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1 INTRODUCTION
1.1 Background

Concrete box culverts are routinely installed under roadways in order to allow water
drainage without affecting the motoring public. Unfortunately, these box culverts can also
represent a hazard on the roadside when they do not extend outside of the clear zone and often
require safety treatments in the form of roadside barriers. The most common safety barriers
utilized to shield these areas are W-beam guardrail systems. However, low-fill culverts with less
than 40 in. (1,016 mm) of soil fill prevent the proper installation of standard guardrail posts due
to a lack of available embedment depth. Previous crash testing has shown that W-beam
installations with shallow post embedment do not perform adequately and are prone to vehicle
override [1]. Therefore, low-fill culverts require specialized guardrail systems to safely treat the
hazard.

Currently, two different types of guardrail systems are being used to treat cross-drainage,
box culverts: 1) guardrail systems anchored to the top slab of the culvert and 2) long-span
guardrail systems. Top-mounted guardrail systems typically consist of steel posts welded to base
plates which are bolted to the top slab of the culvert. Anchoring the guardrail posts to the
culvert’s top slab ensures that the post will provide the lateral stiffness necessary for the barrier
to contain and safely redirect errant vehicles. One such system developed at the Midwest
Roadside Safety Facility (MwRSF) incorporated W6x9 (W152x13.4) steel posts spaced 37% in.
(953 mm) on center, a 27%-in. (705-mm) top rail height, a deformable %2-in. (13-mm) base plate,
and four 1-in. (25-mm) diameter threaded anchors [2-4], as shown in Figure 1. The system was
successfully tested to the safety performance criteria of National Cooperative Highway Research

Program (NCHRP) Report No. 350 [5].
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A similar system developed by the Texas Transportation Institute (TTI) was configured
to satisfy the more demanding safety performance criteria from the American Association of
State Highway and Transportation Officials (AASHTO) Manual for Assessing Safety Hardware
(MASH) [6]. The system utilized W6x9 (W152x13.4) steel posts spaced 75 in. (1,905 mm) on
center, a thicker, 7%-in. (22-mm) base plate, and a 31-in. (787-mm) top rail height [7], as shown
in Figure 2. Both top-mounted guardrail systems described herein were designed for use with a
minimum fill depth of 9 in. (229 mm) on the culverts.

Although top-mounted guardrail designs provide a crashworthy treatment for culvert
openings, they have disadvantages. Both of the crashworthy systems were crash tested with an
18-in. (457-mm) lateral offset between the back of the post and the inside of the culvert
headwall. MWRSF later recommended a 10-in. (254-mm) minimum offset following an analysis
of the crash test’s high-speed video. This offset is necessary to allow the post to rotate back
freely without contacting the headwall. If rotation is restricted by placing the post too close to the
headwall, the posts can become shag points or climbing ramps and may result in vehicle
instabilities [2]. However, this 10-in. (254-mm) lateral offset, coupled with the footprint of the
system itself, results in the loss of over 4.5 ft (1.4 m) of traversable roadway width. Extending
the culvert length another 4.5 ft (1.4 m) to gain back this loss in roadway width can drastically
increase costs. Additionally, when these systems are impacted, the damaged posts must be
replaced, similar to standard guardrail installations. However, the fill soil must be removed
around damaged top-mounted posts to gain access to the anchor bolts. This soil removal and
replacement after the new post is installed adds to repair time and labor costs.

Long-span guardrail systems contain unsupported lengths of W-beam rail that span over
the top of culverts. These barrier systems do not require attachment to the culvert, thus allowing

the culvert and the barrier system to operate independently. One crashworthy system consists of
2
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100 ft (30.5 m) of nested, 12-gauge (2.66-mm thick) W-beam guardrail centered over a 25-ft
(7.6-m) unsupported span length [8-10], as shown in Figure 3. A 27%-in. (705-mm) top rail
height was utilized for the entire system. Three wooden CRT posts were placed adjacent to and
on both sides of the unsupported span length in order to prevent vehicle pocketing and snagging.
This system was designed and successfully crash tested to NCHRP No. Report 350 safety

performance criteria.

_12—gauge _ _ 12—gauge _
W—beam Nested 12—gauge W—beam W—bearn
37.5 ft ' 25 ft i 37.5 ft
—

f
27 3/4"
I—6—ft W6x9 steel posts |-6—ft Wood CRT posts |—6—ft W6x9 steel posts

Figure 3. NCHRP Report No. 350-Compliant Long-Span Guardrail System [8-10]

The Midwest Guardrail System (MGS) long-span system is an updated version of the
original system and was designed to satisfy MASH safety standards. The MGS long-span
system maintained the 25-ft (7.6-m) unsupported span length and the use of six CRT posts, as
shown in Figure 4. However, only a single layer of 12-gauge (2.66-mm thick) W-beam was
utilized, the rail height was increased to 31 in. (787 mm), and the rail splices were moved to post

mid-spans [11-12].

12—gauge
W—beam
' 25 ft '
T3 T T 2 E— T T T
f
31”7
|-6—ft W6x9 steel posts ,-6—ft Wood CRT posts L6—-1"( W6x9 steel posts

Figure 4. MASH-Compliant, MGS Long-Span Guardrail System [11-12]
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Long-span guardrail systems do not require additional components for attachment to the
culvert and provide a cost-effective method for shielding culverts. Further, long-span systems do
not require an offset from the culvert and can be installed with the back of the post even with the
interior face of the culvert headwall. Thus, long-span systems do not intrude into the roadway
width as much as top-mounted systems. However, the NCHRP Report No. 350 long-span system
utilizes double blockouts for a 16-in. (406-mm) total depth, while the MGS long-span system
utilizes 12-in. (305-mm) deep blockouts. These blockout depths, in addition to the 8-in. (203-
mm) deep post, still result in a loss of nearly 4 ft (1.2 m) of traversable roadway width. Finally,
long-span systems are limited to a maximum unsupported span length of 25 ft (7.6 m). Thus, box
culverts with a width, or roadway length, greater than 25 ft (7.6 m) cannot be treated with current
long-span W-beam systems.

Although the weak-post, MGS bridge rail was not designed for use on culverts, it has
some similarities to culvert-mounted barrier systems. The weak-post, MGS bridge rail
incorporates 31-in. (787-mm) tall W-beam guardrail and attaches to concrete bridge decks
(similar to concrete box culverts). The use of weak, S3x5.7 (S76x8.5) posts and the method of
post attachment to the bridge deck make this system unique. The posts are installed into
HSS4x4x% (HSS 102 mm x 102 mm x 10 mm) steel sockets placed along the outside edge of the
bridge deck. Each socket is attached to the bridge deck with a 1-in. (25-mm) diameter ASTM
A307 vertical through-bolt and a bottom steel angle, as shown in Figure 5. The placement of the
posts and sockets off the edge of the bridge deck, coupled with the use of 6-in. (152-mm) long,
W-beam backup plates instead of blockouts, allows for minimal intrusion into the roadway and
maximizes the traversable width [13-14].

The use of weak S3x5.7 (S76x8.5) posts limits the load transferred to the bridge deck and

prevents deck damage. During the successful MASH test level 3 (TL-3) crash testing program,
6
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the posts were bent over while only minor cracking was observed in the bridge deck. Without
significant damage to the deck or attachment sockets, repairs to an impacted system require only
the removal of the damaged posts and rail segments, insertion of new posts, and attachment of
new W-beam segments. Thus, repair to the system should be relatively quick and easy. Finally,
the posts were spaced at half-post spacing, or 37% in. (953 mm) on center. The combination of a
weaker post and reduced post spacing makes the lateral stiffness and dynamic deflection of the
weak-post, MGS bridge rail very similar to that observed for the standard MGS. Therefore, a
stiffness transition is not required between the bridge rail and the adjacent MGS installations.

S3x5.7
Post

W—Beam and -
6" Long Backup Plate

5
ASTM A307 ¢,—6"

TP gl
2 B

Plate

ASTM A3Z07 @17

N

e 02,

Z

3 3
el yy— N p—
L7x *g HSS 4x4x8

Socket

Figure 5. Weak-Post, MGS Bridge Rail attached to Concrete Deck [13-14].

1.2 Objective
The objective of this research effort was to develop a new W-beam guardrail system for

use on low-fill culverts that satisfied the safety performance criteria of MASH TL-3. The new
7
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guardrail system was to address the disadvantages of current culvert treatments by maximizing
the traversable roadway width, providing an unrestricted system length, minimizing repair time
and effort, and maintaining the ability to be utilized without a stiffness transition between
upstream and downstream guardrails. Since the weak-post, MGS bridge rail provides these
characteristics for concrete bridge decks, this study was focused on adapting the weak-post,
MGS bridge rail for attachment to the outside face of culvert headwalls.
1.3 Scope

The first step in the research effort was to conduct a survey of the standard culvert
headwall designs used throughout the states participating in the Midwest States Regional Pooled
Fund Research Program in order to identify the critical culvert design based on structural
capacity. A simulated critical culvert was then constructed at the MwRSF testing grounds. Next,
the MGS bridge rail post-to-deck attachment was redesigned in order to accommodate anchorage
to the exterior face of existing culvert headwalls. Four design options were fabricated, installed
on the simulated culvert, and subjected to dynamic component testing. Testing was conducted in
both the lateral and longitudinal directions to evaluate the performance of each design option
under both critical loading scenarios. Finally, the results from the component tests were utilized

to guide the selection of the final designs and make appropriate recommendations for future use.
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2 SIMULATED CULVERT DESIGN

In order to design a barrier attachment that would be applicable to a wide range of
culverts, a critical culvert configuration needed to be identified. Thus, a survey was conducted to
gather the current culvert standards and system drawings from the state departments of
transportation (DOTSs) within the Midwest States Regional Pooled Fund Program. The survey
sought to obtain design details such as top slab thickness, headwall width, headwall height, and
steel reinforcement configurations for both the top slab of the culvert and the headwall. Only the
critical configurations (identified as the structurally weakest) were recorded from each state. The
survey results are shown in Table 1.

The critical dimensions and reinforcement configurations vary depending on the height
and width of the culvert as well as the fill depth on top of the culvert. However, only box culvert
details with a cell width greater than 9 ft (2.7 m) and fill depths less than 2 ft (0.6 m) were
considered. The minimum cell width was based on culverts that would exceed the 25 ft (7.6 m)
maximum unsupported guardrail length of the MGS long-span system [11] and would, therefore,
require an anchored post system. For the common triple box style culvert installation, an 8 ft (2.4
m) cell width results in a total length of only 24 ft (7.3 m). Thus, 9 ft (2.7 m) was set as the
minimum cell width. The fill depth limitation was necessary to prevent large elevation
differentials between the roadway and the top of the headwall, where the system was to be
mounted. Thus, only minimal fill depths were desired, and most state DOTSs list a minimum fill
depth as less than 2 ft (0.6 m).

For each of the component characteristics listed in the columns of Table 1, a weak
configuration was selected for the final design. All of the selected dimensions and reinforcement
patterns were common to at least three different states and were often the weakest of all the

survey results. However, a few of the component characteristics contained a single weakest
9
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configuration. In these instances, the outlier was ignored, and the next weakest of the
configurations was selected for use in the final simulated culvert design.

A simulated culvert was built at the MwRSF testing facility as per the selected critical
design characteristics. The simulated culvert was configured with three adjacent cells, each with
a width (or span) of 9 ft (2.7 m) and a total installation length of 28 ft (8.5 m). The simulated
culvert was positioned such that the top of the headwall was level with the top of the existing
tarmac. A 9-in. (229-mm) deep soil fill was used to create a level ground surface for testing. To
anchor the system, the lateral steel reinforcement in the top slab of the simulated culverts was
extended and epoxied into the tarmac, as shown in Figure 6.

The top slab was 9 in. (229 mm) thick, and both a top and bottom layer of steel
reinforcement was used. The longitudinal reinforcement (relative to the roadway) consisted of #5
bars spaced 12 in. (305 mm) on center, while the lateral reinforcement consisted of #4 bars
spaced 18 in. (457 mm) on center. The culvert headwall was 12 in. (305 mm) wide and extended
9 in. (229 mm) above the slab for a total height of 18 in. (457 mm). The headwall contained four
#4 longitudinal reinforcing bars and #4 transverse stirrups spaced on 12 in. (305 mm) centers.
Detailed drawings and installation photographs of the simulated critical culvert are shown in

Figures 6 through 10, and Figure 11, respectively.
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Table 1. Survey Results of State DOT Standard Culvert Plans

CULVERT TOP SLAB CULVERT HEADWALL
STATE Thickness L(_)ngitudinal Transverse Height | Width L(_)ngitudinal Transverse
Reinforcement Reinforcement Reinforcement | Reinforcement
Wyoming 9" E%Ft’l I\I\/I/Iéatt:: ##j g g E%Ft). |\|\/I/|Ztt:; ##2 g ig 9" + slab 12" 4 # 6 bars #4 stirrup @ 6"
South Dakota NA NA ;8? II:A/IZE fﬁ: %g 9" + slab 12" 4 #5 bars #4 stirrup @ 12"
Nebraska 12" E%‘; '\'\/}I{Z{: zg g ig;’ ;g,ﬁ Ilt/l/li zj gg 9" + slab 12" 4 #4 bars #4 stirrup @ 18"
Kansas 9" ;85 I\,\;IIZE{ ##g g g -Brgf_ k/l/l(; zi gg 18” 4 #5 bars #4 stirrup @12"
Missouri 11" T;%,{MS;# ?#5@ @§ ‘és ggﬁ m:i ##j géj 9" + slab 20" 4 #8 bars #5 stirrup @12"
lowa 9" gg,ﬁ I\,\:ZE[ zg % 5 Bo-'lc—.oli)/i aﬁ:ﬁl#(?giz" 24” 12" 4 #7 bars #4 stirrup @6"
Minnesota " Eoopill\:/la;:#;s@@lg:' E%Ft)_ I\'\//Ila;tt:: ;Z: g ig 12" + slab 12" 4 #4 bars #4 stirrup @12"
Wisconsin Vj;ifs gg? Ilt/lllii zj % ig Eoo%.'\:/laat&: zj 21188 6" + slab 15" 4 #4 bars #3 stirrup @9"
Ilinois 9" Loorill\:ﬂa;;#:g%lgl ;gﬁ IItA/IZi z‘é gﬁ 9" + slab 12" 4 #6 bars #4 stirrup @6"
Ohio 12" NA NA 9" + slab 12" 4 #6 bars #5 stirrup @12"
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Figure 10. Simulated Culvert, Bill of Materials
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Figure 11. Simulated Culvert Photographs
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3 BARRIER ATTACHMENT DESIGNS
3.1 Design Criteria

In order to avoid confusion between similar systems and allow State DOTSs to stock a
single component instead of two, the same post assembly from the weak-post, MGS bridge rail
was to be used for the new guardrail-to-culvert attachment system. Thus, the same 44-in. (1,118-
mm) long S3x5.7 (S76x8.5) steel post equipped with Yz-in. (6-mm) thick standoff shim plates
was utilized. Since all post dimensions remained the same, the same 4-in. x 4-in. X %-in. (102-
mm X 102-mm x 10-mm) steel tube was utilized as the post socket, and the same %-in. (16-mm)
diameter bolt was utilized to hold the post in the socket.

Due to the location of the bolt hole and shims on the post, the top of the socket had to
remain at a distance of 30 in. (762 mm) from the top of the post. Thus, the top of the socket
needed to extend 2 in. (51 mm) above the top of the culvert headwall just as the original socket
design extended 2 in. (51 mm) above the bridge deck. Keeping the original socket height ensured
the post would bend at the same point during impacts, thus providing the same resistance forces
demonstrated during the successful MASH testing of the MGS bridge rail system.

Recognizing that the barrier (i.e., post) resistance forces would be identical to the original
system, the performance criteria for the new attachment design was very straightforward:
transfer the plastic bending loads of the post to the culvert headwall without sustaining
significant damage to the attachment hardware or the culvert. Significant damage would include
large deformations in the socket assembly, steel tearing, weld failure, anchor pullout, and/or
concrete cracking. This performance specification applied to impact loads in both the lateral
(strong-axis bending) and longitudinal (weak-axis bending) directions.

As stated in the objectives of this study, it was desired to maximize the traversable

roadway width over the culvert. Thus, similar to the original bridge rail system, the sockets were
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to be placed along the outside face of the culvert headwall. The attachment hardware could
utilize the top, bottom, or inside surfaces of the headwall, but the socket and post had to remain
adjacent to the outside face. Additionally, it was desired to have an attachment design that could
be applied to both new and existing culverts. Thus, components could not be designed as cast
into the culvert slab or headwall. Subsequently, all anchors had to be epoxied into the culvert,
threaded into the culvert, or through bolted.
3.2 Design Concepts

Through brainstorming and preliminary design calculations, four socket-to-culvert
attachment concepts were developed and subjected to dynamic testing and evaluation. These
concepts were: 1) a top-mounted, single-anchor concept; 2) a top-mounted, double-anchor
concept; 3) a wrap-around concept; and 4) two versions of a side-mounted concept. Each concept
had a unique way of transferring impact loads to the culvert headwall in hopes of minimizing
attachment and culvert damage. The design concepts are described in the following sections.

3.2.1 Concept A: Top-Mounted, Single-Anchor

Design Concept A was developed to be as similar as possible to the original MGS bridge
rail attachment by utilizing a top mounting plate, gusset, and a single vertical anchor, as shown
in Figures 12 through 18. Impact loads would be transferred into the culvert as a tensile force
through the top mounting plate (or shear force through the vertical anchor) and a compression
force at the bottom of the socket as it bears against the face of the headwall. However, small
changes were implemented to minimize the risk of damaging the culvert or socket assembly. The
top mounting plate was extended 2 in. (51 mm) to a length of 9% in. (241 mm) in order reduce
potential concrete cracking by moving the threaded anchor farther away from the edge of the
headwall. Additionally, the plate thickness was increased from “/3 in. (11 mm) to %2 in. (13 mm)

to prevent plate tearing, and the anchor rod diameter was increased to 1 in. (29 mm) to reduce
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concerns for bearing failure. Finally, the length of the socket tube was extended 2 in. (51 mm) to
16% in. (419 mm) in order to increase the moment arm distance from the top mounting plate to
the bottom attachment plate, thus resulting in reduced tension and compression forces under a
constant bending moment.

The original MGS bridge rail system utilized a through-bolt to anchor the top mounting
plate to the bridge deck. In an effort to make the new system attachment applicable to existing
structures, the bolt was replaced with a 1%-in. (29-mm) diameter, ASTM A307 Grade C
threaded rod embedded 10 in. (254 mm) into the top of the culvert headwall using an epoxy with
a minimum bond strength of 1,300 psi (9.0 MPa). During installation, the socket assembly would
be lowered into position over the threaded rod.

A Y-in. (13-mm) thick bottom mounting plate was welded to the lower-front face of the
socket. Two %-in. (13-mm) diameter, ASTM A307 Grade C threaded rods, one on each side of
the socket tube, were utilized to attach the bottom mounting plate to the outside face of the
headwall. The rods were embedded 4% in. (114 mm) into the headwall using 1,300 psi (9.0 MPa)
minimum bond strength epoxy adhesive. Two %-in. (16-mm) wide slots were cut into the bottom
mounting plate so that the socket assembly could be lowered into place over the threaded rods.
Washers and nuts were used on each threaded rod to attach the socket to the headwall. The

socket, mounting plates, and gusset plate were all fabricated from 50-ksi (345-MPa) steel.
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Figure 18. Design Concept A, Installation Photographs
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3.2.2 Concept B: Top-Mounted, Double-Anchor

Due to the design similarities with the original weak-post, MGS bridge rail, concerns
arose that a single-anchor design would result in the same concrete cracking that occurred during
full-scale crash testing of the MGS bridge rail. Therefore, the top-mounted, double-anchor
concept was developed to better distribute the tensile force from the top mounting plate to the
headwall and prevent shear concrete cracking.

The only differences between the top-mounted, double-anchor design and the top-
mounted, single-anchor design are the top mounting plate dimensions and the use of a second top
anchor rod, as shown in Figures 19 through 25. Two %-in. (19-mm) diameter, ASTM A307
Grade C threaded rods spaced 6 in. (152 mm) apart were used to anchor the top mounting plate
to the headwall. The top anchor rods were embedded 4% in. (114 mm) into the headwall using an
epoxy adhesive with a minimum bond strength of 1,300 psi (9.0 MPa), similar to the bottom
anchor rods. Thus, both the diameter and the embedment depth of the top anchors were reduced
by more than 50 percent from the single anchor attachment of Design Concept A. To
accommodate the double anchors, the top mounting plate was flared from a 3 in. (76 mm) width
adjacent to the socket to a 9 in. (229 mm) width around the anchors.

Similar to Design Concept A, the top-mounted, double-anchor concept was installed by
lowering the socket assembly over the epoxy-embedded, threaded rods. Washers and nuts were
used on all four threaded rods to attach the socket to the headwall. The socket, mounting plates,

and gusset plate were all fabricated with 50-ksi (345-MPa) steel.
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Figure 25. Design Concept B, Installation Photographs
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3.2.3 Concept C: Wrap-Around

The wrap-around design concept was developed to further reduce the risk of concrete
cracking and failure of the culvert headwall. The wrap-around concept incorporated an elongated
top mounting plate that extended over the top of the headwall and continued down the inside
face, as shown in Figures 26 through 32. This concept also removed all anchor hardware from
the top of the culvert headwall. Although not prevalent during full-scale crash testing of the
original MGS bridge rail system, preventing possible interactions between vehicle tires and the
attachment hardware was considered a positive design aspect.

The Y-in. (13-mm) thick top mounting plate maintained a 3-in. (76-mm) width
throughout its length and was attached to the inside face of the headwall utilizing a %-in. (16-
mm) diameter ASTM A307 Grade C threaded rod. The threaded anchor was necessary to keep
the top plate in tension and prevent it from unfolding and releasing from the headwall. The
bottom plate, bottom anchor rods, and socket tube configurations remained the same as used in
the top-mounted designs. Washers and nuts were used on threaded anchors and the socket,
mounting plates, and gusset plate were all fabricated with 50-ksi (345-MPa) steel.

For the test installation, the top anchor rod was embedded 4% in. (114 mm) into the
headwall using an epoxy adhesive with a minimum bond strength of 1,300 psi (9.0 MPa).
Consequently, the socket assembly had to be lowered into place before the top anchor was
epoxied into the headwall. However, either a mechanical anchor or an epoxy-anchored threaded
insert could have been used to make the installation of the socket assembly easier. Finally,
Design Concept C required soil work to expose the inside face of the culvert headwall during
installation, similar to the existing guardrail designs that mount to the culvert top slab. This
additional soil movement may significantly add to installation costs as compared to the other

concepts.
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Configuration C

ltem No. | QTY. Description Material Specification
cl 1 |4"x4"x3/8" [102x102x10] Square Steel Tube ASTM A500 Grade B Steel Galvanized
c2 1 [8"x3"x1/2” [203x76x13] Bottom Mounting Plate ASTM A572 Grade 50 Steel Galvanized
c3 2 [1/2” [13] Dia. UNC, 7” [178] Long Threaded Rod AT AgglzarGﬁ"z“edde/s(fAEG?J'xggizgfa/(feSTy F1and rade 3B
c4 2 [1/2"” [13] Dia. Hardened Round Washer ASTM F436 Galvanized
ch 2 [1/2" [13] Dia. UNC Heavy Hex Nut ASTM A563A Galvanized
c6 1 |20"x3"x1/2” [508x76x13] Top Mounting Plate ASTM A572 Grade 50 Steel Galvanized
c7 1 |2"x1 1/2"x1/2" [61x38x13] Top Mounting Plate Gusset ASTM A572 Grade 50 Steel Galvanized
c8 1 |5/8” [16] Dia. UNC, 7" [178] Long Threaded Rod el Agg,zmS{z"edde/scAEG‘j'ngizgfc{(fgzM Elpaa Brads. 3k
c9 1 |5/8"” [16] Dia. Hardened Round Washer ASTM F436 Galvanized
el 1 |S3x5.7 [S76x8.5] by 44” [1118] Long Steel Post ASTM A992 Grade 50 Steel Galvanized
e2 4 |2 3/4"x1"x1/4” [70x25x6] Post Standoff ASTM A36 Steel Galvanized
e3 1 |5/8” [16] Dia. UNC, 5" [127] Long Heavy Hex Bolt and Nut Bolt ASTM A325 Type 1 Galvanized, Nut ASTM A563A Galvanized
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Figure 31. Design Concept C, Bill of Materials
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Figure 32. Design Concept C, Installation Photographs
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3.2.4 Concept D: Side-Mounted, Through-Bolted

Design Concept D was developed to keep all attachment hardware on the outside face of
the culvert headwall and prevent interactions between vehicle components and attachment
hardware. The side-mounted design concept utilized a ¥2-in. (13-mm) thick top mounting plate,
two Ys-in. (6-mm) thick gusset plates, and two %-in. (19-mm) diameter ASTM A307 threaded
rods to anchor the top of the socket assembly, as shown in Figures 33 through 39. Gusset plates
were added between the socket and the top mounting plate to prevent the plate from bending
outward when the socket is subjected to high lateral loads. The top threaded rods were centered
4% in. (114 mm) from the top of the headwall to avoid interference with internal steel reinforcing
bars that are typically placed near the top of the headwall. Finally, ¥%-in. (6-mm) thick plate
washers and nuts were used to anchor the top threaded rods on the inside face of the headwall for
this through-bolted configuration.

The bottom mounting plate and threaded rods remained largely unchanged from the
previous design concepts. However, since the socket assembly was installed laterally instead of
dropped in vertically, slotting the bottom mounting plate was unnecessary. Therefore, only %-in.

(16-mm) diameter holes were drilled into the bottom plate.
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Configuration D

ltem No. | QTY. Description Material Specifications
d1 1 |4"x4"x3/8" [102x102x10] Square Steel Tube ASTM A500 Grade B Steel Galvanized
d2 1 [8"x3"x1/2” [203x76x13] Bottom Mounting Plate ASTM A572 Grade 50 Steel Galvanized
d3 2 |1/2” [13] Dia. UNC, 7” [178] Long Threaded Rod BETM 4307 ‘Grode; € Balyarized/ReTl Fioos Grade 36
d4 2 |1/2” [13] Dia. Hardened Round Washer ASTM F436 Galvanized
d5 2 |1/2" [13] Dia. UNC Heavy Hex Nut ASTM A563A Galvanized
dé 1 |10"x3"x1/2" [254x76x13] Top Mounting Plate ASTM A572 Grade 50 Steel Galvanized
d7 2 [3"x3"x1/4" [76x76x6] Top Plate Gusset ASTM A572 Grade 50 Steel Galvanized
d8 2 |3"x3"x1/4" [76x76x6] Top Mounting Plate Washer ASTM A572 Grade 50 Steel Galvanized
do 2 |3/4” [19] Dia. UNC, 16" [406] Long Threaded Rod N Agg,zqﬁgedd7§A503L{ggizgﬁg§§Tg Eas Sgode b
d10 2 [3/4” [19] Dia. Hardened Round Narrow Washer ASTM F436 Galvanized
d11 4 [3/4” [19] Dia. UNC Heavy Hex Nut ASTM A563A Galvanized
el 1 |S3x5.7 [S76x8.5] by 44" [1118] Long Steel Post ASTM A992 Grade 50 Steel Galvanized
e2 4 |2 3/4"x1"x1/4” [70x25x6] Post Standoff ASTM A36 Steel Galvanized
e3 1 |5/8” [16] Dia. UNC, 5” [127] Long Heavy Hex Bolt and Nut Bolt ASTM A325 Type 1 Galvanized, Nut ASTM A563A Galvanized
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Figure 38. Design Concept D, Bill of Materials
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Figure 39. Design Concept D, Installation Photograhs
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3.2.5 Concept D2: Side-Mounted, Epoxy-Anchored

Design Concept D2 was identical to Design Concept D except that the top anchor rods
were epoxied into the headwall instead of passing through and being fastened to the inside face
of the headwall. An epoxy with minimum bond strength of 1,300 psi (9.0 MPa) was used to
embed the anchor rods 9 in. (229 mm) into the headwall, as shown in Figures 40 through 46.
Thus, the anchor rods were shortened and the interior washer plates and nuts were eliminated
from the through-bolted configuration. Further, the soil fill on the culvert did not have to be

disturbed during installation.
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Configuration D2

Galvanized

ltem No. | QTY. Description Material Specification Hardware
d1 1 |4"x4"x3/8" [102x102x10] Square Steel Tube ASTM A500 Grade B Steel Galvanized -
d2 1 [8"x3"x1/2” [203x76x13] Bottom Mounting Plate ASTM A572 Grade 50 Steel Galvanized -
d3 2 [1/2" [13] Dia. UNC, 7" [178] Long Threaded Rod ASTM Agg,?mE{;’e%f’/SCAchjﬁ’gg‘ZgﬁgfeSTg G brade 36 -
d4 2 |1/2” [13] Dia. Hardened Round Washer ASTM F436 Galvanized -
d5 2 [1/2” [13] Dia. UNC Heavy Hex Nut ASTM A563A Galvanized =
d6 1 [10"x3"x1/2" [254x76x13] Top Mounting Plate ASTM A572 Grade 50 Steel Galvanized -
d7 2 |3"x3"x1/4” [76x76x6] Top Plate Gusset ASTM A572 Grade 50 Steel Galvanized -
d10 2 [3/4” [19] Dia. Hardened Round Narrow Washer ASTM F436 Galvanized FWC20b
d11 2 |3/4" [19] Dia. UNC Heavy Hex Nut ASTM A563A Galvanized FNX20a
d12 2 |3/4” [19] Dia. UNC, 11" [406] Long Threaded Rod ASTM Agg,?,qﬁ{z"e‘ff/SCAEG‘j'ngizgﬂj/‘fSTzM Lot brads 56 =
el 1 [S3x5.7 [S76x8.5] by 44” [1118] Long Steel Post ASTM A8992 Grade 50 Steel Galvanized =
e2 4 |2 3/4"x1"x1/4" [70x25x6] Post Standoff ASTM A36 Steel Galvanized -
e3 1 |5/8" [16] Dia. UNC, 5" [127] Long Heavy Hex Bolt and Nut Bolt ASTM A325 Type 1 Galvanized, Nut ASTM A563A FBX16a
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Figure 45. Design Concept D2, Bill of Materials
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Figure 46. Design Concept D2, Installation Photographs
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4 EVALUATION CRITERIA AND TEST CONDITIONS

4.1 Testing Criteria

New highway barriers must typically be subjected to full-scale crash testing and satisfy
the MASH safety performance criteria in order to be deemed crashworthy. However, the original
weak-post, MGS bridge rail had already satisfied the MASH TL-3 criteria, and this study
focused only on adapting the original system for use on culvert headwalls. In fact, the W-beam
rail, rail-to-post attachment hardware, mounting height, post assembly, and socket tube all
remained unchanged from the original bridge rail. The only new components in these concepts
were the attachment hardware utilized to mount the socket flush with the outside face of the
culvert headwall. Further, the new attachments and anchorage pieces were designed to withstand
impact loads and remain undamaged, while the post and rail components deform and absorb
energy. If these new components were shown to withstand extreme loading conditions without
damage to the socket assembly or the culvert headwall, the new weak-post guardrail attached to
concrete box culvert systems would perform similarly to the original weak-post bridge rail. Thus,
full-scale testing was deemed unnecessary, and the evaluation of the new design concepts was
limited to dynamic component testing.
4.2 Critical Impact Conditions

During dynamic component testing, the design concepts were subjected to two critical
loading conditions. The first involved a lateral impact (90-degree impact angle) on the post at a
height of 247 in. (632 mm), subjecting it to strong-axis bending. These impact conditions were
selected to match the height to the center of the W-beam rail and represent maximum lateral
loading into the guardrail system. Similar impact conditions are routinely used to observe the
performance of guardrail posts installed in soil. The second critical test condition involved a

longitudinal impact (0-degree impact angle) where a post was subjected to weak-axis bending.
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The longitudinal impacts were conducted with a load height of 12 in. (305 mm) to simulate a
small car bumper impacting posts during a redirection. This second impact was deemed critical
because it induces high shear loads into the socket and may cause the socket to rotate.

The location of the test articles on the culvert headwall was also critical as these impact
tests were evaluating the propensity for damage to the both the socket and the culvert. Both the
top slab and the culvert headwall are strengthened and stiffened at locations above the vertical
support walls (both interior and end walls). Impact tests conducted over a support wall may not
produce the same magnitude of damage that would occur elsewhere on the culvert. Therefore, all
test articles were attached to the headwall at 1/3-span locations resulting in a 3-ft (0.9 m) offset
between each post and the adjacent support wall, as shown in Figure 47.

4.3 Scope

Seven dynamic component tests were conducted on the various post and socket
attachment configurations mounted to the simulated critical culvert described in Chapter 2. Each
of the five design concepts was impacted laterally (causing strong-axis bending) with an impact
height of 247 in. (632 mm). Additionally, Design Concepts A and D2 were subjected to
longitudinal impacts (weak-axis) with an impact height of 12 in. (305 mm). The target impact
velocity was 20 mph (32 km/h) for all seven tests. The bogie testing matrix, which describes
details for each test, is shown in Table 2. Material specifications for all construction materials
used in the culvert and railing components are shown in Appendix A.

4.4 Test Facility

Physical testing of the post and socket assemblies mounted to a simulated culvert was
conducted at the MwRSF testing facility, which is located at the Lincoln Air Park on the
northwest side of the Lincoln Municipal Airport. The facility is approximately 5 miles (8 km)

northwest from the University of Nebraska-Lincoln’s city campus.
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Table 2. Bogie Testing Matrix

Target
Design I Impact Impact
Test No. Concept Description Velocity Impact Angle Height
(mph)
20 mph 90° 247 in.
CP-1C ¢ Wrap-Around (32 km/h) (lateral) (632 mm)
CP-2A A Top-Mounted, 20 mph 90° 247 in.
Single-Anchor (32 km/h) (lateral) (632 mm)
CP-3D D Side-Mounted, 20 mph 90° (247 in.
Through-Bolted (32 km/h) (lateral) (632 mm)
CP-4B B Top-Mounted, 20 mph 90° 247 in.
Double-Anchor (32 km/h) (lateral) (632 mm)
Side-Mounted, 20 mph 90° 247 in.
CP-5D2 D2 Epoxy-Anchored (32 km/h) (lateral) (632 mm)
Side-Mounted, 20 mph 0° 12in.
CP-6D2 D2 Epoxy-Anchored (32 km/h) | (longitudinal) | (305 mm)
CP-7A A Top-Mounted, 20 mph 0° 12 in.
Single-Anchor (32 km/h) (longitudinal) | (305 mm)

4.5 Equipment and Instrumentation

Equipment and instrumentation utilized to collect and record data during the dynamic
component tests included a bogie vehicle, accelerometers, a retroreflective optical speed trap,
high-speed and standard-speed digital video, and still cameras.

4.5.1 Bogie

A rigid-frame bogie vehicle was used to impact the post and socket assemblies. Two
different impact heads were used in the testing. For the lateral impacts, the bogie head was
constructed of 8-in. (203-mm) diameter, ¥%2-in. (13-mm) thick standard steel pipe, with %-in. (19-
mm) neoprene belting wrapped around the pipe. This impact head was bolted to the bogie

vehicle, creating a rigid frame with an impact height of 247 in. (632 mm). For the longitudinal
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impacts, the bogie head consisted of a 2%-in. X 2%-in. x 5/16-in. (64-mm x 64-mm X 8-mm)
square tube mounted on the outside flange of a W6x25 (W152x37.2) steel beam with reinforcing
gussets. The impact head was bolted to the bogie vehicle, creating a rigid frame with an impact
height of 12 in. (305 mm). Photographs of the bogie with both impact heads are shown in Figure
48. The weight of the bogie with the addition of the mountable impact heads varied between
tests, but was approximately 1,800 Ib (815 kg). The bogie vehicle weight for each test is shown

on the individual test summaries provided in Appendix B.

s

ongitudinal Impact Head

ateral impact Head

Figure 48. Rigid-Frame Bogie Equipped with Lateral and Longitudinal Impact Heads

The tests were conducted using a steel, corrugated-beam guardrail to guide the tire of the
bogie vehicle as shown in Figure 48. A pickup truck was used to push the bogie vehicle to the
targeted impact velocity of 20 mph (32 km/h). After reaching the target velocity, the push
vehicle braked, allowing the bogie to be free rolling as it came off the track. A remote braking

system was installed on the bogie, allowing it to be brought safely to rest after the test.
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4.5.2 Accelerometers

Two environmental shock and vibration sensor/recorder systems were used to measure
the accelerations along the longitudinal axis of the bogie vehicle. Both accelerometers were
mounted near the center of gravity of the test vehicles. The electronic accelerometer data
obtained in dynamic testing was filtered using the SAE Class 60 Butterworth filter conforming to
the SAE J211/1 specifications [15].

The first system, SLICE 6DX, was a modular data acquisition system manufactured by
DTS of Seal Beach, California. The acceleration sensors were mounted inside the body of the
custom built SLICE 6DX event data recorder and recorded data at 10,000 Hz to the onboard
microprocessor. The 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 programs and a customized Microsoft Excel worksheet
were used to analyze and plot the accelerometer data.

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

4.5.3 Retroreflective Optic Speed Trap

The retroreflective optic speed trap was used to determine the speed of the bogie vehicle
before impact. Three retroreflective targets, spaced at approximately 18-in. (457-mm) intervals,
were applied to the side of the bogie vehicle, and a light beam Emitter/Receiver was placed
perpendicular to the path of bogie vehicle. When the emitted beam of light was reflected by the

targets and returned to the Emitter/Receiver, a signal was sent to the Optic Control Box, which in
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turn sent a signal to the data computer as well as activated the External LED box. The computer
recorded the signals and the time each occurred. The speed was then calculated using the spacing
between the retroreflective targets and the time between the signals. LED lights and high-speed
digital video analysis are only used as a backup in the event that vehicle speeds cannot be
determined from the electronic data.

4.5.4 Digital Photography

Two AOS X-PRI high-speed digital video cameras and two JVC digital video cameras
were used to document each test. The AOS high-speed cameras each had a frame rate of 500
frames per second and the JVC digital video cameras each had a frame rate of 29.97 frames per
second. Both high-speed cameras were placed laterally from the post, with a view perpendicular
to the bogie’s direction of travel. A Nikon D50 digital still camera was also used to document
pre- and post-test conditions for all tests.
4.6 End of Test Determination

When the impact head initially contacts the test article, the force exerted by the surrogate
test vehicle is directly perpendicular. However, as the post rotates, the surrogate test vehicle’s
orientation and path moves further from perpendicular. This introduces two sources of error: (1)
the contact force between the impact head and the post has a vertical component and (2) the
impact head slides upward along the test article. Therefore, only the initial portion of the
accelerometer trace may be used since variations in the data become significant as the system
rotates and the surrogate test vehicle overrides the system. Additionally, guidelines were
established to define the end of test time using the high-speed video of the impact. The first
occurrence of either of the following events was used to determine the end of the test: (1) the test

article fractures or (2) the surrogate vehicle overrides/loses contact with the test article.
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4.7 Data Processing

The electronic accelerometer data obtained in dynamic testing was filtered using the SAE
Class 60 Butterworth filter conforming to the SAE J211/1 specifications [15]. The pertinent
acceleration signal 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. Initial
velocity of the bogie, calculated from the speed trap, was then used to determine the bogie
velocity, and the calculated velocity trace was integrated to find the bogie’s displacement, which
is also the displacement of the post. Combining the previous results, a force vs. deflection curve
was plotted for each test. Finally, integration of the force vs. deflection curve provided the

energy vs. deflection curve for each test.
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5 COMPONENT TESTING RESULTS AND DISCUSSION

5.1 Lateral Impact Testing Results

One lateral impact test was conducted on each of the five attachment design concepts
described in Chapter 3. The accelerometer data for each test was processed in order to obtain
force vs. deflection and energy vs. deflection curves. Although both transducers produced similar
results, the values described herein were calculated from the SLICE accelerometer. Weather
conditions for each test as recorded by the National Oceanic and Atmospheric Administration
(station 14939/LNK) are shown in Table 3. A summary of the testing results is shown in Table 4.

Test results from each individual transducer are provided in Appendix B.

Table 3. Weather and Atmospheric Conditions, Lateral Impact Testing

Wind Previous | Previous

Test No. Test Temp. | Hum. Speed Slfy Pavement 3-D§y 7-D§y

Date (°’F) (%) Conditions Surface Precip. Precip.
(mph) (in) (in)
CpP-1C 6/27/2012 96 43 15 Clear Dry 0 0.84
CP-2A 6/27/2012 99 39 14 Clear Dry 0 0.84
CP-3D 6/29/2012 82 62 5 Overcast Dry 0 0.69
CP-4B 6/29/2012 85 70 14 Clear Dry 0 0.69
CP-5D2 7/31/2012 93 36 3 Clear Dry 0.02 0.33

5.1.1 Test No. CP-1C

During test no. CP-1C, the bogie impacted the post at a speed of 22.5 mph (36.2 km/h)
and an angle of 90 degrees, causing strong-axis bending in the post. At 0.004 sec after impact,
the top of the socket shifted backward about % in. (3 mm) as the top mounting plate was pulled
tight against the inside face of the headwall. By 0.010 sec, a plastic hinge had formed in the post
adjacent to the top-back edge of the socket. The post continued to bend over until the bogie

overrode the post at 0.088 sec after impact.
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Upon post-test examination, the socket and attachment hardware were found to be intact
and free of plastic deformations. The slight lateral movement of the socket was not significant
enough to require repairs if a new post was to be installed in the socket. Additionally, the culvert
headwall was free of concrete cracking and spalling.

Force vs. deflection and energy vs. deflection curves were created from the accelerometer
data, as shown in Figure 49. The post and socket assembly provided a peak resistance of 8.4 kips
(37.4 kN) and maintained a relatively constant force around 6 kips (27 kN) over the first 15 in.
(381 mm) of deflection. The resistance then steadily decreased through the remainder of the test.
The post and socket assembly absorbed 113.9 k-in. (12.9 kJ) of energy before the bogie overrode
the post at a deflection of 31.5 in. (800 mm). Time-sequential photographs are shown in Figures

50 and 51, while post-impact photographs are shown in Figure 52.

Test No. CP-1C
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Figure 49. Force vs. Deflection and Energy vs. Deflection, Test No. CP-1C
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Figure 50. Time-Sequential Photographs, Test No. CP-1C
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Figure 51. Additional Time-Sequential Photographs, Test No. CP-1C
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Figure 52. Post-Impact Photographs, Test No. CP-1C
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5.1.2 Test No. CP-2A

During test no. CP-2A, the bogie impacted the post at a speed of 22.3 mph (35.9 km/h)
and an angle of 90 degrees, causing strong-axis bending in the post. At 0.004 sec after impact,
the top of the socket shifted backward about ' in. (3 mm). This slight movement was attributed
to construction tolerances as the hole in the top mounting plate had a slightly larger diameter
than the anchor rod. By 0.008 sec, a plastic hinge had formed in the post adjacent to the top-back
edge of the socket. The post continued to bend over until the bogie overrode the post at 0.084 sec
after impact.

Upon post-test examination, the socket and attachment hardware were found to be intact
and free of plastic deformations. The slight lateral movement of the socket was not significant
enough to require repairs if a new post was to be installed in the socket. Additionally, the culvert
headwall was free of concrete cracking and spalling.

Force vs. deflection and energy vs. deflection curves were created from the accelerometer
data, as shown in Figure 53. The post and socket assembly provided a peak resistance of 8.3 kips
(37.0 kN) and maintained a relatively constant force around 6 kips (27 kN) over the first 13 in.
(330 mm) of deflection. The resistance then steadily decreased through the remainder of the test.
The post and socket assembly absorbed 117.6 k-in. (13.3 kJ) of energy before the bogie overrode
the post at a deflection of 29.4 in. (747 mm). Time-sequential photographs are shown in Figures

54 and 55, while post-impact photographs are shown in Figure 56.
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Figure 53. Force vs. Deflection and Energy vs. Deflection, Test No. CP-2A
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Figure 54. Time-Sequential Photographs, Test No. CP-2A
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0.060sec 0.150 sec

Figure 55. Additional Time-Sequential Photographs, Test No. CP-2A
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5.1.3 Test No. CP-3D

During test no. CP-3D, the bogie impacted the post at a speed of 22.0 mph (35.4 km/h)
and an angle of 90 degrees, causing strong-axis bending in the post. By 0.008 sec, a plastic hinge
had formed in the post adjacent to the top-back edge of the socket. The post continued to bend
over until the bogie overrode the post at 0.084 sec after impact.

Upon post-test examination, the socket and attachment hardware were found to be intact
and free of plastic deformations. The socket did not appear to have translated, thus a new post
could be installed in the socket without repairs. The through bolts and washer plates on the inside
face of the headwall showed no signs of plastic deformation and the socket remained rigidly
attached to the culvert. Additionally, the culvert headwall was free of concrete cracking and
spalling.

Force vs. deflection and energy vs. deflection curves were created from the accelerometer
data, as shown in Figure 57. The post and socket assembly provided a peak resistance of 7.1 Kips
(31.6 kN) and maintained a relatively constant force around 6 kips (27 kN) over the first 12 in.
(305 mm) of deflection. The resistance then steadily decreased through the remainder of the test.
The post and socket assembly absorbed 113.8 k-in. (12.6 kJ) of energy before the bogie overrode
the post at a deflection of 29.1 in. (739 mm). Time-sequential photographs are shown in Figures

58 and 59, while post-impact photographs are shown in Figure 60.
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Test No. CP-3D
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Figure 57. Force vs. Deflection and Energy vs. Deflection, Test No. CP-3D
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0.060 sec 0.150 sec

Figure 58. Time-Sequential Photographs, Test No. CP-3D
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IMPACT 0.090 sec
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Figure 59. Additional Time-Sequential Photographs, Test No. CP-3D
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Figure 60. Post-Impact Photographs, Test No. CP-3D
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5.1.4 Test No. CP-4B

During test no. CP-4B, the bogie impacted the post at a speed of 21.8 mph (35.1 km/h)
and an angle of 90 degrees, causing strong-axis bending in the post. At 0.004 sec after impact,
the top of the socket shifted backward about % in. (3 mm). This slight movement was attributed
to construction tolerances as the holes in the top mounting plate had slightly larger diameters
than the anchor rods. By 0.010 sec, a plastic hinge had formed in the post adjacent to the top-
back edge of the socket. The post continued to bend over until the bogie overrode the post at
0.088 sec after impact.

Upon post-test examination, the socket and attachment hardware were found to be intact
and free of plastic deformations. The slight lateral movement of the socket was not significant
enough to require repairs if a new post was to be installed in the socket. Additionally, the culvert
headwall was free of concrete cracking and spalling.

Force vs. deflection and energy vs. deflection curves were created from the accelerometer
data, as shown in Figure 61. The post and socket assembly provided a peak resistance of 7.1 Kips
(31.6 kN) and maintained a relatively constant force around 6 kips (27 kN) over the first 15 in.
(381 mm) of deflection. The resistance then steadily decreased through the remainder of the test.
The post and socket assembly absorbed 122.4 k-in. (13.8 kJ) of energy before the bogie overrode
the post at a deflection of 30.3 in. (770 mm). Time-sequential photographs are shown in Figures

62 and 63, while post-impact photographs are shown in Figure 64.
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Test No. CP-4B
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Figure 61. Force vs. Deflection and Energy vs. Deflection, Test No. CP-4B
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0.060 sec

Figure 62. Time-Sequential Photographs, Test No. CP-4B
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IMPACT 0.090 sec
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Figure 63. Additional Time-Sequential Photographs, Test No. CP-4B
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Figure 64. Post-Impact Photographs, Test No. CP-4B
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5.1.5 Test No. CP-5D2

During test no. CP-5D2, the bogie impacted the post at a speed of 20.5 mph (33.0 km/h)
and an angle of 90 degrees, causing strong-axis bending in the post. By 0.008 sec, a plastic hinge
had formed in the post adjacent to the top-back edge of the socket. The post continued to bend
over until the bogie overrode the post at 0.092 sec after impact.

Upon post-test examination, the socket and attachment hardware were found to be intact
and free of plastic deformations. The socket did not appear to have translated, thus a new post
could be installed in the socket without repairs. The epoxied anchors held and showed no signs
of slippage or pullout. Additionally, the culvert headwall was free of concrete cracking and
spalling.

Force vs. deflection and energy vs. deflection curves were created from the accelerometer
data, as shown in Figure 65. The post and socket assembly provided a peak resistance of 7.9 Kkips
(35.2 kN) and maintained a relatively constant force around 6 kips (27 kN) over the first 13 in.
(330 mm) of deflection. The resistance then steadily decreased through the remainder of the test.
The post and socket assembly absorbed 122.0 k-in. (14.6 kJ) of energy before the bogie overrode
the post at a deflection of 28.7 in. (729 mm). Time-sequential photographs are shown in Figures

66 and 67, while post-impact photographs are shown in Figure 68.
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Test No. CP-5D2
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Figure 65. Force vs. Deflection and Energy vs. Deflection, Test No. CP-5D2
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Figure 66. Time-Sequential Photographs, Test No. CP-5D2
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0.060 sec - o = 0.150 560

Figure 67. Additional Time-Sequential Photographs, Test No. CP-5D2
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5.2 Lateral Impact Testing Discussion

All five of the lateral impact tests resulted in the posts bending about the strong axis at a
location adjacent to the top-back edge of the socket. Plastic bending of the post continued until
the bogie vehicle eventually overrode the post. None of the socket assemblies sustained
significant damage in the form of plastic deformations, weld failures, or anchor pullouts.
Additionally, the culvert and headwall remained free of concrete cracks and spalling during all of

the tests. A summary of the lateral testing is shown in Table 4.

Table 4. Summary of Lateral Impact Testing

Impact | Peak Avera;gSSForce Maximuml Total
Velocity | Force Deflection Energy Failure
Test No. mph ! kips (kN) in. k-in. Mechanism
(km/h) | (kN) @5" @10" @15" (mm) (kJ)
CP-1C 22.5 8.4 3.5 4.9 5.3 315 113.9 Post
(36.2) | (37.4)| (15.6) (21.8) (23.6) (800) (12.9) Bending
CP-2A 22.3 8.3 3.6 4.9 5.3 29.4 117.6 Post
(35.9) |(36.9) | (16.0) (21.8) (23.6) (747) (13.3) Bending
CP-3D 21.97 7.1 4.3 5.3 5.4 29.1 113.8 Post
(35.4) | (31.6) | (19.1) (23.6) (24.0) (739) (12.9) Bending
CP-4B 21.8 7.1 3.9 5.0 55 30.3 122.4 Post
(35.1) | (316)| (179 (22.3) (24.5) (770) (13.8) Bending
CP-5D2 20.5 7.9 4.9 59 5.9 28.7 122.0 Post
(33.0) |(35.2) | (21.8) (26.3) (26.3) (729) (13.8) Bending

I Maximum deflection measured when bogie overrode the post

From the high-speed video analysis of the impacts, only slight lateral movements of the
socket were documented for the two top-mounted concepts and the wrap-around concept (Design
Concepts A, B, and C). These translations at the top of the sockets were attributed to the
construction tolerances given to the attachment hardware (i.e., holes in the top mounting plates
were slightly oversized and the wrap-around plate was slightly longer than the width of the

headwall). None of the sockets shifted enough to affect the installment of a replacement post.
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The recorded data from the onboard accelerometers was processed and analyzed to
calculate force and displacement data as a function of time. Force vs. deflection and energy vs.
deflection plots for the lateral impacts are shown in Figures 69 and 70, respectively. All force
curves were very similar, which was expected given the same post bending occurred during each
test. In fact, the average forces through 15 in. (381 mm) of deflection varied from one another by
10 percent or less, and the total absorbed energies varied by less than 7 percent. Interestingly, the
two top-mounted concepts and the wrap-around concept each had a large dip in resistance at
about 3 in. (76 mm) of deflection. This drop coincides with the slight shifting of the top
mounting plates described previously and explains why the results from the two side-mounted
concepts showed much smaller force dips.

After the completion of the lateral impact testing, it was clear that the weak-post system
would not generate enough load to cause significant damage to the culvert headwall or any of the
socket attachment configuration. Recall, the top-mounted, double-anchor concept and the wrap-
around concept (Design Concepts B and C) were developed due to concerns for possible damage
to the culvert headwall. With these concerns alleviated, testing of these two design concepts was
not continued. Further, the epoxy-anchor variation of the side-mounted concept proved easier to
install than the through-bolted concept because it did not require removal of soil. Since both
variations of the side-mounted design provided similar test results, testing of the through-bolt
variation (Design Concept D) was also discontinued. Thus, only the top-mounted, single-anchor
and the side-mounted, epoxy-anchored concepts (Design Concepts A and D2) were

recommended for testing in the longitudinal direction.
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Figure 69. Force vs. Deflection Plots from Lateral Impact Tests
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Figure 70. Energy vs. Deflection Plots from Lateral Impact Tests
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5.3 Longitudinal Impact Testing Results

Longitudinal impact tests were conducted on both Design Concepts A and D2. The
assemblies previously tested in the lateral direction were reused for the longitudinal tests since
they had not sustained any significant damage. The accelerometer data for each test was
processed in order to obtain force vs. deflection and energy vs. deflection curves. Although both
transducers that were utilized during testing produced similar results, the values described herein
were calculated from the SLICE accelerometer. Weather conditions for each test as recorded by
the National Oceanic and Atmospheric Administration (station 14939/LNK) are shown in Table
5. A summary of the testing results is shown in Table 6. Test results from each individual

transducer are provided in Appendix B.

Table 5. Weather and Atmospheric Conditions

Wind Previous | Previous
Test No Test Temp. | Hum. Speed Sky Pavement | 3-Day 7-Day
' Date (°’F) (%) P Conditions Surface Precip. Precip.
(mph) . )
(in.) (in.)
CP-6D2 8/1/2012 92 41 6 Clear Dry 0.02 0.33
CP-7A 8/2/2012 91 39 17 Clear Dry 0.02 0.27

5.3.1 Test No. CP-6D2

During test no. CP-6D2, the bogie impacted the post at a speed of 21.0 mph (33.8 km/h)
and at an angle of O degrees, causing weak-axis bending in the post. At 0.004 sec after impact,
the top of the socket shifted downstream about !4 in. (3 mm). This movement was attributed to
construction tolerances as the holes in the mounting plates where slightly larger than the threaded
rods anchoring the socket to the headwall. By 0.006 sec, a plastic hinge had formed in the post
adjacent to the top-downstream edge of the socket. The post continued to bend over until the

bogie overrode the post at 0.086 sec after impact.
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Upon post-test examination, the socket and attachment hardware were found to be intact
with only minimal plastic deformations at the top of the socket. The slight downstream
movement of the socket was not significant enough to require repairs if a new post was to be
installed in the socket. The epoxied anchors held and showed no signs of slippage or pullout.
Additionally, the culvert headwall was free of concrete cracking and spalling.

Force vs. deflection and energy vs. deflection curves were created from the accelerometer
data, as shown in Figure 71. The low impact height of the longitudinal test caused significant
vibrations in the bogie frame. However, the average forces recorded during the test were still
accurate. The post and socket assembly provided an average resistance of 3.1 kips (13.8 kN) over
the first 15 in. (381 mm) of deflection. The post and socket assembly absorbed 64.4 k-in. (7.3 kJ)
of energy before the bogie overrode the post at 30.0 in. (762 mm) of deflection. Time-sequential

photographs are shown in Figure 72, and post-impact photographs are shown in Figure 73.

Test No. CP-6D2
10 I 125
e FOrce
3 a 100
{\ —Energy
6 \ 75
o T
NREy N
B AVAINN
-2 ‘ -25
-4 -50
0 5 10 15 20 25 30 35
Displacement (in.)

Figure 71. Force vs. Deflection and Energy vs. Deflection, Test No. CP-6D2
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Figure 72. Time Sequential Photographs, Test No. CP-6D2
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Figure 73. Post-Impact Photographs, Test No. CP-6D2
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5.3.2 Test No. CP-7A

During test no. CP-7A, the bogie impacted the post at a speed of 21.3 mph (34.3 km/h)
and at an angle of O degrees, causing weak-axis bending in the post. At 0.004 sec after impact,
the top of the socket shifted downstream about ¥ in. (6 mm). This movement was attributed to
both construction tolerances and the 7%-in. (191-mm) distance between the socket and the top
anchor which allowed some socket rotation prior to loading. By 0.008 sec, a plastic hinge had
formed in the post adjacent to the top-downstream edge of the socket. The post continued to
bend over until the bogie overrode the post at 0.090 sec after impact.

Upon post-test examination, the socket and attachment hardware were found to be intact
and free of plastic deformations. The slight downstream rotation of the top of the socket was not
significant enough to require repairs if a new post was to be installed in the socket. The epoxied
anchors held and showed no signs of slippage or pullout. Additionally, the culvert headwall was
free of concrete cracking and spalling.

Force vs. deflection and energy vs. deflection curves were created from the accelerometer
data, as shown in Figure 74. The low impact height of the longitudinal test caused significant
vibrations in the bogie frame. However, the average forces recorded during the test were still
accurate. The post and socket assembly provided an average resistance of 3.8 kips (16.9 kN) over
the first 15 in. (381 mm) of deflection. The post and socket assembly absorbed 85.6 k-in. (9.7 kJ)
of energy before the bogie overrode the post at 31.6 in. (803 mm) of deflection. Time-sequential

photographs are shown in Figure 75, and post-impact photographs are shown in Figure 76.
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Figure 74. Force vs. Deflection and Energy vs. Deflection, Test No. CP-7A
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5.4 Longitudinal Impact Testing Discussion

The longitudinal impacts resulted in very similar results to those of the lateral tests. Both
of the longitudinal impact tests resulted in the posts bending about the weak axis at a location
adjacent to the top-downstream edge of the socket. Plastic bending of the post continued until the
bogie vehicle eventually overrode the post. None of the socket assemblies sustained significant
damage in the form of plastic deformations, weld failures, or anchor pullouts. Additionally, the
culvert and headwall remained free of concrete cracks and spalling during all of the tests. A

summary of the lateral testing is shown in Table 6.

Table 6. Summary of Lateral Impact Testing

Impact | Peak Average Force Maximum | Total
Test No. | Velocity | Force Kips Deflection' | Energy Failure
' mph Kips (kN) in. k-in. | Mechanism
(kmh) | «kN) | @5 | @10" | @15" (mm) (kJ)
CP-6D2 21.0 8.1 3.8 3.3 3.1 30.0 64.4 Post
(33.8) | (36.0) | (16.9) | (14.7) | (13.8) (762) (7.3) | Bending
CP-7A 21.3 8.9 4.5 4.3 3.8 31.6 85.6 Post
(34.3) | (39.6) | (200) | (19.1) | (16.9) (803) 9.7) | Bending

! Maximum deflection measured when bogie overrode post.

Both tests resulted in small downstream displacements at the top of the sockets.
However, these displacements were limited to % in. (6 mm) or less and did not affect the
removal of the damaged post nor the installation of a new post. Thus, these displacements were
deemed insignificant.

The recorded data from the onboard accelerometers was processed and analyzed to
calculate force and displacement data as a function of time. Force vs. deflection and energy vs.
deflection plots for the longitudinal impacts are shown in Figures 77 and 78, respectively. The

force curves are similar in magnitude and duration. However, ringing vibrations in the bogie
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prevented the curves from matching up directly and caused the absorbed energies to deviate

toward the end of the impact event.

Force vs. Deflection - Longitudinal Impacts
10
l l
—CP-6D2, Side-Mount, Epoxy Anchored
8 /\ /A\\ CP-7A: Top-Mount, Single-Anchor |
6 ri\ 7'
[ |
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Figure 77. Force vs. Deflection Plots from Longitudinal Impact Tests
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Figure 78. Energy vs. Deflection Plots from Longitudinal Impact Tests
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6 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

The objective of this project was to develop a new weak-post, W-beam guardrail system
for attachment to culvert headwalls. This new system was developed by adapting the weak-post,
MGS bridge rail system for attachment to culvert headwalls. Thus, the system was to utilize
weak, S3x5.7 (S76x8.5) posts spaced 37% in. (953 mm) on center and positioned within
HSS4x4x% (102-mm x102-mm x10-mm) steel socket tubes. However, the socket assembly and
attachment hardware had to be modified in order for the system to be mounted to the outside face
of culvert headwalls.

Five attachment design concepts were explored through dynamic bogie testing: 1) a top-
mounted, single-anchor concept; 2) a top-mounted, double-anchor concept; 3) a wrap-around
concept; 4) a side-mounted, through-bolt concept; and 5) a side-mounted, epoxy-anchored
concept. During the first round of testing, all five concepts were subjected to a lateral impact
(causing strong-axis bending in the post) at a height of 247 in. (632 mm). The results from the
lateral tests were very similar as all of the posts bent over just above the top of the sockets, all of
the tests had similar force vs. deflection plots, and the socket assemblies, anchor rods, and
concrete culvert were undamaged.

After the completion of the lateral impact testing, it was clear that the weak-post system
would not generate enough load to cause significant damage to the culvert headwall or any of the
socket attachment design concepts. However, instead of continuing with testing of all five of the
attachment variations, only the two design concepts that proved to be the easiest to install were
recommended for longitudinal testing. These concepts were the top-mounted, single-anchor
concept and the side-mounted, epoxy-anchored concept.

Two longitudinal tests were then conducted with an impact height of 12 in. (305 mm) to

represent small car bumpers impacting a post during redirection. The longitudinal tests exhibited
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results similar to the lateral impact tests. The weak posts bent over adjacent to the top-
downstream edge of the sockets, while the socket assemblies, threaded anchors, and culvert
headwall sustained no significant damage. Therefore, both the top-mounted, single-anchor
concept and the side-mounted, epoxy-anchored concept (Design Concepts A and D2) were
recommended for use in the new weak-post, guardrail attached to culvert system. Complete
drawings for the system are shown in Figures 79 through 92.

Both attachment configurations mount the socket to the outside face of the culvert
headwall. The S3x5.7 (S76x8.5) posts positioned off the edge of the culvert coupled with the
system not requiring blockouts results in minimal barrier intrusion over the culvert and onto the
roadway. Therefore, the traversable roadway width is maximized, while the culvert length is
minimized.

Unlike long-span guardrail systems [8-12], the new W-beam guardrail system attached to
culverts is unrestricted in terms of system length and can be used to treat culverts over 25 ft (7.6
m) in length. Additionally, the sockets are attached to the headwall using epoxy anchors, so the
system can be installed on new or existing culvert structures. Since the socket assembly
hardware and the culvert itself remained undamaged during the critical impact tests, repair to a
damaged system would consist of simply removing damaged rail segments and posts, dropping
replacement posts into the undamaged sockets, and bolting on new rail segments.

Although the final drawing set illustrates only two of the original five attachment
concepts, MWRSF has confidence in the ability of the other three design concepts to perform
adequately in a system installation as well. Recall all concepts performed similarly during lateral
testing, but the top-mounted, single-anchor concept and the side-mounted, epoxy-anchored
concept were selected due to ease of installation and lowest amount of material costs. However,

situations may arise with the side-mounted concept when bolting through a narrow headwall is
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desired over the epoxy-anchored version. Although the socket may rotate slightly more
downstream during longitudinal impacts due to the construction tolerances between the drilled
hole and the threaded anchor, it should not affect the overall system performance nor prevent
easy replacement of a damaged post. Additionally, situations may arise when the top-mounted,
double-bolt or wrap-around concepts are desired to avoid interference with internal steel
reinforcing bars. Depending on the width tolerance of the wrap-around concept, both of these
may actually reduce the amount of socket displacement during longitudinal impacts compared to
the top-mounted, single-bolt attachment. Therefore, under unusual situations, the roadside
designer may utilize any of the attachment concepts.

The test installations evaluated during this study utilized an epoxy adhesive with a
specified minimum bond strength of 1,300 psi (9.0 MPa). Therefore, the W-beam, guardrail
system attached to culverts can be installed using a wide variety of epoxy adhesives as long as
the specified bond strength is at least 1,300 psi (9.0 MPa). Additionally, the design details and
recommendations provided in this report are applicable for culverts with a minimum
compressive concrete strength of f'c = 4 ksi (27.6 MPa). Culverts built with a weaker concrete
strength may require increased embedment depths for the anchor rods. For these installations, the
proper embedment depth can be calculated utilizing Appendix D of ACI-318, the concrete
strength of the weaker culvert, and increasing the anchor embedment depth until the anchor
strength matches the strength of the recommended design with f’c = 4 ksi (27.6 MPa).

This barrier system was designed as part of a family of non-proprietary, 31-in. (787-mm)
high, W-beam guardrail systems commonly referred to as the MGS. This new guardrail system
attached to culverts was designed with a similar lateral stiffness and overall system performance
to that observed for the original MGS. Therefore, a stiffness transition between the new guardrail

attached to culvert system and adjacent standard MGS installations is unnecessary. A 75-in. (1.9-
108



February 12, 2014
MwRSF Report No. TRP-03-277-14

m) spacing is recommended between the last S3x5.7 (S76x8.5) culvert post and the first standard
guardrail post of the adjacent MGS installation. The adjacent MGS may be either blocked or
non-blocked.

Guardrail post should not be placed too close to the upstream or downstream ends of a
culvert. If a socket is placed near the end of a headwall, the attachment anchors may not have
enough concrete cover to develop the required shear and/or tension loads. Thus, a minimum of 4
in. (102 mm) should be used between a free end of a culvert headwall and the center of any
attachment anchor. Additionally, to prevent interference with post rotation, the first standard
guardrail post adjacent to the culvert should be placed a minimum of 12 in. (305 mm) from the
culvert and any wingwalls that may be present. The 12 in. (305 mm) should be measured from
the center of the post to the nearest edge of the headwall/wingwall.

Although a critical culvert headwall was selected for use in the dynamic impact tests,
care should be taken not to install this W-beam guardrail system attached to culverts on
headwalls of significantly smaller size or reduced internal reinforcement. Installations on weaker
structures may result in unwanted damage to the headwall in the form of concrete cracking and
spalling. Additionally, the system was designed and evaluated for use on low-fill culverts with
relatively flat grading. It is recommended that the system only be used with approach slopes of
10H:1V or flatter.

Finally, installations should be installed with the guardrail terminals (or end anchorages)
located a sufficient distance from the culvert to prevent the two systems from interfering with the
proper performance of one another. As such, the following implementation guidelines should be

considered in addition to guardrail length of need requirements:
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A recommended minimum length of 12 ft — 6 in. (3.81 m) of standard MGS
between the first S3x5.7 (S76x8.5) weak post and the interior end of an acceptable
TL-3 guardrail end terminal.

A recommended minimum barrier length of 50 ft (15.2 m) before the first S3x5.7
(S76x8.5) weak post, which includes standard MGS and a crashworthy guardrail
end terminal. This guidance applies to the downstream end as well.

For flared guardrail applications, a recommended minimum length of 25 ft (7.6 m)
between the first S3x5.7 (S76x8.5) weak post and the start of the flared section (i.e.

bend between flared and tangent sections).
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Figure 85. Top-Mounted Configuration, Socket Assembly Components
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Figure 86. Top-Mounted Configuration, Attachment Hardware Details
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Top—Mounted Configuration
Iltem No. (Per PothTYI;ocotion) Description Material Specification Hardware Guide
al 1 4"x4"x3/8" [102x102x10] Square Socket ASTM A500 Grade B Steel Galvanized -
a2 1 8"x3"x1/2" [203x76x13] Bottom Mounting Plate ASTM A572 Grade 50 Steel Galvanized -
a3 1 9 1/2"x3"x1/2" [241x76x13] Top Mounting Plate ASTM A572 Grade 50 Steel Galvanized -
a4 1 20 JpzHpz" ixonxis] Top Meuning Ridte ASTM A572 Grade 50 Steel Galvanized -
a5 1 1 1/8" [29] Dia. UNC, 13" [330] Long Threaded ASTM A307 Grade C Galvanized/ASTM F1554 Grade 36 =
Rod Galvanized /SAE J429 Grade 2 Galvanized
ab 1 1 1/8" [29] Dia. Hardened Round Washer ASTM F436 Galvanized -~
a7 1 1 1/8" [29] Dia. UNC Heavy Hex Nut ASTM A563A Galvanized —
ci 1 S3x5.7 [S76x8.5] by 44" [1118] Long Steel Post ASTM A992 Grade 50 Steel Galvanized -
c2 4 2 3/4"x1”x1/4” [70x25x6] Post Standoff ASTM A36 Steel Galvanized -
o3 2 1/2” [13] Dia. UNC, 7" [178] Long Threaded ASTM A307 Grade, C Galvanized/ASTM F1554 Grade 36 _
Rod Galvanized /SAE J429 Grade 2 Galvanized
c4 2 1/2” [13] Dia. Hardened Round Washer ASTM F436 Galvanized -
c5 2 1/2” [13] Dia. UNC Heavy Hex Nut ASTM A563A Galvanized
5/8” [16] Dia. UNC, 5" [127] Long Heavy Hex Bolt ASTM A325 Type 1 Galvanized, Nut ASTM A563A
6 ! 2% and N 1127] Long ¥ YP€ Galvanized FBX16a
c7 1 a716C 18] bia. UG, 1 178" [oe] Long e ok ASTM A307 Galvanized FBX08a
c8 1 Lo, w1 pe” [Shaetd] Square: 636 ASTM A36 Galvanized RWRO1
c9 1 68” [152] W—Beam Backup Plate 12 gauge [2.7] AASHTO M180 -
c10 Var. St 0L W=Ceiam WOA Saction: 1/2 Pea 12 gauge [2.7] AASHTO M180 RWMO4a
c11 Var. -,f’,éta (16] Dia., 1 1/27 [38] Guardrail Bolt and ASTM A307 Galvanized FBBO1
c12 - Epoxy Minimum bond strength = 1305 psi [9.0 MPa]
[SHEET:
Weak—Post, W—Beam e
Guardrail System DATE:
Attached to Culvert o/18/13
Top—Mounted Configurati sl
. : op—Mounte nfigur -
Note: (1) W—Beam and Guardrail Bold and Nut (Parts ¢10 and c11) quantities Midwest Roadside| sill of ﬂgteriolso igurasion 08
vary by width of culvert or length of system. Sofety FGCI]Ity DWG. NAME. [SCALE: NONE |REV. BY:
MGS Attached to Culvert_Ré4 UNITS: In.[mm]|;}§§/KAL/

Figure 87. Top-Mounted Configuration, Bill of Materials
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Figure 88. Side-Mounted Configuration Details
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Figure 89. Side-Mounted Configuration, Socket Assembly Details
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Figure 90. Side-Mounted Configuration, Socket Assembly Components
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Figure 91. Side-Mounted Configuration, Attachment Hardware Details
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Side—Mounted Configuration
Iltem No. (Per Po(s)tTYl;ocotion) Description Material Specification Hardware Guide
b1 1 4"x4"x3/8” [102x102x10] Square Socket ASTM A500 Grade B Steel Galvanized -
b2 1 8"x3"x1/2" [203x76x13] Bottom Mounting Plate ASTM A572 Grade 50 Steel Galvanized -
b3 1 10"x3"x1/2” [254x76x13] Top Mounting Plate ASTM A572 Grade 50 Steel Galvanized -
b4 2 3"x3"x1/4” [76x76x6] Top Plate Gusset ASTM A572 Grade 50 Steel Galvanized -
b5 2 3/4" [19] Dia. UNC, 11" [279] Long Threaded Rod | ASTM A7 Crade & Galyanized/AST F1954. Crode 36 -
b6 2 3/4" [19] Dia. Hardened Round Narrow Washer ASTM F436 Galvanized FWC20b
b7 2 3/4" [19] Dia. UNC Heavy Hex Nut ASTM A563A Galvanized FNX20a
cl 1 S3x5.7 [S76x8.5] by 44" [1118] Long Steel Post ASTM A992 Grade 50 Steel Galvanized -
c2 4 2 3/4"x1"x1/4” [70x25x6] Post Standoff ASTM A36 Steel Galvanized -
c3 2 1/2" [13] Dia. UNC, 7" [178] Long Threaded Rod | ASTM ASO7 Grade G Golvanized /ASTM & ioomaarcd® 36 -
c4 2 1/2" [13] Dia. Hardened Round Washer ASTM F436 Galvanized -
c5 2 1/2" [13] Dia. UNC Heavy Hex Nut ASTM A563A Galvanized -
6 1 gég"NE'ltG] Dia. UNC, 5" [127] Long Heavy Hex Bolt Bolt ASTM A325 Type GLlV%ﬂ;;‘::dized, Nut ASTM A563A FBX16a
o7 1 o718 18] Diew UNE, 1747 [52] Lang Hex Bolk ASTM A307 Galvanized FBX08a
8 1 JVO.;)ég-;ﬂ 3/4"x1/8" [44x44x3] Square A36 Steel ASTM A36 Galvanized RWRO1
c9 1 6" [152] W—Beam Backup Plate 12 gauge [2.7] AASHTO M180 -
¢10 Var. Sty o] WD WIS Seellon 172, Past 12 gouge [2.7] AASHTO M180 RWMO4a
cl1 Var. 5/8” [16] Dia., 1 1/2" [38] Guardrail Bolt and Nut ASTM A307 Galvanized FBBO1
c12 — Epoxy Minimum bond strength = 1305 psi [9.0 MPa] —_
[SHEET:
Weak—Post, W—Beam Aot
Guardrail System DATE:
Attached to Culvert o/18/13
o oo . . . DRAWN E:
o O YRR SRR S G0 ¢ S o idwest Roadide SGMAELSTI 1=
MGS Attached to Culvert_Ré4 UNTTS: In [rmim] | SKR/KAL/

Figure 92. Side-Mounted Configuration, Bill of Materials
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Table A-1. Material Certification List, Simulated Concrete Culvert

Part Description

Material Specifications

Material Reference

Concrete Support Walls, 12"'x36"x48"

L4000 Type 3 mix, f'c > 4,000 psi

Ticket No. 1147496
Test Report No. 2147362885

Concrete Culvert Deck Slab, 332"x48"x9”

L4000 Type 3 mix, fc > 4,000 psi

Ticket No. 4132597
Test Report No. 2147362886

Concrete Culvert Headwall, 332"x12"x9”

L4000 Type 3 mix, f'c > 4,000 psi

Ticket No. 1151056
Test Report No. 2147362888

#4 Bent Rebar, Support Wall Hook,

441" Total Length Unbent Grade 60 Heat No.: M668699
#4 Straight Rebar, 41" Long Grade 60 Heat No.: M668699
#%;Zﬂt%igftgggmCSLE':nC;p’ Grade 60 Heat No.: M668699
#4 Straight Rebar, 54" Long Grade 60 Heat No.: M668699
#5 Straight Rebar, 27'-8" Long Grade 60 Heat No.: K112473
#4 Straight Rebar, 27'-8" Long Grade 60 Heat No.: M668699
#4 Straight Rebar, 44" Long Grade 60 Heat No.: M668699

Epoxy

Min. Bond Strength 1,300 psi

AC100+Gold C222 / April 2013
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Table A-2. Material Certification List, Design Concept A, Test Nos. CP-2A and CP-7A

Part Description

Material Specifications

Material Reference

4"x4"x%" Steel Socket Tube

ASTM A500 Grade B

Heat No.: Y45608

8"x3"x¥2" Bottom Mounting Plate

ASTM A572 Grade 50

Heat No.: B1R6601

%" Dia. UNC, 7" Long Threaded Rod

SAE J429 Grade 2 Galvanized

Grainger CoC Aug 3, 2012

%" Dia. Hardened Round Washer

ASTM F436 Galvanized

Lot# 52386-01

%" Dia. UNC Heavy Hex Nut

ASTM A563A Galvanized

Lot# 123792C

9%"x3"x'/16" Top Mounting Plate

ASTM A572 Grade 50

Heat No.: B1R6601

2"x1%"x"I;¢" Top Mounting Plate Gusset

ASTM A572 Grade 50

Heat No.: B1R6601

1'" Dia. UNC, 13" Long Threaded Rod

SAE J429 Grade 2 Galvanized

Lot# 1012-143289-001-01-

1%" Dia. Hardened Round Washer

ASTM F436 Galvanized

n/a

1%" Dia. UNC Heavy Hex Nut

ASTM A563A Galvanized

Lot#156334

Heat No.: G106836 and

S3x5.7 by 44" Long Steel Post ASTM A36 Heat No.:G104598/99
2%"x1"x¥4" Post Standoff ASTM A36 Heat No.: BOX8426
%" Dia. UNC, 5" Long Heavy Hex Bolt ASTM A325 Type 1 Galvanized Lot#142823
%" Dia. UNC Heavy Hex Nut ASTM A563A Galvanized Lot#142823
Epoxy Min. Bond Strength 1,300 psi AC100+Gold C293/May13
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Table A-3. Material Certification List, Design Concept B, Test No. CP-4B

Part Description

Material Specifications

Material Reference

4"x4"x%" Steel Socket Tube

ASTM A500 Grade B

Heat No.: Y45608

8"x3"x¥2" Bottom Mounting Plate

ASTM A572 Grade 50

Heat No.: B1R6601

%" Dia. UNC, 7" Long Threaded Rod

SAE J429 Grade 2 Galvanized

Grainger CoC Aug 3, 2012

%" Dia. Hardened Round Washer

ASTM F436 Galvanized

Lot# 52386-01

%" Dia. UNC Heavy Hex Nut

ASTM A563A Galvanized

Lot# 123792C

9"x9"x'/15" Top Mounting Plate

ASTM A572 Grade 50

Heat No.: B1R6601

2"x1%"x"I;¢" Top Mounting Plate Gusset

ASTM A572 Grade 50

Heat No.: B1R6601

%" Dia. UNC, 7" Long Threaded Rod

SAE J429 Grade 2 Galvanized

Grainger CoC Aug 3, 2012

%" Dia. Hardened Round Washer

ASTM F436 Galvanized

Lot#52389-01

%" Dia. UNC Heavy Hex Nut

ASTM A563A Galvanized

Lot#170277

S3x5.7 by 44" Long Steel Post ASTM A36 Heat No.: G106836
2%."x1"x¥4" Post Standoff ASTM A36 Heat No.: B0X8426
%" Dia. UNC, 5" Long Heavy Hex Bolt ASTM A325 Type 1 Galvanized Lot#142823
%" Dia. UNC Heavy Hex Nut ASTM A563A Galvanized Lot#142823

Epoxy

Min. Bond Strength 1300 psi

AC100+Gold C020/August13
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Table A-4. Material Certification List, Design Concept C, Test No. CP-1C

Part Description

Material Specifications

Material Reference

4"x4"x%" Steel Socket Tube

ASTM A500 Grade B

Heat No.: Y45608

8"x3"x%2" Bottom Mounting Plate

ASTM A572 Grade 50

Heat No.: B1R6601

%" Dia. UNC, 7" Long Threaded Rod

SAE J429 Grade 2 Galvanized

Grainger CoC Aug 3, 2012

%" Dia. Hardened Round Washer

ASTM F436 Galvanized

Lot# 52386-01

%" Dia. UNC Heavy Hex Nut

ASTM A563A Galvanized

Lot# 123792C

20"x3"x'/1¢" Top Mounting Plate

ASTM A572 Grade 50

Heat No.: B1R6601

2"X1%6"X 1" Top Mounting Plate Gusset

ASTM A572 Grade 50

Heat No.: B1R6601

%" Dia. UNC, 7" Long Threaded Rod

SAE J429 Grade 2 Galvanized

Grainger CoC Aug 3, 2012

%" Dia. Hardened Round Washer

ASTM F436 Galvanized

Lot#51614-01

S3x5.7 by 44" Long Steel Post

ASTM A36

Heat No.: G106836

2%4"x1"xY4" Post Standoff

ASTM A36

Heat No.: B0OX8426

%" Dia. UNC, 5" Long Heavy Hex Bolt

ASTM A325 Type 1 Galvanized

Lot#142823

%" Dia. UNC Heavy Hex Nut

ASTM A563A Galvanized

Lot#142823, and Lot# 124738C

Epoxy

Min. Bond Strength 1300 psi

AC100+Gold C293/May13
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Table A-5. Material Certification List, Design Concept D, Test No. CP-3D

Part Description

Material Specifications

Material Reference

4"x4"x¥4" Steel Socket Tube

ASTM A500 Grade B

Heat No.: Y45608

8"x3"x%2" Bottom Mounting Plate

ASTM A572 Grade 50

Heat No.: B1R6601

%" Dia. UNC, 7" Long Threaded Rod

SAE J429 Grade 2 Galvanized

Grainger CoC Aug 3, 2012

%" Dia. Hardened Round Washer

ASTM F436 Galvanized

Lot# 52386-01

%" Dia. UNC Heavy Hex Nut

ASTM A563A Galvanized

Lot# 123792C

10"x3"x%2" Top Mounting Plate

ASTM A572 Grade 50

Heat No.: B1IR6601

3"x3"x¥4" Top Plate Gusset

ASTM A572 Grade 50

Heat No.: B0X8426

3"x3"x¥4" Top Mounting Plate Washer

ASTM A572 Grade 50

Heat No.: B0X8426

%" Dia. UNC, 16" Long Threaded Rod

SAE J429 Grade 2 Galvanized

Grainger CoC Aug 3, 2012

%" Dia. Hardened Round Narrow Washer

ASTM F436 Galvanized

Lot#52389-01

%" Dia. UNC Heavy Hex Nut

ASTM A563A Galvanized

Lot#170277

S3x5.7 by 44" Long Steel Post ASTM A36 Heat No.: G106836
2%"x1"x¥4" Post Standoff ASTM A36 Heat No.: BOX8426
%" Dia. UNC, 5" Long Heavy Hex Bolt ASTM A325 Type 1 Galvanized Lot#142823
%" Dia. UNC Heavy Hex Nut ASTM A563A Galvanized Lot#142823

Epoxy

Min. Bond Strength 1300 psi

AC100+Gold C020/August13
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Table A-6. Material Certification List, Design Concept D2, Test Nos. CP-5D2 and CP-6D2

Part Description

Material Specifications

Material Reference

4"x4"x%" Steel Socket Tube

ASTM A500 Grade B

Heat No.: Y45608

8"x3"x¥2" Bottom Mounting Plate

ASTM A572 Grade 50

Heat No.: B1R6601

%" Dia. UNC, 7" Long Threaded Rod

SAE J429 Grade 2 Galvanized

Grainger CoC Aug 3, 2012

%" Dia. Hardened Round Washer

ASTM F436 Galvanized

Lot# 52386-01

%" Dia. UNC Heavy Hex Nut

ASTM A563A Galvanized

Lot# 123792C

10"x3"x%2" Top Mounting Plate

ASTM A572 Grade 50

Heat No.: B1R6601

3"x3"x¥4" Top Plate Gusset

ASTM A572 Grade 50

Heat No.: B0OX8426

%" Dia. UNC, 11" Long Threaded Rod

SAE J429 Grade 2 Galvanized

Grainger CoC Aug 3, 2012

%" Dia. Hardened Round Narrow Washer

ASTM F436 Galvanized

Lot#52389-01

%" Dia. UNC Heavy Hex Nut

ASTM A563A Galvanized

Lot#170277

S3x5.7 by 44" Long Steel Post

ASTM A992 Grade 50

Heat No.: G104598/99

2%4"x1"xY4" Post Standoff

ASTM A36

Heat No.: B0OX8426

%" Dia. UNC, 5" Long Heavy Hex Bolt

Bolt ASTM A325 Type 1 Galvanized

Lot#142823

%" Dia. UNC Heavy Hex Nut

ASTM A563A Galvanized

Lot#142823

Epoxy

Min. Bond Strength 1300 psi

AC100+Gold C020/August13

¥T-L/2-€0-dd1 "ON Hoday 4SHMN

10z ‘2T Aenigad



MwRSF Report

Ready Mixed
CAUTION
FRESH CONCRETE

Body and or eye contact with fresh (moist)
concrete should be avoided because it con-
tains alkali and is caustic.

Lincoin, Nebraska 68529
Telephone 402-434-1844

PLANT | MIX CODE “YARDS [ DRIVER I

February 12, 2014
No. TRP-03-277-14

Concrete Company
6200 Cornhusker Highway, P.O. Box 29288

[ TRUCK | DESTINATION CLASS TIME [DATE [ TICKET
— 1 | 26403300 i IR 7 I NTE " 01 =29 : 22 /12 Hi162404 2
CUSTOMER 108 CUSTOMER NAME [ TAX CODE [ PARTIAL W NIGHT R 1 LOADS
- 000 1 CITa———IN JEE Y _[§ n 1 _ =14 2
DELIVERY ADDRESS SPECIAL INSTRUCTIONS P.O NUMBER =
30 WoEe l .
LOAD CUMULATIVE ORDERED PRODUCT UNIT
QUANTITY QUANTITY QUANTITY | CODE PROOUCTRESERIBTION PRICE AMOUNT
[ [
- ‘ " AR 3 r -
; 1033 f :
UM Hat \
|
- = S — s e
SUBTOTAL
WATER ADDED ON JOB TAX |
AT CUSTOMER'S REQUEST _ GAL RECEIVED BY TOTAL Kl 7

Figure A-1. Culvert Support Wall Concrete, Mix Details
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benesch

engineers - scientists - planners

<4

LINCOLN OFFICE

825 "J" Street

Lincoln, NE 68508
Phone: (402) 479-2200
Fax: (402) 479-2276

 COMPRESSION TEST OF CYLINDRICAL CONCRETE
SPECIMENS - 6x12

Client Name: Midwest Roadside Safety Facility Date  06-Jun-12

Project Name: Miscellaneous Concrete Testing

Placement Location: Culvert Support o - ) . -

Mix Designation: S - - __Required Strength: - o

) - o Laboratory Test Data o S e

Laboratory Field Date Cost  Dote Received  Dote Tested  Days Curedin DoysCuredin  Age of Test, ~ Lengthof Diameter of  Cross-Sectional Maximum Load, Compressive Required Type ASTM Practice
Identification Identification Field Laboratory Days Specimen, Specimen, Area,sq.in. Ibf Strength, Strength, of for Copping

KT S Sy = SEU ey e . S - B ) M psi. Fracture Specimen
URR- 1 A 322012 6/5/2012  6/5/2012 Qg5 O 95 12 601 2837 201200 709 5 C1231

1 cc: Ms. Karla Lécr@nl;eré'
Midwest Roadside Safety Facility

Remarks: No Field Data provided to lab by pontrai:ib;. B

" Concrete test specimens along with documentation and
test data were submitted by Midwest Roadside Safety
Facility.

o foermprmmt

Test results presented relate only to the concrete
specimens as received from Midwest Roadside Safety
Typel Type 2

Reasonobly well-  Well-formed cone on
formed cones on both  one end, verticol arocks
ends, less thon 1in. [25 running through caps,
mm] of cracking  no well-defined cone on
through cops other end

This report shall not be reproduced except in full, without
the written approval of Alfred Benesch & Company.

Report Number 2147362885
Page 1

MK WA

B N 000

Type3 Typed Type S Type 6 ALFRED BENESCH & COMPANY

Columnar verticol Diagonal fracture with  Side froctures ot topor  Similar to Type Sbut  CONSTRUCTION MATERIALS LABORATORY
cracking through both  no cracking through bottom (occur end of cylinder is
ends, no well-formed ends; top with hammer commonly with pointed
cones to distinguish from unbonded caps) 4-
By T-me

Type !
ype Tim Watson, Coordinator

Figure A-2. Culvert Support Wall Concrete, Strength Test

¥T-1/2-€0-dd1 "ON Hoday 4SHMIN
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CAUTION
FRESH CONCRETE

Body and or eye contact with fresh (moist)

February 12, 2014
MwRSF Report No. TRP-03-277-14

Ready Mixed
Concrete Company

6200 Cornhusker Highway, P.O. Box 29288
Lincoln, Nebraska 68529

LT TR -

R b Telephone 402- -1844
concrete should be avoided because it con- phonasueAudls
tains alkali and is caustic.
TPLANT ~ [MIXCODE _ |YARDS _ |TRUCK  |DRIVER | DESTINATION |  CLASS | TIME To)ﬁs’" i RS
- 013000 4 .50 0203 010 NTE | O 1 04AaM (OS5 /14
fomETERG ) (niiniomstalinls TSSO el R e e o T R T
"CUSTOMER JoB CUSTOMER NAME [ TAX CODE TPARTIAL TNIGHT R
FO003 I £ ~UNL. © MWRSF ( t
R Ja | =y ) . by v { 4 | ‘ |
DELIVERY = o ~ |SPECIALINSTRUCTIONS o PO NUMBER
v . |NORTH OF SOODYEA IBERE i
| i
LOAD | CUMULATIVE ‘ ORDERED PRODUCT UNIT
QUANTITY | QUANTITY [ QUANTITY CODE \ PRODUGT DESCBIPTION PRICE AMOUNT
|
e e e e L e e
4.50| .- &4, 5C 54013000 | Telo) + =
| | | < 'l ’ 7
i i g
|
| | |
| |
[ 1 (
e 2 5 — e
H SUBTOTAL | -
WATER ADDED ON JOB Tax | .
AT CUSTOMER'S REQUEST RECEIVED BY s TOTAL L e e o
ot P ]=)

Figure A-3. Culvert Deck Slab Concrete, Mix Details
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benesch

engineers - scientists - planners

LINGOLN OFFICE ~ COMPRESSION TEST OF CYLINDRICAL CONCRETE

Lincoln, NE 68508
Phone: (402) 479-2200
Fax: (402) 479-2276

SPECIMENS - 6x12
ASTM Designation: C 39

Client Name: Midwest Roadside Safety Facility Date  06-Jun-12

Project Name: Miscellaneous Concrete Testing

Placement Location: Culvert Deck -
Mix Designation: o S Required Strength:

S R : ______Laboratory TestData _ . e =
Laboretory Field Date Cast Date Received Date Tested  Days Cured in  Days Curedin  Age of Test, Length of Diameterof  Cross-Sectional Maximum Load, Compressive Required Type ASTM Practice
Identification Identificotion Field Laboratory Days Specimen, Specimen, Areq,sq.in. Ibf Strength, Strength, of for Capping
o [ . o . '" vi"‘ I psl. sosen PSR Fracture . Specmen
~ _URR-2 B 5/14/2012  6/5/2012  6/5/2012 22 o 22 12. 6.01 28.37 120,950 4,260 ) 5 C1231
1 cc: Ms. Karla Lechtenberg
Midwest Roadside Safety Facility
Remarks: No Field Data provided to lab by contractor. - o o T

Concrete test specimens along with documentation and Sketches of Types of Fractures

test data were submitted by Midwest Roadside Safety Jmeri

Facility. v 74

Test results presented relate only to the concrete N M B ) l

specimens as received from Midwest Roadside Safety

Type 1 Type 2 Type 3 Typed Type S Type 6 ALFRED BENESCH & COMPANY
This report shall not be reproduced except in full, without Reosonahly well- Well-formed cone on Columnar verticol  Diagonal fracture with  Side fractures ot top or  Similar to Type Sbut  CONSTRUCTION MATERIALS LABORATORY
the written approval of Alfred Benesch & Company. formed cones on both  one end, vertical crucks  cracking through both  no cracking through bottom (occur end of cylinder is
ends, less than 1in. [25 running through caps,  ends, no well-formed ~ ends; tap with hammer commonly with pointed

Report Number 2147362886
Page 1

no well-defined cone on
other end

mm) of cracking
through caps

Figure A-4. Culvert Deck Slab Concrete, Strength Test

cones to distinguish from

Typel

unbonded cops)

Byi@ W

Tim Watson, Coordinator

¥T-122-€0-dHL "ON Hoday 4SHMIA
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February 12, 2014
MwRSF Report No. TRP-03-277-14

Ready Mixed
CAUTION Concrete Company
FRESH CONCRETE 6200 Comhusker Highway, P.O. Box 29288
Body and or eye contact with fresh (moist) Lincolhy fatyarka 88629
concrete should be avoided because it con- TR AUENPARE

tains alkali and is caustic.

PLANT | MIX CODE "'V'AR'ljsf o "'T—RUCK TDRIVER | DESTINATION |  CLASS  |TiME  |DATE ‘vTEKET -
_01 124033000 | 1,00 | 0110 | Il wnTtE o 11:480M05/29 /12 11151054
CUSTOMER TJoB CUSTOMER NAME TAX CODE PARTIAL NIGHT R, {OADS
~ 000683 | —Ela-—-=MURS i e N S— M o [ (S
DELIVERY ADDRESS SPECIAL INSTRUCTIONS P.0. NUMBER
|
4800 NW 35TH LEO—6D50 TIH
INORTH OF GDODYEAR HANGERS SRR 1IN
| e Ay N—" - —|
LOAD CUMULATIVE ORDERED PRODUCT
QUANTITY QUANTITY QUANTITY CODE PRORUCT.OESCRIPTION AMOUNT
1.00 1.00 1.00 L4000 TYPE 3 4 .00 102
| MINIMUM HAUL ac
BT e E— — i
SUBTOTAL
WATER ADDED ON JOB ‘ .7 3
AT CUSTOMER'S REQUEST GAL RECEIVED [ ot 1’4 -39
16

TRUCE
,KJ’ ’_’_i -
LOAD SIZE

100 v

W
YMOISTURE
i O ™M

2,00 M

5 gl # C A
NON-SIMULATED NUM BATCHES: |

LOAD TOTAL: 4056 1b DESIGN W/C: 0.464 WATER/CEMENT: 0.472A DESIGN WATER: 34.0 gl  ACTUAL WATER: 35.1 ol TO ADD:
SLUMP: &.00 "F WATER IN TRUCK: 0.0 gl  ADJUST WATER: 0.0 gl /load TRIM WATER: 0.0 gl /yd i

0.0 gl

¥
7“”&,2177(‘70\ (
\2 uﬂ&&

ORIGINAL

Figure A-5. Culvert Headwall Concrete, Mix Details
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LINCOLN OFFICE

825 "J" Street

e n e S C Lincoln, NE 68508
engineers - scientists - planners Phone: (402) 479-2200
Fax: (402) 479-2276

Client Name: Midwest Roadside Safety Facility
Project Name: Miscellaneous Concrete Testing
Placement Location: Culvert Curb

Mix Designation:

COMPRESSION TEST OF CYLINDRICAL CONCRETE
SPECIMENS - 6x12

Required Strength:

Laboratory Test Data

Laboratory Field Date Cast  Date Received  Date Tested Doys(ursd in 60)'5 Curedin  Age of Test, Length of Diameter of
Identification Identification Field Laboratory Days Specimen, Specimen,

in. in.

" URR-4 D 5202012 6/52012 6052012 7 0 7 12 6.0°

1 cc: Ms. Karla Lechtenberg
Midwest Roadside Safety Facility

“Remarks: No Field Data provided to lab by contractor. o
Concrete test specimens along with documentation and
test data were submitted by Midwest Roadside Safety

. | —_la ]
Facility.
Test results presented relate only to the concrete

specimens as received from Midwest Roadside Safety

Type 1 Type 2 Type 3
This report shall not be reproduced except in full, without Reosonably well- ~ Well-formed cone on  Columnar vertical
the written approval of Alfred Benesch & Company. formed cones on both  one end, vertical cracks  cracking through both
ends, less than Tin. [25 running through caps,  ends, no well-formed
mm] of cracking no well-defined cone on cones
Report Number 2147362888 through caps ket ond

Page 1

Figure A-6. Culvert Headwall Concrete, Strength Test

Sketches of Tyb;s? Fractures

N

Type d
Diagonal fracture with
no cracking through
ends; tap with hommer
to distinguish from
Type 1

L

Type S
Side fractures at top or
bottom (occur
commonly with
unbonded caps)

ASTM Designation: C 39

]

Type 6
Similar to Type 5 but
end of cylinder is
pointed

Date 06-Juﬁ-12 o

Cross-Sectional  Maximum Load, f;;m;rcissivio qu‘uﬁedi _‘fypu ) VASH;\ P;mi(;
Aren,sq.in. Ibf Strength, Strength, of for Capping
o pic psi. Fracture Specimen

2837 137450 4850 5 CA1231

ALFRED BENESCH & COMPANY
CONSTRUCTION MATERIALS LABORATORY

oy Lo, Wil

Tim Watson, Coordinator

¥T-122-€0-dHL "ON Hoday 4SHMIA

¥102 ‘2T Arenigad
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Page 1 of 2
Chemical and Physical Test Report

[e3] GERDAU
KNOXVILLE STEEL MILL MADE IN UNITED STATES
1919 TENNESSEE AVE
KNOXVILLE TN 37921 USA
CUSTOMER: CONCRETE INDUSTRIES INC

SHAPE + SIZE | GRADE [ SPECIFICATION ) | SALES ORDER | CUST P.O. NUMBER
'X16MM REBAR (#5) 420 (60) ASTM A615/A615M-09B THERMEX TREATED| ] | ) [ B
HEAT 1.D. [ € mMn | P STSi [Cu[N [Cr[Mo]| V [Nb]Sn |[CEq | I [ [ [ \ [ [ [
K112473 | 31 [ 48[ 017 [073] 16 | .38 | 20 | .05 | .021 | .003 | .001 | .004 | .414 | | [ [ | [ [ [ | | [ |
Mechanical Test: Yield 85420 PSI, 588.95 MPA  Tensile: 103180 PSI, 7114 MPA  %El: 12.5/8in, 12.5/200MM Bend: OK DefHT: .045, 1.14MM Def Gap: .137, 3.48MM  Def SP:
386, 9.8MM  %l/h 3.9L
Cust Requi ts CASTING: STRAND CAST

This material, including the billets, was melted and manufactured in the United

States of America THE PERMANENT RECORDS OF COMPANY.
Bhaskar Yalamanchili . ‘
Q- Quality Director g Metallurgical Services Manager
Gerdau wo. W KNOXVILLE STEEL MILL

Seller warrants that all matenal furnished shall comply with specifications subject to standard published manufacturing variations. NO OTHER WARRANTIES, EXPRESSED OR IMPLIED, ARE MADE BY THE SELLER,
AND SPECIFICALLY EXCLUDED ARE WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE.

In no event shall seller be liable for indirect, consequential or punitive damages arising out of or related to the materials furnished by seller.

Any claim for damages for materials that do not conform to specifications must be made from buyer to seller immediately after delivery of same in order to allow the seller the opportunity to inspect the material in question.

Figure A-7. Culvert Reinforcement, No. 5 Bars

THE ABOVE FIGURES ARE CERTIFIED CHEMICAL AND PHYSICAL TEST RECORDS AS CONTAINED IN

¥T-122-€0-dHL "ON Hoday 4SHMIA

¥10Z ‘2T Areniged
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Page 2 of

Chemical and Physical Test Report
3] GERDAU

ST PAUL STEEL MILL
1678 RED ROCK ROAD
ST PAUL MN 55119 USA

CUSTOMER: CONCRETE INDUSTRIES INC

[SHAPE +SIZE | GRADE SPECIFICATION ] ] | SALES ORDER | CUST P.O. NUMBER
[X13MM REBAR (# 4) [420 (60) ASTM A6/A6M-10A A615/A615M-09 GR 60/420 | B -

HEAT I.D. [ € [Mn][ P [ S[Si[Cu [N [Cr[Mo]sSn|[CEq [ ] [ | [ [ | [ | | | [ [
M668699 [ 43 [111] 014 [ 020 | 21 | 31 | 14 | 11 | .032 | .012 | 642 | [ | | A | [ | [ [ | e &
Mechanical Test: Yield 68500 PSI, 472.29 MPA  Tensile: 110000 PSI, 758.42 MPA  %El: 16.0/8in, 16.0/203.2mm Bend: OK DefHT: .038, .97MM Def Gap: .117, 2.97MM Def SP:

.332, 843MM  %l/h 1th RedR 132.55 Idl Diam: 0 Corrosion Index: 5.75
Custs Requir ts SOURCE: GA-Beaumont, TX CASTING: STRAND CAST

Comment: melted and MFG in the USA
melt shop heat 20032T1, melt did 8/26/2011 Beaumont, TX, roll lot M668699 roll dtd 9/5/2011

Bhaskar Yalamanchili THE ABOVE FIGURES ARE CERTIFIED CHEMICAL AND PHYSICAL TEST RECORDS AS CONTAINED IN

MPANY.
M\ Qs Quality Director THE PERMANENT RECORDS OF COMPA!
Gerdau Metallurgical Services Manager

ST PAUL STEEL MILL

Seller warrants that all material fumished shall comply with specifications subject to standard published manufacturing variations. NO OTHER WARRANTIES, EXPRESSED OR IMPLIED, ARE MADE BY THE SELLER,
AND SPECIFICALLY EXCLUDED ARE WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE.

In no event shall seller be liable for indirect, consequential or punitive damages arising out of or related to the materials furnished by seller.

Any claim for damages for materials that do not conform to specifications must be made from buyer to seller immediately after delivery of same in order to allow the seller the opportunity to inspect the material in question.

Figure A-8. Culvert Reinforcement, No. 4 Bars

¥T-112-€0-dd1 "ON Hoday J4SHMIN
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February 12, 2014
MwRSF Report No. TRP-03-277-14

e O T

OBMayl2 16z 9 T

EST
INDEFENDENCE. TUBE CI'JLFTJR‘ATI(N

HE2E W
CHICAGO,
Tels

74TH STREET
IL. 60638

Solad Tox: . ¢ SOL7)
STEEL. & FIFE SUFFLY

7084960380 Faxa

PO8-5631.950

401 NEW CENTURY FARKWAY

KANSAS CITY WHSE.
NEW CENTURY , KS 480!

5L

CERTIFICATE

Noz MAR 280168
F/0 No 4500176711

Rel

570 No MAR 209345007

B, No MAR 124226-003 Shi
Imnv No v

22012

Ship Tos ¢ A3

STEEL. & FIFE SLFFLY
401 NEW CENTURY FKWY
NEW CENTURY, KS &&6031

Tels 913-768-4333 Faks 913 7686683
CI-IR'TIFICA#EZ of ANALYSIS arnd TESTS . . . e L bl AR =RS0 RS - =

e —————2 e - - A - oy O T sw W ?.'T}"M!\“lf:?

Fart No

TUBING AS00 GRADE BT Fes Lhyt,

4" S0 X 3/8" X 40 24 16,5980

Heat Number Tag No Fes Lhoyt,

Y4S608 BEPE20 12 £,290

Y1 D=66840/ TEN=78050/EL =28, &

Y45608 BADE2L 12 3,290

Heat Numbeyv w3 Chemical Analysis WO

Y45608 C=0. 1800 M. 7500 F=0.0150 §=0.0070 $i=0.0190 Al=0.0480

CuE0. 0400 |Cr=0. 0400 V=0.0010 Ni=0.0100

WE FROUDLY MANUFACTURE ALLL OF OUR HSS IN THE USA.

TNDEFENDENCE TUEE FRODUCT |18 MANUFACTURED, TESTED.

AND INSFECTED IN ACCORDANCE WITH ASTM STANDARDS.

CURRENT STANDARDS = ‘

temssmsemassnsnnunneesensdnnnesssATOO/ASO0M-1.0a

e e e A 10 i B e e T R T

e W et e W @ R SRS, (2008 e | e

© G —— T G e IS s o

Favges 1 wnse Last

-, . ST

r o B, B T e B W TR

Figure A-9. 4x4x3%-in. Steel Socket Tubes, Test Nos. CP-1 through CP-7

143
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Vd:: METALLURGICAL .
SPS Coil Processing Tulsa sps:gmv TEST REPORT PAGE 1 of 1

) 5275 Bird Creek Ave. NG, DATE 05/06/2011
: Port of Catoosa, OK 74015 TIME 08:42:33 e
: USER  GIANGRER
s s 13713
L 1| Warehouse 0020
D P| 1050 Fort Gibson Rd
T T CATOOSA OK 74015
0 0
Order Material No. Description Quantity Woeight Customer Part Customer PO Ship Date
40161829-0190 72896240A2 1/4 96 X 240 A572GR50 MILL PLATE 1 1,633.600 05/06/2011

Chemlcal Analysis

Heat No. BOX8426 Vendor NUCOR STEEL TUSCALOOSA INC DOMESTIC Mill NUCOR STEEL TUSCALOOSA INC Melted and Manufactured in the USA

Batch 0000943411 1EA 1,633.600 LB

Carbon i P horus Sulph Silicon Nickel Chromium Molybdenum Boron Copper Alumis Titani i Col g Tin
0.0700 1.3100 0.0110 0.0030 0.0300 0.0700 0.0700 0.0180 0.0002  0.2800 0.0290 0.0010 0.0010 0.0300 0.0110 0.0080

Mechanical/ Physical Properties
Mill Coil No.. 0K1582 g
Tensile Yield Elong Rekwl Grain Charpy Charpy Dr Charpy Sz Olsen

70000.000 60000.000 29.50 (o] 0.000 0 NA
70000.000 68900.000 38.00 o 0.000 o - NA
71200.000 59400.000 31.20 o 0.000 0 NA
72700.000 63400.000 38.10 0 0.000 0 NA

THE CHEMICAL. PHYSICAL. OR MECHANICAL TESTS REPORTED ABOVE ACCURATELY REFLECT INFORMATION AS CONTAINED N THE RECORDS OF THE CORPORATION.

Figure A-10. Post Standoffs (Test Nos. CP-1 through7), Gusset Plates (CP-3, 5, and 6), and Washer Plates (CP-3)

¥T-112-€0-dd L "ON Hoday 4SHMN
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MILL TEST CERTIFICATE Pag

1700 HOLT RD N.E.
Tuscaloosa, AL 35404-1000
800-827-8872

NUCOR

Nucor STEEL TuscALOOsA, INC.

Load Number Tally Mi1l Order Number P.0. Number Part Number Certificate Number Date
386513 00000000410154 |N-105563-007 4500156614 L325787-1 05/18/201
Grade Customer:
Order Description: Sold TO:
A572/A709, 0.5000 IN x 96.000 IN x 240.000 IN STEEL & PIPE SUPPLY CO., INC. MANHATTAN KS
Quality Plan Description: Ship TO:
A57250/A70950: ASTM A572-07 CR 50/A709-08 GR SO Kansas City Warehouse New Century KS
Shipped Heat/Slab Certified C Mn P S Si Cu Ni Cr Mo b v Al T N2 B Ca S
Item Number By
1E0881C B1R6601-01 *** B1R6601 0.06 | 1,18 |{0.007|0.005| 0.06 | 0.27 | 0.08 | 0.06 {0.019)|0.000|0.047|0.033(0.001|0.009|0.0001 | 0.0029 |0.C
Shipped | Certified Heat Yield |Tensile| Y/T | ELONGATION % | Bend | Hard Charpy Impacts (ft-1bf) Shear %
Item By Number ksi ksi % 2 8" 0K? H8 |[Sizemm 1 2 3 Avg 1 < 3 Avg
1E0881C | S1EOBB1FTT | BLR6601 *** | 54.8 68.6 79.9 | 38.8
1E0881C | S1EO8BIMTT | BIR6601 *** | 65.6 74.8 87.7 | 31.5
bltemS' 1 PCS: '8 Weight: 26137 LBS

l'Memury has 'not.come.ip contact with this product durmg the manufaciurmg process not has.any.mercury been used by the

We hereby. nermy tha( tt\e pmducl desci od abo
by

:  manufacturing process. Certified in-accordance with EN 10204 3.1. No weld repair has been perfprmed on this material.
Manufactured to'a fully killed fine grain practice. ** Produced from Cotl - .
ISO 8001:2008 Registered, PED Certified -

- April Pitts-- QA Engineer
"**'indicates Heats melted and Manufactured in the U.S.A. ’

Figure A-11. Top and Bottom Mounting Plates (Test Nos. CP-1 through 7) and Gusset Plates (CP-1, 2, 4, and 7)

¥T-112-€0-dd L "ON Hoday 4SHMN
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MwRSF Report No. TRP-03-277-14

Figure A-13. %-in. Dia. Hardened Round Washer, Test No. CP-1
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Figure A-14. 1'4-in. Dia. UNC Threaded Rod and Washer, Test Nos. CP-2 and 7

ITEM: DHHN113CG - PK10

U0

LOT: 156334

il

X
11/8 -7 A563 DH HVY HX NUT H.
D.GALV

w10
|

i

' Bay; Lac: UNASS|
T140 |

CTRY OF ORG Chinn

= APPROX W1:5.95 LB
Figure A-15. 1%-in. Dia. UNC Heavy Hex Nut, Test Nos. CP-2 and 7

4]
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ITEM: DHHNO50CG

IR

LOT: 123792C

IF R

112- 13 A563 GR DH HVY HEX NUT

GALY
A

4/5/08
Box: 12 Loc: 17142
‘ CTRY OF ORG. TAIWAN
LB

- APPROX W1:5.20

Figure A-16. %2-in. Dia. UNC Heavy Hex Nut, Test Nos. Test Nos. CP-1 through 7

LOT: 170277

U

34— 10 A563 GR DH HVY HEX NUT

] |\\\|\\ \\l

A6 I[]E
Box: 12 Loc: 417244
CTRY OF ORG: TAIWAN

X AFPROX WT:3.64 LB

Figure A-17. %-in. Dia. UNC Heavy Hex Nut, Test Nos. CP-3 through 6
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T
JHifiT

/8-11

51817 4563 68,
i H HVY HEX NUT

iPr EA

@"1

APPROX WT:2.03 L8

Figure A-18. %-in. Dia. UNC Heavy Hex Nut, Test No. CP-1

ITEM: ADNB0630500CG -~ P

VITERE D

142823

i

5/8-11X5 A325 HEAVY HEX
BOLT W/ NU

Ty s

APPROX lll 3 1B LB

Figure A-19. %-in. 11x5 A325 Heavy Hex Bolt with Nut, Test Nos. CP-1 through 7
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GRAINGER o
100 Grainger Parkwa

(R ]| rorrue oues wio aer ir ooue Lake Forest, IL. 60 201

August 03 2012

Attn: KEN KRENK
UNIVERSITY HEALTH CENTER
1500 U STREET
LINCOLN, NE, 68503-0000

Fax #

Grainger Sales Order #: 1157926749

Customer PO #: 045545430

Dear KEN KRENK

As you requested, we are providing you with the following information. We certify that, to the best of Grainger's
actual knowledge, the products described below conform to the respective manufacturer's specifications as
described and approved by the manufacturer.

Item # Description Vendor Part # Catalog Page #
4FGL2 Threaded Rod,Gr 2,Zinc,3/4-10x3Ft,RH,UNC 4FGL2 3060
4FGHS Threaded Rod,Gr 2,Zinc,1/2-13x2Ft,RH,UNC 4FGH8 3060
1RU96 Structural Bolt,5/8-11,5 L,Pk10 1RU96 2915
1AY84 Hex Nut,Heavy,3/4-10,1 1/8 In,PK20 1AY84 2931
1AY95 Hex Nut,1 1/8-7,1 13/16 In,PK 10 1AY95 2931
6PE84 Flat Washer,Ylw Zinc,Fits 1/2 In,Pk 25 HU-0500USSHZYBAGGR 2957
6PE88 Flat Washer,Ylw Zinc,Fits 5/8 In,Pk 25 HU-0625USSHZYBAGGR 2957
6PES0 Flat Washer,Ylw Zinc,Fits 3/4 In,Pk 20 HU-0750USSHZYBAGGR 2957
4FGJ3 Threaded Rod,Gr 2,Zinc,3/4-10x2Ft,RH,UNC 4FGJ3 3060
1AY80 Hex Nut,Heavy,5/8-11,1 1/16In,PK25 1AY80 2931
1AY76 Hex Nut,Heavy,1/2-13,7/8 In,PK 50 1AY76 2931

If you need any additional information, please contact our Compliance Team at 847-647-4649 or
prod_mgmt_support@grainger.com.

/ g
/d L
v

Gary Figiel

Engineering Technician
Compliance Team
Grainger Industrial Supply

/

Figure A-20. %-in. Dia UNC Threaded Rod (Test Nos. CP-1 through 7), %-in. Dia UNC
Threaded Rod (CP-1), and ¥-in. Dia UNC Threaded Rod (CP-3 through 6)
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Figure A-21. %-in. Dia. Hardened Round Washer, Test Nos.CP-4 through 6
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(770) 387-3300

CARTERSVILLE GA 30121 USA

i = W Page 2 of 2
Chemical and Physical Test ﬁeport
@ GERDAU AMERISTEEL Made and Melted In USA G-164172
CARTERSVILLE STEEL MILL
384 OLD GRASSDALE RD NE

SHIP TO INVOICE TO SHIP DATE
STEEL AND PIPE SUPPY CO INC STEEL AND PIPE SUPPLY CO. INC. 11/15/10
401 NEW CENTURY PARKWAY PO BOX 1688
785-587-5185 1 CUST. ACCOUNT NO
NEW CENTURY, KS 66031 MANHATTAN, KS 66505-1688 40130833
PRODUCED IN: CARTERSVILLE
SHAPE + SIZE GRADE SPECIFICATION | SALES ORDER [ CUST P.O. NUMBER
W8 X 18# A57250/992 | ASTM A572 GR50-07, ASTM A932 ~06A, ASTM A709 GR50-09A [0125902-01 | 4500149794-01
HEAT |.D. | C [Mn ] P S | S [ Cu [ N | Cr| M | V| Nb 8 | N [sn | A T | Ca [ Zn [CEq] | B | | |
G106480 | 18 | 100 010 | 014 | .21 | .28 | .10 | .05 | .025 | .017 | .002 |.0003 | 0090 .010 | .003 [.00200.00330|.00560| 42 | | | | | |
Mechanical Test: Yield 55200 PS, 380.59 MPA  Tenslle: 76600 PSI, 528.14 MPA  %EI: 26.2/8in, 26.2/200MM
Customer Requirements CASTING: STRAND CAST o
Comment. NO WELD REPAIRMENT PERFORMED. STEEL NOT EXPOSED TO MERCURY.
" Mechanical Test: Yield 54000 PSI, 372.32 MPA  Tensile: 76300 PSI, 526.07 MPA_~ %El: 20.9/8in, 20.9/200MM ’
Customer Requirements CASTING: STRAND CAST i
Comment: NO WELD REPAIRMENT PERFORMED. STEEL NOT EXPOSED TO MERCURY.
PRODUCED IN: CARTERSVILLE
[ SHAPE + SIZE GRADE SPECIFICATION “| SALES ORDER [ CUST P.0. NUMBER
W3 X 5.7# S-BEAM A57250/992 | ASTM A572 GR50-07, ASTM A992 —06A, ASTM A709 GR50-09A [ 0124791-02 | 4500149612-02
HEAT I.D. | ¢ Mn [ P s [ si[cu [ N e [Mo[ V[N [ B | N TS [ AT T [Ca]| 2n [CEq | | | fii. {
G 106836 | 74 [ 50 [ o3[ 028 ] 20 | 33 [ .10 | .05 | .023 | .016 [ .000 |.0003 [.0107 | .013 | .001 [.00100].00000{.00380] 37 | | | | | |
Mechanical Test: Yleld 54100 PSI, 373.01 MPA  Tensile: 75700 PSI, 521.93 MPA  %El: 22.3/8in, 22.3/200MM

Customer Requirements CASTING: STRAND CAST
Comment: NO WELD REPAIRMENT PERFORMED. STEEL NOT EXPOSED TO MERCURY.
Mechanical Test: Yield 54500 PSI, 375.76 MPA  Tensile: 74800 PSI, 515.73 MPA  %El: 21.2/8in, 21.2/200MM
Customer Requirements CASTING: STRAND CAST
-Comment NO WELD REPAIRMENT PERFORMED. STEEL NOT EXPOSED TO MERCURY.

Customer Notes
NO WELD REPAIRMENT PERFORMED. STEEL NOT EXPOSED TO MERCURY.

All manufacturing processes including melt and cast, occurred in USA. MTR
complies with EN10204 3.1B

THE ABOVE FIGURES ARE CERTIFIED EXTRACTS FROM THE ORIGINAL CHEMICAL AND PHYSICAL TEST RECORDS
AS CONTAINED IN THE PERMANENT RECORDS OF COMPANY.

Bhaskar Yalamanchlli
a— Quality Director Metallurgical Services Manager
Gerdau Ameristeel CARTERSVILLE STEEL MILL

Seller warrants that all material furnished shall comply with specifications subject to standard published manufacturing variations. NO OTHER WARRANTIES, EXPRESSED OR IMPLIED, ARE MADE BY THE
SELLER, AND SPECIFICALLY EXCLUDED ARE WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE.

In no event shall seller be liable for indirect, cansequential or punitive damages arising out of or related to the materials furnished by seller.

Any claim for damages for materials that do not conform to specifications must be made from buyer to seller immediately after delivery of same in order to allow the sellar the opportunity to inspect the material in
question.

Figure A-22. S3x5.7 Steel Post, Test Nos. CP-1 through 4
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Page 5 of 9
— Chemical and Physical Test Report
— S Made and Melted In USA G-163740

SHIP TO INVOICE TO SHIP DATE

SIOUX CITY FOUNDRY INC SIOUX CITY FOUNDRY INC 11/08/10

801 DIVISION STREET ACCTS PAYABLE

800-~831-0874 PO BOX 3067 CUST. ACCOUNT NO

SIOUX CITY. 1A 51102 SIOUX CITY, 1A 51102 60044062

PRODUCED IN: CARTERSVILLE

SHAPE + SIZE GRADE SPECIFICATION [ SALES ORDER [CUST P.0. NUMBER
W3 X 5.74 5-BEAM AB7250/032 | ASTM A572 GR50-07, ASTM AG02 ~0BA, ASTM A708 GR50-00A {0123380-05 {126306W-05

[HEAT 1.0, [C M| P S ] S JCu] N ] O [M | V[ No| BN Sn| AT T | Cal] 2n [CEav] T I T I |
G104598 [ 7a { o [ o0i2 | 026 ] 22 | 30 | 08 | 05 | 022 | 016 | (002 | 0003 | 0100| 010 | 002 Wﬁ}ﬁ%ﬂﬂ 374 | { | | I I
Mecharical Test.  Yield 53300 PSS, 36743 MPA  Tensde: 74200 PSI. 51159 MPA  %El: 19.2/8in, 19.2/200MM

Customer Regquirements CASTING. STRAND CAST

Comment NO WELD REPAIRMENT PERFORMED. STEEL NOT EXPOSED TO MERCURY.

Mechanicat Test: Yield 53900 PSI, 371 63 MPA  Tansile: 73300 PSI, 505.39 MPA  %EL: 20.0/8in, 20.0/200MM

Cuslomer Requirements CASTING: STRAND CAST

Comment NO WELD REPAIRMENT PERFORMED. STEEL NOT EXPOSED TO MERCURY.

PRODUCED IN: CARTERSVILLE
[ SHAPE + SIZE GRADE SPECIFICATION [ SALES ORDER [ CUST P.O. NUMBER
W3 X 6.7# S-BEAM A57250/092 | AGTM AB72 GRB0-07, ASTM AG92 ~0BA, ASTM A709 GR50-09A | 0723380-05 [ 729808W-05
(HEAT 1.0. [C W] P | S ] S JCu] N [Cr M ]| V] N] BN el AW ]G] |[Ceav] | | T 1
G104599 | 74 | e2 | 014 [ 023 | 22 Jl_z_s—[ 09 | 05 | 025 | Gi6 | 002 | 0003 | .0085| 010 | 002 |.00100].00050 |.00740] 373 | | | | | i
Mechanicai Test:  Yield 54300 PSI, 377.83MPA  Tensile: 74700 PSI, 51504 MPA  %El: 19.5/8in, 19.6/200MM

Customer Requirements CASTING: STRAND CAST
Comment NO WELD REPAIRMENT PERFORMED. STEEL NOT EXPOSED TO MERCURY.

Machanicai Test: Yieid 53800 PSI, 370.84 MPA  Tensile: 73700 PSI, 508.14 MPA  %El: 21.3/81n, 21.3/200MM
Customer Requirements CASTING: STRAND CAST
Comment NO WELD REPAIRMENT PERFORMED. STEEL NOT EXPOSED TO MERCURY.

Custaomer Notes

NO WELD REPAIAMENT PERFORMED. STEEL NOT EXPOSED TO MERCURY.
Alf manufacturing processes including melt and cast, occurred in USA. MTR
complies with EN10204 3 1B

THE ABOVE FIGURES ARE CERTIFIED EXTRACTS FROM THE ORIGINAL CHEMICAL AND PHYSICAL TEST RECORDS
AS CONTAINED IN THE PERMANENT RECORDS OF COMPANY.

Bhaskar Yalamanchili
&- Quality Director

Gerdau Amensteel

M glcal Sarvices M
CARTERSVILLE STEEL MILL

Seller waranis that all matenal jurmished shali comply with specifications subject (o published variations. NO OTHER WARRANTIES, EXPRESSED OR IMPLIED, ARE MADE 8Y THE
SELLER, AND SPECIFICALLY EXCLUDED ARE WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE.

In no event shall selier be fiable for indirecs, consequential or punilive damages ansing out of o related to the matenals fumished by seller.

Any claim ior damages for malenals that do not contorm to specifications must be made from buyer fo seller immediately after delivery of same in order to allow the seller the opporiunity to inspect the material In
guastion

Figure A-23. S3x5.7 Steel Post, Test Nos. CP-5 through 7
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Appendix B. Bogie Test Results

The results of the recorded data from each accelerometer for every dynamic bogie test are
provided in the summary sheets found in this appendix. Summary sheets include acceleration,
velocity, and deflection vs. time plots as well as force vs. deflection and energy vs. deflection

plots.
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MIDWEST ROADSIDE SAFETY FACILITY

Bogie Test Summary

Test Information Bogie - Post Test Results Summary
Test Number: CP-1C Max. Deflection: 312 in.
Test Date: 27-Jun-2012 Peak Force: 84 k
Failure Type: Post Failure Initial Linear Stiffness: 1.9 Kin.
Total Energy: 1219 k-in.
Post Properties
Post Type: Steel
Post Size: S36.7 S76x8.5
Post Length: 44in. 111.8cm
Embedment Depth: 16.5in. 419cm
Orientation: Strong Axis s Bogie Acceleration vs. Time
Attachment Design 45 AN
Material: Steel 4 \ \ A N\
Configuration: Design C \
Socket Size: 4"x4"x3/8" Bs v \v dV \\
e 3
c
§2 | VA
Bogie Properties o ’ ” \
Impact Velocity: 22.5mph (33 fps) 10.06 m/s E 2 l \ \/\
Impact Height: 25in. 63.5cm &5 ]
Bogie Mass: 1775 Ibs 805.1 kg 1 ’ \ A\
_ A \VAEN
Data Acquired ’ N \
Acceleration Data: EDR-3 0
Camera Data: AOS-5 Perpendicular - 200" 0 0.02 0.04 0.06 0.08 0.1
Time (s)
9 Force vs. Deflection At Impact Location 0 Bogie Velocity vs. Time
M A .
A T
! VU % I
8 \ 25
IS A ™\ £
| VO z
£ \ s
/\ o 15
3 -/ >
, L \ 10
L A 5
0 \ 0
0 5 10 15 20 25 30 35 0 0.02 0.04 0.06 0.08 0.1
Deflection (in.) Time (s)
140 Energy vs. Deflection At Impact Location 35 Deflection at Impact Location vs. Time
-
120 [ — 30 L~
100 _25
< 80 20
~ / 5
5 60 / 315
& / ®
40 o10
~
20 5 pd
0 0
0 5 10 15 20 25 30 35 0 0.02 0.04 0.06 0.08 0.1
Deflection (in.) Time (s)

Figure B-1. Test No. CP-1C Results (EDR-3)
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February 12, 2014

MIDWEST ROADSIDE SAFETY FACILITY

Bogie Test Summary

Test Information Bogie - Post Test Results Summary
Test Number: CP-1C Max. Deflection: 315 in.
Test Date: 27-Jun-2012 Peak Force: 84 k
Failure Type: Post Failure Initial Linear Stiffness: 24 Klin.
Total Energy: 1139 k-in.
Post Properties
Post Type: Steel
Post Size: S36.7 S76x8.5
Post Length: 44in. 111.8cm
Embedment Depth: 16.5in. 419cm
Orientation: Strong Axis s Bogie Acceleration vs. Time
Attachment Design 45 A
Material: Steel 4 I\ ’ ~
Configuration: Design C \I fv\ /\
Socket Size: 4"x4"x3/8" :;3-5 . ’ \V/ \,.\
| \
. . 25
Bogie Properties 5 , \
Impact Velocity: 22.5mph (33 fps) 10.06 m/s E 2 ’ \A
Impact Height: 25in. 63.5cm &5 \S
Bogie Mass: 1775 Ibs 805.1 kg 1 ’ V N
_ os "~ A
Data Acquired : A4 \
Acceleration Data: SLICE 0
Camera Data: AOS-5 Perpendicular - 200" 0 0.02 0.04 0.06 0.08 0.1
Time (s)
9 Force vs. Deflection At Impact Location 0 Bogie Velocity vs. Time
8 A IA 35
; N —\\
30 ——
. ViM -
ATl e g
=° ] \ =
8 J\ Z20
24 ]
. \ S
A
2 II V ’\\,‘ 10
1 ™ \ 5
0 0
0 5 10 15 20 25 30 35 0 0.02 0.04 0.06 0.08 0.1
Deflection (in.) Time (s)
120 Energy vs. Deflection At Impact Location 35 Deflection at Impact Location vs. Time
LT
P
100 — * //
_25
2 £ //
= £ 20
§ 60 / =
o / é) 15
& 40 / 8
10 /
20 / . pd
0 0
0 5 10 15 20 25 30 35 0 0.02 0.04 0.06 0.08 0.1
Deflection (in.) Time (s)

Figure B-2. Test No. CP-1C Results (SLICE)
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Bogie Test Summary
Test Information Bogie - Post Test Results Summary
Test Number: CP-2A Max. Deflection: 29.1 in.
Test Date: 27-Jun-2012 Peak Force: 82 k
Failure Type: Post Failure Initial Linear Stiffness: 14 Klin.
Total Energy: 125.2 k-in.
Post Properties
Post Type: Steel
Post Size: S36.7 S76x8.5
Post Length: 44in. 111.8cm
Embedment Depth: 16.5in. 419cm
Orientation: Strong Axis 5 Bogie Acceleration vs. Time
Attachment Design 45 i
Material: Steel 4 n Ala /\
Configuration: Design A _ \I V\ \[ \
Socket Size: 4"x4"x3/8" 035 v
=0 M WAN
c 7
g,0 1]\ \
. . 225
Bogie Properties 5 l l \
Impact Velocity: 22.28 mph (32.7 fps) 9.96 m/s E 2 ’ \ w4
Impact Height: 25in. 63.5cm &15 V
Bogie Mass: 1775 Ibs 805.1 kg 1 I
: 0.5 l
Data Acquired :
Acceleration Data: EDR-3 0
Camera Data: AOS-5 Perpendicular - 233" 0 0.02 0.04 0.06 0.08 0.1
Time (s)
9 Force vs. Deflection At Impact Location 0 Bogie Velocity vs. Time
8 "\ 35
7 AA o
6 VIV 2 T
v Q)
| N ¥
8 /\ \ Z20
5 4 K
- l \ \J\ 915
| \ g
2 \— 10
il \\ 5
0 0
0 5 10 15 20 25 30 35 0 0.02 0.04 0.06 0.08 0.1
Deflection (in.) Time (s)
140 Energy vs. Deflection At Impact Location 35 Deflection at Impact Location vs. Time
120 30
L
100 ~ _25 7
z ) Z P
< 80 £20
~ / §
5 60 / E_; 15
o
& / &
40 10 /
20 5 e
0 0
0 5 10 15 20 25 30 35 0 0.02 0.04 0.06 0.08 0.1
Deflection (in.) Time (s)

Figure B-3. Test No. CP-2A Results (EDR-3)
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Bogie Test Summary
Test Information Bogie - Post Test Results Summary
Test Number: CP-2A Max. Deflection: 294 in.
Test Date: 27-Jun-2012 Peak Force: 83 k
Failure Type: Post Failure Initial Linear Stiffness: 2.8 Klin.
Total Energy: 117.6 k-in.
Post Properties
Post Type: Steel
Post Size: S36.7 S76x8.5
Post Length: 44in. 111.8cm
Embedment Depth: 16.5in. 419cm
Orientation: Strong Axis 5 Bogie Acceleration vs. Time
Attachment Design 45
Material: Steel 4 ’
Configuration: Design A _ , Iv\
Socket Size: 4"x4"x3/8" o35 U ’ \I V\\
: 3 \’
o
_ &5 1] ™
Bogie Properties 5 l \
Impact Velocity: 22.28 mph (32.7 fps) 9.96 m/s E 2 l
Impact Height: 25in. 63.5cm &15
Bogie Mass: 1775 Ibs 805.1 kg 1 II \’\
\
Data Acquired 0.5 N
Acceleration Data: SLICE 0
Camera Data: AOS-5 Perpendicular - 233" 0.02 0.04 0.06 0.08 0.1
Time (s)
9 Force vs. Deflection At Impact Location 0 Bogie Velocity vs. Time
8 | 35
; [ —
MM, _ —
AN LA RURAVA g
e, T \| g
9 S
5, | NA 315
) [ V N 10
al \'\\’ 5
0 0
0 5 10 15 20 25 30 35 0.02 0.04 0.06 0.08 0.1
Deflection (in.) Time (s)
140 Energy vs. Deflection At Impact Location 35 Deflection at Impact Location vs. Time
120 — 30 -
100 _25 /
< 80 g 20
z 2
2 60 v §1s
S P 2
40 / 10 /
20 5 pd
0 0
0 5 10 15 20 25 30 35 0.02 0.04 0.06 0.08 0.1
Deflection (in.) Time (s)

Figure B-4. Test No. CP-2A Results (SLICE)
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MIDWEST ROADSIDE SAFETY FACILITY

Bogie Test Summary

Test Information Bogie - Post Test Results Summary
Test Number: CP-3D Max. Deflection: 289 in.
Test Date: 29-Jun-2012 Peak Force: 76 k
Failure Type: Post Failure Initial Linear Stiffness: 24 Klin.
Total Energy: 1169 k-in.
Post Properties
Post Type: Steel
Post Size: S36.7 S76x8.5
Post Length: 44in. 111.8cm
Embedment Depth: 16.5in. 419cm
Orientation: Strong Axis s Bogie Acceleration vs. Time
Attachment Design 4 A A
Material: Steel ,J v\
Configuration: Design D 35 v \
Socket Size: 4'x4"x3/8" o 3
§25 H\ N\
Bogie Properties g 2 IV \
Impact Velocity: 21.97 mph (32.2 fps) 9.82m/s E ’ \
Impact Height: 25in. 63.5cm & 15 l \\
Bogie Mass: 1779 Ibs 806.9 kg 1
Data Acquired
Acceleration Data: EDR-3 0
Camera Data: AOS-5 Perpendicular - 198" 0 0.02 0.04 0.06 0.08 0.1
Time (s)
9 Force vs. Deflection At Impact Location 0 Bogie Velocity vs. Time
8 35
S A
=z, ’ \v £
g, | z
g4 -
l o 15
3 >
2 I \ 10
1 I ‘\ 5
0 0
0 5 10 15 20 25 30 35 0 0.02 0.04 0.06 0.08 0.1
Deflection (in.) Time (s)
140 Energy vs. Deflection At Impact Location 35 Deflection at Impact Location vs. Time
120 — 30
/ /
_ ]
100 _25
< // £ /
< 80 €20 ~
& / B /
5 60 E_;ls ~
g " / i /
/ 10 /
20 /| 5 pd
0 0
0 5 10 15 20 25 30 35 0 0.02 0.04 0.06 0.08 0.1
Deflection (in.) Time (s)

Figure B-5. Test No. CP-3D Results (EDR-3)
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MIDWEST ROADSIDE SAFETY FACILITY

Bogie Test Summary

Test Information Bogie - Post Test Results Summary
Test Number: CP-3D Max. Deflection: 29.1 in.
Test Date: 29-Jun-2012 Peak Force: 71 k
Failure Type: Post Failure Initial Linear Stiffness: 3.0 Kin.
Total Energy: 113.8 k-in.
Post Properties
Post Type: Steel
Post Size: S36.7 S76x8.5
Post Length: 44in. 111.8cm
Embedment Depth: 16.5in. 419cm
Orientation: Strong Axis s Bogie Acceleration vs. Time
Attachment Design 4
Material: Steel AA /\
Configuration: Design D 35 lv V '\\
Socket Size: 4'x4"x3/8" o 3
=M %N
o25
Bogie Properties 5 2
Impact Velocity: 21.97 mph (32.2 fps) 9.82m/s E ’ \'\
Impact Height: 25in. 63.5cm & 15 ’ \\
Bogie Mass: 1779 Ibs 806.9 kg 1
) 0.5 l \\.
Data Acquired '\
Acceleration Data: SLICE 0
Camera Data: AOS-5 Perpendicular - 198" 0 0.02 0.04 0.06 0.08 0.1
Time (s)
g Force vs. Deflection At Impact Location 0 Bogie Velocity vs. Time
7 f 35
AL\ —
6 Vv Vv 30 ——
A I \\ A\ I
= N \
g4 \V Z20
5 || g
3 \" 3 15
I \ g
2 I \ 10
1 \\r\ 5
0 0
0 5 10 15 20 25 30 35 0 0.02 0.04 0.06 0.08 0.1
Deflection (in.) Time (s)
120 Energy vs. Deflection At Impact Location 35 Deflection at Impact Location vs. Time
e
30
100 -~
N / 2 7
z £ /
o) / 220 /
= 60 S /
; V4 £ '
& 40 / 2 /
10 /
20 s e
0 0
0 5 10 15 20 25 30 35 0 0.02 0.04 0.06 0.08 0.1
Deflection (in.) Time (s)

Figure B-6. Test No. CP-3D Results (SLICE)
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MIDWEST ROADSIDE SAFETY FACILITY

Bogie Test Summary

Test Information Bogie - Post Test Results Summary

Test Number: CP-4B Max. Deflection: 30.1 in.

Test Date: 29-Jun-2012 Peak Force: 76 k

Failure Type: Post Failure Initial Linear Stiffness: 0.7 Kiin.

Total Energy: 130.7 k-in.

Post Properties

Post Type: Steel

Post Size: S36.7 S76x8.5

Post Length: 44in. 111.8cm

Embedment Depth: 16.5in. 419cm

Orientation: Strong Axis s Bogie Acceleration vs. Time
Attachment Design 45

Material: Steel 4 FAYAN

Configuration: Design B

Socket Size: 4'x4"x3/8" 3. A I\/ \"

w35
]
c 3
225 )
Bogie Properties g ” \
Impact Velocity: 21.77 mph (31.9 fps) 9.73m/s E 2 l \
Impact Height: 25in. 63.5cm & 15 V AN
Bogie Mass: 1779 Ibs 806.9 kg 1 I’ /\\
Data Acquired 0.5 \
Acceleration Data: EDR-3 0
Camera Data: AOS-5 Perpendicular - 161" 0.02 0.04 0.06 0.08 0.1
Time (s)
9 Force vs. Deflection At Impact Location 0 Bogie Velocity vs. Time
8 35
7 AV\/N\ 30
; /\ - \\
—_ ~ 25
=5 3
Pl \ z 20
9 3
- / h 315
, |V AVae N 10
il \\ ;
0 0
0 5 10 15 20 25 30 35 0.02 0.04 0.06 0.08 0.1
Deflection (in.) Time (s)
140 Energy vs. Deflection At Impact Location 35 Deflection at Impact Location vs. Time
120 / 30 /
100 // _25 7
< Y £ /
. / e / g
? 60 / 315 é
S /] & /
40 10 ~
20 5 pd
0 0
0 5 10 15 20 25 30 35 0 0.02 0.04 0.06 0.08 0.1
Deflection (in.) Time (s)

Figure B-7. Test No. CP-4B Results (EDR-3)
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MIDWEST ROADSIDE SAFETY FACILITY

Bogie Test Summary

Test Information Bogie - Post Test Results Summary
Test Number: CP-4B Max. Deflection: 30.3 in.
Test Date: 29-Jun-2012 Peak Force: 71 k
Failure Type: Post Failure Initial Linear Stiffness: 3.2 Kiin.
Total Energy: 1224 k-in.
Post Properties
Post Type: Steel
Post Size: S36.7 S76x8.5
Post Length: 44in. 111.8cm
Embedment Depth: 16.5in. 419cm
Orientation: Strong Axis s Bogie Acceleration vs. Time
Attachment Design 4
Material: Steel A A /W
Configuration: Design B 35 ” V v N
Socket Size: 4'x4"x3/8" o 3 V \
< \
825 ’ \\
-]
Bogie Properties g 2
Impact Velocity: 21.77 mph (31.9 fps) 9.73m/s E 15 ’ \
Impact Height: 25in. 63.5cm g~ N
Bogie Mass: 1779 Ibs 806.9 kg 1 I’ W\. \
. 0.5
Data Acquired \
Acceleration Data: SLICE 0
Camera Data: AOS-5 Perpendicular - 161" 0 0.02 0.04 0.06 0.08 0.1
Time (s)
g Force vs. Deflection At Impact Location 0 Bogie Velocity vs. Time
7 A /\ VA\,\ 35
6 ’\ v v v\\ _ 30 e ——
<5 IA\ v \ é 25
§ 4 I \ \ Z 20
o =3
3 N 3 15
| N >
2 I L\v\ 10
1 5
\
0 0
0 5 10 15 20 25 30 35 0.02 0.04 0.06 0.08 0.1
Deflection (in.) Time (s)
140 Energy vs. Deflection At Impact Location 35 Deflection at Impact Location vs. Time
120 / — 30 /
100 —~ 25 ~
< 80 c 20 -~
E / g /
2 60 v §1s >
S /] a /
40 10 /
20 5 pd
0 0
0 5 10 15 20 25 30 35 0 0.02 0.04 0.06 0.08 0.1
Deflection (in.) Time (s)

Figure B-8. Test No. CP-4B Results (SLICE)
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Bogie Test Summary

Test Information Bogie - Post Test Results Summary
Test Number: CP-5D2 Max. Deflection: 286 in.
Test Date: 31-Jul-2012 Peak Force: 89 k
Failure Type: Post Bending Initial Linear Stiffness: 1.9 Kin.
Total Energy: 135.0 k-in.
Post Properties
Post Type: Steel
Post Size: S36.7 S76x8.5
Post Length: 44in. 111.8cm
Embedment Depth: 14in. 35.6cm
Orientation: Strong Axis s Bogie Acceleration vs. Time
Attachment Design 45 A\
Material: Steel 4 I A A
Configuration: Design D2 _ VV I\~ \
Socket Size: 4"x4"x3/8" 535 AL
e 3
c
. . 225 7 \\
Bogie Properties g ’V ‘\-\
Impact Velocity: 20.49 mph (30.1 fps) 9.16 m/s E 2 I A\
Impact Height: 25in. 63.5cm g1s NN
Bogie Mass: 1875 Ibs 850.5 kg 1 II \\
Data Acquired 0.5 ~
Acceleration Data: EDR-3 0
Camera Data: AOS-5 Perpendicular - 235" 0.02 0.04 0.06 0.08 0.1
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10 Force vs. Deflection At Impact Location 35 Bogie Velocity vs. Time
9 A 30
8 o
[\/ N ——
7 Vv 25 —_—
=z 6 ’ £ 2
g s I" | z
5 8 15
e AN 3
>
3 I NN~ 10
) ™
1 / N\ 5
X
0 0
0 5 10 15 20 25 30 0 0.02 0.04 0.06 0.08 0.1
Deflection (in.) Time (s)
160 Energy vs. Deflection At Impact Location 30 Deflection at Impact Location vs. Time
140 — 25
120 ———
g 100 ,/ go 7
£ pd <
= 80 215
|5 / B ~
w S 2
S 60 / E’lo /
40 ~
// 5 e
20
0 0
0 5 10 15 20 25 30 0.02 0.04 0.06 0.08 0.1
Deflection (in.) Time (s)

Figure B-9. Test No. CP-5D2 Results (EDR-3)
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Bogie Test Summary

Test Information Bogie - Post Test Results Summary
Test Number: CP-5D2 Max. Deflection: 28.7 in.
Test Date: 31-Jul-2012 Peak Force: 79 k
Failure Type: Post Bending Initial Linear Stiffness: 1.8 Kiin.
Total Energy: 122.0 k-in.
Post Properties
Post Type: Steel
Post Size: S36.7 S76x8.5
Post Length: 44in. 111.8cm
Embedment Depth: 14in. 35.6cm
Orientation: Strong Axis as Bogie Acceleration vs. Time
Attachment Design 4 ’A\
Material: Steel
Configuration: Design D2 _35 AV VIJ\UIJ\A\
Socket Size: 4'x4"x3/8" o 3 Va
525 -\ ‘\‘
2
Bogie Properties g 2 l\' \
Impact Velocity: 20.49 mph (30.1 fps) 9.16 m/s ] 15 l ‘\
Impact Height: 25in. 63.5cm g N
Bogie Mass: 1875 lbs 850.5 kg 1 Il N~
Data Acquired 05 A\
Acceleration Data: SLICE 0
Camera Data: AOS-5 Perpendicular - 235" 0 0.02 0.04 0.06 0.08 0.1
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Figure B-10. Test No. CP-5D2 Results (SLICE)
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Bogie Test Summary

Test Information Bogie - Post Test Results Summary
Test Number: CP-6D2 Max. Deflection: 289 in.
Test Date: 1-Aug-2012 Peak Force: 104 k
Failure Type: Post Bending Initial Linear Stiffness: 41 Kin.
Total Energy: 100.9 k-in.
Post Properties
Post Type: Steel
Post Size: S36.7 S76x8.5
Post Length: 44in. 111.8cm
Embedment Depth: 14in. 35.6cm
Orientation: Weak Axis ; Bogie Acceleration vs. Time
Attachment Design 6
Material: Steel /\
Configuration: Design D2 . 5 I \ /\
Socket Size: 4'x4"x3/8" o A
SR WaNEA
Bogie Properties < I\I\/ \I\ /
g pe 5 2
Impact Velocity: 20.98 mph (30.8 fps) 9.38m/s ® I \ I \/ \ I \ I \ \
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Bogie Mass: 1816 Ibs 823.7 kg 0 V \/ \\/ \v/\ / \
. -1
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Figure B-11. Test No. CP-6D2 Results (EDR-3)
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Bogie Test Summary

Test Information Bogie - Post Test Results Summary
Test Number: CP-6D2 Max. Deflection: 30.0 in.
Test Date: 1-Aug-2012 Peak Force: 81 k
Failure Type: Post Bending Initial Linear Stiffness: 0.7 Kiin.
Total Energy: 64.4 k-in.
Post Properties
Post Type: Steel
Post Size: S36.7 S76x8.5
Post Length: 44in. 111.8cm
Embedment Depth: 14in. 35.6cm
Orientation: Wesk Axis s Bogie Acceleration vs. Time
Attachment Design
Material: Steel + A
Configuration: Design D2 - I \ A~ I\ A
Socket Size: 4"x4"x3/8" T3 I \ / \ I \ I\
S 2
- - VU R AL
Bogie Properties g 1 N
Impact Velocity: 20.98 mph (30.8 fps) 9.38 m/s El V \ I \ I \ /\ \ / \
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Figure B-12. Test No. CP-6D2 Results (SLICE)
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Bogie Test Summary

Test Information Bogie - Post Test Results Summary
Test Number: CP-7A Max. Deflection: 313 in.
Test Date: 2-Aug-2012 Peak Force: 99 k
Failure Type: Post Bending Initial Linear Stiffness: 44 Kin.
Total Energy: 96.4 k-in.
Post Properties
Post Type: Steel
Post Size: S36.7 S76x8.5
Post Length: 44in. 111.8cm
Embedment Depth: 14in. 35.6cm
Orientation: Weak Axis 6 Bogie Acceleration vs. Time
Attachment Design 5 N
Material: Steel I \
Configuration: Design A 4
Socket Size: 4"x4"x3/8" ﬁ s I \ /‘ /\
<
s VIV
Bogie Properties E I \/ V \ /J \ \
Impact Velocity: 21.32 mph (31.3fps) 9.53m/s e 1 \/ \J 7\
Impact Height: 12in. 30.5¢cm g V \ /J \'\
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Figure B-13. Test No. CP-7A Results (EDR-3)
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Bogie Test Summary

Test Information Bogie - Post Test Results Summary
Test Number: CP-7A Max. Deflection: 316 in.
Test Date: 2-Aug-2012 Peak Force: 89 k
Failure Type: Post Bending Initial Linear Stiffness: 4.6 Kiin.
Total Energy: 85.6 k-in.
Post Properties
Post Type: Steel
Post Size: S36.7 S76x8.5
Post Length: 44in. 111.8cm
Embedment Depth: 14in. 35.6cm
Orientation: Wesk Axis 6 Bogie Acceleration vs. Time
Attachment Design 5
Material: Steel /\
Configuration: Design A 4
Socket Size: 4"x4"x3/8" i" 3 I \ N A
c
- 2 VN A A
Bogie Properties S I \/ V \ N/ \ / \ aN
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Figure B-14. Test No. CP-7A Results (SLICE)
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