.96 kN)) (OK)

8. Maximum Capacity of Design Concept No. 1
Combined Tensile and shear strength (LRFD) is given by:

(L) +(f_> < 1 (B33, AISC[68])

¢Fnt ¢FTLV
Where:

¢ = LRFD strength reduction factor, 4 =0.75

fv = Required shear stress, ksi (MPa)
fi= Required tensile stress, ksi (MPa)
Fnv = Nominal shear stress, ksi (MPa)
Fnt = Nominal tensile stress, ksi (MPa)
fi=(T) /Ay + (Ta/4) [Ab

T=(M/25in.)/2=(V1*25)/5 (2.5 in.=distance b/n bolts and V1 =0.26 Va = 0.26 FCapacity
*c0s(27))

T = (0.26 Feapacity * €0s (27) *2.5)/5 = 0.12 FCapacity
Ta= FCapacity * Sin (27) = 0.45 FCapacity
fi=(0.12 Feapacity) / (0.1503) + ((0.45 FCapacity/4)/0.1503)
= 0.798 Feapacity + 0.749 Fcapacity
= 1.547 FCapacity
fu=(V1/4)/Ap = (0.26 VV/4)] Ap = ((0.26 *FCapacity *c0s(27))/4)/ 0.1503

f\/ = 04 FCapacity
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2 2

<¢ft ) + <¢f” ) =1 (To find the maximum capacity of the anchorage system, the equation
Fnt Foy

was set to be equal to unity)

(1.547 Fcapacity)z N (0.4 Fcapacity)2 4
67.5 40.5 B

0.00052 (Fcapacity)2+ 0.0001 (Fcapacity)2 =1

Fcapacity= 40 kips (177. 92 kN)
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Appendix B. Steel-Post, Trailing-End Anchorage Design Concept No. 2 Calculations
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Calculation: Design Concept No. 2

. p—————7571905] ————

L —/

s 327[813]

31788
1788l L_15"[381]

2 9/167[65)
] —+

Ground [T

Line

69 1/471759]

Figure B-1. Steel-Post, Trailing_-End Anchorage Design ConceENo. 2

1. Force Calculation

The maximum load sustained by the BCT wood post downstream anchorage system was 35 Kips
(155.7 kKN). This load was used as a baseline for the following calculations. More details regarding
BCT wood post anchorange capacity are provided in Mongiardini et al. [4].

Va

F cable

cosf =

Ta = Fogppe * sin6 = 35kips * sin 33° = 19.06 kips (84.82 kN)
V. = 35kips * cos33° = 29.35kips (130.61 kN)

Where:

F..p1.= Force in anchor cable

Ta = Tension force

Va = Shear force
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2. Design Force Calculation
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Figure B-2. Forces Acting on Design Concept No. 2

Moment about A:

V1 x (0.5625) = V2 x (1.4375)
Where: 0.5625 in. (14 mm) = distance b/n V and V1
1.4375 in. (37 mm) = distance b/n V and V2

Equilibrium of Forces:

V1 + V2 =V, = 35 Kips *cos (33.0) = 29.35 kips (130.61 kN)
V1 = 21.05 kips (93.67 kN)

V2 = 8.3 Kips (36.94 kN)
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3. Weld Capacity (Bottom Base Plate)

2 1/27[64]
1/2"[13:]—_L 2 1/2'[64]4—
Sum— V1
f — ] !
0 o \_/
2 1/2°[64]
O O
| |
- ,
1/271 3»]—T Tr—

Figure B-3. Weld Size of the Bottom Base Plate

Weld capacity as per AISC manual, section J2.5 [68]:

Weld size (amin) = %2 in. (6.35 mm)

Length of the weld (Lw) =2*8in. +2*6 in. - 2*2.5in. = 23 in. (584 mm)

Shear strength of weld metal = ¢ Rn

Rn = Frw Awe

Where:

Faw=0.60 Fexx (Fexx = Filler metal classification strength = 70 ksi (E70XX electrode for the
fillet welds)

Shear strength of weld metal = yRn = 0.75 X 0.60 X Fexx X 0.707 x a X Lw

Where:

0.707 a = Throat (The shear failure of the fillet weld occurs along a plane through the throat of
the weld)

¢= LRFD strength reduction factor = 0.75

¢#Rn=10.75x 0.60 X Fexx X 0.707 X 0.25 x Lw> V1 = 21.05 Kips (93.67 kN)

Lw > 3.85in. (98 mm)

Lw (provided) = 23.in. (584 mm) > Ly =3.85in. (98 mm) (O.K)
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4. Shear Strength of Foundation Tube
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i

1/2"[13]—T
Figure B-4. Foundation Tube Cross-Section

Material Specifications (ASTM Designation):

The material A992 is the preferred material for W-sections [68].
Fy (yield stress) = 50 ksi (0.344 GPa)
Fu (tensile stress) = 65 ksi (0.447 GPa)

Section dimensions

Depth (d) = 8.0 in. (203 mm)
Web thickness (tw) =0.1875 in. (5 mm)
Area (Aw) = (8-2.5) in. * 0.1875 in. = 1.03 in.? (645 mm?)
As per AISC section 16.1-67 (chapter G) [68], the nominal shear strength, V», according to the
limit states of shear yielding is:
Vi = 0.6FyAw
Where: Aw = dty (area of web, in?)
d = Overall depth, tw = thickness of web
Fy = Specified minimum yield stress, ksi

Vi = 0.6*50 ksi * 1.03 in.2= 31 kips (137.95 kN) > Acting (V2 = 8.3 kips (36.94 kN))  (OK)
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Appendix C. Steel-Post, Trailing-End Anchorage Design Concept No. 3 Calculations
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Calculation: Design Concept No. 3
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ELEVATION VIEW

Figure C-1. UBSP Downstream Anchorage Design Concept No. 3

1. Force Calculation

The maximum load sustained by the BCT wood post downstream anchorage system was 35 Kips
(155.7 kN). This load was used as a baseline for the following calculations. More details regarding
BCT wood post anchorange capacity are provided in Mongiardini et al. [4].

D)
Bearing Plate /,////
Assembly \ ':\” I/_)'
f3
/F"% =1 1)
A = 7
,ﬂ W) G@f i

DETAIL B

Figure C-2. Forces Acting on Design Concept No. 3
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Moment about V:

V1 x (0.5625) = V2 x (2.6875)
Where: 0.5625 in. (14 mm) = distance b/n V and V1
2.6875 in. (68 mm) = distance b/n V and V2

Equilibrium of Forces:

V1 + V2=V =35Kkips (155.75 KN) = Feaple
V1 = 29.5 kips (131.275 kN)
V2 = 5.5 Kips (24.475 kN)

2. Weld capacity (Bottom base plate)

1;"2"[1.’5]1 2 1./2'[64]—-—-1
] >

) R ] I ]

2 1/27[64]— /4" [6]

O

1,’2"[13]—1 -2 1/2764]

Figure C-3. Weld Details and Force Acting on Bottom Base Plate

Weld capacity as per AISC, J2.5 [68]

Weld size (amin) = ¥4 in. (6.35 mm)
Length of the weld (Lw) =2*8 in. +2*6 in. - 2*2.5in. = 23 in. (584 mm)
Shear strength of weld metal = 4R
Rn = Frw Awe
Where:
Faw=0.60 Fexx ( Fexx = Filler metal classification strength = 70 ksi (E70XX electrode for the
fillet welds))
Shear strength of weld metal = 9 Rn = 0.75 x 0.60 X Fexx X 0.707 x a X Lw
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Where:
0.707 a = Throat (The shear failure of the fillet weld occurs along a plane through the throat of
the weld)

¢= LRFD strength reduction factor = 0.75
¢Rn=0.75x 0.60 X Fexx x 0.707 x 0.25 x Lw> V1 = 29.50 kips (131.275 kN)

Lw >5.3in. (135 mm)
Lw (provided) = 23 in. (584 mm) > Ly =5.3in. (135 mm) OK

3. Shear Strength of Foundation Tube

1/27[13] 2 1/2"[64]+—
__i_ N ] I

2 1,—"2“[64]—

j_\ I [
1,f2"[13~]4I f——t-2 1/27[64]

Figure C-4. Design Details of Foundation Tube

Material Specifications (ASTM designation):

The material A992 has the following yield and tensile strength capacity [68]:
Fy (yield stress) = 50 ksi (0.344 GPa)
Fu (tensile stress) = 65 ksi (0.447 GPa)

Section dimensions and properties:

Depth (d) = 8.0 in. (203 mm)
Web thickness (tw) = 0.1875 in. (93.67 kN)

Area (Aw) = (8-2.5) in. * 0.1875 in. = 1.03 in.? (645 mm?)
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As per AISC section 16.1-67 (chapter G) [68], the nominal shear strength, V,, according to the

limit states of shear yielding is:
Vi = 0.6FyAw
Where: Aw = dty (area of web, in.?)
d = Overall depth, tw = thickness of web

Fy = Specified minimum yield stress, ksi

Vi = 0.6%50 ksi * 1.03 in.2 = 30.93 kips (137.64 kN) > Acting (V2 = 5.50 kips (37.895 kN)) (OK)
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Appendix D. Steel-Post, Trailing-End Anchorage Design Concept No. 4 Calculations
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Calculation: Design Concept No. 4
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317 788! 32°(813]
> 3/8788) _
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Line t 1
B9 1,/471759)

ELEVATION WIEW
Figure D-1. Modified UBSP Downstream Anchorage Design Concept No. 4

1. Force Calculation

The maximum load sustained by the BCT steel post downstream anchorage system (desig
no. 1) is Fcanle = 40 Kips (178 kN).

Va

cosf =
Fcable

Ta = F.qpie * sinf = 40kips * sin 27° = 18.16 kips (80.78 kN)
Va = 40kips * cos27° = 35.64kips (158.53 kN)

Where:

F_.p1e= Force in anchor cable

Ta = Tension force

V. = Shear force
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Figure D-2. Forces Acting on Design Concept No. 4

Moment about A:

V1x(1.75in.) = V2 x (0.875 in.)

Where:

0.875 in. (22 mm) = distance between V and V2
1.75in. (64 mm) = distance between V and V1

Equilibrium of Forces:

V1+V2 =V, = 40 kips*cos(27°)
V1 = 11.88 kips (52.984 kN)
V2= 23.76 kips (105.7 kN)

Tension in a single bolt:

T=(M/2.51in.) /2 = 4.2 kips (18.68 kN) (2.5 in. = distance b/n bolts)

2. Capacity of Bolts: Tension [Load and Resistance Factor Design (LRFD)]
a) Pure Tension:

As per the American Institute of Steel Construction (AISC) specification, Table J3.2, Group B
(e.g. A325) bolt has the following strength properties found in [68]:
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Fnt = Nominal tensile stress = 90 ksi (0.62 GPa) (4 Fnt = 0.75 * 90 ksi = 67.5 ksi (0.465 GPa))
Fnv = Nominal shear stress = 54 ksi (0.372 GPa) (¢ Fnv = 0.75 * 54 ksi = 40.5 ksi (0.279 GPa))

Fu = Ultimate stress Fu =120ksi (0.826 GPa)
Area of a 7/16-in. diameter bolt is:
Ap=m/4*(7/16)% = 0.1503 in.? (97 mm?)

Acting tensile stress in a single bolt:

fe=(T) /Ao + (Ta/4) [Ab (T=4.04 Kkips (17.98 KN ) , Ta= 18.46 Kkips (82.11 kN ))
fi= (4.2 kips) /0.1503 in.? + (18.46 kips/4) /0.1503 in.?
=27.94 ksi + 30.71 ksi = 58.65 ksi (0.404 GPa) (acting tensile stress)

¢ Fnt (Tensile strength) > (Acting tensile stress) ft (OK)

b) Combined shear and tension:

When a bolt is subjected to combined tension and shear force, the available tensile strength is
determined according to the limit states of tensile and shear rupture, as follows [68]:

— fv < F, (AISCSpec.Eq]3.3a[68])

Where:
F'nt = Available tensile strength in combined shear and tensile

V, *
Ap

frvo =

Where:
frv = Required shear stress
V. = Acting shear force in a single bolt
Ap = Area of a single bolt
2* = (11.88 kips)/4 = 2.97 kips (13.21 kN) frv = (2.97 kips)/ (0.1503 in.2) =19.76 ksi (0.136 GPa)
F'nt = 1.3*%(90 ksi) - (90 ksi*19.76 ksi)/ (0.75*54 ksi) = 73.1 ksi (0.504 GPa)

F'nt = 73.1ksi (0.504 GPa) — Auvailable tensile strength > Acting (OK)
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3. Capacity of Bolts: Shear Strength ( Pure Shear)
The shear stress (f=19.76 ksi (0.136 GPa)) < the shear strength (¢Fn = 40.5 ksi (0.279 GPa))
(OK)

4. Capacity of Bolts: Combined Tensile and Shear Strength

Tests have shown that the strength of bearing fasteners subjected to combined shear and tension
resulting from externally applied forces can be defined by an ellipse [68].

2 2
(f:) +<f_> < 1 (B3.3,AISC[68])

¢ Fnt ¢ Fny

Where:

¢ = LRFD strength reduction factor, 4 =0.75

fv = Required shear stress, ksi (MPa)

fi= Required tensile stress, ksi (MPa)

Fnv = Nominal shear stress, ksi (MPa)

Fnt = Nominal tensile stress, ksi (MPa)

(fl gFn)® + (F/gFnv)? < 1

(58.65 ksi /(0.75 *90 ksi))? + (19.76 ksi /(0.75 * 54 ksi))? < 1
0.75+0.23 <1

098<1

Therefore, strength of fasteners is enough to resist the applied shear and tensile load.
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5. Capacity of Bolts: Bearing Strength at Bolt Hole
a) Top Base Plate

I. Minimum edge distance:

From Table J3.4 of the AISC manual [68], minimum edge distance = 0.75 in. (19 mm) for "/16-in.
diameter bolt.

Available edge distance (1.5 in. (38 mm)) > 0.75 in. (19 mm). Therefore, minimum edge distance
requirements are satisfied.

AISC specifications in section J3.3 state that the minimum distance (s) between the centers of bolt
holes shall not be less than 2.67 db. However, a distance of 3dy, is preferred [68]. (Where: dy =
nominal diameter of fastener)

Minimum spacing = 2.67 dp = 2.67 x 0.4375 = 1.17 in. (30 mm)
Preferred spacing = 3.0 dp = 3.0 x 0.4375 = 1.31 in. (33 mm)

Available spacing 2.5 in. (64 mm) > 1.31 in. (33 mm), therefore, spacing requirements are
satisfied.

AISC specifications in section J3.10 state that the available bearing strength at bolt holes is 4 Rn (
¢=0.75, LRFD) when deformation at the bolt holes is a design consideration [68]:

Rn =1.2 Lct Fu < 2.4 db 1 Fu (J3'6a, [68])
Where:
Fu = Specified minimum tensile strength of the connected material (for ASTM A36, Fu = 58 ksi)

L. = Clear distance, in the direction of the force, between the edge of the hole and the edge of the
adjacent hole or edge of the material (in.)

t = Thickness of connected material (in.)
Ii. Bearing strength at bolt holes:
L. = 1.5 - hole diameter/2 = 1.5 — (7/16 + 1/16)/2 = 1.25 in. (32 mm)

dRn=0.75x (1.2 Lc t Fy) = 0.75 x (1.2 x 1.25 x 0.75 x 58) = 48.78 kips (217.07 kN)
But, yRn<0.75 (2.4 dp t Fy) = 0.75 x (2.4 x 0.4375 x 0.75 x 58) = 34.26 Kips (152.46 kN)
Therefore, ¢ Rn =34.26 kips (152.46 kN) at edge holes

At other holes, S =2.51in, Lc = 2.5 (7/16 +1/16) = 2.0 in. (51 mm)
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dRn=0.75x (1.2 Lc t Fy) = 0.75 x (1.2 x 2.0 x 0.75 x 58) = 78.3 kips (348.44 kN)
But, yRn<0.75 (2.4 dp t Fu) = 34.26 kips. Therefore, 4 Rn = 34.26 Kips (152.46 kN)

Therefore, bearing strength at bolt holes = 2x 34.26 = 68.52 kips (304.92 kN). Bearing strength at
bolt holes (upper base plate) = 68.52 kips (304.92 kN).

b) Bottom Base Plate
I. Minimum edge distance
As per Table J3.4 of the AISC manual [68], minimum edge distance = 0.75 in. (19 mm).

Available edge distance 1.5 in. (38 mm) > 0.75 in. (19 mm), therefore, minimum edge distance
requirements are satisfied.

AISC specifications in section J3.3 state that the minimum distance (s) between the centers of bolt
holes shall not be less than 2.67 db. However, a distance of 3dy is preferred [68]. (Where: dy =
Nominal diameter of fastener)

Minimum spacing = 2.67 dp = 2.67 x 0.4375 = 1.17 in. (30 mm)
Preferred spacing = 3.0 dp = 3.0 x 0.4375 = 1.31 in. (33 mm)

Available spacing 1.31 in. (33 mm) > 1.50 in. (38 mm), therefore, spacing requirements are
satisfied.

AISC specification J3.10 indicates the available bearing strength at bolt holes is ¢Rn (¢=0.75,
LRFD) when deformation at the bolt holes is a design consideration [68]:

Rn =12 Lct Fu < 2.4 db t Fu (\]3'63)
Where:

Fu = Specified minimum tensile strength of the connected material (for ASTM A36, Fy = 58 ksi
(0.399 GPa))

L. = Clear distance, in the direction of the force, between the edge of the hole and the edge of the
adjacent hole or edge of the material (in.).

t = Thickness of connected material (in.).
Ii. Bearing strength at bolt holes:
L. = 1.5 - hole diameter/2 = 1.5 — (7/16 + 1/16)/2 = 1.25 in. (32 mm)

dRn=0.75x (1.2 Lc t Fy) = 0.75 x (1.2 x 1.25 x 0.75 x 58) = 40.78 kips (217.07 kN)

But, §Rn<0.75 (2.4 do t Fy) = 0.75 x (2.4 x 0.4375 x 0.625 x 58) = 28.54 kips (127.00 kN)
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Therefore, yRn =28.54 kips at edge holes

At other holes, s =2.5in, L =2.5—(7/16 +1/16) = 2.0 in. (51 mm)

4Rn=0.75% (1.2 Lo t Fy) = 0.75 x (1.2 x 2.0 X 0.75 x 58) = 65.25 Kips (290.36 kN)
But, yRn<0.75 (2.4 dp t Fu) = 28.54 kips. Therefore, 4 Rn = 28.54 Kips (127.00 kN)

Therefore, bearing strength at bolt holes = 2 x 28.54 = 57.09 Kips (254.05 kN) .

Bearing strength (4 Rn) > applied load (18.16 kips (80.78 kN)) (OK)

6. Weld Design Capacity
a) Top Post (W6X8.5)

‘—7 4,00 in, ¢

b -
\\I r/-'
899 In (743 e 2735 In (635 nm
4,50 In, CLL4 me
[
1/4
4‘ 150 I (38 mm ’& B ———

I \

Figure D-3. Top Post (W6X8.5) Weld Size

Web thickness (tw) = 0.17 in. (4 mm)
Flange width (br) = 4.0 in. (102 mm)
Flange thickness (tf) = 0.215 in. (5 mm)

Area (A) = 2.68 in.2 (1729 mm?)
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Moment capacity of the weld

| outsie flange = (2)*(%)*(4) *(0.707 *0.25)3 + (2)*(0.707)*(0.25)*(4)*(2.95)% = 12.31 in.# (5123809

mm?%)

| inside flange = (2)*(%)*(3)*(0.707 *0.25)3 +(2)*(0.707)*(0.25)*(3)*(2.95)? = 7.94 in.* (3304878
mm#)

| web = (2)*(%)*(0.707)*(0.25)*(2)3 = 0.24 in.* (99896 mm?)

| otal = 20.5 in.4 (8532744 mm?)

S=20.5/2.95 = 6.94 in.2 (113726 mm?)

Mcapacity = (694 in.3 )*(70 kS|) =486.1 kipS-in. > Macting =20.2 kipS-in. (OK) ( Fu.=70 kS|)

2861 kIPs — 194.44 kips (865.26 kN) > 18.16 kips (80.78 kN) (OK)

Peak Force capacity = Zsm) -

b) Lower Post (Foundation Tube)

&
- [152] ”

¥

g
[203]

1/2"
1/4" [6) T3]

Figure D-4. Lower Post (Foundation Tube) Weld Size

Weld size (amin) = ¥4 in. (6 mm)
Length of the weld (Lw) =2*6 in. +2*8in. =28 in. (711 mm)

Shear strength of weld metal = 4Rn
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Rn = an Awe [68]
Where:

Faw=0.60 Fexx (Fexx = Filler metal classification strength = 70 ksi (E70XX electrode for the
fillet welds))

Shear strength of weld metal = yRn = 0.75 X 0.60 X Fexx X 0.707 x a X Lw

Where: 0.707 a = Throat (The shear failure of the fillet weld occurs along a plane through the
throat of the weld)

¢#Rn=0.75x0.60 X Fexx X 0.707 x a X Lw
=0.75x0.60 x 70 ksi x 0.707 x 0.25 in x 28 in.
= 155.89 Kips (693.71 kN)

Shear strength of the weld metal (4 Rn =155.89 kips (693.71 kN)) > acting shear (OK)

7. Design of Top Post: Shear Strength

| b-—
'k
I
I
' N
I

Figure D-5. Top Post Cross section

Material Specifications (ASTM designation): A992 (AISC Table 2-4, [68]).
Fy (yield stress) = 50 ksi (0.344 GPa)

Fu (tensile stress) = 65 ksi (0.447 GPa)
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Section dimensions and properties (AISC, Table 1-1 (1-28), [68]):
Area (A) = 2.68 in.2 (1729 mm?)

Depth (d) = 6.0 in. (152 mm)

Web thickness (tw) = 0.17 in. (4 mm)

As per AISC manual section 16.1-67 (chapter G) [68], the nominal shear strength, Vn, according
to the limit states of shear yielding is:

Vh = 0.6FyAwCy , Cy = 1.0 for I-shaped members
Where:

Aw = dty (area of web, in.?)

d = Overall depth,

tw = Thickness of web

Fy = Specified minimum yield stress, ksi

Vh = 0.6*50 ksi * ((6-2.5)*0.17) in.2= 18 kips (80.1 kN) > Acting (7.03 kips (31.28 kN)) (OK)

8. Maximum Capacity of Design Concept No. 4
Combined Tensile and shear strength (LRFD) is given by:

(L) +<f_> < 1 (B33, AISC [68])

¢F1‘Lt ¢FTL‘U
Where:

¢ = LRFD strength reduction factor, 4 =0.75

fv = Required shear stress, ksi (MPa)
fi= Required tensile stress, ksi (MPa)
Fnv = Nominal shear stress, ksi (MPa)
Fnt = Nominal tensile stress, ksi (MPa)
fi=(T) /A, + (Ta/4) 1A,

T=(M/25in.) /2 = (V1 * 1.75)/5 (2.5 in. = distance b/n bolts and V1 =0.333 V, =0.333
FCapacity *COS(27))
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T = (0.333 Feapacity * €08 (27) *1.75)/5 = 0.12 Feapacity
Ta= Feapecity * Sin (27) = 0.45 Feapacity
fi=(0.104 Feapacity) / (0.1503) + ((0.45 Feapacity /4)/0.1503)
= 0.692 Feapscity + 0.749 Foapacity
= 1.441 Feapacity
fu= (VL/4)/Ab = (0.333 V/4)/ Ab = ((0.333 * Feapacity *C0S(27))/4)/ 0.1503

fv=0.494 Fcapacity

2 2

(%) + (%) =1 (To find the maximum capacity of the anchorage system, the equation
Fnt an

was set to be equal to unity)

(1.441 Fcapacity)2 N (0.494 Fcapacity>2 —1
67.5 40.5 B

0.00046 (Fcapacity)2+ 0.000148 (Fcapacity)2 =1

Fcapacity =41 kIpS (182.38 kN)
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Appendix E. Steel-Post, Trailing-End Anchorage Design Concept No. 5 Calculations
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Calculation: Design Concept No. 5

|-—?5'[ mos]—-|

L —1

= DIl ==
5\1’[:-'13.13]i - - -32“[313]
= 40 kips
Ground =1 i L /e 1
Line 1 1/4732]] !
B9 1/471759)

ELEVATION WVIEW
Figure E-1. Downstream Anchorage Modified Design Concept No. 3

1. Force Calculation

The maximum load sustained by the BCT steel post downstream anchorage system is Fcapie = 40
Kips (178 kN).
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Figure E-2. Forces Acting on Modified Design Concept No. 3
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2. Weld Capacity (Weld Around the Bearing Plate)

3 3/1*5”[51]4r—~| "1 1/8"29] ﬂ ’-ﬁs/a"[m]

: 2 9/11'6"[65] L{J —{1 5/1633] H
V=36.52 kips k_ — -7 17271191 |-
1 Jf15':.}0:

ST

= beose ELEVATION VIEW PROFILE VIEW
H_/ O
6 6 © Bearing Plate Details

Weld capacity as per AISC section J2.5

Weld size (a) = 3/16 in. (5 mm)

Length of the weld (Lw) =7.5in. +7.5in.-2.5in.-1.125in. =11.375in. (299 mm)
Where:

7.5 in. is bottom length of the weld

7.5in.-2.51n. - 1.125 in. is top length of the weld (where: 2.5 in. is length opening in the
foundation tube base plate and 1.125 in. is the length of opening in the anchor bearing plate)
Shear strength of weld metal = ¢ Rn

Rn = Frw Awe

Where:

Frw=0.60 Fexx ( Fexx = Filler metal classification strength = 70 ksi (E70XX electrode for the
fillet welds))

Shear strength of weld metal = 4 Rn = 0.75 X 0.60 X Fexx X 0.707 X a X Lw
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Where:

0.707 a = Throat (the shear failure of the fillet weld occurs along a plane through the throat of the
weld)

¢= LRFD strength reduction factor = 0.75
¢#Rn=0.75x0.60 x 70 x 0.707 x 0.1875 x 11.375

4Rn=47.5 kips (211.29 kN) > V/ = 36.82 kips (163.78 kN) OK

3. Weld Capacity (Bottom Base Plate)

1;:'[1311 2 1/27 64—

UE'[13'—1 b—2 1727764

Figure E-3. Weld Details and Force Acting on Bottom Base Plate

Weld capacity as per AISC Section J2.5

Weld size (a) = Y4 in. (6 mm)

Length of the weld (Lw) =2*8in. +2*6 in. - 2*2.5in. = 23 in. (584 mm)
Shear strength of weld metal = ¢ Rn

Rn = Frw Awe

Where:

Fow=0.60 Fexx ( Fexx = Filler metal classification strength = 70 ksi (E70XX electrode for the
fillet welds))

Shear strength of weld metal = 4 Rn = 0.75 X 0.60 X Fexx X 0.707 X a X Lw
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Where:

0.707 a = Throat (the shear failure of the fillet weld occurs along a plane through the throat of the

weld)

¢= LRFD strength reduction factor = 0.75

¢Rn=0.75x 0.60 X Fexx x 0.707 X 0.25 x Lw >V = 36.82 kips (163.78 kN)
Lw > 6.61 in. (168 mm)

Lw (provided) = 23 in. (584 mm) > Lw=6.61in. (168 mm) OK
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Appendix F. T-Shaped, Breaker Bar Assembly Design Calculations
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T-Shaped, Breaker Bar Design Calculation

Factng ¥ = Facting ~ 12 716"

12 7/16" 16"

TC
Figure F-1. T-Shaped, Breaker Bar Assembly
Where:
T = Tension in bolts Note: o
C = Compression in bolts = Drawing is not to scale
25" = spacing between bolts = Drawing is based on design concept no. 2

1. Determine Facting

a) Capacity of a single bolt in tension (ASTM A325 Bolt)
Fnt = 67.5 ksi (AISC Specification, Table J3.2)

b) Tensile force capacity of a single bolt (/16 in. diameter bolt)

Feapacity = Fnt * Ap Ap = H/4*(7/16 in.)2 =0.1503 in.?
= 67.5 ksi * 0.1503 in.?
=10.15 kips

c) Acting tensile force in a single bolt
T= (M/ 2.5 |n)/2 = (Facting * 124375)/2 =25 Facting
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Where:
M = acting moment = Facting * 12.4375

2.5 in. = spacing between bolts
2 = number of bolts in tension
Thus, at failure (when bolts fracture):
Tsingle bolt = Feapacity (Single bolt)
2.5 * Facting = 10.15 Kips
Facting = 4.06 Kips
Beyond this load, the post will break away. This much load is needed to break away the anchor
post; the post breaker should resist this force without bending, yielding, and buckling.
2. Bending (Flexural) capacity of T-shaped, breaker bar

F Facting A

8

Fu SBI T

I Y
Support

¥
Rigid

|
|
|
|
|
|
|
|
|
|
A
e Assume a 25-degrees impact
e Facting = Fr, (Fn is the force which fractures the bolt, Fn = 4.06 Kkips)

e Thus, for a 25-degrees impact, Fy = 0.461 Fy

Sec A-AforO<x<I1,l1=38in

lF'u'
[ |)M
x>

M=F/*X,@x=0,M=0and @ x =1, M = F,/*I
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M = 0.461 Fy *38 in.
= (0.461 *4.06*38) kips-in.

=71.12 Kips-in.

| < ag"

Bending Moment Diagram

3. Design of Stiffeners (Steel Gussets)

Relevant Section Properties:

T e 2w 1=163in* Fy =50 ksi
r=0.908 in. $=1.30in2
21" A=197in?

Maximum moment capacity, Mmax

Mmax = Fy *S
=50 ksi * 1.30in.2
= 65 Kips-in.
- 38" >

J;pacityr, max = 65 kipS-iI’I

Ié;ﬁng =71.12 kips-in

Thus, need to provide small stiffeners (steel gussets) to strengthen the post breaker.

[ —

' 3;..'-I T

l
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4. Check the section capacity of the recommended design

[ —

' w-I T

l

i. Steel tube:

TS2 or HSS 2 1/," x 2 1/, x 14" has a moment capacity of 65 Kips-in.

ii. Gusset Plates:

f

an Thickness of steel gusset = %4 in.
+
The moment of inertia of the section varies, thus, the inertias at intermediate locations were
calculated
| = (Ya* 3%)/12
| =0.56 in.*
3"I ﬂ S=0.37in.2
M=Fy*S
= 13.32 kips-in.

iii.  Overall Moment Capacity:

capacity, Gussets — 13.32 kips-in

capacity, Tube = 65 kips-in

s

Macting = 71.12 kips-in

|

The overall moment capacity > Moment acting (O.K)
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5. Buckling of T-shaped, breaker bar

Relevant Section Properties:

Facting = 4.06 Kips-i i i
1 0 ips-in Nominal Weight = 7.11 Ib/ft

T A=1097in?
1!4“ 1.0 I :1.63 in.4
I b ® r=0.908in.
38 in. 914" E =29000 ksi .
ASTM A500 Grade B = Fy = 50 ksi
JL K = 2, Effective Length =2*38 in = 76 in.

i.  Buckling Strength

Critical load for buckling: Per = IT?El/(KL)?
= (I1%*29000 ksi*1.63 in.*)/(2*38 in.)?
=80.77 kips
Buckling Strength of the member = 80 Kips

ii.  AISC Specification for compression member strength

The design strength of columns for flexural buckling limit state is ®cPn [AISC

Spec E2]
Where:
®:=0.85
Pn= AgFcr

For Ac < 1.5 Fer = (0.658 %) Fy (Inelastic Buckling Occurs)
For Ac > 1.5 For = (0.877/ A%) Fy (Elastic Buckling Occurs)

A = (KL/rm) (Fy/E )2

Where:

Ag = Gross member area
L = Unbraced length of the member
K = Effective length factor
r = radius of gyration
Ae = ((2*38 in.)/(0.908*IT)) (50 ksi/29000 ksi) ~ 1/
Ac=1.11< 1.5, thus
Fcr = (0.658 "2) Fy
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= (0.658 111"2) *50 ksi
=29.85 Kips
Design strength of the member = ®cPn = 0.85*(AgFcr)
=0.85* 1.97 * 29.85 kips
= 50 Kkips (Design strength) >> Facting = 4.06 Kips

6. Axial Load Capacity

Relevant Section Properties:

Yo' ]e 1450 Nominal Weight = 7.11 Ib/ft
A=197in2
214 m | =1.63 in.*
r=0.908 in.
E = 29000 ksi

ASTM A500 Grade B = Fy = 50 ksi
K = 2, Effective Length =2*38 in. = 76 in.

6= Facting/ A
= 4.06 Kips/1.97 in?
= 2.06 ksi << Fy =50 ksi

7. Design of Bearing Plate, Part C3

11/ in_I__O I

- _.‘ - -
8in thickness =4 in

1Lf3ir217—e

«— —»
37 in

i.  Minimum edge distance:

From Table J3.4 of the AISC manual, minimum edge distance = 0.75 in. for % in.

diameter bolt.
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AISC specification, section J3.3 states that the minimum distance (s) between the
centers of bolt holes shall not be less than 2.67 db. However, a distance of 3db is
preferred. (Where: d» = nominal diameter of fastener)

Minimum spacing = 2.67 dp = 2.67 x 0.4375 = 1.17 in.

Preferred spacing = 3.0 dp =3.0 x 0.4375 =131 in.

Available spacing 5.75 in. > 1.31 in., therefore, spacing requirements are satisfied.

Bearing strength at bolt holes:

AISC specification, section J3.10 states that the available bearing strength at bolt
holes is @Rn (¢= 0.75, LRFD), when deformation at the bolt holes is a design
consideration:

Rn=12LctFy<24dytFy (J3-62a)

Where:

Fu = Specified minimum tensile strength of the connected material (for ASTM A36,
Fu =58 ksi)

Lc = Clear distance, in the direction of the force, between the edge of the hole and
the edge of the adjacent hole or edge of the material (in.)

t = Thickness of connected material (in)

Lc=1.125 — hole diameter/2 = 1.125 — (1/2 + 1/16)/2 = 0.84 in.

eRn=0.75x (1.2 Lc t Fy) =0.75 x (1.2 x 0.84 x 0.25 x 58) = 10.96 kips
Therefore, bearing strength at bolt holes = 2 x 10.96 = 21.92 Kips > Facting (O.K)
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Appendix G. Material Specifications and Mill Certifications
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Table G-1. Material Certifications, Test No. SPDA-1

head bolt, nut, and cotter pin,
Grade A, Class 3 or Similar

1019604 - As Supplied

Iﬁ? Description Material Specification Reference
12'-6" [3,810] 12 gauge [2.7] W-

al Beam MGS End Section AASHTO M180 HT#8534 H#9411949

ap | 12-6"[3810] 12 gauge [2.7] W- AASHTO M180 HT#8534 H#9411949
Beam MGS Section
TS6"x8"x¥16" [152%203x5], 72"

bl [1.829] Long Foundation Tube ASTM A500 Gr. B H#167622
W6x8.5 [W152x12.6] or W6X9

b2 | [W152x13.4], 27%." [705] Long ASTM A992 H#59064972
Steel Post

b3 é |3;t>é7"x%" [330x178x16] Steel ASTM A36 HAEGI159

AALNISVALVETAL

ba EF')) I/:u:S/z X¥4" [140x140x19] Steel ASTM A36 HH#BELT52
W6x8.5 [W152x12.6] or W6x9 ASTM A992 or ASTM

b5 | [W152x13.4], 72" Long [1,829] A36 Min. 50 ksi [345 H#550‘;‘;2ir?t1 Black
Steel Post MPa]

b6 6"x12"x14Y4" [152x305x368] SYP Grade No.1 or Invoice#43270
Timber Blockout for Steel Posts better Charge#335

dl | Ground Strut Assembly ASTM A36 R#090453-8

Black H#Vv911470

d2 | Anchor Bracket Assembly ASTM A36 AND H#4153095
8"x7"x2'%" [203x178x54] Bearing %-in. plate: H#E61159

d3 Plate ASTM A36 1-in. plate: H#A7A884
2%" [60] O.D. x 3 ¥%46" [100] ASTM A53 Gr. B

dd Long BCT Post Sleeve Schedule 40 H#C80017
T .

e1 | 7 [190] Dia. 6x19 IWRC IPS IPS R#17-516 Orange
Wire Rope

Fitting - ASTM A576 Gr.

g2 | BCT Anchor Cable End Swaged | 4535y 4. ASTM F568 |  R#17-516 Orange

Fitting
Class C

115-HT Mechanical Splice - .

e3 %" [19] Dia. As Supplied n/a
Crosby Heavy Duty HT -

ed %" [19] Dia. Cable Thimble Stock No. 1037773 n/a
Crosby G2130 or S2130 Bolt Type

o5 Shackle - 14" [32] Dia. with thin Stock Nos. 1019597 and n/a
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Table G-2. Material Certifications, Test No. SPDA-1 (Cont.)

Iﬁ? Description Material Specification Reference
Chicago Hardware Drop Forged
c6 Heavy Duty Eye Nut - Drilled Stock No. 107 - As n/a
and Tapped 1%" [38] Dia. - UNC Supplied
6 [M36x4]
e7 | 1" [25] Dia. Eye Nut As Supplied n/a
e8 | TLL-50K-PTB Load Cell - n/a
¢ | %" [16] Dia. UNC, 14" [356] Long | Bolt - ASTM A307 Gr. A BO'E #"2';;%%?3453
Guardrail Bolt and Nut Nut - ASTM A563A Nut:H#20479830
2 %" [16] Dia. UNC, 1%" [32] Long | Bolt - ASTM A307 Gr. A Bolt: H#20460760
Guardrail Bolt and Nut Nut - ASTM A563A Nut: H#20479830
Bolt: R#16-692
3 %" [16] Dia. UNC, 10" [254] Long | Bolt - ASTM A307 Gr. A L';ﬁgg‘gl?s?lg?rgsge
Hex Head Bolt and Nut Nut - ASTM A563A Paint Nut: P#36713
C#210101526
Bolt: R#16-0009
f4 %" [16] Dia. UNC, 12" [38] Long | Bolt - ASTM A307 Gr. A | L#25203 H#10207560
Hex Head Bolt and Nut Nut - ASTM A563A Nut: R#16-0217
P#36713 C#210101526
ABg'ztS' Oﬁ%’ﬁ,&ﬁiﬁg& Bolt: L#3412980006
46" [11] Dia. UNC, 2% " [57] H#5210760BA
6 SAIJ429 Gr. 5 _
Long Heavy Hex Bolt and Nut Nut: C#210110353
Nut - ASTM A563DH or L #1N 1640850
ASTM A194 Gr. 2H
f7 | 1" [25] Dia. Plain Round Washer ASTM F844 n/a
f8 | 34" [16] Dia. Plain Round Washer ASTM F844 n/a
. . Grainger COC
YKL
f9 | 46" [11] Dia. Plain Round Washer ASTM F844 L#2015043021
" . H#DL 15103032
f10 | 1" [25] Dia. Hex Nut ASTM A563A L #3660558
f11 | 16D Double Head Nail - n/a
gl | Portable Concrete Barrier Min £'¢=5,000 psi [34.5 n/a
MPa]
g2 | Concrete Block - MN Noise Wall - n/a
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Table G-3. Material Certifications, Test No. SPDA-2

head bolt, nut, and cotter pin,
Grade A, Class 3 or Similar

1019604 - As Supplied

Iﬁ? Description Material Specification Reference
12'-6" [3,810] 12 gauge [2.7] W-
al Beam MGS End Section AASHTO M180 HT#8534 H#9411949
ap | 12-6"[3810] 12 gauge [2.7] W- AASHTO M180 HT#8534 H#9411949
Beam MGS Section
TS6"x8"x¥16" [152%203x5], 72"
bl [1.829] Long Foundation Tube ASTM A500 Gr. B H#167622
W6x8.5 [W152x12.6] or W6X9
b2 | [W152x13.4], 27%." [705] Long ASTM A992 H#59064972
Steel Post
b3 ;'I';gtz%"x%" [178x133x16] Steel ASTM A36 HAEGI159
AALNISVALVETAL
ba EF')) I/:u:S/z X¥4" [140x140x19] Steel ASTM A36 HA#BELT52
W6x8.5 [W152x12.6] or W6x9 ASTM A992 or ASTM
b5 | [W152x13.4], 72" Long [1.829] | A36 Min. 50 ksi [345 H#550‘;‘;2ir?t1 Black
Steel Post MPa]
6"x12"x14Y," [152x305x368] SYP Grade No.1 or :
b6 Timber Blockout for Steel Posts better Ri#17-282 Light Blue
dl | Modified Ground Strut Assembly ASTM A36 R#17-515
H#4153095 AND
d2 | Anchor Bracket Assembly ASTM A36 Black H#\/911470
1/n " 1/n
dg | 772 xax1A" [191x102x29)] ASTM A36 S4-in. plate: H#E61159
Bearing Plate
d4 Z,ll/;::l%"xl/z" [184x44x13] Steel ASTM A36 H#B702405
ds élfr"xl/z"xl/z" [64x13x13] Square ASTM A36 H#54153457/02
T .
e1 | 7 [190] Dia. 6x19 IWRC IPS IPS R#17-516 Orange
Wire Rope
Fitting - ASTM A576 Gr.
BCT Anchor Cable End Swaged 1035
®2 | Fitting Stud - ASTM F568 Class | *L/->16 Orange
C
115-HT Mechanical Splice - %" .
e3 [19] Dia. As Supplied n/a
Crosby Heavy Duty HT - 94" [19]
ed Dia. Cable Thimble Stock No. 1037773 n/a
Crosby G2130 or S2130 Bolt Type
o5 Shackle - 1v4" [32] Dia. with thin Stock Nos. 1019597 and n/a
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Table G-4. Material Certifications, Test No. SPDA-2 (Cont.)

Iﬁ? Description Material Specification Reference
Chicago Hardware Drop Forged
c6 Heavy Duty Eye Nut - Drilled and Stock No. 107 - As n/a
Tapped 1%%" [38] Dia. - UNC 6 Supplied
[M36x4]
e7 | 1" [25] Dia. Eye Nut As Supplied n/a
e8 | TLL-50K-PTB Load Cell - n/a
¢ | %" [16] Dia. UNC, 14" [356] Long | Bolt - ASTM A307 Gr. A BO'E #2#8%2%93453
Guardrail Bolt and Nut Nut - ASTM A563A Nut:
2 %" [16] Dia. UNC, 1%4" [32] Long | Bolt - ASTM A307 Gr. A Bolt: H#20460760
Guardrail Bolt and Nut Nut - ASTM A563A Nut: H#20479830
Bolt: H#DL 15107048
3 %" [16] Dia. UNC, 10" [254] Long | Bolt - ASTM A307 Gr. A OIF:nZ;:ant
Hex Head Bolt Nut - ASTM A563A Nut: P#36713
C#210101526
Bolt: L#25203
f4 %" [16] Dia. UNC, 1'2" [38] Long | Bolt - ASTM A307 Gr. A H#10207560
Hex Head Bolt and Nut Nut - ASTM A563A Nut: P#36713
C#210101526
ABg'ztS' Oﬁ%’ﬁ,&ﬁiﬁg& Bolt: L#3412980006
46" [11] Dia. UNC, 2%" [57] H#5210760BA
6 SAIJ429 Gr. 5 _
Long Heavy Hex Bolt and Nut Nut: C#210110353
Nut - ASTM A563DH or L #1N 1640850
ASTM A194 Gr. 2H
f7 | 1" [25] Dia. Plain Round Washer ASTM F844 n/a
f8 | %" [16] Dia. Plain Round Washer ASTM F844 n/a
. . Grainger COC
YR
f9 | %" [11] Dia. Plain Round Washer ASTM F844 L #2015043021
" . H#DL15103032
f10 | 1" [25] Dia. Hex Nut ASTM A563A L #366055B
f11 | 16D Double Head Nail - n/a
gl | Portable Concrete Barrier Min £'¢=5,000 psi [34.5 n/a
MPa]
g2 | Concrete Block - MN Noise Wall - n/a
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Table G-5. Material Certifications, Test No. SPDA-3

head bolt, nut, and cotter pin,
Grade A, Class 3 or Similar

1019604 - As Supplied

Iﬁ? Description Material Specification Reference
12'-6" [3,810] 12 gauge [2.7] W-

al Beam MGS End Section AASHTO M180 HT#8534 H#9411949

a2 | 12-6"[3,810] 12 gauge [2.7] W- AASHTO M180 HT#8534 H#9411949
Beam MGS Section
TS6"x8"x¥16" [152%203x5], 72"

bl [1.829] Long Foundation Tube ASTM A500 Gr. B H#167622
W6x8.5 [W152x12.6] or W6X9

b2 | [W152x13.4], 27%:" [705] Long ASTM A992 H#59064972
Steel Post

b3 |Z>| ;<t5e1/4 x¥" [178x133x16] Steel ASTM A36 HAE6I159

AALNISVALVETAL

ba EF')) I/:u:S/z X¥4" [140x140x19] Steel ASTM A36 HA#BELT52
W6x8.5 [W152x12.6] or W6x9 ASTM A992 or ASTM

b5 | [W152x13.4], 72" Long [1,829] A36 Min. 50 H#550‘;‘;2ir?t1 Black
Steel Post ksi [345 MPa]

b6 6"x12"x14Y4" [152x305x368] SYP Grade No.1 or Invoice#43270
Timber Blockout for Steel Posts better Charge#335

Green Paint R#15-0157

dl | Ground Strut Assembly ASTM A36 H#163375

d2 | Anchor Bracket Assembly ASTM A36 Black H#Vv911470

d3 | [72x3YX%" [191x95x16] ASTM A36 HH#E61159
Bearing Plate

n YAR1 n

44 |§3|/;t:1 16" X%6" [60x37x16] Gusset ASTM A36 HHE61159

ds | 3'X2%"x" [76x60x13] Plate ASTM A36 H#64047117
Washer
P .

e1 | % [190] Dia. 6x19 IWRC IPS IPS R#17-516 Orange
Wire Rope

Fitting - ASTM A576
e2 Eict:tiTnA”Chor Cable End Swaged Gr.1035 Stud - ASTM R#17-516 Orange
g F568 Class C

115-HT Mechanical Splice - %" .

e3 [19] Dia. As Supplied n/a
Crosby Heavy Duty HT - 34" [19]

ed Dia. Cable Thimble Stock No. 1037773 n/a
Crosby G2130 or S2130 Bolt Type

o5 Shackle — 1%4" [32] Dia. with thin | Stock Nos. 1019597 and n/a
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Table G-6. Material Certifications, Test No. SPDA-3 (Cont.)

Iﬁ? Description Material Specification Reference
Chicago Hardware Drop Forged
c6 Heavy Duty Eye Nut - Drilled and Stock No. 107 - As n/a
Tapped 1%2" [38] Dia. - UNC 6 Supplied
[M36x4]
e7 | 1" [25] Dia. Eye Nut As Supplied n/a
e8 | TLL-50K-PTB Load Cell - n/a
.| %" [16] Dia. UNC, 14" [356] Long | Bolt- ASTM A307 Gr. A | 20T Pibvinrens
Guardrail Bolt and Nut Nut - ASTM A563A Nut:
& | %" [16] Dia. UNC, 14" [32] Long | Bolt- ASTM A307 Gr. A | Bl RALT-000
Guardrail Bolt and Nut Nut - ASTM A563A Nut: H#20479830
Bolt: H#DL 15107048
| %" [16] Dia. UNC, 10" [254] Long | Bolt - ASTM A307 Gr. A O';fnzgfg;?m
Hex Head Bolt and Nut Nut - ASTM A563A Nut: P#36713
C#210101526
Bolt: R#16-0009
\f4 %" [16] Dia. UNC, 1%2" [38] Long | Bolt - ASTM A307 Gr. A | L#25203 H#10207560
Hex Head Bolt and Nut Nut - ASTM A563A Nut: R#16-0217
P#36713 C#210101526
oy ST P25 BT | Bolt: L#3412980006
46" [11] Dia. UNC, 2%" [57] H#5210760BA
6 SAIJ429 Gr. 5 _
Long Heavy Hex Bolt and Nut Nut: C#210110353
Nut - ASTM A563DH or L #1N1640850
ASTM A194 Gr. 2H
f7 | 1" [25] Dia. Plain Round Washer ASTM F844 n/a
f8 | %" [16] Dia. Plain Round Washer ASTM F844 n/a
. . Grainger COC
YR
f9 | %" [11] Dia. Plain Round Washer ASTM F844 L #2015043021
" . H#DL15103032
10 | 1" [25] Dia. Hex Nut ASTM A563A L#3660558
f11 | 16D Double Head Nail - n/a
gl | Portable Concrete Barrier Min f'¢=5,000 psi [34.5 n/a
MPa]
g2 | Concrete Block - MN Noise Wall - n/a
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Table G-7. Material Certifications, Test No. SPDA-4

head bolt, nut, and cotter pin,
Grade A, Class 3 or Similar

1019604 - As Supplied

Iﬁ? Description Material Specification Reference
12'-6" [3,810] 12 gauge [2.7] W-
al Beam MGS End Section AASHTO M180 HT#8534 H#9411949
ap | 12-6"[3810] 12 gauge [2.7] W- AASHTO M180 HT#8534 H#9411949
Beam MGS Section
TS6"x8"x316" [152x203%5], 72"
bl [1,829] Long Foundation Tube ASTMASO0 Gr. B H#C72251
W6x8.5 [W152x12.6] or W6x9
b2 | [W152x13.4], 27%." [705] Long ASTM A992 H#59064972
Steel Post
b3 éf;éT'x%” [330x178x16] Steel ASTM A36 H#E61159
AALNISVALVETAL
ba gl/:u:S/z X¥4" [140x140x19] Steel ASTM A36 H#B7ES31
W6x8.5 [W152x12.6] or W6x9
" ASTM A992
b5 | [W152x13.4], 72" Long [1,829] Min. 50 ksi [345 MPa] H#2413988
Steel Post
6"x12"x14Y4" [152x305x368] R#16-692 Black
b6 Timber Blockout for Steel Posts SYP Grade No.1 or better Paint C#21327
dl | Ground Strut Assembly ASTM A36 R#090453-8
R#17-282
d2 | Anchor Bracket Assembly ASTM A36 H#JK 16101488
1-in. plate:
n 1 n n
43 8"X6Y4"X2 /s [203x159x54] ASTM A36 H#A7A$84/A7§2038
Bearing Plate %-in. plate:
H#E61159
2%" [60] O.D. x 31516" [100] ASTM A53 Gr. B
d4 Long BCT Post Sleeve Schedule 40 H#C80017
%" [190] Dia. 6x19 IWRC IPS R#17-700 Yellow
el : IPS )
Wire Rope Paint
L, | BCT Anchor Cable End Swaged | "9 ASTMASTO G| Ran7.700 vellow
Fitting Stud - ASTM F568 Class C Paint
115-HT Mechanical Splice - %" .
e3 [19] Dia. As Supplied n/a
Crosby Heavy Duty HT - 94" [19]
ed Dia. Cable Thimble Stock No. 1037773 n/a
Crosby G2130 or S2130 Bolt Type
o5 Shackle - 1%4" [32] Dia. with thin Stock Nos. 1019597 and n/a
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Table G-8. Material Certifications, Test No. SPDA-4 (Cont.)

Iﬁ? Description Material Specification Reference
Chicago Hardware Drop Forged
c6 Heavy Duty Eye Nut - Drilled and Stock No. 107 - As n/a
Tapped 1%2" [38] Dia. - UNC 6 Supplied
[M36x4]
e7 | 1" [25] Dia. Eye Nut As Supplied n/a
e8 | TLL-50K-PTB Load Cell - n/a
¢ | %" [16] Dia. UNC, 14" [356] Long | Bolt - ASTM A307 Gr. A BO'E #Hzgégfg“%
Guardrail Bolt and Nut Nut - ASTM A563A Nut:
2 %" [16] Dia. UNC, 1%" [32] Long | Bolt- ASTM A307 Gr. A Bolt: H#20460760
Guardrail Bolt and Nut Nut - ASTM A563A Nut: H#20479830
Bolt: H#DL 15107048
« | %" [16] Dia. UNC, 10" [254] Long | Bolt - ASTM A307 Gr. A Nu{_-#égfsgfc)?m
Hex Head Bolt and Nut Nut - ASTM A563A ;
P#36713
C#210101526
¢ | %" [16] Dia. UNC, 1" [38] Long | Bolt- ASTM A307 Gr. A Boﬁ:uﬁ#figgfgw
Hex Head Bolt and Nut Nut - ASTM A563A C#210101526
Bolt - ASTM F3125 Gr.
fg | 716" [L1] Dia. UNC, 2" [57] orf??éféfsl)sc Bolt: H#631004272
Long Heavy Hex Bolt and Nut Nut - ASTM A563DH or Nut: H#168D0400
Al194 Gr. 2H
" . . P#33188
f7 | 1" [25] Dia. Plain Round Washer ASTM F844 L #16H-168236-30
f8 | 34" [16] Dia. Plain Round Washer ASTM F844 n/a
9 7/16" [11] Dia. Plain Round ASTM E844 H#LUBS3
Washer
" . BCT Cable Nuts
10 | 1" [25] Dia. Hex Nut ASTM A563A H#DL 15105591
. cocC
f11 | 16D Double Head Nail - PO#E000357170
gl | Portable Concrete Barrier Min £'¢=5,000 psi [34.5 n/a
MPa]
g2 | Concrete Block - MN Noise Wall - n/a
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Table G-9. Material Certifications, Test No. SPDA-5

thin head bolt, nut, and cotter pin,
Grade A, Class 3 or Similar

1019604 - As Supplied

Ilt\legn Description Material Spec Reference
12'-6" [3,810] 12 gauge [2.7] W-
al Beam MGS End Section AASHTO M180 HT#8534 H#9411949
ap | 12-67[3810]12 gauge [2.7] W- AASHTO M180 HT#8534 H#9411949
Beam MGS Section
TS6"x8"x3/16" [152x203x%5], 72"
bl [1,829] Long Foundation Tube ASTMASO0 Gr. B H#C72251
W6x8.5 [W152x12.6] or W6x9
b2 | [W152x13.4], 27%" [705] Long ASTM A992 H#59064972
Steel Post
b3 ;’I';(tSG%”X%" [178x133x16] Steel ASTM A36 HAE61159
ALNISVALVETAL
b4 EF')) I/:u:S 4" x¥4" [140x133%x19] Steel ASTM A36 H#B7ES31
W6x8.5 [W152x12.6] or W6x9
" ASTM A992
b5 | [W152x13.4], 72" Long [1,829] Min. 50 ksi [345 MPa] H#2413988
Steel Post
6"x12"x14Y4" [152x305x368] Black Paint R#16-
b6 Timber Blockout for Steel Posts SYP Grade No.1 or better 692 C#21327
dl | Ground Strut Assembly ASTM A36 R#090453-08
R#17-282
d2 | Anchor Bracket Assembly ASTM A36 H#JK 16101488
d3 | [2Xed16MA [191x65x16] ASTM A36 HH#EB1159
Bearing Plate
da | 3X2A"X AT [76x60x13] Plate ASTM A36 H#64047117
Washer
316" [5] Dia. Brass Rod, 675" ) )
d5 [175] Long, Unbent ASTM B16-00 H#05543-2
Py .
g1 | ¥ [190] Dia. 6x19 IWRC IPS IPS PO: 2441 0:1145215
Wire Rope
Fitting - ASTM A576 Gr.
62 Ei(t:tiTnA”Chor Cable End Swaged 1035 PO: 2441 0:1145215
g Stud - ASTM F568 Class C
115-HT Mechanical Splice - %" .
e3 [19] Dia. As Supplied n/a
Crosby Heavy Duty HT - 94" [19]
e4 Dia. Cable Thimble Stock No. 1037773 n/a
Crosby G2130 or S2130 Bolt
o5 Type Shackle - 1¥4" [32] Dia. with | Stock Nos. 1019597 and n/a
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Table G-10. Material Certifications, Test No. SPDA-5 (Cont.)

Ilt\legn Description Material Spec Reference
Chicago Hardware Drop Forged
o6 Heavy Duty Eye Nut - Drilled and Stock No. 107 - As n/a
Tapped 1%2" [38] Dia. - UNC 6 Supplied
[M36x4]
e7 | 1" [25] Dia. Eye Nut As Supplied n/a
e8 | TLL-50K-PTB Load Cell - n/a
f1 %" [16] Dia. UNC, 14" [356] Bolt - ASTM A307 Gr. A BOIE #ggé%?g%s
Long Guardrail Bolt and Nut Nut - ASTM A563A Nut:
f %" [16] Dia. UNC, 1%" [32] Long | Bolt- ASTM A307 Gr. A Bolt: H#20460760
Guardrail Bolt and Nut Nut - ASTM A563A Nut: H#20479830
Bolt: H#DL 15107048
¢z | %" [16] Dia. UNC, 10" [254] Bolt - ASTM A307 Gr. A L#zosggn?range
Long Hex Head Bolt and Nut Nut - ASTM A563A Nut: P#36713
C#210101526
¢4 | %" [16] Dia. UNC, 1%" [38] Long | Bolt- ASTM A307 Gr. A Boﬁ:uﬁ#fifgfgg’g
Hex Head Bolt and Nut Nut - ASTM A563A C#210101526
Bolt - ASTM F3125 Gr.
7/16" [11] Dia. UNC, 24" [57] 120 (A325) or Bolt: H#1631004272
f6 Long Heavy Hex Bolt and Nut A354 Gr. BC Nut: H#168D0400
Nut - ASTM A563DH or '
Al194 Gr. 2H
f7 | 1" [25] Dia. Plain Round Washer ASTM F844 n/a
f8 | %" [16] Dia. Plain Round Washer ASTM F844 n/a
9 7/16" [11] Dia. Plain Round ASTM E844 H#L U683
Washer
" . H#DL 15103032
10 | 1" [25] Dia. Hex Nut ASTM A563A | #3660558
: cocC
f11 | 16D Double Head Nail - PO#E000357170
gl | Portable Concrete Barrier Min fc:5|\,/IOF()) 0 psi [34.5 n/a
a]
g2 | Concrete Block - MN Noise Wall - n/a
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GREGORY HIGHWAY PRODUCTS, INC.
4100 13th 5t. SW

Canton, Ohio 44710
Test Report
Custemer; UNIVERSITY OF NEBRASKALINCOLN Ship Drate: NS
401 CANFIELD ADMIN BLDG Cuslorner P.O.; AS00ZP4709 OTIOT/Z015
P O'BOX BE0439 Shipped to: UNIVERSITY OF NEBRASKA-LINCOLN
LINCOLN,NE 635850439 Project TESTING COIL
GHP Qrer No.: 183306
HT & code Heat® <. Mn, P. 5. Sk Tenslle Yield Elong. Quanlity Class Trpe Description
85 411948 o 0.75 oot 0.008 o 75774 56527 2718 0 A 2 1204 25FT WB T2 MGS ANCHOR PANEL
8534 8411948 021 075 DO 0.008 0.01 #5714 s8527 2715 100 A 2 12GA 12FTEINFFTY 1£2IN WB T2
854 8411948 .21 0.75 0.01 0.008 oo 754 £8527 2745 20 A 2 12GA 25FTCIN 2FT4 172N WB T2
Boits comply with ASTM A-307 specificalions end ara galvenized in ith ASTM A-153, unt lherwi e,
Muts comply with ASTM A and a#a galvanied i with ASTM A-153, uniless clharwise staled.

Al eiher galvanized material mnfmmsmhASTM—lZS & ASTM-B53

Al Gavaniziy has oecirred in tha Unied Sietea

Al slog] used in the manufachre is of Demestic Origin, "Mado and Moed in the United Statas"

All Steal used meats Tils 23CFR £35.410- Buy Amarica

Al Guardrall and Termina! Sections meets AASHTO M-180, All structural steel meols AASHTO M-183 & M270

All Balts and Nuls are of Domestic Origin s I;'ZHI!"T{”"”

Al materiai fabriceted in sceordsnc with Nebraska Depariment of Transportsfion o A ",

NImmummmnadmGuardrai]andp;fminars'dbnsmmasmAEG&Typad. \ i } """ SP—?‘;’@ DAWN R. BAITON
STATE OF OHR: couwt‘\?o‘%s\&: !’p/' Z NOTARY PUBLIC
‘ ‘.‘. anu:mscrbadgalmg e Z STATE OF OHIO

By, Zacomm, Expires

Andrew Adar, VP of Sales & Markeling
Gregory Highway Products, inc.

hQ3, 2018
i Recorded In
'O\I"\\\ Portage County
W
it

Figure G-1. 12-ft 6-in. (3,810-mm) 12-gauge (2.7-mm) W-Beam MGS End Section, Test Nos.
SPDA-1, SPDA-2, SPDA-3, SPDA-4, and SPDA-5 (Item Nos. al and a2)
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Atlas Tube Corp (Chicago)
1855 East 122nd Street
Chicago, lllinois, USA
60833
Tel: 773-646-4500
Fax: 773-646-6128

December 17, 2020
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a 2 Atlas upe -, wo

ustomer
A DIVISION OF ZEKELMAN INDUSTRIES

MATERIAL TEST REPORT
Sold to teel Post Downstream Anchorage Shipped to
Steel & Pipe Supply Company  R417.518 H#167622 Steel & Pipe Supply Company
Hak AN S Ban0n 5x6 Steel Tube JONE SBURE MO 6331
larch 2017 SMTH
Material: 5.0x5.0x250x24'0°0(4x4). Material No: 500502502400 Made in: USA
Melted in: Canada
Sales order: 1144226 Purchase Order: 4500278309 Cust Material #: 6550025024
Heat No c Mn P S Si Al Cu Cb Mo Ni Cr v Ti B N
3539C4 0200 0770 0010 0004 0030 0035 0020 0.000 0.000 0010 0030 0000 0001 0000 0.000
Bundle No PCs Yield Tensile Ein.2in Certification CE: 0.34
MB00672698 16 059250 Psi 073827 Psi 29 % ASTM A500-13 GRADE B&C
Material Note:
Sales Or.Note:
Material: 8.0x6.0x188x40'0"0(2x3). Material No: 800601884000 Made in: USA
Melted in: USA
Sales order: 1144578 Purchase Order: 4500278335 Cust Material #: 6680060018840
Heat No c Mn P S Si Al Cu Cb Mo Ni Cr v Ti B N
167623 0190 0840 0010 0001 0024 0033 0078 0.000 0.013 0040 0075 0.001 0003 0000 0.009
Bundle No PCs Yield Tensile ElIn.2in Coertification CE: 0.36
M800670389 6 060259 Psi 076210 Psi 29 % ASTM A500-13 GRADE B&C
Material Note:
Sales Or.Note:
Material:[B.Oxs.OxlsstW’O(mﬂ Material No: 800801884000 Made in: USA
Melted in: USA
Sales order: 1144578 Purchase Order: 4500278335 Cust Material #: 6680080018840
Heat No Cc Mn P S Si Al Cu Cb Mo Ni Cr v Ti B N
|167622| 0.190 0840 0011 0002 0020 0025 0078 0.000 0015 0037 0071 0001 0002 0000 0.007
Bundle No PCs Yield Tensile Eln.2in Certification CE: 0.36
MB00670386 6 059855 Psi 075450 Psi 29 % ASTM A500-13 GRADE B&C
Material Note:
Sales Or.Note:

Authorized by Quality Assurance: j

The results reported on this report represent the actual attributes of the material furnished and indi full

specification and contract requirements.

Wlm D1.1 method.

\i.il OF NORTH AMERICA
g

pliance with all applicable

— <> Metals Service Center Institute

Figure G-2. TS 6-in. X 8-in. X 3/16-in. (152-mm x 203-mm x 5-mm), 72-in. (1,829-mm) Long
Foundation Tube, Test Nos. SPDA-1, SPDA-2, and SPDA-3 (Item No. bl)
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Atlas ABC Corp (Atlas Tube Chicago) DDU Ref.
1855 East 122nd Strest njbe - B"‘ 80661;81
Chlago flinols, USA Customor 179
e 773.648:0800 JMCSTEEL GROUP
Fax: 773-646-6128
MATERIAL TEST REPORT
Sold to Shipped t
Steel & Plge Supply Compan Steel & P e UDE Compan
ngNHATTAN KS 66505 gg?,ogvseg ort 45
USA
Material: 8.0x2.0x188x40'0"0(2x7). Material No: 800201884000 Mads in:  USA
Molted In: USA
Sales order: 996432 Purchaso Order: C450004977 Cust Matarial #; 6680020018840
Heat No c Mn P si Al Cu Cb Mo N Cr v Ti B N
A73508 0.210 0470 0.008 0.003 0.030 0.037 0.130 0.000 0.010 0.050 0.080 0.001 0.002 0.000 0.008
Bundle No PCs Yield Tensile Eln.2in Cortification CE: 0.32
MBO0547918 14 059070 Psi 073806 Psl 28 % ASTM A500-13 GRADE B&C
Material Note:
Sales Or.Note:
Matetial; 8.0x6.0x188x40'0"0(2x3). Material No: 800601884000 Made in:  USA
Molted In: USA
Sales order: 996433 Purchase Order; C450004977 Cust Material #: 6680060018840
Heat No c Mn P s Si Al Cu cb Mo Ni Cr v Ti B N
% C72251 0.200 0.460 0.010 0.008 0020 0.035 0,180 0.000 0.020 ©0.060 0.050 0.001 0.001 0.000 0.008
Bundle No  PCs  Yield Tensile Eln.2in Certification CE: 0.31
MB00550505 6 060426 Psl 073432 Psl 30 % ASTM A500-13 GRADE B&C
Material Note:
Sales Or.Note:
e =
Authorized Quality Assurance: ’ L
mn-m?mymmmmummmmwmmumdmmwumdm full P with all applicable
specificstion end
S D1.1 mmoa
8 S @ ¢8> Metals Service Center Institute
\ Y OF NORTH AMERICA

Figure G-3. TS 6-in. x 8-in. x 3/16-in. (152-mm x 203-mm x 5-mm), 72-in. (1,829-mm) Long
Foundation Tube, Test Nos. SPDA-4 and SPDA-5 (Item No. bl)
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Fage /1
CUSTCMER SHIP Ta COSTOMER BILL TO GRADE SHAPE /! SIZE
STEEL & PIPESUPPLY COINC  STEEL & PIPE SUPPLY CO INC ADRAST2-S0 Wide Fluige Beam 16X 97/ 150 X 13.5
1003 FORT GIESON RD
CATOOSA OK 74015-3033 MANHATTAN S 66505-1698 LENGTH WEIGHT HEAT / BATCH
US-ML-MIDLOTHIAN Usa UsA 2000° BG40LE 59048722
300 WARD ROAD ES DRDER CUSTOMER MATERLA SP TION REVI
IAN, TX T sal R M LNe ECIFICATION | DATE or REVISION
L_{IDLOTH 6065 196591400000 ODOOKN TG40 ASTM Af-134
USA ASTM ATIEIIA
CUSTOMER PURCHASE ORDER NUMBER BILL OF LADING DATE ASTH ASSE-AI. ASTZ-134
GA50016489 1327000147652 031272015 CEA GU0.21-13 TIWHL
CHEMIC AL COMPOSITION .
i B ¥ #
0.09 0.88 0015 0.019 0.23 0.26 .00 0.14 0,023 0.006 0002 0.013 0.003
CHEMIC AL COMPOSITION
CEqvAS
0.29
MECHANICAL PROFERTIES . ) [ .
¥ G ) o T fi
59392 75073 <10 518 0.791 £.000
59088 74547 407 514 0.793 9.000
MBCHAN[CAJGTRO}‘ER'"ES
ml%‘l’ E‘HI.K
200.0 24,40
2000 34.00

COMMENTS ¢ NOTES

R#17-518 HE#59064972
wbx9 Steel Posts
March 2017 SMT

Steel Post Downstream Anchorage

The sbove figures are certified ¢hemical and physical test records a8 contained in the permanent recerds of company. We certify that these data are corect and in compliance with

specified requirements. Thes material, including the billess, was melfed and manufacured in the USA. EMTR complies with 8 10204 3.1,

M‘a BHASHAR YALAMANCHILI
%__QU:LITT CIRECTOR

ﬂ m ' TCM HARRINGTON
QUALITY ASSURAMCE MGH

Figure G-4. W6x8.5 (W152x12.6) or W6x9 (W152x13.4), 27%-in. (705-mm) Long Steel Posts,
Test Nos. SPDA-1, SPDA-2, SPDA-3, SPDA-4, and SPDA-5 (Item No. b2)
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_ SSAB o .. Test CiL'tit:‘icate o

Form TC1: Revision 2: Date 23 Apr 2014

——

12400 Highway 43 North, Axis, Alabama [36505, US

Customer: Customéql'.ﬂ. No.: 4500272803 ‘ Mill Order No,:  41-478949-02 f Shipping Manifest : AT232187

STEEL & PIPE SUPPLY Frouct|Hescription: ASTM AJ6{1 47 ATOF(16A) 36/ ASME SA3S(15) -

P.O. BOX 1648 AASHIO M2FO(15)36 EI;:!: B:::r S gtﬂ }: CeIt;lE Mo I 081577003

H . s [

MANHATTAN ; P (Page 1of 1)
. KS 66302 :
i Size: 01625 X 72.00 X 240)0 (W)

Tested Pieces | Tenslles : Charpy Impact Tests
Heat . Piece " Tested Tsi YS | UTS A |Eledg % |Tst Abs. Energy(FTLB) 5 Shear Tst | Tst|Tst BDWTT
S1d il Thickness lec (KEIy  [(KSD) 2| Sin{Dir| Hardness {1 2 3 Avg [1 2 3 Awg |Tmp| Dir|Siz Tmp %Shr
= - - - - [}
51159 D31 0,830 {DISCRT) _ |||l. 5T |71 l T2 |1 —
ALE9 - D54 01.756 (DISCRTh Li 43 of 26 (T
i 1 N
: o

Heat . ir ‘Chemical Analysis . - .

14 LY Mn B 5 Sl olAal _Cu | Cr - Mo Ch ¥ Ti i N - ORGN
1158 [isT .53 1 o0 001 .17 (1024127 T.16 [.20 [i0s [.002 [.004 [.013 [.0001[.0076] ™

4 1 -
KILLED STEEL 1
MERCURY IS NOT A METALLURGICAL COMPONERT OF THE STEEL AND

D MERCURY WAS INTEWTTONALLY ADDED DURING THE MANUFACTURE
QF THIS PRODUCT. .

MTR EN 10204:2004 INSPECTION CERTIFICE AE 3.1 COMPLIAINT
100% MELTED AND MANUFACTURED IN THE US5.
PRCDUCTS SHIPPED:
- - E&I153 jrin] PCES: 8, LBS: 24504

e — 1

Steel Post Downstream Anchorage . i :
R#17-518 H#EGI159 ' ' o -
5/8" Steel Plate B
¢ March 2017 SMT

WE HEREBY CERTIFY THAT THIS MATERIAL WAS I
o Cust Part # : 722072240 TESTED [N ACCORDANCE WITH, AND MEETS TEE Justin Ward
) REQUIREMENTS OF, THE APPROPRIATE SFECIFICATION TTHTIF FEALLURGIST - TROGUGT

Figure G-5. %-in. (16-mm) Steel Plate, Test Nos. SPDA-1, SPDA-2, SPDA-3, SPDA-4, and
SPDA-5 (Item Nos. b3 and d3); Test No. SPDA-3 (Iltem No. d4)
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Test Certificate

Form TCI: Revision 2: Dare 23 Apr 2014

1770 Bill Stacp Boulevard, Muscatioe, 14 52761-9412, US

Customer: Customer P.0. No.: 4500276929 | Ml Order No.:  41-486269-04 IShippthauiﬂsl: MT304655
STEEL & FIPE SUFPLY "
P.0. BOX 1688 P"""“'M“""““"’mm::;‘;gﬁ;?ﬁmmswwm AI8015) Ship Date: 05Jan 17 | Cert No: 061519358
Cert Date: 05 Jan 17 {Page 1of 1)
MANHATTAN
K5 66502
Sige; 0.750 X 72.00 X 240.0 {IN)
Tested Pieces Temsiles Chae py Luipact Tests
Heat Picce Tested Tst] YS | UTS [%RA([Elong % [Tst Abs, Energy(FTLB) % Shear Tst | Tst|Tst BDWTT
Id 1d Thickness Loc ((KSI) | (KSD 2in Bin|Dir| Hardness (1 2 3 Avg |1 2 3 Avg |Tmp|Dir ISL!] Tmp %Shr
e
BELYE2 B30 0.747 (DISCRT) L] 47 il 32 T
Heat Chemical Analysiy
14 C Mi_ P L] Sl _TolMl _C» N Cr Mg ©h ¥ il B N ORGN
[p6L752 ! 15[ .84 | .012] .004] .17 [.031].29 .14 J.13 .04 [.002[.005 J.001 }.0001].0090| UsA

EILLED £TEEL

MERCURY IS5 KOT A METALLURGICRL COMPCHENT OF THE

OF THIS PRODUCT.

MTR EN

100% MELTED AND MANUFACTURED IN THE USA.

FRODUCTE SHIFFED:
B&ELTS2 B30 FCES:

6, LBS:

Steel Post Downstream Ancharage
R#17-518 3/4" Plate
March 2017 SMT

10204:2004 INSPECTION CERTIFICATE 2.1 COMPLIANT

STEEL END NO MERCURY WAS INTENTICNALLY ADDED DURING THE MANUFACTURE

22050

{1

Cust Part # : 722472240

'WE HEREBY CERTIFY THAT THIS MATERLAL WAS Brian Wal
TESTED IN ACCORDANCE WITH, AND MEETS THE Tiam Yy aLes
REQUIREMENTS OF, THE APFROPRIATE SPECIFICATION RN T AL LT P

Figure G-6. 5%2-in. X 5%2-in. X %-in. (140-mm x 140-mm x 19-mm) Steel Plate, Test Nos. SPDA-

1, SPDA-2, and SPDA-3 (Item No. b4)
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Jowe, 177

Preliminary TeSt Certlﬁcate Form TC1: Revision 2: Dawe 23 Ap.r 2018

1770 Bill Sharp Boulevard, Muscatine, IA 52761-9412, US  **Official copy to follow**

Customer: Customer P.O. No.: 4500284612 J Mill Order No.: 41-502910-01 Lshipping Manifest :  MT315225
STEEL & PIPE SUPPLY .
P.O. BOX 1688 Produet Description; m%’:ﬁ%ﬁ;’gy“”"/“m SAA5) Ship Date: 09 May17 |CertNo: 061642676
Cert Date: 09 May 17 | (Page lof 1)
MANHATTAN
KS 66502
Size: 0.750 X 72.00 X 240.0 (IN)
Tested Pieces Tensiles Charpy Impact Tests
Heat Piece Tested Tstt YS | UTS [%RA|Elong % [Tst Abs. Energy(FTLB) % Shear Tst | Tst|Tst | BDWTT
1d d Thickness Loc |(KSI) | (KSD) 2in 8in|Dir [ Hardness |1 2 3 Awg (1 2 3 Avg |Tmp| Dir (Siz1 Tmp %Shr
mm
A7E055 A&2 0.371 (DISCRT) L[33 |74 19
= A46 1.179 (DISCRT) L[48 [70 21T
A40 0.748 (DISCRT) L] 4 69 35 1
Heat Chemical Analysis

Q%E‘s’g? [ c}ﬂT\;ﬂ :§%§| 1588%\ :§§ 1T§%A§’| 2? I:I? I:ié |:§T:§éi ];8v82 Fs%é |:3§8§l:3§3§] ‘:;RC
KILLED STEEL C:

MERCURY IS NOT A METALLURGICAL COMPONENT OF THE STEEL AND NO MERCURY WAS INTENTIONALLY ADDED DURING THE MANUFACTURE
OF THIS PRODUCT.

MTR EN 10204:2004 INSPECTION CERTIFICATE 3.1 COMPLIANT

100% MELTED AND MANUFACTURED IN THE USA.

PRODUCTS SHIPPED:

B7E531 A40 PCES: 3, LBS: 11025 A7E055 A7 PCES: 8, LBS: 29400
i ; WE HERERY CERTIFY THAT THIS MATERIAL WAS
Cust Part # : 722472240 TESTED IN ACCORDANCE WiTH, AN

AND MEETS THE
REQUIREMENTS OF, THE APPROPRIATE SPECIFICATION SENIOR VETALLURUBT - PRODULT

Figure G-7. ¥-in. (19-mm) Steel Plate, Test Nos. SPDA-4 and SPDA-5 (Item No. b4)
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CERTIFIED MATERIAL TEST ALEFOIT

_ Paip Ll -
. . CLSER o TTH CUSTCMER WL T GRADE SHAPE/ SIZE DOCUMENT i |
GQ GERDA“ HIGHWAY SAFETY CORP HIGITWAY SATETY D00 ABSHHE I8 :hwm-'u“-"f'!“ Lty :
3 -] w RATR GO fT (=)
: MARIOM,CE £130-1701 OLASTONEURY,CTOHI -5 LEHGTE f WERHT MEAT | BATOH
US-ML-CARTERSVILLE (15T 1T Fhg o ol .144.3!21.3 SFHALELOL
38+ QLD GRASSDALE ROAD ME L
TERSVILLE BALES CRDER CUSTOMER MATERIAL I SPECIMCATION ! DATE er BEVISIOH
Eﬁ.ﬁ:l‘&kﬁ ILLE, GA 30121 el TE- AETR AR
e ASTR ATIRTA
S S - S — g—— - —] P
CUFTUMER FURCHASE OHDED NLMBER, BILL OF LADMNG DATE RN
DOEET m#iém I GI0006G30E TVEETHE CEAGARL MW
— — — S— —_— - .
e S ——— — — —_—— -
¥ T £ i i % g v 2 ¥ L'y
D8 L I L .} -] LB - B [ T S N . -

‘ MICH, »Tl';_.l FROPRETIES
-I

S Tm 301 il BLo0
SeA0] TEM ars 132 R.D0g
e - n ——n = r— —_— —_

-~

The shwwts fgeres am cerified dismledl snd plrysizal nl seosnde s Cofdibed i the permanest s oF Soospeny. We oo By g thoye dik it corsct &nd i ool ser it
dpesified R uirment, This sabtil techyfeg the b, was melted md aemefaciaoed n e TG4 TR complics wid B9 1504 3L,

/ha e e e
Figure G-8. W6x8.5 (W152x12.6) or W6x9 (W152x13.4), 72-in. Long (1,829-mm) Steel Posts,
Test Nos. SPDA-1, SPDA-2, and SPDA-3 (Item No. b5)
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NOCOR STEEL  BER¥ELTY CERTIFIED MILI TEST REBORT 12/22/10 18:86:36
T.0. Bony 2239 100% MELTED AND MeMUFACIURED IW IHE 0Sg
Mt., Dlgasant, S.C. 29464 All beams produced by Rucor-Berkeley aras cast and
Dhoner (H43% ITE_6030 rolled to a fully killed and fine graim practice.
Mercury has not besan used in the direct manufacturing of this material,
Sold To: H GEURY SAFETY CORP Ship To: SICEWAY SAFETY CORD Castomsr E.1 352 .
DO B0¥ 338 473 WEST FRIRGROUND SIREET Customsr PO 1527044
B.0.L, K.oo.i 1110076
GLASTOMBURY, I 0g023 MARION, OB 43301 uos: I
SPECIFICATIONS: Tested in sccordance with ASTM specification AS/AGM-14 and A370, Qualicy Mapual Rev E27,
BSTM : AS72 5013::8529-14-50 TR-BOG00S00
Hoath vield/ Yiald Tensila | € 1 Ha | B | I e =
Gtrade{s} TIeaslle (PSI} {pSI) ZIlong | cr | Mo t sn ! B | ¥ | bafa] | EEEEEE | CEZ |
Dejcription Tast/Beat JW  Ratia (MDa) {MTa) ] F FEERZE | Ti |oRxEE¥e | pEz iy | ] | oEEEEEx | [t | Pem i
______________________________________________ __.._--___-_..__...__..______h...._-_____.__..__________I
WERE.3 2413983 B3 57200 6%300 25.34 i 37 H 1! w012 | .D3%_ L .21 i 20 HEY .23
042 00,00 e57F SEi3a 35¢ 47 i .86 P i L0081 ,008% i 005 i 013 1 L2635
W1SDE12.6 a992-11 B2 56400 63100 28.89 | | L0011 | {0081 | | 4,53 L1408
012.8016m Aus i8¢ &7 ¢0 befs) 22,120 lbs Invi: 0
WEXB.3 2413988 .81 S8300 7pe00 26.70 | .07 i .BE | 0l | 03¢ | W17 | (23 Y L] ! 223
042’ 90.00° ®372 3013a 40z 4817 it .86 HE— I oast | .oa6s i 00e B13 | 2773 |
W1SO¥L2 .6 795211 82 57200 E3600  28.3% | 1 .001 j | N 1155 A | 4.87 | 1336 |
112.68016m ANS 334 461 36 Pof{3) 12,832 lbs Invwiy o
2 Esat(s) for this MIR.
R#15-0515 H#2413988
N6x8 .5%6"
April 2015 SMT
=== SE=SEESSSsSEE =23 ==z zz=z=== ===
Elongation based on 8' {20.33ch) %auge Lemgui, ‘No Weld Repalr! was pafommed,
€I = 26.0icCu+3 BENL+1.20Ce+1.4951«17 280 (7.23Cu%nl) (9 1URL%D) 33.39(Cu¥ln) CEL = ~+{Mn33}+{{tr+M0+V)ISJ+{‘El*cu}}l5!
oy = Cv{Sif}ﬂ}+;ﬂnf20)i{CuJ2D)§(HLISD}*(CI}EU}+<H0!15) (VSLT 458 CEZ = CH{{MntSLI/B)#i{CoiMasVhCD) ST+ ] [N14Cal /15

1 bershy certify that the contents of this report are accurate and
ALL test results and operations performed by the material

correct,

Brucs A, Work

ey

manrtifaciurer are ln compliaance with materlal cpecltications, ard

when designated by the Purchaser, mest applicable specifirations. ﬂé’/

Figure G-9. W6x8.5 (W152x12.6) or W6x9 (W152x13.4), 72-in.

Test Nos. SPDA-4 and SPDA-5 (Item No. b5)
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CEMNTHAL
HEERASKA
WD FRESERVERS, ING.”

F. O, Box 630 2 Sutton, ME 62372
Pong 402-F73-4318
FAX 403-T73-4513

CWINP Invoice _ L{._'Bt;l?a

Shipped To plurst H‘-‘Frﬁrkg’d'

Customer PO iy -".l

Central Nebraska Wood Preservers, Inc.
Certification of Inspection

Drate: 57{ gx Z"A.

Specifications: Highwar Construction Use
Pressevative: CCA —C 0.60 pef
Chares | Date wlaterial Size, e Phkie | FPencirtion dral
" Treated Grade Leneth & Dressine # Pleces Mlpoisture | # of Borinzs & Fetentions
i = = Readings | % Conforming | %% Conforming

335 |ghlie [wani | g -w" bt [ B2 | (€% [T % |61 b
23 |yl v (g1 g B | 30 | 17% Yo 95% |6 pet
332 |l |0 [6wi-1" Pt | 176 9% |2 5% [k e

I I

Number of pieces rejected and resson for rejection:
e

Statement: The above reference material was treated and inspeeted in aceoedance with the above
referenced speeifications,

el

Tlate

eneral Manager

Figure G-10. 6-in. x 12-in. x 14%-in. (152-mm x 305-mm x 368-mm) Timber Blockout for Steel
Posts, Test Nos. SPDA-1 and SPDA-3 (Item No. b6)
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NEBRASKA : i
WOOD PRESERVERS, INC.

P. O. Box 630 « Sutton, NE 68979
Pone 402-773-4319
FAX 402-773-4513

R#17-282 BCT Posts 70 Acct AND Wood Blocks for Bullnose

Nov2016 SMT Wood Blockouts are painted Light Blue
Date: L’/}[ [?&

CERTIFICATE OF COMPLIANCE

Shipped TO: Midwes t Ma clpery 45-.@'\7 BOL# /[oo 553¢7

Customer PO# 2339 Preservative: CCA —C 0.60 pcf AWPA UC4B
Part # Physical Description # of Pieces Charge # Tested Retention
GRL&O L Si57 fx 8 -6.5" PST 35 22973 |, 619
6 btobscer bx$-b.S" CRT 25 229783 LT

M&T Cg" 7§‘~QL"BC‘T ‘/7. 22727 63?

bRGIZ)yBtk Ly )2~ 14™ 0cD ] 6§ 22927 .38

s

[ certify the above referenced material has been VA: Central Nebraska Wood Preservers certifies that the treated wood
products listed above have been treated in accordance with AWPA

produced, treated and tested in accordance with AWPA  §ynqyrdg, Section 236 of the VDOT Road & Bridge Specifications and
meets the applicable minimum penetration and retention requirements.

standards and confgems to AASHTO M133 & M168.
%/%/ ///////1»,-
7

Niék Sowl, General 'Counsel ate

F@Jre G-11. 6-in. x 12-in. x 141/4-in. (15?m7m X 3025-mrh x 368-mm) Timber Blockout, Test No.
SPDA-2 (Item No. b6)
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CENTRAL
NEBRASKA
WOOD PRESERVERS, INC.
P. O. Box 630 « Sutton, NE 68979
Pone 402-773-4318
FAX 402-773-4513

R#16-692 6x12x14 Timber Blockouts
COC June2016 SMT Black Paint Tags

Date: [O[a\Z/ _S_

CERTIFICATE OF COMPLIANCE

i 8
Shipped T0; Midwesd //lAsa/u\i‘I«, ; ot  [IDBE L7337
CustomerPO# 214/ Preservative: CCA —C 0.60 pcf AWPA UC4B
Part # Physical Description # of Pieces Charge # Tested Retention |

bxiv-4"axh Bk | 8 | gza7 1458 pt

]

l r
I certify the abave referenced material has been VA: Central Nebmska Wood Preservers certifies that the teated wood

fy proclucts listed above have been treated in accordance with AWPA

produced, treated and tested in accordance with AWPA [y s Section 236 of the VDOT Road & Bridge Specifications and

standards and conforms to AASHTO M133 & M168. meets the applicable minimum p and i
(%%&f LM RhIS
Nick Sowl, (reneral Counsel Date

Figure G-12. 6-in. x 12-in. x 14%-in. (152-mm x 305-mm x 368-mm) Timber Blockout for Steel
Posts, Test Nos. SPDA-4 and SPDA-5 (Item No. b6)
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T

'L.lmn.CIH
Euurmﬁ" M]DWESTMACH.&EUWLYCO Sales Order: 1093497 Print Date: 630/08
P. 0. BOX 2i097 Customer FO: 2030

: BOL# 43073

| Docament# 1
| LINCOLN, NE 68501-1087
Trinitv Highveay Produots, LLC _
| Certificate Of Complisnce For Trinity Industries, Inc, *¥ SLOTTED RATL TERMINAL **
| NCHRP Report 350 Complinat
i
| Places :;JIEIE .

54 "X10" GB. BOLT A307

62 5/8"X18° GR BOLT A307

32 1 ROUND WASHER P44

|64 1* HEX NUT A563 e @
| 192 WD 610 POST 6X8 CRT ERCNATN
! 192 . WD BLK X£X14 DR

jae NAIL 16d SRT

tea WD 39 POST 5.5%7.5 BAND

132 STRUT & YOKE ASSY

128 SLOT GUARD 98 oo Lo )
a2 amxsxqrr.wa.m Wrownd  dfvul

CHeHis 3-8

Jpon delivery, sll materials subject to Trinity Higlway Products , LLC Storage Stain Policy No. LG-002

2-761-3286

T\LL STEEL USED WAS MELTED AND MANUFACTURED IN USA AND COMPLIES WITH THE BUY AMERICA ACT
LL GUARDRAIL MEETS AASHTO M-180, ALL STRUCTURAL STEEL MEETS ASTM A36

(LL OTHER GALVANIZED MATERIAL CONFORMS WITH ASTM-123.
#I0LTS COMPLY WITH ASTM A-307 SPECIFICATIONS AND ARE GALVANIZED [N ACCORDANCE WITH ASTM A-153, UNLESS OTHERWISE STATED.
21UTS COMPLY WITH ASTM A-563 SFECIFICATIONS AND ARE GALVANIZED I8 ACCORDANCE WITH ASTM A-153, UNLESS OTHERWISE STATED.

4" DIA CABLE 6X 19 ZINC COATED SWAGED END AISI C-1035 STEEL ANNEALED STUD 1° DIA. ASTM 449 AASHTO M3(,

O TRENGTH -491001LB

it of Ohi, Coumty of Alles. Swom sod Subsceibed b

o oiary Public:

Be/ a4/

meeiaion Fyvnirse & A

Figure G-13. Ground Strut Assembly, Test Nos. SPDA-1, SPDA-4, and SPDA-5 (Item No. dl)

day of Jone, 2008
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| J STEEL AND METALLURGICAL PAGE 1 of 2~

d PIPE SUPPLY DATE  04/18/2016

; TEST REPORT TIME  12:48:19
SP5 Coil Processing Tulsa USER Wi LIAMR .
5275 Bird Creek Ave. LLI
Port of Catoosa, OK 74015
s strut and yoke assembly ﬁ 17238
E for Downstream Anchor Testing 1 :‘;’;9(;‘”&';"’ W:;ehl;uslleﬁ\
D P ‘est Marshall Ave
Concept#2 LONGVIEW TX 75604 .

; R#17-515 March 2017 SMT L
Order Material No. Description Quantity Weight cuszg Part Customer PO Ship Date
40261064-0010  BO10801 20TM 10GA B0 X 120 A1011-CS-TYB TEMP HS 24 6,750 041812016

“Chemical Analysis

Heat Mo, ABDMS34 Vendor STEEL DYNAMICS COLUMBUS DOMESTIC Mill STEEL D¥MAMICS COLUMBUS Melted and Merufactured in the USA
Batch 0004289843 24 EA 6.750 LB
Carbon  Manganese  Phosphorus  Sulphur Silicon Nickel Chromium Meolybdenum Boran  Copper  Aluminum  Titanium  Venadium  Columbium  Nitrogaen Tin
0.0600 0.3700 00100 00010 00400 - 0.0400 QL0800 Q.0200 0.0001 01000 0.0380 0.0010 0.0040 00010 00088  0.0050
Mechanical/ Physical Properties
Mill Cail Mo, 16B612682
Tensile Yield Elong FRekwl Grain Charpy Charpy Dr Charpy Sz Temperature Olsen
Chemical Analysis .
Heat Mo. AGO4S34 Wendor STEEL DYMAMICS COLUMBUS DOMESTIC Mill STEEL DYMAMICS COLUMBUS Melted and Manufactured in the USA
Barch 0004289834 30 EA 8,437,500 LB :
. Carbon Manganase Fhosphorus Sulphur Sillicon Nickal Chromium Malybdanum Boron Coppar  Aluminum  Titanism  Vanadium Columbium  Nitrogan Tim
0.0600 03700 00100 00010 0.0400  0.0400 0.0800 0.0200 00001 01000 0.0350  0.0010 0.0040 0.0010 0.0068 00050
Mechanicall Physical Properties
Mill Coil No. 168612662
Tonsile - Yiald Elong Relow! Grain Charpy Charpy Dr Charpy Sz Temparature Ollsen

THE CHEMICAL, PHYSICAL, OR MECHANICAL TESTS REPORTED ABOWE ACCURATELY REFLECT INFORMATICN AS CONTAINED IN THE REC

The material is in complian

OADS OF THE CORPOAATION.

e with EN 10204 Section 4.7 Inspecton Certiticate Type &1

Figure G-14. Modified Ground Strut Assembly, Test No. SPDA-2 (Item No. d1)
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Py, STEEL AND METALLURGICAL
74 Bipestrey METALLURGIC

5275 Bird Creek Ave.
Port of Cateosa, OK 74015

17238

Longview Warehouse
4750 West Marshall Ave
LONGVIEW TX 75604

T-ITm!m

o orow
[ =]

Chemical Analysis

Heat No, AS04934 Vendor STEEL DYMAMICS COLUMBUS DOMESTIC Ml STEEL DYNAMICS COLUMBUS
Batch Q004289814 . 35 EA 2,843,750 LB

Carbon Manganese  Phosphorus  Sulphur Silicon Nickel Chromium Malvbdenum Baran Coppar  Aluminum  Titanium
0.0600° 0.2700 00100  0.0010 00400  0.0400 0.0800 0.0200 0.0007 01000 0.0350  0.0010

Mechanicall Physical Properties
Mill Coil Mo, 1E6B612662

Tansila Yield Eleng Rekwd Grain Charpy Charpy Dr

PAGE
DATE
TIME

USER

2 of 2 ’
04/18/2018
12:48:19
WILLIAMR

Mefted and Manufactured in the USA

Vanadium Columbivm  Mitrogen Tin

0.0040

. Charpy 8z

00010 00068  0.0080

Tempearature Disen

The material is in compliance with EN 10204 Section 4.1 inspection Certificate Type 3.1

THE CHEMICAL, PHYSICAL, OR MECHANICAL TESTS REPCATED ABOWVE ACCURATELY REFLECT INFOAMATION AS CONTAINED (N THE SECORDS OF THE CORPORATION.

Figure G-15. Modified Ground Strut Assembly, Test No. SPDA-2 (Continued) (Item No. d1)
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% 3 R %
p Certified Analysis Y QG
Trinity Highway Products, LLC ‘ '
550 East Robb Ave. Order Number: 1214903 Prod La Grp: 9-End Terminals (Dom)
Lima, OH 45801 Customer PO: 2878 Asof: 37114
Customer: MIDWEST MACH.& SUPPLY CO. BOL Number: $0278 Ship Date:
P.0O.BOX 703 Document #: 1
Shipped To: NE
MILFORD, NE 68403 Use State: KS
Project:  STOCK
Oty Part#  Description Spec CL  TY Heat Code/ Heat Yickd TS Bg € Ms P S Si Cu Ch Cr VnACW
36 749G TS SX6XI/16XE-0" SLEEVE  A-300 [O%E]§F) 35,871 74,455 310 D160 D610 0012 D009 0010 0.030 0.000 0.030 0.000 4
20 300G  CBL3MXEGDBL HW 98790
27 ORIA STRIIT & YOKE ASSY A-l01SS 163375 48,380 64,020 329 0,190 0520 0.011 0.003 0.030 0.110 0.000 0.050 0000 4
9852A A-36 11237730 45,500 70,000 300 0.170 0.500 0.010 0.008 0.020 0.080 0000 0070 0.001 4

Ground Strut Green Paint
R#15-0157 September 2014 SMT

Upon delivery, all materials subject to Trinity Highway Products , LLC Storage Stain Policy No. LG-002.:

ALL STEEL USED WAS MELTED AND MANUFACTURED IN USA AND COMPLIES WITH THE BUY AMERICA ACT.

ALL GUARDRAIL MEETS AASHTO M-180, ALL STRUCTURAL STEEL MEETS ASTM A36

ALL COATINGS PROCESSES OF THE STEEL OR IRON ARE PERFORMED IN USA AND COMPLIES WITH THE "BUY AMERICA ACT"
ALL GALVANIZED MATERIAL CONFORMS WITH ASTM-123 (US DOMESTIC SHIPMENTS)

ALL GALVANIZED MATERIAL CONFORMS WITH ASTM A123 &1S0 1461 (INTERNATIONAL SHIPMENTS)

FINISHED GOOD PART NUMBERS ENDING IN SUFFIX B.P, OR S, ARE UNCOATED

BOLTS COMPLY WITH ASTM A-307 SPECIFICATIONS AND ARE GALVANIZED IN ACCORDANCE WITH ASTM A-153, UNLESS OTHERWISE STATED.

NUTS COMPLY WITH ASTM A-563 SPECIFICATIONS AND ARE GALVANIZED IN ACCORDANCE WITH ASTM A-153, UNLESS OTHERWISE STATED.
WASHERS COMPLY WITH ASTMF-436 SPECIFICATION AND/OR F-844 AND ARE GALVANIZED IN ACCORDANCE WITH ASTMF-2329.

3/4* DIA CABLE 6X19 ZINC COATED SWAGED END AISI C-1035 STEEL ANNEALED STUD 1" DIA  ASTM 449 AASHTO M30, TYPE Il BREAKING

STRENGTH - 46000 LB

Figure G-16. Ground Strut Assembly, Test No. SPDA-3 (Item No. d1)
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Triaity Highway Products, [LC

JSﬂﬁlN.E_ 28t Si

1t Worth, T

Cugtomer: MIDWEST MACH.& SUPPLY GO,
PO BOX 22097

LIMCOLN, ME 62501-1097
Erofect:  EESALE

December 17, 2020
MwRSF Report No. TRP-03-370a-20

b 3
w

Asof GR04E

Certified Analysis

Crder Mumber; 1085195
Qustommey PO: 2041 -
BOL Mumber: 24481
Documsent # 1
Shipped To: ME
ifee Siate: K5

el . 5

Gy Barc# Dsription Bgae €L TV TeetCodef Haaif W o b O Vn ACW
i1 TEI TR TR T LT ﬂmm—mm
- 014 2SKIEISKLE CABANG A6 £153005 4490 f000 349 0240 0753 0.012 0003 0020 Q420 Q0N 0260 008 o
i A2 60 TURE 51 1ERKAXS eSO 87 B0 27,000 293 0050 G470 BOI 0903 Q.0 0220 0009 0060 GO2L 4
-3 T SERIRIBEARPLOF A0 8106195 46700 59,900 235 0230 9830 HOID 0005 0020 DI DAGD 0O 0S4
“ 07 IMRUEFERROLLED 94-180 & Lon4s 54,300 72,50 250 0160 D700 0641 Q608 0420 0260 Q00D 0,160 OO 4

Upoa delivery, ail msterizis sabject to Trinity Highway Products , LLC Storags Stin Bolicy No. LG-002.

ALL STEEL USEN %AS MELTED AND MANUFACTURED IM USA AND COMPLIES WITH THE BUY AMERRCA ACT.
ALL QUARDRATL MEETE AASHTO M-180, ALL STRUCTURAL STEEL MEETS ASTM A36

ALL OTHER GALVANIZED MATERIAL CONFORMS WITH ASTR-173.

BOLTS COMPLY WITH ASTM A-307 SPECTFICATIONS AND ARE GALVANIZED N AQCORDANCE WITH ASTM A-153, Ummmmsmm
NUTS COMPLY WITH ASTH A-563 SPECIFICATIONS AND ARE GALVANIZED [N ACCORDANCE WITH ASTM A-153, UNLESS OTHERWISE STATED.

4" DIA CARLE 6X19 ZINC COATED SWAGED BND ATSTC-1035 STEEL AMWEALEE STUD 1 DIA  ASTM 445 AASIITO W30, TVEE I BREAKING

STAENGTH-47 100 LB

Stwie of Texas, mmswmnﬂammmmuﬁmwwmm_

Hlotary Public:
Commissicn Exgyires)

,I‘.- H-! _P l[’ ,I—Jvc
Certified Ry:

%L:g Ol 2

Figure G-17. Anchor Bracket Assembly, Test Nos. SPDA-1 and SPDA-2 (Iltem No. d2)
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Certified Analysis

Trinity Highway Products, LLC

550 East Rabb Ave. Order Number: 1145215

Lima, OH 45801 Customer PO: 2441 B

Customer: MIDWEST MACH.& SUPPLY CO. BOL Number: 61905 -
P.0.B0OX 703 Document #: 1

Shipped To: NE
MILFORD, NE 68405 Use State: KS
Project: RESALE

Qty Part¥ Deseription Spee cu TY Heat Code/ Heat # Yield TS Elg C Ma P s Si Cu Ch
T0 2060 1126375 M-I A 3 100 320} 32,640 764 0.190 0.740 0013 0007
M-180 A 2 139587 64,220 81,750 285 0.190 0.720 000
M-180 A 2 139588 63,850 2,080 249 0200 0730 .01 0.4%C
M-180 A 2 139589 55,670 74810 277 0.150 0.720 00120 (
M-180 7 140733 39,000 78200 28,01 0190 0.740 0.0150.006 0,020 0.9
55 260G TIN2H6YS M-130 A 2 139588 : 63,850 82,080 249 0200 0.730 0.012 0.004 C 53
M-180 A 2 139206 61,730 78,580 260 0180 0.710 0.0120.004 €.020 0 142
M-180 A2 139587 64,220 81,750 285 0.190 0720 0.0140.003 0.020 £.139
M-180 A 2 140733 59,000 78,200 28,0 0190 0.740 0.0150 0.12
M-180 A2 140734 64,240 82,640 264 0190 0.740 00150 ¢
260G ? M-180 A 2 140734 64240 82,640 264 0.190 0.740 0.015 0.006 0
M-180 A 2 139587 64220 81,750 28.5 0190 0.720 0.014 0.0 ¢
M-180 A 32 139588 61,850 12,080 249 0200 0.730 00120 8
M-180 X 2 139589 55,670 74810 217 0190 6.720 00120
M-180 A 2 140733 $9,000 78,200 281 0.190 0.740 02130006
36 701A A5X11.75X16 CAB ANC A6 V1470 51,460 71280 27.5 0.120 0.800 0.01% 0,030
01A A36 N3$40A 46200 65,000 31.0 0.120 0382 0010 0.619 0010 C.I80 2.0
26 729G TSBX6X3/I6X$-0"SLEEVE  A-500 N4747 63,543 85,106 27.0 0,159 0610 0.013 0.00! 0 !
24 749G TSBXEX3/I6XE-0"SLEEVE  A-500 N4747 63,548 85.106 27.0 0.150 0.610 0.013 0.0G! 0.047 .18 230 nin
220 752G S/8"XB"XS" BEAR PLIOF A36 18486 49,000 78,000 250 0210 0860 0.021 C.036 025C €260
25 974G TIZTRANS RAILAI'ALS  M-130 A 2140738 61,390 80240 27.1 0200 0.740 0.014 0.00¢ 0010

Figure G-18. Anchor Bracket Assembly, Test Nos. SPDA-1, SPDA-2, and SPDA-3 (Item No.
d2)
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MNLICOR
NUCOR STEEL JACKSON, ING.

H ifi § MTR# M1-150303
Nill Certification NUCOR STEEL JAGKSON, INC,
72712016 3630 Fourth Street
Fiowood. M3 39232

601y 8394673

Fax: (601) 8366202

Sold To:  ONEAL STEELING Ship To: O'NEAL STEEL INC.
ATTN ACCOUNTS PAYABLE 4530 MESSER-AIRPORT HWY
BOX & BIRMINGHAM, AL 35222
BIRMINGHAM, AL 35202-0098 205) 5988000, -
&205) 599, ax:(205) 599-8052
ax: {205) 5998052 ;
Customer P.Q. |- 00774356 Sales Order | 3431255
Froduct Group ] Merchant Bar Quality ‘Part Number | 5350030024010W0
| Grade | NUCORMULTIGRADE Lot# | yKi10148801
Size | UG Fat Heat# | (UK16101486
Product | 4/2x3" Flat 20' NUCOR MULTIGRADE B.L, Number | W1-420898
Description | NUGOR MULTIGRADE Load Number | M1-150903
Customer Spec Custorner Par # | 00777557
Ehereby cerity I has b in & witn the speciicsiions and standards Jstes 2hove 2nd Wyel  salisfies 1hGss auirements.
Roli Date: 4/5/2616  Meit Ddte: 33072018 Gty Shipped LBS: 4,800 Oty Shipped Pes: 48
Meit Date: 313072016
£ Hn e S Si Cu Ni o Mo v ot Sn
0.16% 0.78%  0017%  0028%  020%  0.28% 00%%  044%  0020%  00280%  0001%  0.010%
CE4020  CEAS29
0.35% 0.39%

CE4020; C. £, CSA 4020, ARASHTO M270
CEA529: A523 CARBON EQUIVALENT

Roli Date: 4/5/201%

Yield 11 68,172psi
Yield 2: §6,126ps!

Tensile 4: 75.460psi
Tensile 2: 76 500psi

Elongation: 256% in 8% in 203.3mm).
Elongation 25% iy 8°(% In 203.3mm)

215720 GR50. ASTIM709/709M GR36/G

PRODUCTION OR TESTING.OF THIS MATERIAL

Spécification Comments; NUCOR MULT!?E%DE-MEETS THE REQUIREMENTS OF: ASTM A36/30M, ASTM A529/520M GR50 ASTM
Ag;, 7 M GR3; 0.CSA G40:21 GR44W(B00WHYGREOWI350W) AASHTO M270AM270M CRISIGREUASME
SA36/SA36M MEETS EN10204 SEC 3.1 REPORTING REQUIREMENTS

ALL MANUEACTURING PROCESSES OF THE STEEL MATERIALS IN THIS PRODUCT, INCLUDING MELTING
THE UN(TEFS\ SIA‘I!ES. ALL PROBUCTS PRO?UOED"ARE WELD FREE. .MERCURY, N T

AVE OCCURRED WITHIN

Hl
ANY FORM, HAS NOT BEEN USED IN THE

QA Approved
Sl# 777557

“NBMG-10 January 1, 2212

Chiistopher Smithy

Division Metailurgist: Page 1 of ¥

Figure G-19. Anchor Bracket Assembly, Test Nos. SPDA-4 and SPDA-5 (Item No. d2)
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1770 Bill Sharp Boulevard, Muscatine, [A 527619412, US  **Official copy to follow**
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Preliminary Test Certificate . . oo

Customer: Customer P.O. No.: 4500279931 I Mill Order No.: 41-491570-01 Shipping Manifest : MT308648
STEEL & PIPE SUPPLY Tr—
P.0. BOX 1688 Product Description: ﬂx%sﬁlz;&?;?ﬁlémabmsmz SA3609) Ship Date: 19 Feb 17 | Cert No: 061627837
Cert Date: 19 Feb 17 (Page lof 1)
MANHATTAN
KS 66502
Size: 1.000 X 72.00 X 240.0 (IN)
Tested Pieces Tensiles Charpy Impact Tests
Heat Piece Tested Tstf ¥S |UTS [eRA[Elong % |Tst Abs, Energy(FTLB) % Shear Tst | Tst|Ts BDWTT
Id Id Thickness Loc [(KSI) |(KSD) 2in 8in {Dir| Hardness |1 2 3 Avg |1 2 3 Avg [Tmp Dir(S'_l;u) Tmp %Shr
mm
[A7ABB4 AQ8 0.999 (DISCRT) 1L 48 1 24T
AO1 0.998 (DISCRT) L| 51 77 231T
Heat Chemical Analysis
1d [ Mn P S Si TotAl Cu Ni Cr Mo Ch ' Ti B N ORGN
[p7ass4 | 18 .96|. 2|. |.12|. |.28 |‘21 |.13 |.5 . 1|. 9|. | | 7| usa
e 18 | 6:( -0tF] 8331 43 | §7(-38 |34 12 |63 (.60 |:B48 |:688 [:B6e5I 0683

KILLED STEEL
MERCURY IS NOT A METALLURGICAL COMPONENT OF THE STEEL AND NO MERCURY WAS INTENTIONALLY ADDED DURING THE MANUFACTURE

OF THIS PRODUCT.
MTR EN 10204:2004 INSPECTION CERTIFICATE 3.1 COMPLIANT

100% MELTED AND MANUFACTURED IN THE USA.
PRODUCTS SHIPPED:

ATB03B ADL PCES: 2, LBS:
Steel Post Downstream Anchorage
R#17-518 H#A7A884
1" Steel Plate

March 2017 SMT

2802 A7hE84 AOB PCES: 2, LBS: 9802

)

Cust Part # : 7210072240

‘WE HEREBY CERTIFY THAT THIS MATERIAL WAS
TESTED IN ACCORDANCE WITH, AND MEETS THE
REQUIREMENTS OF, THE APPROPRIATE SPECIFICATICN ENIOR METALLURGIST - PRODUCT

Figure G-20. 1-in. (25-mm) Steel Plate, Test Nos. SPDA-1 and SPDA-4 (Item No. d3)
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© +%)» EXLTUBE

1000 BURLINGTON .S‘l_‘ﬁEET, MORTH KANSAS C]T‘l', MO 64116 1-818- 4?4—5210 TOLL FREE 1-800-892-TUBE
' STEEL VENTURES, LLC dba EXLTUBE

. Certified Test Report

Cusioms: . ) N -: Sere; - Customer Ovoer Mo . Oan:

SPS - New Century - : .| Tozsve 4500276684 - . . S 12A19/20M 6
401 Mew Century Parkway T - - - - -
NEW CENTURY KS 66031-1127 Giouges . Deivery no:B28FA363

: 154 S Losd Mo:3E 26270

. ‘; . Specfication; ° : ’ N -.. .
- - ASTM ABOG-13 Gr.B/C, ASTM A53.12 Gr.B BNT*, ASME SAS53 Gr.B BNT"

. " :.
Heat Mo Yield - o T-an.slle T JElangathom . N .,
kSl K51 % 2 Inch ! o .
Lecleld g 635 - BFE LT 3oe . ’ - i .

R#17-518 Steel Post Downstream Anchorage

2" Pipe March 20’1 7 SMT , . T .
Heal No ¢ MN - P 5 s ou M- CR Mo v
CALO1 T &.0600 O_.BM}D i 00088 o010 0.0200 D000 U.DEPD 0.0400 00,0200 0.0010

This material was melted & manufacturod in the U S.A.
Coil Producing Mill: NUCOR STEEL GALLATIM, GHENT, KY ~

We horeby cem!-,,r thet all test msultn shown in 1h|s report are corfgct as comtained Im the records of our company. All tasting and
manufacturing is In accordance to A.5.T.M. parameters encompassed within the scope of the specifications danoted in the specification and
prade tilee above. This preduct was manulactured in accordance with your purchess order raguirements.

BNT =Grads B not prassure tested - mogts tensile & chamical propertias DMLY,

This material has not come into diract contact with marcur\r. any of its camuc-mus. or anv mercury bearing devices during our manufaciuring
process, lesting, or Inspecione. . e

This material is in compliance with €N 10204 Saction 4.1 Inspaction Certificate Type 3.1 ’
Thig material has pessed NDE Eedd\r cu1r\cnt, AEEIEIJ testing. . This materiel haa -passad flattanlng tesis,

Tensile test completed using test speu:l.men wiith 3.!'4 rﬂducad araa, o .
) : : ) : STEEL VENTURES, LLC dba EXLTUBE

T ) S Jomathen Wolfe .
- A . Cuality Assuraru:c Manages

Figure G-21. 2%-in. (60 mm.) O.D. x 315/16-|n (100-mm) Long BCT Post Sleeve, Test Nos.
SPDA-1 and SPDA-4 (Item No. d4)
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METALLURGICAL
TEST REPORT

PAGE 1 of 1
_DATE . _03/08/2012 . -

. TIME  21:07:48
SPS Coll Processing Tulsa
5275 Bird Cresk Ave. USER J.DUBOIS
Port of Cateosa, OK 74MME
s| Steel Post Downstream Anchorage f: 13713
4]
Ll R#17-518 1/2" Plate rP ‘:\éaggh:u:te (?220 o
D 0 RSN
; March 2017 SMT .| CATOOSA OK 74016-3033
[a] Q
Ordar Matarial No. Dascription Quantity Weight  Customer Part Customer PQ Ship Date
402780846-0020 TFO1672240TM 112 72 X 240 AZG TEMPERFASS STPMLPL 4 9.801.600 O30e/ 2017

Chemical Analysis

Heat Mo, BT702405 Wendor STEEL DYNAMICS COLUMBUS COMESTIC Mill STEEL DYMNAMICS COLUMELS Melted and Msnufacturad in the USA
Produced from Coll
Carbon  Manganese  Phosphorus  Sulphur Silicon MNickel Chromiun  Molybdeaum Howon Copper  Aluminum  Titanum  Wanadium  Columbium  Mitragen Tin
00600 08400 0.0200 00030 DOOD G000 0.0800 0.0100 0000 0100 D00 0000 0.0040 0.0030 00073 00070
Mechanical / Physical Proparties
Mill Cail No. 17B727166
Tonsile Yiald Eleng Rkwl Grain Charpy Charpy Dr Charpy Sz Temperature Clsen
£1500.000 42800000 i7.80 Q A,
81300000 43500000 3810 aQ HA

Batch OO004675841 4 EA  $,801.600 LB

THE CHEMICAL, PHYSICAL, OR MECHAMICAL TESTS REFORTED ABOVE ACCURATELY REFLECT INFORMATION AS COMTAINED IN THE AECORDS OF THE CORPORATION,
The material |s in camgliance with EN 13204 Sectlon 4.1 Inspection Cerlifieate Type 3.1

Figure G-22. %2-in. (13-mm) Plate, Test No. SPDA-2 (Item No. d4)
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CUSTOMER SHIP TO

v Avp ot
S g o gt 3% o CUSTOMER BILL TO GRADE SHAPE/ SIZE ]
Ry 225
@g} G‘EM STATE STEEL SUPPLY CO INC STATE STEEL SUPPLY CO INC L Flat /12X 3
2 | 13433 CENTECH RD =
OMAHA,NE 68138-3492 SIOUX CITY,IA 51102-3224 LENGTH WEIGHT HEAT/ BATCH
US-ML-WILTON USA UsA 20'00" 3427218 64047117102
1500-2500 WEST 3RD STREET
WILTON, IA 52778 | SALES ORDER CUSTOMER MATERIAL N SPECIFICATION / DATE or REVISION
USA 639595/000050 1-ASTM AAGMAL
$ 2-A36/A36M-08
CUSTOMER PURCHASE ORDER NUMBER BILL OF LADING DATE s
P3110ISW251 | 1334-0000007548 11405/2013 AAASITONE AL
CHEMICAL COMPOSITION < v
Mo & b3 @ 3 3 o % L4 g 2

018 0.56 0.007 0.036 0.18 027 0.08 011 0.023 0.000 0.001 0.000 0.0003
GDA%‘AL COMPOSITION

0010
M‘B’.‘H.ANICAéPROm

- B ¥ i Mia.
2630 £.000 66800 461 43700 301
30.00 8.000 67600 466 44100 304

‘GEOMETRIC CHARACTERISTICS

RR

2052

‘COMMENTS / NOTES

4CMB Cable Anchor Plate Washer

T

a1

sy e NN CNSTE ceccss

‘The above figures are certified chemical and physical test records as contained in the permanent records of corpany. This material, including the billets, was metted and manufactured in
the USA. CMTR complics with EN 10204 3.1.

m\a BHASKAR YALAMANCHIL! V gfﬂ'mnmmn
%——wummmou

QUALITY ASSURANCE MGR.

Figure G-23. 3-in. x 2%-in. X ¥-in. (76-mm x 60-mm x 13-mm) Plate Washer, Test Nos. SPDA-
3 (Item No. d5) and SPDA-5 (Item No. d4)
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Page 1/1
CUSTOMER SHIF TOr CUSTOMER BILL TO GRADE SHAPE/SIZE DOCUMENT 1D
. |
GERDAU STEEL & PIPE SUPPLY CO INC STEEL & PIPE SUPPLY CO INC g SHEE (2 0000016933

401 NEW CENTURY PKWY
NEW CENTURY KS 66031-1127 MANHATTAN,KS 66505-1688 LENGTH WEIGHT HEAT/BATCH

US-ML-CHARLOTTE USA USA 200" 10,166 LB S4153457/02

6601 LAKEVIEW ROAD

CHARLOTTE, NC 28269 SALES ORDER CUSTOMER MATERIAL N* SPECIFICATION / DATE or REVISION

Usa 4606064000010 000000000000851620 ASME 5A36

ASTM A6-14. Ad6-14 -

CUSTOMER PURCHASE ORDER NUMBER BILL OF LADING DATE ASTM ATE-15, AASHTO M270-12

4500278904 1321-0000044503 0172372017 CSAGA020-13/GAD21-13

CHEMICAL COMPOSITION B

M, 31 | 1] ) o v N
) Y : b s 5 ! Y & W 5
0.16 0.68 0.030 0.20 0.32 0.09 0.10 0.020 0.002 0.002 0.008
MECHANICAL PROPERTIES
Elgng UTS
% ey WP i MPa
25.60 8.000 78053 538 56694 391
GEOMETRIC CHARACTERISTICS
R:R

99.00

COMMENTS / NOTES
Also meets ASME SAZ6-13

Steel Post Downstream Anchorage
R#17-518 1/2" Square Bar
March 2017 SMT

Opbe iz

Phaone: {704} 596-0361 EX3708

The above figures are certified chemical and physical test records as contained in the permanent records of company. We certify that these data are correct and in compliance with
specified requirements. This material, including the billets, was melted and manufactured in the USA. CMTR complies with EN 10204 3.1

BHASKAR YALAMANCHILI
/e
QUALITY DIRECTOR

Phone: {40%) T69-1014 Email: Bhaskar Yalamanchilitdgerdau com

JORDAN FOSTER
QUALITY ASSURANCE MGR_

Email: Jordan Fosterfiyerdau.com

Figure G-24. %-in. (13-mm) Square Bar, Test No. SPDA-2 (Item No. d5)

361



December 17, 2020
MwRSF Report No. TRP-03-370a-20

5 Cusiomer COPPER AND BRASS SALES INC. Mo 2014-05-26-083
Invoice No 230605K114 Data 05/26/14 5 $
-g P.0. No £400221060 Cemmodity FREE CUTTING BRASS C26000 HALF HARD IN 12 FT L
3 o Wil & County Meiling DAECHANG, KOREA Spec PER ASTM B 16/B18M, RV. 2010, 8249, ROHS COMPLIANT
Z| Job No. 14-04- DESCRIPTION Quani Temper_|Remarks [6/D No. [Wat No. 1 Result
o 2 Une No. LotNd SIZE Pieces Wt Lbs |- - - [DimensiciSurfaze
28 0010 146851 |THE"(+/0.0016) DIA, ROUND | 5,033|H02 CURD0D133 [GOOD _|GOOD
0020 085161 1/4°(+-0.0015) DIA, ROUND, WIPACKING 944|H02 10__|CURD00527 |GOOD _|GOOD _|
0020 14689-1 " |1/47(+/-0.0015) DIA, ROUND, WIPACKING 3,730{H02 6-9 |CURD00S27 |GOOD [GOOD
o 0030 146301 - |3/2"(+/-0.0015) DIA, ROUND 4,923|H02 CURD00231 |GOOD__ |GOOD
Z| 0040 146911y, [7116"(3-0.003) DPS, HEXAGON, 5.C. 4,687|H02 CUHEX00057 |GOOD__[GOOD
H & 0050 146921/ 5116"(+/-0.0015) DIA, ROUND, W/PACKING ' 5,015[H02 CURD00283 |GOOD  {GOOD
Q 0050 055432\~ 31167(+1-0.0015) DIA, ROUND, WIPACKING . | 4,774]H02 CURDO00477_|GOOD__|GOOD
= 0070 146954 - [|3/&(+/-0.003) DPS, HEXAGON, S.C. 3,703|H02 CUHEX00245 [GOOD _[GOOD
wl © 0080 146361 7 [114"(+/0.0035) DPS, SQUARE, WIPACKING 1,814[H02 CUSQO00BE_|GOOD _|GOOD &
0030 146974 L~ |ar32(+/-0.0015) DIA, ROUND, WIPACKING 2,006[H02 CURD00480_|GOOD__|GOCD °
0100 146871 .~ |3r8"(+/-0.0035) DPS, SQUARE 1,825[H02 CUSQo0C#E |[GOOD _[GOOD | 2
ChemicalPhysical Element Cu Pb Fe - - ENCEEN T EL (%) |HRB o
S C ition, % Spec 60.0-63.0 |2.50-3.00 (0.5 max |- - - - - - g
) 0010 14586-1 60,8492  2.7492| 0.1675 - 54 53] 98] 721 L=
Q 0020 08516-1 80.5254| 27669 0.1766|- s 68 56 .4 . o
Q 0020 [14589-1 60.2003| 2.8458 0.1571}- - 78] B2l .4 . ° <
=] 0830 14690~ 60.2872] 2.6908] 0.1604]- - 67 50 .7 73. Ay 8
0 c040 {14591 60.5834] 2.6127] _0.1308|- - 67 53[ 158] 78 23
0050 14692~ 60.6773] 2.6018] 0.1416|- - 69 53 108 2. -
3 <+ H 0060 05543-; 60.5388] 2.7248] 04718/ - 75 63] 85| 89 M
& o ™ = 0070 14595~ 60.4889] 2.7386] 0.1338]- - 8 65 54| 176] 794 93
P o w 0080 14596-1 60.5934] 26127 0.1305|- - 59| 55 15.2 693 a8
gl & N 0030 148971 60.6180| 27040 0.147%- - |Rem. _ |GOOD Ql 58| 107 810 »
gl = 9] 0190 14687-1 60.4889] 2.7365] 0.1339- - Rem. [GOOD 59 & 70| oa8| | %
w © H o0 e
3 ® 0 © 5 | =
Ol o o R =
"g e T e e Y
s ™ S —— 3+
5 SIGNED FOR DAE CHANG IfjD. .
2 g | g2
g &
ﬁé =
v W
w "
W o on A
EZ 3w
g - 5 5 0w A
5 . Lloyds Pacific International, Inc. . D I
ul R £ 38 b
9| E§ % O U =
§ 2
g z
ol O

Figure G-25. MWP Brass Rod, Test No. SPDA-5 (Item No. d5)
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2.6

COMMERCIAL GROUP
LIFTING PRODUCTS

SEPT 26" 2616

SOLD TO:

GREGQRY INDUSTRIES, INC.
4100 13™ ST. sSW

CANTON, OH. 44710

CGLP ORDER# 231442 R#17-516 6'6" BCT Cables

SHIP TO:

HIGHWAY — FINISHED GOODS
GREGORY INDUSTRIES, INC.
ATTN: STEVE PENNINGTON
CANTON, OH 44710

CERTIFICATON

GREGORY PO# 33960 Each are modified into 2part Cables and painted Orange

THIS LETTER AND THE ENCLOSED ATTACHMENTS ARE TO CERTIFY THAT THE
FOLLOWING ITEMS WERE 100% MANUFACTURED TN THE UNITED STATES OF AMERICA.

1,500 PCS, PART# 3012G, 3/4IN X 6FT 6IN DOUBLE SWAGE GUARD RAIL ASSEMBLYS.

THEY SHOW THE DOMESTICITY OF ALL MATERIAL USED, 100% MELTED &
MANUFACTURED IN THE USA. THESE ITEMS ARE HOT DIPPED GALVANIZED TO ASTM-153
SPECIFICATIONS AND STANDARDS, GALY PROCESS ALSO TOOK PLACE IN THE U.S.A.

ATTACHMENTS:

(WIRE ROPE) WIRECO WORLD GROUP REEL# 428-6311548-3; HEAT#

15R58140 15R582068; 14R575264; 15R577383; 15R583009; 15R582607; 14R571205; 15R582608;
14R574048; 15R581838; 15R581452; 14R571682; . (ROCKY MOUNTAIN STEEL / EVRAZ)

{END FITTINGS ) REMLINGER MFG: HEAT#S 75060985; M59285;
75061614; (GERDAU NORTH AMERICA )

VERY TRULY YOURS

BILL KOTARSKI
GEN MGR CLEV OFFICE

HEADQUARTERS

12801 UNIVERSAL DRIVE
TAYLOR, MI 48180
NEW PH# (734) 947-4000
NEW FAX# (734) 947-4004

FLINT

BRANCH
G2427 E. JUDD ROAD
BURTON, MI 48529
PH# (810) 744-4540
FAX# (8106) 744-1588

CLEVELAND

BRANCH

5213 GRANT AVE
CLEVELAND, QH 44105
PH# (216) 641-4100
FAX# (216) 641-1814

Figure G-26. %/a-in. (190-mm) Dia. 6x19 IWRC IPS Wire Rope, Test Nos. SPDA-1, SPDA-2,

and SPDA-3 (Item Nos. el and e2)
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r"cs COMMERCIAL GROUP
A LIFTING PRODUCTS

Feb 1572017
SOLD TO: SHIP TO:
GREGORY INDUSTRIES, INC. HIGHWAY — FINISHED GOODS
4100 13™ ST, SW GREGORY INDUSTRIES, INC.
CANTON, OH. 44710 ATTN: STEVE PENNINGTON
CANTON, OH 44710
R#17-700
CERTIFICATON gcr cables vellow Paint
CGLP ORDER# 256284
GREGORY PO# 36454

THIS LETTER AND THE ENCLOSED ATTACHMENTS ARE TO CERTIFY THAT THE
FOLLOWING ITEMS WERE 100% MANUFACTURED IN THE UNITED STATES OF AMERICA,

1,330 PCS, PART¥ 30126 SHDY X ERSINDOUBLESWAGE GUARD RAIL ASSEMBLYS.

THEY SHOW THE DOMESTICITY OF ALL MATERIAL USED, 100% MELTED &
MANUFACTURED IN THE USA. THESE ITEMS ARE HOT DIPPED GALVANIZED TO ASTM-153
SPECIFICATIONS AND STANDARDS, GALV PROCESS ALSO TOOK PLACE IN THE US.A.

ATTACHMENTS:

(WIRE ROPE) WIRECQ WORLD GROUP REEL# 428-671806-1; HEAT#
.15R582807; 16R584001; 72987C; 16R586548; 73253F; 16RS88160; |6R584967; 16RS85464;
16R586547; 14R574048; 14R571682; 16R586549; 16R586401; (ROCKY MOUNTAIN STEEL /
EVRAZ)

(END FITTINGS ) REMLINGER MFG: HEAT#S 75063022; 75062074,
765063075 (GERDAU NORTH AMERICA )

VERY TRULY YOURS
BILL KOTARSKI
GEN MGR CLEV OFFICE
FLINT CLEVELAND
HEADQUARTERS
BRANCH BRANCH
12801 UNIVERSAL DRIVE Q2427 E. JUDD ROAD 5213 GRANT AVE
TAYLOR, MI 48180 BURTON, MI 48529 CLEVELAND, OH 44105
NEW PHR (73%) 947-4000 PH# (810) 744-4540 PH# (216) 641-4100
NEW FAXE (734) 947-4004 FAX# (810) 744-1588 FAX# (216) 641-1814

Figure G-27. BCT Anchor Cable End Swaged Fitting, Test No. SPDA-4 (Item No. el and e2)
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Certified Analysis

Trinity

w2y Procucts, LLI

$50 East Rovb Ave. Order Number:
Lima, OI 45801 Customer PO: AsoT4HSI11
Customer: MIDWEST MACH.& SUPPLY CO, BOL Number:

P.0.BOX 703 Document #

Shipped To: NE

MILFORD, NE (8405 Use State: K$
Project: ALE
Qty Deseription Spee CL TY Heat Codef Heard Vield s Elg C Mo bid $ S Cu Cb Cr  Va ACW
25 980G TICEND SHOESLANT A-1CLLSS ASTI23 49,000 64,500 348 D080 0.350 DOIS 0.005 GU2C CUs0 000 0060 0001 3

Upon delivery, ali materials subject to Trinity Highway Products , LLC Storage Stain Palicy No. LG-002,

ALL USED WAS MELTED AND MANUFACTURED [N USA AND COMPLIES WITH THE BUY AMERICA ACT.
ALL GUARDRAIL MEETS AASHTO M-180, ALL STRUCTURAL STEEL MEETS ASTM A36

ALL COATINGS PRCCESSES OF THE STEEL OR IRON ARE PERFORMED IN USA AND COMPLIES WITH THE "BUY AMERICA ACT"
ALL GALVANIZED MATERIAL CONFORMS WITH ASTM-123, UNLESS OTHERWISE STATED.

BOLTS COMPLY WITH ASTM A-307 SPECIFICATIONS AND ARE GALVANIZED IN ACCORDANCE WITH ASTM A-153,

S COMPLY WITH ASTM A-563 SPECIFICATIONS AND ARE GALVANIZE] ACCORDANCE WITH ASTM A-133, U
2 AND ARE Z

EERS COMPLY T IN ACCORDANCE WITH ASTMF-2329.
3/4" DIA CABLE 6X19 ZINC. COATED SWAGED 3ND A
“STRE il

H-4910018

State of Oxio, Ccurn\\( of

Alleri wo.'h* ¢ subsczibed before me this 15th day of April, 2011 T_Vlﬁﬁ?_g{:wuy Prody;

A -/
g\ ’\Z%ﬁ/_\_‘xm_ﬁ\\)%

Notary Put

L }
Cedified By: %N N éﬁ o

Commissi IS Quality ASygrancs | 7
\ 22 20w LY 6

e

X )

Figure G-28. %-in. (19-mm) Dia. Wire Rope and BCT Anchor Cable End Swaged Fitting, Test
No. SPDA-5 (Item Nos. el and e2)
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R#16-692 5/8"x14"GR Bolt
Orange Paint H#16100453 L#28667-B
June2016 SMT

CERTIFICATE OF COMPLIANCE

ROCKFORD BOLT & STEEL CO. 3»3/ 1 O()

126 MILL STREET
ROCKFORD, IL 61101
815-968-0514 FAX# 815-968-3111

CUSTOMER NAME:  TRINITY INDUSTRIES

CUSTOMER PO: 176703

SHIPPER #: 067716

DATE SHIPPED: 05/17/2016
LOT#: 286678
SPECIFICATION: ASTM A307, GRADE A MILD CARBON STEEL BOLTS
TENSILE:  SPEC: 60.000 psi*min RESULTS: 78,080
76,544

HARDNESS: 100 max ) 8210

63.50

*Pounds Per Square Inch,

COATING: ASTM SPECIFICATION F-2329 HOT DIP GALVANIZE
ROGERS GALVANIZE: 28667-B

CHEMICAL COMPOSITION
MILL GRADE HEAT# C__ Mn P S St
NUCOR 1010 NF16100453 12 56 006  .030 .19

QUANTITY AND DESCRIPTION:

5,950 PCS 5/8" X 14" GUARD RAIL BOLT
PIN 3540G

WE HEREBY CERTIFY THE ABOVE BOLTS HAVE BEEN MANUFACTURED BY ROCKFORD BOLT AND STEEL AT OUR FACILITY IN
ROCKFORD, ILUNOIS, USA. THE MATERIAL USED WAS MELTED AND MANUFACTURED IN THE USA, WE FURTHER CERIFY THAT

THIS DATA IS A TRUE REPRESENTATION OF INFORMATICN PROVIDED BY THE MATERIALS SUPPLIER, AND THAT OUR PROCEDURES
FOR THE CONTROL OF PRODUCT QUALITY ASSURE THAT ALL ITEMS FURNISHED ON THIS ORDER MEET OR EXCEED ALL APPLICABLE
TESTS, PROCESS, AND INSPECTION REQUIREMENT PER ABOVE SPECIFICATION.

STATE OF RLINOIS
COUNTY OF WINNEBAGO
SIGNED BEFORE ME ONTHIS -
vw\ﬁkﬁvo& @(4&(1« Wtdemas s/ Wk
APPROVED SIGNATORY DATE
OFFICIAL SEAL

MERRY F. SHANE
NOTARY PUBLIC - STATE OF ILLINOIS
MY COMMESSION EXPIRES OCTOBER 3. 2018

Figure G-29. %-in. (16-mm) Dia. UNC, 14-in. (356-mm) Long Guardrail Bolt and Nut, Test
Nos. SPDA-1, SPDA-2, SPDA-3, SPDA-4, and SPDA-5 (Item No. f1)
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ST FIl

CERTIFICATION -
Division
DATE: 4/3/2017 of
LA ATIIGE G
CUSTOMER CUSTOMER P.O. INVOICE
Bennett Bolt Works, Inc. 6015438 BLANKET 58432
12 Elbridge Street LOT NUMBER SHIP DATE
Jordan, NY 13080 0068078-124590 4/3/2017
DESCRIPTION MATERIAL HEAT NUMBER
Nut Guardrail 5/8-11 + .031 1018 20479830
A563 GrA HDG CUSTOMER PART NUMBER QUANTITY
EFG PART NUMBER: T3400 62CNDROH 36000

HARDNESS: B854

PROOF LOAD: 5 samples passed at 75,000 psi min.

PLATING;

Hot Dip Galvanized - Pass

All parts processed Mercury free and without Welds.

We hereby certify that to our actual knowledge the information contained hereln is correct. We also
certify that all parts substantially conform to SAE, ASTM, or customer specifications as agreed upon, The
product has been manufactured and tested in accordance with our Quality Assurance manual. The
above data accurately represents values provided by our suppliers or values generated in the EFG —
Berea Plant laboratory. All manufacturing processes for these parts occurred in the United States of

America.

This document may only be reproduced without alteration and only for the purpose of certifying the
same or lesser quantity of the product specified here.

The recording of false, fictitious or fraudulent statements or entries on this document may be
punishable as a felony under Federaf Statutes.

994, Aifpatrcck

Joe Kilpatrick

Quality Assurance Technician

ENGINEERED FASTENING SOLUTIONS

Figure G-30. %-in. (16-mm) Dia. UNC Guardrail Nut, Test Nos. SPDA-1, SPDA-2, SPDA-3,
SPDA-4, and SPDA-5 (Item No. f1)
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CERTIFICATE OF COMFPLIANCE

ROCKFORD BOLT & STEEL CO.
126 MILL STREET -
ROGKFORD, IL 61101
B15-968-0514 FAX# 815-988-3111

GUSTOMER NAME: GREGORY INDUSTRIES

GCUSTOMER PO: 37464
SHIPPERS: 60204
DATE SHIPPED: 04102017

LOTi# 20256-G
SPECIFICATION: ASTM AJ0Y, GRADE A MILD CARBOM STEEL BOLTS
TEMBILE: SPEC: 60,000 pai*min RESULTS: 66,593

d 87 980
HARDMESS: 100 max 40

70,30
“Pounds Par Sguana inch,
COATIMG: ASTM SPECIFICATION F-2329 HOT DIP GALVAMIZE
ROGERS GALVAMIZE: 28256-G
CHEMIGAL COMPOSITION

ML GRADE HEAT# C Mn P =) Si
CHARTER 1010 204607ED 09 33 006 003 05

CQUANTITY AND DESCRIPTION:

105,000 PCS 58" X 1.25" GUARD RAIL BOLT
Pk 1001G

WE HEREBY CERTIFY THE ABOVE BOLTS HAVE BEEN MANUFAC TURED BY ROCHKFPORD BOLT AND STEEL AT OUR FACILITY IN
ROCHFORD, LLINGIS, USA THE MATERIAL USED WAS MELTED AND MANUFACTURED IN THE USa. WE FURTHER CERIFY THAT

THES DATA IS & TRUE REPRESENTATION OF INFORMATICN PROVIDED BY THE MATERIALS BLIF"PI.IEH BHND Tl'hﬂ.T OUR PROGEDURES
FOR THE CONTROL OF PRODUCT QUALITY ASSURE THAT ALL ITEMS FURNISHED ON THIS ORDER MEET OR EXCEED ALL APPLICABLE
TESTS, PROCESS, AND INSPECTION REQUIREMENT PER ABOVE. SPECIFIGATION,

STATE OF ILLINDIS
COUNTY OF WINNEBAGOD
SIGNED BEFORE ME DN THIS

wochpd w17 W lormas sé’.Z_h

OVED SIGNATORY

CFFICIAL SEAL
MERRY E SHANE

MNOTARY PUBLIC - STATE OF ILLINOIS

Y uumssmn EXFIRES ICH:TI'JEIEH a,2mB

b
L

Figure G-31. %%-in. (16-mm) Dia. UNC, 1¥%-in. (32-mm) Long Guardrail Bolt, Test Nos. (SPDA-
1, SPDA-2, SPDA-3, SPDA-4, and SPDA-5 (Item No. f2)
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so U Fl

CERTIFICATION i
TR
DATE; 4/3/2017 =
i A
CUSTOMER CUSTOMER P.0, INVOICE
Bennett Bolt Works, Inc. GO15438 BLANKET 58432
12 Elbridge Street LOT NUMBER, SHIP DATE
Jordan, NY 13080 DOBBOTE-124590 4/3/2017
DESCRIFTION il RIAL HEAT NUMBER
Mut Guardrail 5/8-11 + .031 1018 20479830
AS63 GrA HDG CUSTOMER PART NUMBER QUANTITY
EFG PART NUMBER: T3400 G2CNDROH 36000
HARDMESS: B854
PROOF LOAD: 5 samples passed at 75,000 psi min.
PLATING: Hot Dip Galvanized - Pass

All parts processad Mercury free and without Walds.

We hereby certify that to our actual knowledge the information contained hereln is correct. We also
certify that all parts substantially conform to SAE, ASTM, or customer specifications as agreed upon. The
product has been manufactured and tested in accordance with our Quality Assurance manual, The
above data accurately represents values provided by our suppliers or values generated in the EFS =
Berea Plant laboratory. All manufacturing processes for these parts occurred in the United States of
America.

This documant may only be reproduced without alteration and only for the purpose of certifying the
same or lesser quantity of the product specifled here.

The recording of false, fictitious or fraudulent statements or entries on this document may be
punishabie as a felony under Federal Statutes.

90-2. KW
Joe Kilpatrick

Cluality Assurance Technician

ENGINEERED FASTENING SOLUTIONS

Figure G-32. %-in. (16-mm) Dia. UNC Guardrail Nut, Test Nos. SPDA-1, SPDA-2, SPDA-3,
SPDA-4, and SPDA-5 (Item No. f2)
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Johnstown 124 Laurel Avs, TEST REPORT
Wire Julinstmem, PA 13905 WORK ORDER LOT NUMBER
Phone: 814 6325756 611768 C-20479830
Technologies r.x 8146328684 SALES ORDER/ RLS
374173/ 003
CERT 10/ REV
00053717 / 01

s To

Eigin Fastener Group / Berea Plant

TT7 West Bagley Road
Berea, OH 44017
USA
CUSTOMER P.O CUSTOMER PART CUANTITY  COLS  LADING NO SMIPMENT DATE
118127 T10011 4,618 LBS 2 00143198 012712017
SPECIFICATION Berwa-22687P
Elgin ASTM A 29/A 20M-05 1018 C .15/.20 Mn .60/.90 P.040 Max
S.050 Max  Aluminum Killed Fine Grain Cold Heading Quality Direct Drawn PHOS & POLYMER COATED
Size: 687 +.003 -.003
CERTIFICATION REQUIREMENTS
Chamical
c Mo P ] 84 Al ni cr Mo Cu v
16 64 .08 004 060 081 .03 o8 o1 04 001
L] Sn
. 0050 .003
Physicsl
Rod Source Malt Socurce Country of Origin Hafta
Charter Chacter USA Yas
—Mechanicsl
IRSX N HIGH Ly AVERAGE
Tensila S LbasSqin = _73000 73000 73000
£nd of Corticaton
| cavitty Dwat e rosits /e & LS Bnd cormect copy of he NECONDS PASpENsd I IMaNTENG by % ’
JCHNETOWN WIRE TECHNOLOGIES in wih the of v cied LOrice /ﬁw
Mcason. G s bry the 103 / ber suppier sad i R0t In JWT AZLA
accreciiaton. This st 0ol canct be fesrocuced or GiabRuted sxcepl n 1 wihou T wetien .4 Wy SRy Aosasens,
pormmission of JOHNSTOWN WIRE TECHNOLOGIES. The tes! results cartiled harsin relats only
1 the tems lasied,
[C) AXIE Computer Sysieme - o2 (v6.0) Page 10l Dets Pricted:  ONZTRNT

Figure G-33. %-in. (16-mm) Dia. UNC Guardrail Nut, Test Nos. SPDA-1, SPDA-2, SPDA-3,
SPDA-4, and SPDA-5 (Item No. f2) (Continued)
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Birmingham Fastener Manufacturing

P.O. Box 10323
Birmingham, Alabama 35202
(205) 595-3512 Pglofl

Certificate of Compliance

Customer : Midwest Machinery & Supply BFM # : 1338859
P.O. #: 3275 Date Shipped : 6/16/2016
Quantity Description Lot# Heat # Specification | Finish
1 104 5/8"-11 x 8" HEX BOLT 208976 | DL15107048| ASTM A307 Gr A HDG
2 157 5/8"-11 x 10" HEX BOLT 208977 | DL15107048| ASTM A307 Gr A HDG
3 402 7/8"-9x 16" Hex Bolt 208978 | JK15100276 | ASTM A307 Gr A HDG
4 67 7/8"-9 X 26" Hex Bolt 208979 | JK15100276 | ASTM A307 Gr A HDG

Birmingham Fastener Manufacturing. hereby certifies that the material
Jurnished in reference to the above purchase order number will meet or exceed
the above assigned specifications.

Signed: A 7 Date:  06/15/2016
Brian Hughes

R#16-692 5/8"x10" BCT Hex Bolts
Orange Paint H#DL15107048
June2016 SMT

Figure G-34. %-in. (16-mm) Dia. UNC, 10-in. (254-mm) Long Hex Head Bolt, Test Nos. SPDA-
1, SPDA-2, SPDA-3, SPDA-4, and SPDA-5 (Item No. f3)
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Certificate of Compliance
Birmingham Fastener Manufacturing
PO Box 10323
Birmingham, AL 35202
(205) 595-3512

Customer Midwest Machinery Date Shipped 06/16/2016
Customer Order Number 3275 BFM Order Number 1338859
Item Description
Description 5/8"-11 x 10" Hex Bolt Qty 157
Lot # 208977 Specification ASTM A307-14GrA  Finish ASTM F2329
Raw Material Analysis
Heat# DL15107048
Chemical Composition (wt% Heat Analysis) By Material Supplier
Cc Mn P S Si Cu Ni Cr Mo
0.22 0.82 0.007 0.010 0.27 0.20 0.06 0.10 0.015
Mechanical Properties
Sample # Hardness Tensile Strength (lbs) Tensile Strength (psi)
1 91 HRBW 21,700 97,660
2
3
4
5

This information represents the most recent analysis of the product supplied on the stated

customer order. The samples tested conform to the ASTM standard listed above.
All steel melted and manufactured in the U S.A

Authorized
Signature: Date: 6/16/2016

Brian Hughes
Quality Assurance

Figure G-35. %-in. (16-mm) Dia. UNC, 10-in. (254-mm) Long Hex Head Bolt, Test Nos. SPDA-

1, SPDA-2, SPDA-3, SPDA-4, and SPDA-5 (Item No. 3) (Continued)
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R#16-0217
BCT Hex Nuts

@ srflmsr.’"c' December 2015 SMT

Fastenal part#36713
22979 Stelfast Parkway
Strmpeville, Okl 4118 poHiEF61# 210101523
CERTIFICATE OF CONFORMANCE
DESCRIPTION OF MATERIAL AND SPECIFICATIONS

. Sales Order #: 129980

Part No: AFH2G0625C
. CustPartNo: 36713
. Quantity (PCS): 1200

. Description: 5/8-11 Fin Hx Nut Gr2 HDG/TOS 0.020

. Specification: SAE J995(99) - GRADE 2/ ANSIB18.2.2
s Stelfast 1.D. NO:  595689-0201087

’ Customer PO: 210101523

= Warehouse: DAL

The data in this report is a true representation of the information provided by the material supplier
certifying that the product meets the mechanical and material requirements of the listed
specification. This certificate applies to the product shown on this document, as supplied by
STELFAST INC. Alterations to the product by our customer or a third party shall render this
certificate void.

This document may only be reproduced unaltered and only for certifying the same or lesser quantity
of the product specified herein. Reproduction or alteration of this document for any other purpose
is prohibited.

Stelfast certifies parts to the above description. The customer part number is only for reference
purposes.

David Biss
Quality Manager

December 07, 2015 Page 1 of 1

Figure G-36. %-in. (16-mm) Dia. UNC Hex Head Nut, Test Nos. SPDA-1, SPDA-2, SPDA-3,
SPDA-4, and SPDA-5 (Item nos. f3 and f4)
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Mid West Fabricating

3115 W. Fair Ave.

% Lancaster, Ok 43130

CERTIFICATE OF COMPLIANCE
WE CERTIFY THAT ALL BOLTS ARE MADE AND MANUFACTURED IN THE USA.

5/8"x1-1/2" Hex Bolt

TO:  Trinity Industries, Inc.
Plant #55 Lot#25203 H#10207560 R#16-0009
550 East Robb Ave. July 2015 SMT
Lima, Ohio 45801

SHIP DATE: 12/12/12
MANUFACTURER: MID WEST FABRICATING CO.

ASTM: A307A
PROCESSOR
GALVANIZERS: AZZ-Pilot TOA-153CLASS C
QrTy PART NO. HEAT NO. LOT NO. P.O. NO.
38,000 5/8 X1 1/2" 10207560 25203 150897

PASSED & Cerrirrep

DEC 19 2012

rlnlt;{ Hln'tway Products, LiC
35, Texas Plant §9

SIGNATURE: _ Zny @21/63\ oY
TITLE: | QUALITY CONT%g
Da 2=

Figure G-37. %-in. (16-mm) Dia. UNC, 1%-in. (38-mm) Long Hex Head Bolts, Test Nos.

SPDA-1, SPDA-2, and SPDA-3 (Item No. f4)
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LOAD Pg w 7]AL7
CMRTE R 1658 Cold Springs Reod
STE E L Sautkille, Wisoorsin 53080
CHARTER STEEL TEST REPORT (262) 2682400
1-B00H37-8759

A Bivision af Reverse Has Text And Codes -
Charter Marufacruring Compary; Inc.

FAX [262) 2682570

SCEsE R - 28437107
e Sixal B t:ahfdmf:ﬂvfarmaz:-mn1500005£=[5wm15_c:
g Steel ;Cfrarﬁei' 331..3,Urste--'_‘- 30048422
fﬁ:ﬂ?g Rd. - Heaf 10207560
: i ShIp-Li‘iﬁ# . 1074165
_ Utica, 1128318 " Grada 1015 A SK FG 10 5/8 |
Process HR
Finish Size E/8

1 herabym—nfy that lh:a material das-:ribvd herein has been manifactured in accordance with the specff'u:aﬂans and standandz

isted befowe and on the reverse side,and that it satishics these requirements.

Test Razufs of Hext Lot2 10207560
LabrCods: 7388 "
CHE [ At P - = ri CH D o N W
LY 4 41 B07 AT a3 .05 a7 02 a0 o008 e
AL ] B T CA B
022 0050 GOOZ GO0 0001 004
JOMIMYIHREC) 20RO .
1
JOMINY SAMPLE TYPEENGISH = C .
CHEM, DEVIATION EXT.-GREEN =
Test Results of Rofing Lot TO74155 [x
# of Tosts Bin Value IE:'LEH“ Waluna Mean Valoe Lf.‘gﬁi S—
TENSILE 3 §0.7 0.1 5.9 FERSIE LAB = 0ISE.0E
43 BE 53 RA LAE = O358-02

RAEOUCTION DF AREA 2

NUM DECARE = 1 AVE DECARE = 003
REDUCTION RATID = 9&1

Mzapua] Rev 0,03-01-09
appﬂ:ah]e l:hantr Stesl exce
TLHAR03

Manufactur=d per CharurSIed
Idects cuslomer
Coustorner Docyment = P3-T

Speifications:

" Addlfions] Comments:

s far the folfowing custoreer decumerrts:

Charfer Steel
Saukwile, Wi, US4

ou

ACCRED

. Thiz MTR supereades af previswshy
dzled MTAs for this order

Ja.mcﬂ Barnard
Manarar o8 Pl Aesoeannn

Figure G-38. %-in. (16-mm) Dia. UNC, 1%-in. (38-mm) Long Hex Head Bolts, Test Nos.

SPDA-1, SPDA-2, and SPDA-3 (Item No. f4) (Continued)
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CERTIFIED MATERIAL TEST REPORT
FOR ASTM A307, GRADE A - MACHINE BOLTS

FACTORY:  MINGED ECOMOMIC & TECHNICAL DEVELOPMENT REPORT DATE:2016/12/29
ZOME YONGOANG FASTENERS CO, LTD,  R#17-507 H#B1s070039
ADDRESS:  FuShan Sovth Road MNo.17,BeiLun NingBo China BCT Cable Bracket Bolts
MANUFACTURE DATE: 2016/1242

TELHRII 423360
CUSTOMER: FASTENAL MFG LOT NUMEBEER:M-2016HT927-9
SAMPE SIZE: ACC.TO Dimension: ASME B18.18-1 I;Mechameal Proparties: ASTM F1470-12

- MANU QTY: 4800PCS SHIPPED 17 4800FCS
SIAFE SE-XD 12 HDG
HEADMARKS: 3074 PLUS NY PO NUMBEREINES

PART NO-IBISED

STEEL FROPERTIES:
MATERIAL TYPE:QI95 HEAT NUMRER - D
CHEMISTRY SFEC: CRH100 [Mn%*100 (P RB*1000 |S %51000
Cirade A ASTM (EEEEEED 0.29max 1120 max_ |0.04max_ |0.15max
TEST: 0.07 0,28 (.016 0,003
DIMENSIONAL INSPECTIONS Unit:inch SPECIFICATION: ASME BIS.2.1 - 2012
CHARACTERISTICS SPECIFIED ACTUAL RESULT  ACC. REL
Fhddd sEdidhikr ik sd e e R Sl it iR E o] EErFRii ok ekt FEAdEbY  Sdkdkddick
VISUAL ASTM FTEE-2013 PASSED 22 ¥
THREAD ASME BLT-2003,34 GO24 NOGD PASSED 15 0
WIDTH FLATS 0.906-(1038 0.915-0.928 4 ¥
WIDTH AIC 10331083 1.048-1.057 4 o
HEAD HEIGHT 0.378-0.444 1.394-0.424 4 0
THREAD LENGTH 1.420-1.560 1.435-1.541 15 0
LEMGTH 1.420-1.560 1.433-1.541 15 0
MECHAMNICAL FROPERTIES: SPECIFICATIOM: ASTM A307-2012 GR-A
CHARMCTERISTICE TEST METHOD SFECIFIED ACTUAL RESULT  ACC, RE.,
FEFdFFEEdbidrdid et  ddddhErikeke ikt ddddhdidk iRk @k sekg ikl koo ko FREdREEE ARk
CORE HARDMWESS . ASTM Fo0s-2014 62-100 HRB T76-79 HRE 4 0
WEDGE TENSILE: ASTM F&05-2014 Wlin 60 KSI 6569 KSI 4 4]
CHARACTERISTICS TEST METHOD SPECIFIED ACTUAL RESULT  ACC, REL
COATIMNGS OF ZINC: SPECTFTATIOM: ASTM F2329-2013
LOT DIP GALVANIZED  ASTM B308-98(2104) Mlim CLOCHT" 00017 -0.0018" 4 0

ALL TESTS IN ACCORDANCE WITH THE METHODS PRESCRIBED IN THE APPLICABLE
ASTM SPECIFICATION, WE CERTIFY THAT THIS DATA IS A TRUE REPRESENTATION OF
INFORMATION PROVIDED BY THE MATERIAL SUF’FLIER NI DLLR ],"ESI’IHQ L,?,BDRAT'DRY

E b i e
Vikers 508 OOISQIGT2IRIMISSOZ i Bl T o

IEHI: ‘f[ﬁ‘hﬁ.’i‘ﬂ !.rwI. vl I:I‘ !HJ

(SIGNATURE
(NAME OF FAC]"URE

Figure G-39. %-in. (16-mm) Dia. UNC, 1%-in. (38-mm) Long Hex Head Bolt and Nut, Test Nos.
SPDA-4 and SPDA-5 (Item No. f4)
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QUALITY CERTIFICATE
NINGBO JINDING FASTENING PIECE CO.,LTD
IITINGTANG TIULONGAD NINGEG CHINA  TEL-+BS-574-B5330422 FAX: *B6-574-BE33003E

E#17-3598 BULLNCSE

BOLTS, NUTS, WASHERS
7/8" BOLTS,HNUTS

Custanar: FASTENAL COMPANY FURCHASNG—IMPLRT Date : 20160801
Product: HEX CAF SCEENG Comtract Na: 16JDF2Z3T
Class: ) Iovaice HMo: 16-0135E006 7 II."J_G n
Size: T/16-1452-1,/4 Lot No: 3412930005
Warkinog: JOF thres radius Crder Na. 2200217146
Quamtity: T.730 mpes Fart No. 110120365
Freductiaoo Date 20160513 JANZ2017 SMT
Dimensions Of SFEC: Certificate Mo -
Incpection Ite=ns Standard Result Sazple Pasc
Visual Appearance CE 20 20
Body Diameter 0. 450-0. 437 0. 431-0. 452 20 20
Thread Go A CE 20 20
Mo Go A CE 20 20
Width Across Flats 0. §25-0. 612 0. 613-0. 614 20 20
Widzh Across Coroers 0.722-0. €33 0. 702-0. TO5 0 b
Uxjor Dianeter 0. 426-0. 435 0. 433-0. 435 0 0
Head Height 0.291-0. 272 0. 231-0. 282 20 20
Total Length 2.250-2.191 2. 226-2. 226 0 0
Thread lengszh min 1. 1ZE 1.223-1. 226 0 0
Mechapical Froperties
CharacTeristics Stapdard Result
Surface Hardoess [3a8] WAT 54 45-44 10 10
Core Hardoess [HRC] 25-34 27-23 10 10
Wedee Strencth [psil min 119860 154535138021 E B
Tield Strensth [p=il] min F136% 105311112138 B B
Elpnzation [%] min 14 16, §-1E6. 1 E B
Feduction OF area [%] min 33 45. 2-52. 4 E B
Froaf Laad [1n] L0 2050 4 4
Decarburization =1 2HL HVO. 3 J47.45 317.45 290.57 & 3
Hv2=HV1-30, BV 3<=1r1+30 t 4. 0005nax 3 &
CHEWICAL COMPOSITION (%)
Hz=at Mo C i Iﬁ'l. B 2] Cr Ni Cu L] 3
min 0. 2500
Spec.
max 0. 3500 0. 0230 |0.0250 0. 003D
33T 210750848 0. 35 d. 18 0. &4 0. 016 0.010
Thickoass ] zin 5 10.0-13.5 0 b
Surface Coating: IPCr3+icoatiog test method: X ray according to ASTH BS6EM Z00T7 standard test
zethod for measurez=pt of coatiog thickoess by E-Rary spectroastry)
Parts are zammfactored asod tested accordiog to above specification and coopliazce with order
ve certifr that this is a true repreceptation of ioformation provided by mammfactorer and laborators.
Thread Specificaticm: ASME B1.1 2008, CWIFIED INCH SCREF THEZADS (LN AMD UNE THREAD FORM)
cacplizg Dieension Specificazion: AEWE Z18.18-2041 inspecticzs azd qualitr assurance for high—volome aachize asss=ably
fasteners
Dipenzion Specificaciom: ASWE E18.2.1 2012 HEX CAP ZCEZFC
Sacplizg mechanical properties specificatziom: ASTM F1470 2012 Standard Guids for Fastensr Samplizmg for Specified
Wechanical Froperties and Ferforpence Izspection
Wechanical Froperties: SAE J429 2014, MECHANICAL AND MATERIAL REQUISEMENTS FOR EXTZRNALLY TEREADED FASTENERD
Surface Defect:A5TW F788/FTSEM-2013, SUBTACE DISCONTINUITIZS OF BOLTS, SCASFE, AND STUDS
Flatice Specification: ASTH 1941 2013, Electrodeposited Coatizpgs 0o Threaded Fastezers
fuality Comtrol Supervisor quality Comtrol Mamapsr

Figure G-40. "/16-in. (11-mm) Dia. UNC, 2%-in. (57-mm) Long Heavy Hex Bolt, Test Nos.

SPDA-1, SPDA-2, and SPDA-3 (Item No. f6)
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IEITE 16349

BUNEAU vERTAS |} 7 GEM-YEAR TESTING LABORATORY
i CERTIFICATE OF INSPECTION
MANUFACTURER ‘GEM-YEAR INDUSTRIAL CO., LTD. Tet: (0573)84185001(48Lines)
ADDRESS : NOLE GEM-YEAR Fax: (0573)8418448E 4184567
ROAD,E.D.Z. JIASHAN ZHEJIANG, P.R.CHIMA DATE : 2016/06/15

PURCHASER : FASTENAL COMPANY PURCHASING PACKING NO @ GRMLG0602037
PO. NUMBER 210110553 INVCHCE NGO GEM/FNL- 1606 1EED
COMMODITY : FINISHED HEX NUT GR-5 PART NO: 1136308
SIZE: 7/16-14 NC SAMPLING PLAN:
LOTNO:  [INIGH0ES0 ASME B18. 18-2011(Category. 2) /ASTM F1470-2012
SHIP QUANTITY : 22, 500 PCS HEAT NO:  |GD0620

LOT QUANTITY LEL, 057 PCS MATERIAL : 10224
HEADMARKS : GENIUS SYMBOL & 2 ARC LINES(120 DEGREE) FINISH : fu /i 548 AT FL941/F190 102015

MANUFACTURE DATE : 2016,/05/17
COUNTRY OF QORIGIN : CHINA

PERCENTAGE COMPOSITION OF CHEMISTRY ACCORDING TO SAE J995-2012

Chamistry AL% C% NI MN% P% 5% 5%
Spec. : MIM. 0. 3000
WA 0. 55600 005000 0.1500

Taest Value 00280 0.2000)  0.BDOQ 0,013 0.00&60) 00 1000

DIMENSIONAL INSFECTIONS ACCORDING TO  ASME BLE.Z. Z-Z0L0
SAMPLED BY : FCHUN

INSPECTIONS ITEM SAMPLE SPECIFIED ACTUALRESULT |ACC.| REJ
WIDTH ACROSS COINERS GPCE 0. V6E0-0. 7940 1nch 0. T730-0. T920 inch 5 a
FIM L5PCs | ASME BLE. 2. 2-2010 Max. 0.0L80 inch 0. 0080-0. 017D inch| 15[ 0
THICENESS GPCS 0. 3650-0. 3850 inch 0. 3670-0. 377D inch G a
FIDTH ACROSS FLATS GPCS 0.6750-0. 6EED inch 0. 6760-0. 6800 inchl {1 0
SURFACE DISCONTINUITIES 29PCS ASTM FBl2-2012 PASSED) 29 0
THREAD L5PCS GAGING SYSTEM 21 PASSED| 15| 0

MECHAMICAL PROPERTIES : ACCORDING TO  SAE | 995-Z01Z
SAMPLED BY @ gDAN  LIAN

INSPECTIONS ITEM SAMPLE TEST METHOD EEHR SPECIFIED ACTUAL RESULT ACC | REJL
CORE HARDNESS 15 FCS | ASTM F606-2014 Max. 32 HRC -6 15]
PROOF LOAD §PCS [ ASTM FE06-2014 Min. 120,000 PSI W61 0
PLATING THICKNESS( b ) 29 PCS | ASTM B568-1998 »=3 5.48-4.98 29| 0
SALT SPRAY TEST 15 PCS [ASTM BI17-11 s N e w off 15| o

WE CERTIFY THAT THIS DATA IS5 A TRUE REPRESENTATION OF INFORMATION PROVIDED BY THE MATERIAL SUPPLIER
AND QUR TESTING LABORATORY WHICH ACCREDITED BY |S(VIECA1TI25CERTIFICATE NUMBER:335E.01)
WE CERTIFY THAT THE PRODUCTS SUPPLIED ARE IN COMPLIANCE WITH THE REQUIREMENTS OF THE ORDER

Cuality Supervisor: )W

Figure G-41. "/16-in. (11-mm) Dia. UNC Heavy Hex Nut, Test Nos. SPDA-1, SPDA-2, and
SPDA-3 (Item No. f6)
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CERTIFIED MATERIAL TEST REPORT
FOR SAE J429 GRADE 5 HEX TAP BOLTS

SUPPLIER'S NAME:ZHEIIANG GOLDEN AUTOMOTIVE FASTENER COLTD REFORT DATE: 2017-2-24
ADDRESS:  XITANGOQIAD HATY AN ZHETIANG CHINA MANUFACTURE COMPLETE DATE: 017-1-22
CONTACT INFORMATION: JACK f(36)-0573-86862565
CUSTOMER: FASTENAL COMPANY PURCHASING-IMPORT TRAFFIC

MFG LOT NUMBER: 1701201123E

SAMPLING FLAN PER ASME B18.18-2011 Categonies 2;ASTMF1470-12 PO NUMBER: 200232X)
DESCRIPTION: HEX TAP BOLTS GRADE 5 ZINC FLATED
SIZE: TE-14X2-12" QTY: 6650 PCS PART NO: 0144506
HEADMARKS: NDF+THREE RADIAL LINE
STEEL FROPERTIES:
STEEL GRADE:1035 HEAT WNUMBEE: J631004272
CHEMISTRY SPEC: C% % |P% 5 %
0.25-0.55 min  |0025max  [0.025max

TEST: 0.36 0.74 0.012 0,003
DIMENSIONAL INSFECTIONS SPECIFICATION: ASME B18.2.1-2012
CHARACTERISTICS SPECIFIED ACTUAL RESULT AT REL.
AFPEARANCE ASTM F788FT88M-13 PASSED 100 0

THREAD ASMEBL.1-08 2A PASSED 32 0
WIDTH FLATS 0625 "~ 0603 " 06057 - 0s22°7 8 ]
WIDTH ASC 0722 - 0687" 069" - 0702° B 0
HEAD HEIGHT 0316°- 0272 " 02757 - 03m” 8 0
MAJOR DIA 0436 " - 0426 " 04287 - 04337 8 ]
LENGTH 254 " - 244" 2457 - 2467 B 0
MECHANICAL PROPERTIES: 1/4"thrul” SPECIFICATION: SAE J429-2014 GR-5
CHARACTERISTICS TEST METHOD SPECIFIED ACTUAL RESULT ACC, REI
SRR R EHEEERERR R REEEE  SREEREREREE R REREE R RS SRR FEEEAREE  SRARE RS
CORE HARDNESS: ASTM Fa0s-14 25-34 HRC 27T - 3 HEC 8 0
SURFACE HARDMNESS :  ASTMFe06-14 30N54 MAX 46 - 48 8 0
WEDGE TENSILE: ASTM F&06-14 MIN 120000 PSI 130145 - 133750 PSI 4 ]
FROOF LOAD ASTM Fs06-14 NN 85000 PSI FASS 1 ]
DECARBURIZATION ASTM F23238-14 PASSED 1 ]
CHARACTERISTICS TEST METHCD SPECIFIED ACTUAL BESULT ACC. RET.
ZINC FLATED ASTMFE1941-15 Clear Zme FE/Zn 3AN
Thickness ASTM B568-98 Min3 gt m 455 pum 8 0

6 hours NO White

Salt Spray Corrosion ASTM EBI117-11 orrosion PASS 8 L]

12 hourz KO Red Rust
ALL TESTS IN ACCORDANCE WITH THE METHODS PRESCRIBED IN THE APPLICABLE
SAE SPECIFICATION. WE CERTIFY THAT THIS DAIA IS A TRUE REPRESENTATION OF
INFORMATION FROVIDED BY THE MATERIAL SUFFLIER AND OUR TESTH%{-,\';'}}E:&TORY.
All parts meet the Equirements of FQA and mrords of compliance are on file, A
Maker's ISONCM1 1/20818

Figure G-42. "/1¢-in. (11-mm) Dia. UNC, 2%-in. (57-mm) Long Heavy Hex Bolt, Test Nos.
SPDA-4 and SPDA-5 (Item No. 6)

379



December 17, 2020
MwRSF Report No. TRP-03-370a-20

IS0TE 153

sumcau verias () ATE GEM-YEAR TESTING LABORATORY
L1 CERTIFICATE OF INSPECTIOMN
MANUFACTURER :GEM-YEAR INDUSTRIAL CO., LTD. Tal: (05738418500 1(48Lines)
ADDRESS : NO.E GEM-YEAR Fax: (0573)84184488 84184567
ROADE.D.Z. JIASHAN, ZHEJIANG, P.R.CHINA DATE : 20170307

PURCHASER : FASTENAL COMPANY PURCHASING PACKING MO GEMLT0OZZ00LS
PO.MUMEBER : 210124595 INWVOICE MO GEM/FNL-LYOS08ED-1
COMMODITY : FINISHED HEX NUT GR-b PART NO: 1136308
SEZE: 7/16-14 NC SAMPLING PLAN :
LOT NO:  INLACD454 ASME B18. 18-2011(Category. 2) JASTH F1470-2012
SHIP QUANTITY : 45, 000 FCS HEAT NO: 16800400

LOT QUANTITY 126, 608 PCS MATERIAL : 10224
HEADMARKS : GENIUS SYMBOL & 2 ARC LINES (120 DEGREE) FINISH ! fa/in 3840 ASTM FIS41/F19410-2015
MANUFACTURE DATE : 2017,01 /15
COUNTRY OF QORIGINM : CHINA

PERCENTAGE COMPOSITION OF CHEMISTRY:ACCORDING TO SAE J995-2012

Chamistry C% MM % P% 5% S1%
Spec. : MIN, 0. 5000
MAX| 0 55008 00604 001500

Tast Value 0.2000  0.75000 00160  0.0073  0.0500

DIMENSIONAL INSPECTIONS ACCORDING TO  ASME BLE. 2. 2-2010
SAMPLED BY : LXQING

INSPECTIONS ITEM SAMPLE SPECIFIED ACTUAL RESULT [ACC.|REJ
WIDTH ACROSS COINERS 5PCS 0. TGE0-0, Ta40 inch 0. TT10-0. TT20 inch 5 |
FIM 15PCS | ASME BLE. 2. 2-2010 Max. 0. 0LE0 inch 0. 0140-0. 0150 inch| 15| 0
THICKENESS 5PCS 0. 3660-0. 3860 inch 0. 3880-0. 3770 inch 2 ]
WIDTH ACROSS FLATS 5PCS 0.6750-0. 6BB0 inch 0. 67T70-0. 8780 inch sl o0
SURFACE DISCONTINUITIES 29PCS ASTM FEIZ-2012 PASSED] 29 O
THREAD 15PCS GAGING SYSTEM 21 rassEnl 15| o

MECHANICAL PROPERTIES : ACCORDING TO  SAE | 995-20LZ
SAMPLED BY © SHENKIA TIN

INSPECTIONS ITEM SAMPLE TEST METHOD REHR SPECIFIED ACTUAL RESULT ACC|REL
CORE HARDNESS 15PCS | ASTM F606-2014 Max. 32 HRC 2627 1R 15| g
PROOF LOAD 5PCS | ASTH F606-2014 Min. 120,000 PSI moos] 0
PLATING THICKNESS( u m) 20 FCS | ASTM B56E-1998 y=b 53780 29]
SALT SPRAY TEST 15 PCS [ ASTM B117-11 s w0 w0 mer oil 15| o

WE CERTIFY THAT THIS DATA IS A TRUE REPRESENTATION OF INFORMATION PROVIDED EY THE MATERIAL SUPPLIER
AND OUR TESTING LABORATORY WHICH ACCREDITED BY ISQUECATI25 CERTIFICATE NUMBER:3358.01)
WE CERTIFY THAT THE PRODUCTS SUPPLIED ARE IN COMPLIANCE WITH THE REQUIREMENTS OF THE ORDER

Quality Supervisor: ,;W

Figure G-43. "/16-in. (11-mm) Dia. UNC Heavy Hex Nut, Test Nos. SPDA-4 and SPDA-5 (Item
No. f6)

380



December 17, 2020
MwRSF Report No. TRP-03-370a-20

Certified Material Test Report to BS EN 1SO 10204-2004 3.1

FOR USS FLAT WASHER HDG
COUNTRY OF ORIGIN: CHINA
CUSTOMER: FASTENAL
FACTORY NAME: IFl & MORGAN LTD.
FACTORY ADDRESS: Chang'an North Road, Wuyuan Town. Haiyan, Zhejiang. China

DESCRIPTION: 1 DATE: 200 6-10-U8
INVOICE NBR:  TDI6680155 ORDER NBR. 210114135
PARTNBR.: 33188 QUANTITY 324018

LOT MO 16H-168236-30

DIMENSIONS (UNIT:INCH)
RESULT
STANDARD I > 3 | 3 5
INSIDE DiA 1.055-1.092 1068 | 1.068 | 1.067 | 1.069 | 1.068
OUTSIDE DlA 2.493.2.530 2514 | 2,513 | 2514 | 2514 | 2511
THICKNESS 0.136-0.192 | 0.146 | 0.149 | 0.152 | 0.152 | 0.147

WE HEREBY CERTIFY THAT THIS WAS PRODUCED AS PER CUSTOMER'S
REQUIREMENT.

CHARACTERISTICS SPECIFIED ACTUAL RESULT ACC.  REL
HOT DIP GALVANIZED ASTM F2329

Min 43 um 48-64um b 0
NOTE
1. QUANTITY OF SAMPLES: PCS

2 JUDGEMENT: D

< SORGAT
43 2
LM

QUANLITY CONTROL,

3. CHIEF INSPECTOR.

Figure G-44. 1-in. (25-mm) Dia. Plain Round Washer, Test No. SPDA-4 (Item No. f7)
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GRAINGER.
[ 1111

100 Grainger Parkway
Lake Forest, IL 60045

CERTIFICATE OF

COMPLIANCE

Date: April 4, 2017
Grainger tem #: 22UHO7T

Manufacturer #: U35400.043.0003

LOT#: 2015043021

Country or Origin: United States

Product Descripion: Flat Washer, Steel, Inch, Washer Material Grade Low Carbyon, Fastener
Finish Zinc Plated, Fits Bolt Sizes 7/16 In., Washer Inside Dia. 15/32 In., Washer Outside Dia.

1-1/8 In., Thickness 0.063 In., Washer Standards ASME B15.22.1, Package Cuantity 50

C MN P S5 SI CO NI CR MO SN AL N W
09 037 012 009 D011 02 01 .04 008 003 035 005 .001

Grainger product(s) are manufactured in accordance to product description and standards as
described in the Grainger General Catalog or on Grainger_comE.

Dossie Ware

Product Engineering Specialist
4452017

Dossie Ware

Figure G-45. "/1-in. (11-mm) Dia. Plain Round Washer, Test Nos. SPDA-1, SPDA-2, and
SPDA-3 (Item No. f9)
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HEXICO ENTERPRISE CO., LTD.

MN0.355-3,5EC. 3, CHUNG SHAN ROAD EAU-JEN, TAINAN TATWAN BR.O.C.

TEL : 886 - §- 2390616 FAY : 586 - 6- 2308047
INSPECTION CERTIFICATE |:“ { ; .|
N2/

CUSTOMER FASTENAL COMPANY

PART NAME FLAT WASHER

SIZE 716" DATE January 20, 2017

PART NO. WYA3IC3500521.0Q5 EEPORT NO. 1060120-25

CUST. PART NO. 1133860 CRDEE. NO. 110214337

MATERTAT S30C /1 8 mm DOCUMENT NO. E1050608

HEAT(COIL) NO. 117683 LOT NO. 58253FENQD

LOT QTY 67,500 BCS MAF. QTY 67,500 PCS

THE PRODUCTS SUPPLIED ARE IN COMPLIANCE WITH REQUIREMENT OF THE OFRDEE.

SAMPLING PLAN STANDAED ASMEBIE18-2011

DIMENSION STANDAERD ASMEBI18.21.1-2009

COATING STANDAERED ASTM F1941-2011

HARDNESS TESTMETHOD ASTM F606-2014

COATING TEST METHOD ASTM E376-2011

SALT PRAY TEST METHOD ASTM B117-2011

DIMENSIONS IN inch

] o i TEST |INSPECTION RESULTS| INSPECTION
INSPECTION ITEM SPECIFICATION oY [y | EQUIPMENT
1 | OUTSIDE DIAMETER | 1.2430 - 12800 g 1.2520 1.2547 Caliper
2 | INSIDE DIAMETER | 04950 - 05150 8 0.5043 0.5059 Caliper
3 THICKNESS 0.0640 - 0.1040 8 0.0709 0.0732 Caliper
4 HARDNESS HRC 38 . 45 5 39.7 409 Fockwell
5 | COATING (BAKED) (ZINC YEL.CR6™ 0.0002 in| 5 0.0003 0.0004 | Eddy current
T2 hrs. No White Bust
6 | SALT SPRAY TEST 4 0K 5.5.T tester
05 hrs. No Red Rust
7 APPEARANCE VISUAL 100 0K
nseecror U Tain Lin QC CHIEF Jing Yeh Tsao

Figure G-46. "/16-in. (11-mm) Dia. Plain Round Washer, Test Nos. SPDA-4 and SPDA-5 (ltem
No. f9)
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NUCaR Sedonss o

Saint doe. indiana 46785

FASTENER DIVISION Telephona 2603371800

CUSTOHER NOD/NAME

8061 STRUCTURAL BOLT €O LLC NUCOR ORDER # 957233
TEST REPODRT SERIAL# FBG4B2520 CUST PART #
TEST REPORT ISSUE DATE 1/08/16
DATE SHIPPED 1/21/16 CUSTOMER P.0. & 18131
NAME OF LAB SAMPLER: JOSEPH BYERLY, LAB TECHNICIAN
RERXXANNXZAARXRXFCERTIFIED HATERIAL TEST REPORTRAXEASEAXRKXXRENN
NUCOR PART NO QUANTITY LOT NO. DESCRIPTION
175647 3600 3660553 l-a 6R DH HV H.D.G.
MANUFACTURE DATE 10/01/15 HEX RUT H.D.G./GREEN LUBE
--CHEMISTRY MATERIAL GRADE -1045L
MATERIAL HEAT ¥¥CHEMISTRY COMPOSLITIOMN (WT% HEAT ANALYSIS) BY MATERIAL SUPPLIER
NUHBER NUHBER c HN B s sI NUCOR STEEL - SOUTH CAROL
RMO30068 DL15103032 .45 .67 .003 .019 .20

--HECHANICAL PROPERTIES IN ACCORDANCE WITH ASTM A563-07a

SURFACE CORE PROOF LDAD TENSILE STRENGTH
HARDNESS  HARDNESS 90900  LBS DEG-WEDGE

{R3O0N) CRC) CLBS) STRESS (PSI)
N7A 30.8 PASS N/A N/A
N/A 28.6 Pass N/A N/A
N/A 26.6 PASS N/A N/A
N/A 26.2 PASS N/A N/A
N/A 24.5 PASS N/A N/A
AVERAGE VALUES FRDN TESTS

27.3

PRODUCTION LOT SIZE 42800 PCS
~-VISUAL INSPECTION IN ACCORDANCE WITH ASTH A563-07a BO PCS. SAMPLED LOT PASSED

--COATING - HOT DIP GALVANIZED TD ASTM F2325-13 - GALVANIZING PERFORMED IN THE U.S.A.

1. 0.00278 2. 0.00892 3. 0.00428 4. 0.00237 5. 0.00321 6. 0.00228 7. 0.00603
8., 0.00676 9. 0.00315 l1o0. ©0.00321 11, 0,00371 12. 0.D026% 13, 0.00252 14. 6.00348
15, 0.00287

AVERAGE THICKNESS FROM 15 TESTS .00388

HEAT TREATMENT - AUSTENITIZED, OIL QUENCHED & TEHPERED (MIN 800 DEG F)

--DIMENSIONS PER ASME B18.2.6-2012

CHARACTERISTIC #SANPLES TES'IED HININUM HAXIMUM
Width Across Corners z 1.823 1.833
Thickness 32 0.978 0.998

ALL TESTS ARE IN ACCORDANCE WITH THE LATEST REVISIONS OF THE METHODS PRESCRIBED IN THE APPLICABLE SAE AND ASTM
SPECIFICATIONS. THE SANPLES TESTED CONFURM TO THE SPECIFICATIONS AS DESCRIBED/LISTED ABOVE AND WERE MANUFACTURED
FREE OF MERCURY CDNTANINATION. NQ INTENTIONAL ADDITIONS OF BISMUTH, SELENIUM, TELLURIUM, OR LEAD WERE USED IN THE
STEEL USED TO PRODUCE THIS PRO

THE STEEL WAS MELTED AND HANUFACTUREH IN THE U.S.A. AND THE PRODUCT WAS MANUFACTURED AND TESTED IN THE U.S.A.
PRODUCT COMPLIES WITH DFARS 252.225-7014. WE CERTIFY THAT THIS DATA IS A TRUE REPRESENTATION OF INFORMATION
PROVIDED BY THE MATERIAL SUPPLIER AND OUR TESTING LABORATORY. THIS CERTIFLED MATERIAL TEST REPORT RELATES ONLY
TO THE ITEWS LISTED ON THIS DOCUMENT AND MAY NOT BE REPRODUCED EXCEPT IN FULL.

NUCOR FASTENER
A DIVISION OF NUCOR CORPORATION

/W 7 g L

JOHN W. FERGUSON
QUALITY ASSURANCE SUPERVISOR

MECHANICAL FASTENER
CERTIFICATE NO. A2LA 0139.01
EXPIRATICN DATE 01/31/16

Page 1 of 1

Figure G-47. 1-in. (25-mm) Dia. Hex Nut, Test Nos. SPDA-1, SPDA-2, SPDA-3, and SPDA-5
(Item No. f10)
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NLICOR 71123 Saint Jos. ngiana 46

Saint Joe. Indiana 46785

FASTENER DIVISION Telephone 260/337-1600

CUSTOMER NO/NAME

8001 FASTENAL COMPANY-KS MUCOR ORDER # 978943
TEST REPORT SERIAL# FB488EES CUST PART # 38210
TEST REPORT ISSUE DATE 3/04/16
DATE SHIPPED B8/17/16 CUSTOMER P.O. # 210117217
HAME OF LAB SAMPLER: SANDRA HNEUMANN-PLUMMER, LAB TECHNICIAN
#%4 kA3 ¥ ¥ %2 %4 ¥ xCERTIFIED MATERIAL TEST REPORT®#*#*¥sesxssxsisxss
NUCOR FART NOD QUANTITY LOT NOD. DESCRIFTION
175647 3500 3711238 1-8 GR DH HV H.D.G.
MANUFACTURE DATE 1/07/16 HEX NUT H.D.G./GREEN LUBE
--CHEMISTRY MATERIAL GRADE -1045L
MATERIAL HEAT #*CHEMISTRY COMPOSITION (WT% HEAT AMALYSIS) BY MATERIAL SUPPLIER
HUMBER NUMBER c MHN P s SI NUCOR STEEL - SOUTH CAROL
RMO30412 DL15105591 N1 .66 . 005 . 020 .20

--MECHANICAL PROPERTIES IN ACCORDANCE WITH ASTHM AS&3-07a

SURFACE CORE PROOF LOAD TENSILE STRENGTH
HARDNESS HARDNESS F0900 LBS DEG-WEDGE

(R30N) (RC2 (LBS) STRESS (PSI)
N/A 26.6 PASS N/A N/A
HAA 27.0 PASS N/A N/A
N/A 27.6 PASS N/A N/A
HAA 28.9 PASS N/A N/A
NAA 26.7 PASS N/AA N/A
AVERAGE VALUES FROM TESTS

27.4

PRODUCTION LOT SIZE 90800 PCS
-=-VISUAL INSPECTION IN ACCORDANCE WITH ASTM A563-07a &0 PCS. SAMPLED LOT PASSED

--COATING - HOT DIP GALVANIZED TO ASTM F2329%-13 - GALVANIZING PERFORMED IN THE U.S.A.
1. 0.00294 2. 0.00311 3. 0.00346 G. 0.00235 5. D.00218 6. 0.00270 7. 0.00353
8. 0.00322 9. 0.00406 10. 0.0026% 11. 0.00275 12. 0.00315 13. 0.00687 14. 0.00253
15. 0.00416

AVERAGE THICKMESS FROM 15 TESTS .00318

HEAT TREATMENT - AUSTENITIZED, OIL QUENCHED & TEMPERED (MIN 800 DEG F)

--DIMENSIONS PER ASME Bl8.2.6-2010

CHARACTERISTIC #SAMPLES TESTED MINIMUM MAXIHUN
Width Across Corners -] l.824 1.864
Thickness 3z 0.980 1.001

Figure G-48. 1-in. (25-mm) Dia. UNC Hex Nut, Test Nos. SPDA-4 (Item No. f10)
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= McMASTER-CARR. Certificate of Compliance

600 N County Line Rd University of Nebraska Purchase Order Page 1 of 1
Elmhurst IL 60126-2081 Midwest Roadside Safety Facility E000357170
630-600-3600 MWRSF

Order Placed By

chi sales@mcmaster com 4630 Nw 36TH St _
Lincoln NE 68524-1802 Shaun M Tighe
Afttention: Shaun M 'I—Ighe McMaster-Carmr Mumber
Midwest Roadside Safety Facilty ~ 2098331-01
Line Product Ordered Shipped
1 97812A109 Steel Double-Headed Nail Size 16D, 3" Length, 16" Shank Diameter, 200 Pieces/Pack, 5 5
Packs of 5 Packs

Certificate of compliance

This is to certify that the above items were supplied in accordance with the description and as illustrated in the catalog. Your order is subject
only to our terms and conditions, available at www.mcmaster.com or from our Sales Department.

Sele et

Sarah Weinberg
Compliance Manager

Figure G-49. 16D Double Head Nail, Test Nos. SPDA-4 and SPDA-5 (Item No. f11)
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Appendix H. Dynamic Jerk Test Results
The results of the recorded data from each accelerometer for dynamic jerk tests are

provided herein. The summary sheets include acceleration, velocity, deflection versus time, force
versus deflection, and energy versus deflection plots.
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MIDWEST ROADSIDE SAFETY FACILITY

Bogie Test Summary

Test Information Test Results Summary
Test Description: Dynamic jerk test, design concept no. 1 Event Duration: 0.3000 sec
Test Number: SPDA-1 Max Deflection: 54.0 in.
Test Date: 4/7/2017 ) Peak Force: 46.3 k
Failure Type: Pull cable fractured, exceeded the breaking Initial Linear Stiffness: 1.3 Kin.
strength Total Energy: 802.2 k-in.
Post Properties
Post Type: W6xX9 with four 3/4™" diameter holes @5" @ 10" @ 15" @20"
Post Size: W69 Steel Post Average Force (k) 0.72 3.55 6.23 8.93
Post Length: 27.751n. Energy (k-in.) 3.6 355 934 178.6
Embedment Depth: 69.25in.
Orientation: Weak-axis bending . Bogie Acceleration vs. Time
. . 7
Soil Properties “f’\
Gradation: NA 6 JV'
Moisture Content: NA Zg 5 f
Compaction Method:  NA T 4 A.’
8 N
. . S 3
Bogie Properties © /
— [
Impact Velocity: 18.31 mph (26.86 ft/s) < 2 /\/
Impact Height: NA g 1
Bogie Mass: 6667 Ib AA A M A
0 Vi ACA A
Data Acquired -1 '
Accelerometer: SLICE-1 )
Camera Data: a0s01, aos09 0 0.1 0.2 03 0.4
Time (s)
50 Force vs. Deflection At Impact Location 35 Bogie Velocity vs. Time
40 I‘,Avm 30
[ 25
30 \
J
=20 /\/\“’ g% \
8 / z 15
S 10 4 H \
. 310 N
0 AN
| 5
-10 ¢ 3 20 3 40 560 60 0
-20 fection G 5
Deflection (in.) 0 01 02 03 04
Time (s)
900 Energy vs. Deflection At Impact Location 60 Deflection at Impact Location vs. Time
800
50 7
700 / _—
=600 / =40 7
£ 500 / E /
= / g 30
- 400 / 3 /
& 300 / 8 20
200 7 /
100 pd 10
//
0 0
0 10 20 30 40 50 60 0 0.1 0.2 0.3 0.4
Deflection (in.) Time (s)

Figure H-1. Test No. SPDA-1 Results (SLICE-1)
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MIDWEST ROADSIDE SAFETY FACILITY

Bogie Test Summary

Test Information

Test Results Summary

Test Description: Dynamic jerk testm design concept no. 1 Event Duration: 0.2000 sec
Test Number: SPDA-1 Max Deflection: 440 in.
Test Date: 4/7/2017 ) Peak Force: 456 k
Failure Type: Pull cable fractured, exceeded the breaking Initial Linear Stiffness: 1.2 K/in.
strength Total Energy: 794.3 k-in.
Post Properties
Post Type: W6xX9 with four 3/4™" diameter holes @5" @ 10" @ 15" @20"
Post Size: W69 Steel Post Average Force (k) 0.59 3.26 5.91 8.55
Post Length: 27.751n. Energy (k-in.) 29 32.6 88.6 171.0
Embedment Depth: 69.25in.
Orientation: Weak-axis bending Bogie Acceleration vs. Time
8 .
. . 7
Soil Properties
Gradation: NA 6 ‘V’//\
Moisture Content: NA Zg 5
Compaction Method:  NA g A.I
S 4 v
Bogie Properties ® 3 /\/
— [}
mpact gt NA T R ’
. 1=}
Bogie Mass: 6667 Ib < 1 /J
. 0 M
Data Acquired LAAY Aad"4
Accelerometer: SLICE-2 -1
Camera Data: aos09 0 0.05 0.1 0.15 02 0.25
Time (s)
50 Force vs. Deflection At Impact Location 35 Bogie Velocity vs. Time
40 JV.V/’\ 30
r/ 25
30 -
= /\/\/J 22
820 Z15
2 3
- 10 4’\/ E 10
5
0
0
10 © 10 20 A‘n 0 5
Deflection (in.) 0 0.05 0.1 0.15 0.2 0.25
Time (s)
900 Energy vs. Deflection At Impact Location 50 Deflection at Impact Location vs. Time
800 45 /
700 / 40 //
~ 35
= 600 / £ 20 /
< 500 c
= ,/ g, 25
E’ 400 / 2 20 /
& 300 / 8 yd
200 , /
/ 10 /
100
5
//
0 0
0 10 20 30 40 50 0 0.05 0.1 0.15 0.2 0.25
Deflection (in.) Time (s)

Figure H-2. Test No. SPDA-1 Results (SLICE-2)
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Bogie Test Summary
Test Information Test Results Summary
Test Description: Dynamic jerk test, design concept no. 2 Event Duration: 0.3000 sec
Test Number: spda-2 Max Deflection: 411 in.
Test Date: 4/10/2017 ) Peak Force: 59.6 k
Failure Type: Anchor post broke away releasing BCT anchor Initial Linear Stiffness: 15 Kiin.
cable Total Energy: 898.2 k-in.
Post Properties
Post Type: W6x9 with four 3/4" diameter holes @ 5" @ 10" @ 15" @20"
Post Size: W6x9 Steel Post Average Force (K) 2.88 3.72 6.19 8.33
Post Length: 27.751n. Energy (k-in.) 144 37.2 92.9 166.7
Embedment Depth: 69.25in.
Orientation: Weak-axis bending B Bogie Acceleration vs. Time
Soil Properties 8 |
Gradation: NA
Moisture Content: NA ffo 6
Compaction Method:  NA - |
2
Bogie Properties g 4 )
Impact Velocity: 18.33 mph (26.88 ft/s) 2 a
Impact Height: NA g 2 vV
Bogie Mass: 6667 Ib "\A
0 AAAAA
v yvvv'
Data Acquired
Accelerometer: SLICE-1 -2
Camera Data: aos09 0 0.1 0.2 03 0.4
Time (s)
70 Force vs. Deflection At Impact Location 35 Bogie Velocity vs. Time
60 30
50 25
W\ Q N
= 40 I\/\/va V g 20 \
g 30 A | Z 15
5 W g AN
20 vV E 10 \
10 o 5 \
0 0 \
N———
-10 10 0 30 40 50 -5
Deflection (in.) 0 0.1 . 0.2 03 04
Time (s)
Energy vs. Deflection At Impact Location Deflection at Impact Location vs. Time
1000 45
900 40 o
800 / / ]
/ 35
700 - /
= / = 30
£ 600 T /
< / € 25
> 500 7/ S /
) k*]
b /| @ 20
@ 400 2 /
& / 8 15
300 / e /
200 e 10 /
100 — 5
/
e
0 0
0 10 20 30 40 50 0 0.1 0.2 03 0.4
Deflection (in.) Time (s)

Figure H-3. Test No. SPDA-2 Results (SLICE-1)

390



December 17, 2020

MwRSF Report No. TRP-03-370a-20

MIDWEST ROADSIDE SAFETY FACILITY

Bogie Test Summary

Test Information

Test Results Summary

Test Description: Dynamic jerk test, design concept no. 2 Event Duration: 0.3000 sec
Test Number: spda-2 Max Deflection: 413 in.
Test Date: 4/10/2017 ) Peak Force: 62.8 k
Failure Type: Anchor post broke away releasing BCT anchor Initial Linear Stiffness: 15 Kiin.
cable Total Energy: 898.2 k-in.
Post Properties
Post Type: W6x9 with four 3/4" diameter holes @ 5" @ 10" @ 15" @20"
Post Size: W6x9 Steel Post Average Force (K) 2.81 3.66 6.06 8.15
Post Length: 27.751n. Energy (k-in.) 14.1 36.6 90.9 163.0
Embedment Depth: 69.25in.
Orientation: Weak-axis bending B Bogie Acceleration vs. Time
Soil Properties 8 1 ll
Gradation: NA
Moisture Content: NA ffo 6
Compaction Method:  NA g ' l
2
Bogie Properties g 4 )
Impact Velocity: 18.33 mph (26.88 ft/s) 2 R
Impact Height: NA g 2 \'
Bogie Mass: 6667 Ib
0 WA
Data Acquired
Accelerometer: SLICE-2 2
Camera Data: aos09 0 0.1 0.2 03 0.4
Time (s)
70 Force vs. Deflection At Impact Location 35 Bogie Velocity vs. Time
60 | 30
50 A 0 25
40 NV Z20
s AV :
830 v | Z 15
: AW E AN
20 v o 10
s \
10 7 5 \
0 0
N—————
-10 10 0 30 40 50 -5
Deflection (in.) 0 0.1 02 03 0.4
Time (s)
1000 Energy vs. Deflection At Impact Location 45 Deflection at Impact Location vs. Time
900 40 —
800 // 35 yd
- 700 / = 30
£ 600 < /
= / € 25
> 500 / S /
3 p T 20
@ 400 2 /
& / 8 15
300 / e /
200 7 10 /
100 — 5
/
0 10 20 30 40 50 0 0.1 0.2 03 0.4
Deflection (in.) Time (s)

Figure H-4. Test No. SPDA-2 Results (SLICE-2)
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Bogie Test Summary
Test Information Test Results Summary
Test Description: Dynamic jerk test, design concept no. 3 Event Duration: 0.3000 sec
Test Number: spda-3 Max Deflection: 756 in.
Test Date: 4/12/2017 Peak Force: 386 k
Failure Type: Anchor post fractured in tension Initial Linear Stiffness: 12 Kin.
Total Energy: 571.9 k-in.
Post Properties
Post Type: W6x9 with four 3/4" diameter holes @ 5" @ 10" @ 15" @20"
Post Size: W6x9 Steel Post Average Force (K) 0.73 175 3.58 6.05
Post Length: 27.751n. Energy (k-in.) 3.6 175 53.6 121.0
Embedment Depth: 69.25in.
Orientation: Weak-axis bending ] Bogie Acceleration vs. Time
Soil Properties 6
Gradation: NA 5
Moisture Content: NA f::
Compaction Method:  NA z ¢4
5 s
. . S 3
Bogie Properties © / '\
Impact Velocity: 19.17 mph (28.12 ft/s) 2
Impact Height: NA 3 j \
Bogie Mass: 6667 Ib 1 \
. 0 Wy e
Data Acquired
Accelerometer: SLICE-1 1
Camera Data: a0s09 0 0.1 0.2 03 0.4
Time (s)
a5 Force vs. Deflection At Impact Location 35 Bogie Velocity vs. Time
40 30
35
N I ’s T
30 v - AN
.,/, <20 N\
= 25 / L £ N——
320 / 215
S 1s / 1 g
/ \ 9 10
10 >
S /'/ \ 5
0 WA 0
-5 -5
0 20 40 60 80 0 01 02 03 04
Deflection (in.) Time (s)
200 Energy vs. Deflection At Impact Location %0 Deflection at Impact Location vs. Time
600 70 //
500 _% /
£ / £ 50 =
< 400 / p /
- (=]
> = 40
300 g /
S / @ 30 /1
200 e /
/ 20 /
/
160 / 10
0 0
0 20 40 60 80 0 0.1 0.2 03 0.4
Deflection (in.) Time (s)

Figure H-5. Test No. SPDA-3 Results (SLICE-1)
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Bogie Test Summary

Test Information

Test Results Summary

Test Description: Dynamic jerk test, design concept no. 3 Event Duration: 0.3000 sec
Test Number: spda-3 Max Deflection: 75.7 in.
Test Date: 4/12/2017 Peak Force: 386 k
Failure Type: Anchor post fractured in tension Initial Linear Stiffness: 12 Kin.
Total Energy: 572.7 k-in.
Post Properties
Post Type: W6x9 with four 3/4" diameter holes @ 5" @ 10" @ 15" @20"
Post Size: W6X9 Steel Post Average Force (k) 0.68 1.56 3.38 5.80
Post Length: 27.751n. Energy (k-in.) 3.4 15.6 50.7 116.0
Embedment Depth: 69.25in.
Orientation: Weak-axis bending ] Bogie Acceleration vs. Time
Soil Properties 6
Gradation: NA 5
Moisture Content: NA f::
Compaction Method:  NA z ¢4
5 a
. . S 3
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Figure H-6. Test No. SPDA-3 Results (SLICE-2)
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Bogie Test Summary

Test Information Test Results Summary
Test Description: Dynamic jerk test, design concept no. 4 Event Duration: 0.3000 sec
Test Number: SPDA-4 Max Deflection: 718 in.
Test Date: 6/22/2017 Peak Force: 704 k
Failure Type: Anchor post fractured in tension Initial Linear Stiffness: 14 Kin.
Total Energy: 1041.8 k-in.
Post Properties
Post Type: W6x9 with four 3/4" diameter holes @ 5" @ 10" @ 15" @20"
Post Size: W6x9 Steel Post Average Force (K) 1.46 2.06 3.19 4.28
Post Length: 27.751n. Energy (k-in.) 7.3 20.6 47.9 85.5
Embedment Depth: 69.25in.
Orientation: Weak-axis bending b Bogie Acceleration vs. Time
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Moisture Content: NA ffo 8
Compaction Method:  NA g 6 N
2
Bogie Properties B 4 /
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Figure H-7. Test No. SPDA-4 Results (SLICE-1)

394



December 17, 2020
MwRSF Report No. TRP-03-370a-20

Bogie Test Summary
Test Information Test Results Summary
Test Description: Dynamic jerk test, design concept no. 4 Event Duration: 0.3000 sec
Test Number: SPDA-4 Max Deflection: 724 in.
Test Date: 6/22/217 Peak Force: 67.4 k
Failure Type: Anchor post fractured in tension Initial Linear Stiffness: 14 Kin.
Total Energy: 1036.2 k-in.
Post Properties
Post Type: W6x9 with four 3/4" diameter holes @ 5" @ 10" @ 15" @20"
Post Size: W6x9 Steel Post Average Force (K) 1.62 2.07 3.15 4.24
Post Length: 27.751n. Energy (k-in.) 8.1 20.7 47.2 84.9
Embedment Depth: 69.25in.
Orientation: Weak-axis bending b Bogie Acceleration vs. Time
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Gradation: NA 1
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Compaction Method:  NA - AN
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Figure H-8. Test No. SPDA-4 Results (SLICE-2)
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Bogie Test Summary

Test Information Test Results Summary
Test Description: Dynamic jerk test, design concept no. 5 Event Duration: 0.2000 sec
Test Number: SPDA-5 Max Deflection: 50.3 in.
Test Date: 6/23/2017 Peak Force: 55.3 k
Failure Type: Rail tearing at second anchor post Initial Linear Stiffness: 17 Kin.
Total Energy: 874.9 k-in.
Post Properties
Post Type: W6xX9 with four 3/4™" diameter holes @5" @ 10" @ 15" @20"
Post Size: W69 Steel Post Average Force (k) 157 2.88 6.52 9.84
Post Length: 27.751n. Energy (k-in.) 7.8 28.8 97.8 196.8
Embedment Depth: 69.25in.
Orientation: Weak-axis bending . Bogie Acceleration vs. Time
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Figure H-9. Test No. SPDA-5 Results (SLICE-1)
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Bogie Test Summary

Test Information Test Results Summary
Test Description: Dynamic jerk test, design concept no. 5 Event Duration: 0.2000 sec
Test Number: SPDA-5 Max Deflection: 50.2 in.
Test Date: 6/23/2017 Peak Force: 54.7 k
Failure Type: Rail tearing at second anchor post Initial Linear Stiffness: 17 Kin.
Total Energy: 870.4 k-in.
Post Properties
Post Type: W6xX9 with four 3/4™" diameter holes @5" @ 10" @ 15" @20"
Post Size: W69 Steel Post Average Force (k) 171 3.28 7.02 10.43
Post Length: 27.751n. Energy (k-in.) 8.6 32.8 105.3 208.6
Embedment Depth: 69.25in.
Orientation: Weak-axis bending . Bogie Acceleration vs. Time
. . 8
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Gradation: NA 7 /
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Figure H-10. Test No. SPDA-5 Results (SLICE-2)
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Appendix I. Survey Data

A summary of design details for the three candidate design concepts for steel-post, trailing-
end anchorage system along with the ground line strut concepts were presented to the Midwest
Pooled Fund Program member states. A survey was sent out to the member states to rank the design
options for (1) trailing-end anchorage system, and (2) ground line strut based on their best
engineering preference, as shown in Tables I-1 and I-2. It should be noted that 1 was the preferred,
3 (in the case of the steel-post, trailing-end anchorage system option — Table I-1), and 4 (in the
case of the ground line strut — Table 1-2) was the least desired option. The Midwest Pooled Fund
Program member states’ responses are presented in Tables I-3 and 1-4. Per the state DOTSs input,
the final prototype was design concept no. 2 (i.e., cable passing through top post). Additionally,
for ground line strut, design concept no. 1 (i.e., bolted yoke placed outside strut) was selected.
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Table I-1. Survey Question 1 - Steel Downstream Anchorage Design Concepts

Design Concepts

Steel Downstream Anchorage Design Concepts — Details

State
Ranking

Concept No. 2

Concept No. 4
Cable Passing
through Top Post

GAP

) a £
Cable Passing } — |
through Bottom = \__/ S .
POSt ﬁmund {
1/16"2] 178" 13]

Cround

2 3/1”[70]

Line

#3/16 6l §

Concept No. 5
Angled Plate

Ground

Line
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Table 1-2. Survey Question 2 - Ground Line Strut Design Concepts

Concept No. 4
Welded Yoke
Placed Inside Strut

g

. _ ) ) State
Design Concepts Ground Line Strut Design Concepts — Details Ranking
T HT — =
Concept No. 1 ! E}:%ﬂ@)
Bolted Yoke ! -
Placed Outside I I
Strut I I
N |
Tn—nﬁl r—
Concept No. 2 | "lfﬁ@ |
Bolted Yoke | |
Placed Inside Strut | |
I |
T
T HT e
Concept No. 3 | i @
Welded Yoke | | i
Placed Outside ! |
Strut | |
v _____ _ __
I —— S
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Table 1-3. Survey Results — Steel Downstream Anchorage Design Concepts Ranking

New

North

South

South

Design Concepts California | Florida | lllinois [ Indiana | lowa | Kansas |Kentucky | Minnesota | Missouri | Nebraska Jersey| Carolina Ohio Carolina | Dakota Utah | Virginia | Wisconsin|Wyoming| Total
Concept No. 2 Cable
Passing through Bottom 1 3 2 1 3 2 2 2 1 2 2 3 1 1 2 1 1 1 2 33
Post
Concept No. 4 Cable
] 26
Passing through Top Post 2 1 1 2 1 1 1 1 2 1 1 1 2 1 1 2 2 2 1
Concept No. 5 Angled 3 2 3 3 |2 3 3 3 3 2 3 2 3| 1 3 |3 3 2 3 50
Plate
Table 1-4. Survey Results — Ground Line Strut Design Concepts Ranking
Design Concepts California | Florida | lllinois | Indiana | lowa [ Kansas | Kentucky [ Minnesota | Missouri | Nebraska New Nort'h Ohio Sou@h ot Utah | Virginia [Wisconsin|Wyoming | Total
Jersey| Carolina Carolina | Dakota
Concept No. 1
Bolted Yoke Placed
Outside Strut 1 3 1 2 1 3 1 2 1 1 2 3 1 1 3 2 1 2 1 32
Concept No. 2
Bolted Yoke Placed Inside 3 4 2 4 2 4 5 4 3 1 4 4 5 1 1 4 3 2 2 52
Strut
Concept No. 3
Welded Yoke Placed
Outside Strut 2 1 3 1 3 1 2 1 2 1 1 1 3 1 4 1 2 1 4 35
Concept No. 4
Welded Yoke Placed 4 2 4 3 4 2 2 3 4 1 3 2 4 1 2 4 4 2 3 54

Inside Strut

02-80.€-€0-dYL 'ON Moday 4SHMIN
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