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1 INTRODUCTION
1.1 Background

Combination bridge rails are commonly used by many state departments of transportation
and often consist of a concrete parapet with an upper steel railing system. In the past, these types
of bridge rails have typically been designed with the steel posts attached to the concrete parapet
using a cast-in-place anchorage system. While cast-in-place anchors have performed well, they
have several disadvantages, including added complexity and construction costs, as well as issues
with dimensional tolerances regarding their placement in the parapet.

The lowa Department of Transportation (1aDOT) was interested in investigating the use
of epoxy adhesive anchorages for the attachment of posts used in combination bridge rails.
1aDOT desired an alternative anchorage method for the attachment of the steel beam-and-post
system to a concrete parapet on the BR27C combination bridge rail system. An alternative epoxy
adhesive connection detail was proposed, as shown in Figure 1. The Midwest Roadside Safety
Facility (MwRSF) performed initial calculations to evaluate the capacity of the epoxy anchorage
based on a previous MWRSF research study involving the dynamic component testing of anchors
[1] and applying the methodologies found in ACI 318-11 [2]. From this preliminary analysis, it
was found that the capacity of the proposed anchorage was potentially insufficient. However, the
methodology provides conservative results and may underestimate anchorage capacity. As such,
it was noted that the best evaluation of this proposed alternative anchorage system may be to
perform dynamic component testing of the epoxy adhesive system.

[aDOT indicated that they desired an alternative epoxy adhesive anchorage system for the
BR27C combination bridge railing, as well as evaluation of an epoxy adhesive anchorage system

for the BR27C previously used on an existing bridge on US-20 in lowa.



November 3, 2015

MwRSF Report No. TRP-03-325-15

JUsWYIENY |Iey uoleulquio) O/zdg pasodold T ainbig

1sod 7

_—

IXpXy SSH

03441713

/ Fextext Td-2

. e le Ll s
PE o lkeyger ic
| !
| \T "
I
o
I
(008 AXOA-08A IYRILEY ) | ! _
03LN0HY AXO43 ¥ 01710 1] _
SL708 HOHONY “ATvS 4 ] -
049 EBIV O-1 X 4.2-2 3 |
|
N _ A
_ | |
R I 4NVHD L
iE
1d ISV & [\@_I | I@
/ I
‘JAL ““FHSYM Lv1d [ o —
ONV LN X3H QUVONTLS Lo -
|
|
— 1




November 3, 2015
MwRSF Report No. TRP-03-325-15

1.2 Objective

The research objective was to design and evaluate alternative epoxy adhesive anchorages
for use in the 1aDOT BR27C combination bridge rail system. The alternative epoxy adhesive
anchorages were to have equal or greater capacity than the current cast-in-place anchorage, so
that they can be used in new construction or as a retrofit to modify existing bridge railings. The
proposed epoxy attachment designs were to be evaluated through dynamic component testing to
verify their capacity.

1.3 Scope

The research effort consisted of design, testing, and evaluation of alternative epoxy
adhesive anchorages for attaching the beam and post system of the BR27C combination bridge
railing to a concrete parapet. MWRSF researchers reviewed the current cast-in-place anchorage
design and developed alternative epoxy adhesive anchorage configurations, including inline
anchor systems and a four-anchor system similar to the cast in place configuration but with
spacing more compatible with the epoxy adhesive. The alternative epoxy adhesive anchorage
systems were submitted to 1aDOT for review and selection of preferred systems to be tested and
evaluated.

Dynamic component testing was used to evaluate the selected epoxy adhesive anchorages
and to demonstrate that the capacities of the proposed epoxy anchorages were equal to or greater
than the existing cast-in-place anchorage system. The capacity of the current cast-in-place
anchorage had not been fully quantified with testing. Thus, one dynamic component test was
performed on a bridge rail post using the current cast-in-place anchorage configuration.
Additional dynamic component tests were performed on the proposed alternative epoxy adhesive
anchorage systems. The target impact conditions for all tests would be identical, and the tests

were configured so that the applied impact load occurred at a height on the post that produced a
3
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bending moment and combined loading on the anchorage system similar to that provided during
vehicle crash events. The force versus deflection, energy dissipated versus deflection, and failure
modes were documented for each test and compared to one another. These comparisons were
used to verify that the proposed anchorages provided equal or greater capacities than the current
anchorage, and that the alternative anchorages did not display undesirable failure modes.

[aDOT also proposed an additional test to evaluate a currently installed epoxy adhesive
anchorage for the BR27C bridge rail used on the US-20 bridge near Hardin, IA. This setup was
tested and analyzed using the procedures described above for the cast-in-place design and the

newly designed epoxy anchorages.
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2 DESIGN OF ALTERNATIVE EPOXY ADHESIVE ANCHORAGE
2.1 Design Methodology

Limited prior research has been conducted related to the use of epoxy adhesive anchors
for attachment of a beam-and-post railing system to the top of concrete parapets. In 2010, Texas
A&M Transportation Institute (TTI) researchers conducted a study to develop two new retrofit
combination steel and concrete bridge rail designs [3]. This effort included the design of a
retrofit epoxy anchorage design and pendulum testing of the anchorage system on a short section
of concrete parapet in order to verify the capacity of the connection. Thus, the methodology of
evaluating the alternative epoxy anchorage systems through dynamic component testing has been
previously accepted.

MwRSF researchers also conducted a related study for the Wisconsin Department of
Transportation involving epoxy adhesive anchors for attachment of concrete barriers to bridge
decks [1]. The objective of this research was to determine if epoxy adhesive anchors could be
utilized to attach concrete barriers to bridge decks and to develop design procedures for
implementing epoxy adhesive anchorages into concrete bridge railings. A series of 16 dynamic
bogie tests and one static test were conducted to investigate the behavior of epoxy adhesive
anchors under dynamic load. Additional dynamic tests were conducted on 1%-in. (29-mm)
diameter ASTM A307 threaded rods.

Comparisons were made between the results from the component tests and analytical
models for epoxy adhesive anchors. The cone or full uniform bond model [4-5] and ACI 318-11
[2] procedures were both compared with the component tests in order to verify their
effectiveness. Review of the comparisons between the analytical models and the tensile
component tests found that both the cone and full uniform bond model and ACI 318-11 provided

reasonable predictions for the failure mode of the epoxy adhesive anchors, but both methods
5
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were conservative for the prediction of capacities (i.e., underestimated strength). The shear
testing results and predicted capacities were compared, but findings were limited due to the
observed failure modes in the component tests. However, it was found that ACI 318-11 provided
reasonable yet conservative estimates for shear capacity of the epoxy adhesive anchors. It was
also found that the proposed dynamic increase factors for concrete breakout, steel fracture, and
bond strength improved the prediction of the anchor failure modes and capacities. It was
recommended that the ACI 318-11 procedures be combined with the proposed dynamic increase
factors for designing epoxy adhesive anchors. Recommendations for future research were made
to fill gaps in the existing research effort and to evaluate the conservative nature of the proposed
design methodology.

Based on the previous research on epoxy adhesive anchorages, it was proposed to design
several potential alternatives for the BR27C combination rail anchorage using the analytical
procedures developed during the Wisconsin study. Then 1aDOT could select the alternative
anchorage designs they found most desirable, and dynamic component testing would be
performed to verify their capacity.

2.2 1aDOT BR27C Combination Bridge Rail

The BR27C combination bridge rail design was originally developed and tested at the
Texas A&M Transportation Institute in 1993 [6]. The bridge rail design consisted of a 24-in.
(610-mm) tall by 10-in. (254-mm) thick vertical concrete parapet, with the combination rail
mounted on top of the parapet, as shown in Figure 2. Both the sidewalk- and bridge deck-
mounted versions of the combination bridge rail were subjected to three full-scale crash tests
according to Performance Level 2 (PL-2) of the AASHTO Guide Specifications for Bridge

Railings [7]. The three full-scale crash tests included:
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Figure 2. BR27C Design on Concrete Bridge Deck and Sidewalk
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1. Impact of an 1,800-1b (817-kg) small car at 60 mph (96.6 km/h) and an angle of 20

degrees.

2. Impact of a 5,400-1b (2,452-kg) pickup truck at 60 mph (96.6 km/h) and an angle of

20 degrees.

3. Impact of an 18,000-Ib (8,172-kg) single unit truck at 50 mph (80.5 km/h) and an

angle of 15 degrees.

All six crash tests of the BR27C combination rail were successful and met the AASHTO
PL-2 criteria. Damage to the combination rail and parapet was limited in the majority of the tests.
One of the single-unit truck tests did show detachment of the rail from the support posts, but
most of the bridge rail damage was minor, and the combination rail posts remained attached to
the parapet in all of the tests.

Subsequent to the design and testing of the original BR27C combination bridge rail, the
Federal Highway Administration (FHWA) released a memo regarding listings of bridge railing
designs that were considered acceptable for use on federal aid projects by virtue of their previous
crash test performance [8]. FHWA officials reviewed these listings and assigned each a rating
that was relative to one of the six test levels suggested in NCHRP Report No. 350 [9]. In this
memo, the BR27C design was listed as equivalent to NCHRP Report No. 350 Test Level 4 (TL-
4).

Based on the previous testing and the FHWA memo, 1aDOT has previously used the
BR27C railing on their facilities. As part of recent updates to their bridge rail designs, 1aDOT
has switched to a slightly wider concrete parapet design that is 24 in. (610 mm) tall by 12 in.
(305 mm) thick, as shown in Figure 3. As such, the revised parapet design was used for the

alternative epoxy adhesive anchor designs developed as part of this research.
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2.3 Alternative Anchorage Design Calculations

The design of the epoxy adhesive anchorages began with determination of a design load
for the post and baseplate of the BR27C combination rail. Because the exact impact loading of
the BR27C rail during the original crash testing was unknown, it was assumed that the anchorage
designs would need to develop the full-moment capacity of the bridge rail post. Designing the
alternative anchorages to meet this load would ensure that the designs were as strong as the
original cast-in-place anchorage that was tested and could develop the upper bound of the
potential load imparted to the anchorage.

The BR27C railing uses a HSS 4-in. x 4-in. x */1¢-in. (102-mm x 102-mm x 5-mm) A500
Grade B steel tube for the vertical support post attached to a %-in. (19-mm) thick A36 steel
baseplate. The tube section has an area, section modulus, and plastic section modulus of 2.77 in?
(1,787 mm?), 3.30 in® (54,077 mm®), and 3.91 in® (64,073 mm?®), respectively. A500 Grade B
steel has a minimum yield strength of 42 ksi (289.6 MPa). However, steel tube sections designed
as A500 Grade B are regularly fabricated from higher-strength steel, occasionally up to the A500
Grade C minimum vyield strength of 46 ksi (317.2 MPa). Assuming the potential for the higher-
strength Grade C material, and using the plastic section modulus of the tube, gives a moment
capacity of the post of 179.9 kip-in. (20.33 kN-m). This moment capacity was rounded to an
even 180 kip-in. (20.34 kN-m) and used for the design calculations of the alternative epoxy
adhesive anchorages.

As noted previously, the design of alternative epoxy adhesive anchorages for the BR27C
combination bridge rail was developed using ACI 318-11 procedures for design of epoxy
anchorages with modifications of dynamic increase factors for concrete breakout, steel fracture,
and bond strength. Details of the design calculations for the final designs are provided in

Appendix A, but some comments on the basic design procedures should be noted. First, for
10
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concepts incorporating two rows of anchors, it was assumed the tensile loads to develop moment
capacity would be supplied by the front anchors while the rear anchors would develop the shear
loads. Anchorage concepts that used only a single row of bolts had to account for both tensile
and shear loads in all anchors. The design calculations evaluated steel fracture, concrete
breakout, and adhesive bond failure in tension. Shear calculations evaluated steel fracture,
concrete breakout, and concrete pryout.

The calculations also accounted for reduction in anchor capacity due to the distance to the
edge of the parapet and anchor spacing based on the area of influence for the concrete and bond
failures. Anchorage area of influence defines a region of the concrete where the anchorage forces
are distributed in order to develop load for both concrete breakout and bond strength. If these
areas exceed the edge of the parapet or overlap the area of influence of other anchors, then the
capacity of the anchor is reduced by the ratio of the unavailable area divided by the original
assumed influence area. A simple example of area of influence for two anchors that exceed the
concrete edge and interfere with adjacent anchors is shown in Figure 4. Note that for the simple
two-anchor example, the purple area denotes where the area of influence exceeds beyond the
parapet edges. The orange area indicates where the area of influence for anchors “A” and “B”
overlap. In this area, only half of the overlapping area can be utilized by each anchor, so the
anchor capacity must be reduced accordingly.

A final note should be made regarding an additional modification that was made to the
ACI 318-11 calculations for this project. Initial calculations for tensile concrete breakout
capacity indicated that extremely large embedment depths would be required to provide the
desired anchorage, due to the edge distance of the anchors to the side of the parapet. These
calculations assume a concrete cone failure of the parapet that extends diagonally from the base

of the anchor to the edges of the area of influence.
11



November 3, 2015
MwRSF Report No. TRP-03-325-15

Concrete Areo of Influence
for Anchor

m

"

”

Anchor ” Anchor "A

Concrete Area of Influence
for Anchor "B”

Anchor "B” Anchor "A”
Concrete Area of Influence Concrete Area of Influence
Exceeding POropet Edge Overlgp, for Anchors "A”
for Anchors and and

Anchor "B” Anchor A

Figure 4. Concrete Area of Influence for Two Adjacent Anchors on Concrete Parapet
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While this assumption may be true of large-area, unreinforced slabs, it was not believed
to be accurate for the reinforced concrete parapet in this research. A more reasonable form of the
failure mode was believed to be a hybrid concrete cone and adhesive bond failure, as shown in
Figure 5. In this type of failure mode, the concrete cone failure is prevented from extending to
the base of the anchor by the longitudinal rebar. The hybrid failure assumption was extended to
the ACI 318-11 calculations by assuming that the upper half of the anchor embedment
contributed to the concrete breakout and the lower half of the embedment contributed to a bond
failure. Thus, the calculations for the concrete breakout and bond strength were performed with
one-half of the actual anchor embedment and then summed to determine the tensile anchor
capacity.

All calculations for the alternative adhesive anchorages were performed assuming the use
of Hilti RE-500 epoxy adhesive, which has a bond strength of 1,800 psi (12.4MPa). It was
assumed that other epoxy adhesives could also be used with the alternative anchorages, as long
as the bond strength of the adhesive was equal to or greater than 1,800 psi (12.4MPa). The
concrete compressive strength for the design calculations was assumed to be 4,000 psi (27.6

MPa).

13
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2.4 Alternative Anchorage Concepts

Multiple concepts were developed and evaluated as part of the design effort, but only
four concepts were submitted to 1aDOT for review. The four concepts varied the number,
placement, and size of the anchors. It was believed that all of the designs would meet the design
tensile and shear loads determined from the moment capacity of the post. Each of the concepts is
reviewed in the subsequent sections. Details of the design calculations for the final designs are
provided in Appendix A.

2.4.1 Four-Bolt Square Anchorage

The four-bolt square anchorage concept used a rectangular bolt pattern of four bolts on a
square plate, as shown in Figure 6. The four bolts allowed for a design where the front bolts
develop the tensile loads and the back anchors accounted for the shear loads.

This concept was also similar in layout to the current cast-in-place design. The anchor
bolts were */gin. (16 mm) in diameter and embedded 10 in. (254 mm) into the parapet. All of the
anchorage concepts were designed to have between % in. (19 mm) and 1 in. (25 mm) of
clearance from the longitudinal parapet reinforcement to ensure that they were not impacted
during installation of the epoxy anchors. This constrained the design somewhat, but the concept
did meet the tension and shear load requirements as determined from the moment capacity of the
vertical post. The main drawback of this concept was that the anchors were only 2.75 in. (70

mm) apart across the width of the parapet, which could make it difficult to install.

15
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2.4.2 Four-Bolt Spread Anchorage

The four-bolt spread anchorage concept used the same anchor size and embedment depth,
but it spread out the backside anchors to improve the anchor spacing for a four-bolt pattern, as
shown in Figure 7. Design calculations indicated that the increased spacing of the anchors not
only satisfied the design loads, but led to this configuration having a higher capacity than the
four-bolt square anchorage concept.

2.4.3 Two-Bolt Centered Anchorage

The two-bolt centered anchorage concept used a linear bolt pattern of two bolts centered
on a square baseplate, as shown in Figure 8. This concept reduced the number of anchors but
required increased anchor diameter and embedment depth due to combined shear and tension
loading of the anchors. The concept used %a-in. (19-mm) diameter bolts with an embedment of 12
in. (305 mm). Design calculations for this concept showed that the anchorage can develop both
the shear and the tensile loads when determined individually. However, the ACI code
recommends a reduction for combined loading, where the sum of the applied design load divided
by the total capacity in both shear and tension must be less than 1.2. For this concept, that sum
was calculated to be 1.44. However, neither the general anchor calculations nor the combined
loading calculation in ACI 318-11 account for the reinforcing steel and its contributions to the
anchorage capacity. As such, this design would potentially work under combined loads when

including these other factors.

17
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2.4.4 Two-Bolt Offset Anchorage

The two-bolt offset anchorage concept used two bolts offset towards the front of the
square baseplate, as shown in Figure 9. The design was identical to the centered concept, except
that the bolts were offset towards the front of the parapet to increase the shear capacity
sufficiently to meet the combined loading requirement in the ACI code. Thus, it was a more
conservative design. Drawbacks to this design were the offset of the anchors and the potential for
reverse bending loads. The researchers believed that the centered concept may be easier to install
due to the bolts being centered on the rail rather than offset. Additionally, if the potential exists
for significant reverse bending loads, then this concept would have reduced capacity in that
regard. However, it was believed that the reverse bending loads on the BR27C combination rail
were lower than the primary impact loads. Thus, the concern with respect to reverse bending
overloading the anchorage was limited. In order to alleviate that concern, a smaller anchor could
be placed on the backside of the post.
2.5 Selection of Preferred Alternative Anchorage Concepts for Evaluation

1aDOT representatives reviewed the four proposed alternative anchorage concepts and
selected the four-bolt spread anchorage and the two-bolt offset anchorage as the preferred
designs for evaluation through dynamic component testing. In addition to these two proposed
configurations, 1aDOT also requested that the researchers conduct dynamic testing on a third
option that had been previously installed on the US-20 bridge near Hardin, 1A, as shown in
Figures 10 through 13. 1aDOT was interested in evaluating whether this specific configuration
meets/exceeds the capacity of the FHWA-approved cast-in-place BR27C combination bridge

rail, and they wished to verify its performance as constructed.
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3 POST TESTING CONDITIONS

3.1 Purpose

A series of four dynamic bogie tests were conducted on the original BR27C combination
bridge rail post and three alternative epoxy adhesive anchorage designs. The purposes of these
tests were to establish the baseline capacity of the original BR27C cast-in-place anchorage and
compare this capacity with the proposed alternative designs. The target impact conditions for all
tests were identical. The tests were configured so that the applied impact load would occur at a
height of 16 in. (406 mm) above the top of the parapet on the post/rail in order to produce a
bending moment in the post and combined loading on the anchorage system similar to that
provided during vehicle crash events. The force versus deflection, energy dissipated versus
deflection, and failure modes were documented for each test and compared to one another. These
comparisons were then used to verify that the proposed anchorages provided equal or greater
capacity than the full-scale crash tested anchorage. The tests required construction of a short
section of simulated bridge rail for attachment of the post, baseplate, and anchor hardware. All
dynamic tests were conducted at the MwRSF proving grounds in Lincoln, Nebraska.
3.2 Scope

Four dynamic bogie tests were conducted on HSS 4-in. x 4-in. X 3/3¢-in. (102-mm x 102-
mm X 5-mm) steel tubes with baseplates mounted on top of a reinforced concrete parapet. The
reinforced concrete parapet was installed below grade, such that the top of the parapet was
essentially level with the concrete apron at the test site. Installation of the parapet below grade
allowed the researchers to impact the post assembly at the desired height to produce similar post
loading to the horizontal bridge rail tube during an impact event. The concrete parapet layout
was based on the parapet design used in the original full-scale crash testing of the BR27C

combination bridge rail and the revised parapet design provided by 1aDOT. As such, the parapet
26
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was 10 in. (254 mm) wide on one end and was then widened to 12 in. (305 mm) for the
remainder of the parapet. All parapet reinforcement was made consistent with the original and
revised parapet designs that were provided. The concrete used for the parapet was selected to be
a 3,600-psi (24.8-MPa) mix meeting 1aDOT Class C-4 concrete specification. This mix design
was consistent with the concrete strength of the parapet used in the original BR27C combination
bridge rail crash testing. 1aDOT typically uses a 4,000-psi (27.6-MPa) concrete mix for their
concrete parapets, but the lower-strength concrete was selected for all the component tests in
order to provide accurate data for the baseline test of the original cast-in-place anchorage and to
provide a consistent comparison of anchorage capacity using the same concrete strength. It was
believed that if the alternative anchorages provided equal or greater capacity to the original
anchorage in the 3,600-psi (24.8-MPa) concrete, it would be acceptable in higher-strength
concrete as well.

The posts and baseplates used in the dynamic component tests were developed based on
details of the original BR27C combination bridge rail, the alternative anchorages developed in
the previous chapter, and details provided by 1aDOT for the US-20 bridge installation. All of the
test setups used the same HSS 4-in. x 4-in. x 3/3g-in. (102-mm x 102-mm x 5-mm) steel tube
welded to baseplates that were anchored to the concrete parapet. Baseplates for the four-bolt
spread and two-bolt offset anchorages were designed based on the anchorage system and
moment capacity of the post. The two remaining designs used baseplates based on the provided
details. The two alternative anchor concepts developed in the previous chapter were installed
using Hilti RE-500 SD epoxy adhesive. The anchorage for the US-20 bridge was installed with
Fastenal Pro-Poxy 300, per the 1aDOT details.

The target impact conditions were a speed of 15 mph (24.1 km/h) and an angle of 90

degrees, creating a “head-on” or full-frontal impact and strong-axis bending. Target impact
27
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height for the testing was 16 in. (406 mm) above the ground line. The posts were impacted 17 in.
(432 mm) above the top of the parapet due to the concrete parapet being 1 in. (25 mm) lower
than grade.

The test matrix is shown in Figure 14, and the test setup is shown in Figures 15 through
29. Test installation photographs are shown in Figures 30 through 34. Material specifications,
mill certifications, and certificates of conformity for the combination rails attached to concrete

parapets are shown in Appendix B.

28



dmas pue xuel bunss | albog ‘T ainbi-

November 3, 2015

MwRSF Report No. TRP-03-325-15

._<x\mzw_?£.=_ ‘SLINN £470LTHEOMO| \A %
A8 A3d]  OFi IIVOS “INVN_"OMa }|I9D 4 A38IDS "J030pJ4ju0oqns Aq pajonJisuod aq Aow woaq apolb pup jedoiod 83eu0u0d (v)
opISPDOy 1ISOMPIN
as XD 3891 : * Jnod jo pus Ip Z| Pup Jnod jOo WDIS WOy ZL—
| A8 _Nmvaa) ([sogxzsL®] ,ZLx,99) 4nod ayy wouy siepuljfo 93840u0d pasN (g)
¥102/05/% *}s9} JolD pup 8uojeq abowpp puo Bupopso jedpiod juswnooq (Z)
31va
JuoJ} }9S4JO puUD ‘pulyeq 3}osjpo ‘upjnolpuadiad spiowpd paads—ybiH—
oo lloy obpug pmo| ¢ Puo | 3011S S1d-—
i133HS uonpjuswniisuy| () :sejoN
06 [L'v2] S1 [90+] .91 abpug upoH/0z-sn ¥
; sioyou
06 [1v2] 1 [90¥] .91 Axod3 19540 oml £
3 sJoyou
06 [1v2] si [907] .91 e Pasias JAed z
: sbouioyou
06 [1'v2] s [907] .91 kS L
mwwmwwo vﬁuwacmxwoum& WB1aH jooduw) sy 1881 ‘N 188

29



November 3, 2015

MwRSF Report No. TRP-03-325-15

T-ddl "ON 1591 ‘dnias 1591 a9e|d-ul-1se) ‘ST ainbi-

._§\m;M_?£.;. SLINN

£470LzygoMO|

A8 A3¥|  0€iL FIVOS .m:<z.ogo
! I
a0 dnjsg 3s8| 99D|g—UI—}SD) SpISPDOY 1SaMPIN
‘A8 NMVHAd
¥L02/08 /4|
:31va
o oz |Ioy abpug DMO|
433Hs|

Ay1op4 A3o408

| [vsz]
Lo Id— Ol

\

aun

7

\ [90v]
L

—— “
]
!

sibog |pws—¢ ‘ON a1bog JSYMN

_—1— [vsz]
..ﬁA:
[629]

J/ M ¥2

punoiy

|
|

o

|
i
e
|

06 [1'v2] sL [90+] .91 200Ig—UI—180D)
soalbo w dw
( m_mc<3 vﬁuwamﬁou%t_ wbey oodw s8]

30



November 3, 2015

MwRSF Report No. TRP-03-325-15

Z-dg1 "ON 1531 ‘dm)as 1581 J0yduy/-ino ‘9T ainbi-

4§\§W_?£.;. SLINN)

A8 A3Y] 0L SFVOS

£470LTugomo|
INVN_OmMd

Ay1on4 Ayo40g

80S| dnjeg 389 ppa4dSg JoydoUyY—Jno4

‘A8 NMVA

¥102/08/%)
:31vd

9L 0 ¢
“133HS|

SpISPDOY }SOMPIN

Iloy 8bpug omo

lles __E|/

aibog |pws—¢ "oN oibog 4SYMA

[vsz]
Ol aun
‘Aﬁ punocig
[ze9]
.8/L VT

06 [1'vz] sl [90¥] .81 ppeuds Joyouy—ino4
saalbs w dw
( w:...:_{_Uv %MKawx“wow_aE_ bieH joodw 1s9]

31



November 3, 2015

MwRSF Report No. TRP-03-325-15

€-dgl 'ON 1531 ‘dnjas 1591 13S0 Joyduy-om1 “/ T anbi4

£Y¥70/Z480M0|
“INYN_OMd

Ay1op 4 Aya4ps

IH/amy|(ww]u SLNN
‘A8 CAJN|  O€iL iIIVOS

| |
80s|  dnjes 389 9SO JOYOUY—OM] QU.mUOOW_ «mOBU.E
‘A8 NMYYA

¥L0z/0/%
:3iva

o o4 Iy obpug pmo

los ___.._l/ _||1_|ITme2

\

«Cl aun]

$133Hg|
\\ \
oﬁ
Pz = =
\\ /// \\

B * 4 \AV
/ A [90v]
i \ W9l [ge9]
_. ] qm
\ /
\§ /
N Vi

punoig

sibog |pws—¢ -oN @1bog JSYMW

32

e

06 [L¥2Z] S1

[907] .91 9S40 JOYOUY—OM]

saa4b3) w dw
( Emc{ﬁv %w_wamxwouac__

ybroy jopdw) SEET




#-dgl "ON 1591 ‘dnas 1sa1 abplig JaAly 0Z-SN "8T 2.nbi-

..«xEW_ﬁEE_.:_ S1INN £4T0LTUEOMO]

48 A3¥|  osi 3OS “INVN_"OMa %.t.__OUh* %HQH—OW

November 3, 2015

80S| dnjeg 3s9] 9bpug JeAly 0Z-SN SPISPRO 1SeMBIH

‘A8 NMWd
vio0z/0s/y ‘aS 00S 3¥ HIIH °8sn sis9)
i Axods om) Jayjo ay) ajiym ‘Axode Qg Ax04—0Jd |DUSISD{ sasn 3s9) siyl (I) :S930N
9 g 1oy 8bpug DMmO|
:133HS|

MwRSF Report No. TRP-03-325-15

oS Iid— _n|'_||ﬁmwm_
X

7 ZHIl %

punoi9

[90v]
W9l [og9]

..m:\ﬂ ¥Z

aibog |pws—¢ "ON o1bog JSYMW

C

06 [1v2] si [sov] .91 obplg 48Aly 0Z-SN

{FasiteE) gl udw | ubien ooduw 101

33



1N0ART] WaISAS ‘6T a.nbi4

Woh/amy|(ww] v SuNN) £YT0LTuEOMO]

PR TN oG \S._.__UOM_ \Qwu_.cm "|pono Jou si adojs [DNYOD ING ‘LiZ s! umoys adoljs (I) :S9loN

November 3, 2015

IN0AD welshs OpPISPDOY 1SeMpPIN

MwRSF Report No. TRP-03-325-15

MIIA T1H0¥d
¥1L02/05/¥%
:31va
% ; I0y °Bpug DMO| e H _
. 161 NS
:133HS|
i ¢ 1 i
|
¥ s 1 [zs7]
L - '/ “ «8l
\ :
moﬂ _ [oi9]
«C R4
Foi
Al
M3IIA NV
obpug J49Aly 0Z-SN 19840 40YOoUy—OM| nocLam Joyouy—ano4 \|®oc_alc_lumoo

\\\\\\\::\\::\\\\%\\\\\\\\\\\\\\\

[sog] [vsz]
uCl S Ol
T 1 E (- o
-0 Lo ol g L
it
L (e8] . [zss1] [vzsl] [vesi]l . [¥98]__]

«CE «7S «09 «09 Ve

34



November 3, 2015

MwRSF Report No. TRP-03-325-15

s|1e1a@ 1noAe 1504 "0z anbi4

i/amd| [ww]u suNn)
A8 A3¥|  OLd FIVOS

€47 0Lgygomo|
“INYN_OMa

8as s|ip}oq In0ADT }sod
‘AB NMvaQd
¥10Z/08/%|
:31va

o oL Iloy °bpug Dmo

+33HS|

Aj|1op4 Ayayps
opISPDOY }SOMPIN

gy

a Tvi3a

N

A

©

@

)

@

)
>0

©

P i

SN

g Tvi3

R

a

L [vv]
J/E L

€
®)

9 ®®

O Tivi3ad

)
@)

N

©

X Z

/.

<

v Tivlad

t
ﬁl F,w_

O

20

©

K<\
L @ @ A\

{
|ﬁ [61]

J/€

35



November 3, 2015

MwRSF Report No. TRP-03-325-15

T-d9| 'ON 1S9 ‘S|ie1a@ suodwo) ade|d-ul-1se) Tz ainbi4

._<x\mzm_?£,5 SLNN) €4TOLZUEOMO| sAu.___OOII_ %ywwcm G wvc— uwuuow
A8 A3y L _:3IVOS] “INVN _"OMd A B
S 1535 M3IA F11404d M3IA NOILVAIT3
8as jusuodwo) moo_n_lc_wamom PPIEPROY JESMBIN
A8 NMWIO [Z]
$102/05/% «8/1 ﬂ
:31va: _“ g
o Dy 2bplg DMO Ll g1 3TvOS
ol IR, ShREe _ 8/59 M3IA NOILVAZ13
[eg]
SL/S 19
¢D Hod Zb Hod S0 Hbd
g i L 3OS
M3IA NOILYAZ13 M3IA NOLLYAZT3 M3IA NOILVAT3
@ [ot] %
.8/5® _
_ [sog] |
W2l
LD Hod
M3IA NOILVAT13
X T T T T
L[] P N
GD HDd [o19]
M3IA NOILVAZT3 l61] _| 7z
rﬂ_ /5 MIIA NV1d
[1¥2]
lot] i_ [1g] _« W2/ 6
8/5 .2 (as] [sol]
L WZ/L 9
| MIA NV i
e e
Hwﬂ [zs]
/)L SL/L e S
1S M mw [g01] ~
) R
[LiL] [z81] MIIA NYId ‘ MIIA NV1d
8/5 ¥ 8/8 2 [91z]l [l EU
Z/) 8 .8/ v [l . [zoi]
9L/e W5
P ® *
A/ _Jlzot] [
mtw % N ¥
SL/LLD (dAL) I\ I\ MBW
[6zxze] [sz] z/ 0
1S .8/l 1%,8/L% ut® s
[1z1]
S/E Y

36



Z2-ddl 'ON 1581 ‘s|iela@ wsuodwo) pealds Joyouy-1noH "zg ainbi4

November 3, 2015

MwRSF Report No. TRP-03-325-15

Wi/emy| [ww]u isuNn CUTOLTHEOMO| c: | um_<om
48 L vi_anos o \_M___%%n_ \Mwﬁum_ main 31s08d T PO%ain Nowvaz1a
80s| Jusuodwo) poaidsg Lo:oc<l.‘_zom piSPBOY: ¥ PIN
‘AH NMVNQ _HWN\H__‘
- .. ‘“ g8 : L 3OS
= 6 F:s MIIA NOILYATT3
9 06 |IDy Sbplg DMO| .8/S
433 (] CIL 111 [T 1T 111
SL/5 1o \
£9 Hbd ¢9 Hod G9 MDd a
M3IA° NOILYAT3 M3IA° NOLLYAT 13 zm_ > n_o_ﬂ_«mmm 7 5
9] /L
@ @Mi T
0| _
«8/S
_ [cog] | 6\
«Cl
[zz] _ 19 HDd
«8/L M3IA NOILYAI 3
_ Lo _ P Lo _ Lo _
1 1 1 1 1 I 1 I HO_‘wu
«¥C
o - i
™ LG] ~— [68] —= g6 —=
w0 2/l g M3IA NV1d J/5 ¢
— ge M3IA NV
O O
A\ M3IA NV &
[vsz] i 5 0
Ol
\J [e] . [zol]
9L/s o
[z91] \\VJ 0 0
.8/8 9 T
HNOL _HNmH_
..7# .8/GS ¢ ] _”Nﬁ.uv: le—
(dAL)
[svv] [6zx22]
2/ 1L IS ,8/1 1X,8/L9

37



€-d491 'ON 1sal ‘sjielsd suodwo) 19SJO 10YduV/-OM ] ‘E¢ w;:m_n_

November 3, 2015

MwRSF Report No. TRP-03-325-15

wi/amy| [ww]u SN £YT0/LTHgOMO| 2 ¢ | 3OS
a8 AR v Tvos “INVN_OMa \ﬁ.___ooln_ \Aymwom ¥ HDd
S[I0}8 I I | | M3IA NOILYAI3
o P ———— ._28<_|w;m opISpDOY ISOMPIN MIIA 311404d
SAH NMWNQ
[g]
:oN\MM\(M .8/l 8 * L IVOS
MIIA NOILVAIT3
o oo iy °bpug pmo [12]
w33 SOL/ELS
9 Hbd Z9 MDd
M3IA° NOILVAZT3 M3IA” NOILYAZT3 Nxm_ﬁs
0] — o g
(o1], T | s
S/E0 [g9og] |
2/ 7l T
1o od
MIIA NOILVAIT3
T T T T
1 | ] ]
_ L [
[sz] _ M3IA Nv1d
ub [sos]
«Cl [oL9]
«%C
| [loz] [g91]
J/8 T W£Z/L9
[z6]
«8/S ¢

N\ T MIIA NVd
[vsz] mw T W

M3IA NV1d

[e] - [zo1]
SL/g W

o [zo1] [

38



November 3, 2015

MwRSF Report No. TRP-03-325-15

#-dgl "ON 131 ‘sj1e1a@ wauodwo) abplg JaArY 0Z-SN "2 inbiq

A8 A3 L _3IVOS|

._§\m,w—?£s SLINN

£470Lgygomo|
“INVN_OMd

Ay|1oo4 Aya4pg

80s| Jusuodwo) abpug JsAly 0Z—SN

FAB NMYNa

s[ipaQ

opISPDOY ISOMPIN

Z: 1L 3OS
¥P yiod

M3IA 371408d M3IA NOILVYAZT3

+102/05/¥ [2]
L .8/ ﬁ“
%ok ioy 2bpug pmoj i ]
:133HS| :m\ms
[eg]
$P HDJ ZP Hod WSL/S 1O
M3IA NOILVYA3T3 M3IA NOILVAT 13 Go og
8 : | 3IvOS
& [ mn oTeE
[91] \H*H _ _ [ T
«8/5? _ [sog] |
W2l
LP HDd
M3IA NOILVAT13
T T T T
(. (-
[o19]
[oz] _ ¥
9L/51 M3IA NYd
[ovz]
9l/L 6
[o9L]
91/5 9
o S
il
M3IA NV1d A
[a1Z] [vOL]
2/l 8 .8/l ¥ %mmii [zol]
Ny -
m+w @ s ,8/1 1%,8/L9 J
: | [zo] [

¥

8 ¢ | 3IIVIS
M3IA NOILVYAFT3

M3IA NVd

O O

39



November 3, 2015
MwRSF Report No. TRP-03-325-15

AR ST
B8 Ea e
I|I|_==iﬁ I X E
' %
1 %
T
il 3 g
Tifi .
i @
III 2 %
l|| : g 3
{
! >‘
l::: () e}
: & ¢
I-=;==f|£ Li, $ 1
il = il
i o o 8
II I:u:y g 3 $ 3
[ z g B
i ) _4__+ : $01
I
I r J %
: B o2
i 2N o
I'I':: 2& SG
[T L S0
i e T
i ‘_(D 0=
:I'I e m“q—)
H': o || 2 =
7 Se Sn
i ge g
L Ag
It —— 2
<
i:i: §$ o
:H i ye====m
S== XU :oo._‘“’ {
i =
: 5
::'l o
== gl
2 BN
= o
o[ &5 ® =
== 2 L3
il ) <]
(L]
i
:H Feszzact
= :
i
i (‘
I ”
Ijlfy
a u
i 1 o
Ll — u
3 <Ll
i 3 2,
i - M Q(
- O
(2]
. o o I . S— _* %)
] <. g
MmN W S
N T |
N N ® |&
i Z
o - i >
uom (] = = [ =
@“IT \ 4 GE)
™ el
8o A== %
oc <
A3
S
N O >
(5]
l o
Te}
N
[<b]
S
>
(@)]
LL

40



November 3, 2015

MwRSF Report No. TRP-03-325-15

s|re1e@ A|quiassy Jegay [euonippy 9z ainbi4

W/emy| [ww]u suNn| £470LguEOMO|
a8 A oui Tvo| INVN_"OMa %u._.__OOh_ \Auﬂm.._.ow
8cs s|Ipyoq A|qwessy JDgay SPIepaRY, JSanpli
‘A8 NMYHQ
+102/05/¥|
:31va
o o5 Iloy °bpug omo
:133Hs|
9—9 NOILO3S
szl g |-
wl
[6£] [8og] L [got] [sot]
8/L € 8/ 2L /L9 8/ ¥
* 4T =T //
(6] 1 H H
«8/¢ i i
i! 1!
lesz] | il it
F/S 1L : m“
1! [
_" "
| L 4| &
(] 1 1 =5 =g
8/¢  [9v1]
WJ/8 S
P Q
[912]
W2/} 8
9
[g12]
«2/} 8
i b
Q 9N
[zo1] s = /.
o - ®
f

[62]
8/1 ¢

J/E T

4—4 NOILO3S

[ez]_.
o

L [96z] _]
«8/S LL

o/L S

Llovi]aLlert]

«.8/S S

-1

—r‘r_

¥
9//

£

;
/&_—

[912]
2/ 8

[zol]

41



November 3, 2015

MwRSF Report No. TRP-03-325-15

sieg Jo ||1g "z ainbi4

Ayj1op4 Ay40S

I/amy| [wuw]u SUNN £4T0L2uEOMO)
A8 A3¥| 8L 3Ivos| “INVN_OMd

o siog 4o |I'g
A8 NMWNQ
¥102/05/+|
i31va

9 10w IIoy sbpug pmoj
:133HS|

opISPDOY }SOMPIN

¥9 Mod
L [v665] |
v 95T
L v V ]
¢ ¢
¢o uod
a N
[vsz]
WOl
i
7 7 9L
_ [655] | £
W27

ze od

[688] [9s8]

«S5€ 2/l v
(dAL)

[zsL Z51]

99 o |lsel o0

13 yod

09 9PDIY GLOY WISY Jogay buoq [ve6G] 952 “ola [gL] ,2/1 zl 9
09 9PDJY GLYY WISV Jogay jueg buoq [£g81] ,z/L ££ “oa [£1] ,2/L vl ga
09 9pPDIY GLYY WISV Jpqey jueg buol [ve61] ,2/L 84 “oid [g£1] .2/L 8 zo
09 @pPDIY GLIY WISV Jpqey jueg buol [6L02] ,z/L 64 “0d [g£1] .2/L Sl |®
oadg |plIBIDW uoljduosaq ALD ‘ON Way|

siog jo |iig

42



November 3, 2015

MwRSF Report No. TRP-03-325-15

s|1e1aQ 81840U0) "8z aInbi

Ivr/amy| [ww]u :suNN £4T0LZHEOMO] ‘H |Ip39Q Ul umoys jou Jpqey (Z
e = \ﬁ.___onvll_ %#@%Om sd 009" o) 1M Jus|pAinbe o)jpowixoiddo osn ‘osimid A v
*f = | | |
80s s|Ipje@ 91940U0H SPISPDOY ISOMPIN .AEE.mwmm\w.,cﬁc%w\r_z._\ucob_:o.\_Lw\>om.“wvo;o_<s;; Sl mmm s|qissod
A8 NMVAQ : }l uojPOYI0ads  93810uU00 " $—0 ssD|)’ 10QP| Bunesw xjw ejeuouoo 1sd 0og‘c (L) :s8joN
8 : L 37vOS
¥L0Z/08/%|
A1vg H ivl3d
e Iloy abpug omol
:133HS]
1
= (1]
5l I SL/SL T
]
| I
: | [1ie]
! | 8/ v
I
i |
i | [1z]
S SL/sL T
f
/I\\
L [s9L]
u2/L 9
M3IA F11408d M3IIA NOILVAZT3
[2zos]
«0€
t
[£s7]
«8l
[ol9]
...AN
LI | T T
[18s] _
Hmtu mw\% [9609] bk o
/L gL
/S 0¥z
M3IIA NYId
[zL5¥] [vzst]
081 «09
PN
_”mOﬂ“_ /’I\\ [vsz]
acl Ol

43



November 3, 2015

MwRSF Report No. TRP-03-325-15

s[elaleNl Jo ||1g "6¢ 3nbi4

Wdd
/A/amd | [ww]u SN

81 ‘31VOS|

¥ 0LZYEOMO|
“INVYN_omd

Ayioo4 Ayayps

S|Pl3IPN o |Iig

Iy obpug pmoj

9l 40 g1
1133HS

opISPDOY  }SOMPIN

00¢ Ax0d—0.d |DU3}SD4

Axod3 - 99
g °ppl9 Q0SY WISV aqn] [88)S [GXZ0LXZ0L] 9L/SX X, SSH l Ge
9¢v4 WISY Jaysom 3ol4 3IvS ‘oid [91] .8/S 4 P
HQ £9SV WISV NN xeH oig [91] .8/S ¥ cp
£8 °ppi9 £6LY WISY poy peppaty] buoq [gog] ,zL ‘ONN oid [9l] .8/S 14 [43
9gV WISV ayp|desog | Lp
2oadg |pLIBIDY uonduosaq ‘ALD ON way
abpug oAy 0Z—SN
Axod3 @S 00S—3¥ WIH Axod3 = 9o
g °ppJ9 00SY WISV aqn] |983S [GxZ0LXZOL] ,9)/EX X7 SSH | ge
9¢v4 WISV Jaysopm 3014 3vs oid [61] .v/¢ 4 )
Ha £9SV WISV N xeH ‘ol [61] ,¥/€ z £
L8 @pPP9 £6lY WISV poy peppasyl Buoi [goe] ,z/IL +1 ‘ONN ‘pid [6l] /S z [4)
9¢V WISV 8yp|desog | 1o
ovam |DIUSIDN co_ya_._owwo .tO ‘ON Way
19S40 JOYydoUY—OM]
Axod3 @S 00G—34 BIH Axod3 - 99
g °ppi9 00SY WISV aqn) [#93s [GxZ0LxZOL] 91/EX, X SSH L ge
9evd WISV Jeysopm 304 3vs ‘ola [91] .8/S ¥ ¥9
HA £9GV WISV IN xeH oig [91] .8/S ¥ €q
L8 9pDI9 £6LY WISY poy pepoaty) bBuoq [gog] ,zL ‘ONN oid [9L] .8/S v Z9
9gv WISY a)p|desog l 19
2a2dg |pLUBIDY uonduosaq ‘ALD ‘ON Wway|
poaidg Joydouy—Jno4
g 8ppJ9 00SY WISV aqn] [98}S [GXZ0LXZOL] ,91/EX, X, SSH ¥ ge
9gv WISV apld Joysom [0Lx/8LXLG] .8/8X.8/C LX.CT z Go
9cv4 WLSY Jayspm 0|4 3IvS ‘ol [9L] .8/ 4 +0
HQ £9SV WISV NN xeH ‘ol [9L] .8/S 8 ¢D
18 ®pPPI9 g6V WISV poy pappaly) buo [gog] ,zL ‘ONN oid [91] .8/S 14 4
9gY WISY ayp|desog | |D
omam |DIISIDN :oﬁatowmo .%._.O ‘ON way|

20D|d—UI—}SD)

44



sydelBboloyd uonejpeisu] 1sa1 ‘0§ ainbi4q

o
=1
o
139
o
—
[«5)
o
[
)
>
)
pz4

o
NN
O
N
@
ISy
Q
o
[0
T
o
P4
=
5]
o
[J)
a4
T
(%]
o
2
=




November 3, 2015

MwRSF Report No. TRP-03-325-15

i e e B
N i

i ——

|

g

.

T-d91 "ON 1591 ‘sydeiBoloyd uone|eIsu] 158 81

#]

d 'T€ aInbi




November 3, 2015
MwRSF Report No. TRP-03-325-15

Figure 32. Pre-Test Installation Photographs, Test No. IBP-2
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3.3 Equipment and Instrumentation

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

3.3.1 Bogie Vehicle

A rigid-frame bogie was used to impact the posts. A variable-height, detachable impact
head was used in the testing. 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 to prevent local damage to the post from the impact. The impact head was bolted to the
bogie vehicle, creating a rigid frame with an impact height of 16 in. (406 mm). The bogie with
the impact head is shown in Figure 35. The total weight of the bogie with the addition of the

mountable impact head and accelerometers was 1,808 Ib (820 kg).

: o o

Figure 35. Rigid-Frame Bogie on iance Track |

The tests were conducted using a steel corrugated-beam guardrail to guide the tire of the
bogie vehicle. A pickup truck was used to push the bogie vehicle to the required impact velocity.

After reaching the target velocity, the push vehicle braked, allowing the bogie to be free-rolling
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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.

3.3.2 Accelerometers

Two environmental shock and vibration sensor/recorder systems were used to measure
the accelerations in the longitudinal, lateral, and wvertical directions. However, only the
longitudinal acceleration was processed and reported. All of the accelerometers were mounted
near the centers of gravity of the test vehicles. The electronic accelerometer data obtained in
dynamic testing was filtered using the SAE Class 60 and the SAE Class 180 Butterworth filters
conforming to SAE J211/1 specifications [10].

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

3.3.3 Retroreflective Optic Speed Trap

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. When the emitted beam of light was reflected by
the targets and returned to the Emitter/Receiver, a signal was sent to the data acquisition
computer, recording at 10,000 Hz, as well as the external LED box activating the LED flashes.

The speed was then calculated using the spacing between the retroreflective targets and the time
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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.

3.3.4 Digital Photography

Three AOS high-speed digital video cameras and three GoPro digital video cameras were
used to document each test. The AOS high-speed camera had a frame rate of 500 frames per
second, and the GoPro video camera had a frame rate of 120 frames per second. The cameras
were placed laterally from the post, with a view perpendicular to the bogie’s direction of travel,
as well as diagonally from the post. A Nikon D50 digital still camera was used to document pre-
and post-test conditions for all tests.
3.4 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 farther 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 should 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.
3.5 Data Processing

The electronic accelerometer data obtained in dynamic testing was filtered using the SAE
Class 60 Butterworth filter conforming to SAE J211/1 specifications [10]. The pertinent

acceleration signal was extracted from the bulk data signals. The processed acceleration data was
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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 pressure tape switch data, was then used to determine
the bogie velocity, and the calculated velocity trace was integrated to find the bogie’s deflection.
This deflection is also the deflection of the post. Combining the previous results, a force versus
deflection curve was plotted for each test. Finally, integration of the force versus deflection curve

provided the energy versus deflection curve for each test.
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4 COMPONENT TESTING RESULTS AND DISCUSSION

4.1 Results

Results from the dynamic component testing of the four anchorage systems for the
BR27C combination bridge rail are detailed in the subsequent section. In each test, acceleration
data, high-speed video, and post-test documentation of the system damage were used to evaluate
the anchorages. The accelerometer data for each test was processed in order to obtain
acceleration, velocity, and deflection curves, as well as force versus deflection and energy versus
deflection curves. Although the individual transducers produced similar results, the values
described herein were calculated from the SLICE-2 data curves in order to provide common
basis for comparing results from multiple tests. Test results for all transducers are provided in

Appendix C. A summary of the four dynamic component tests is shown in Table 1.

Table 1. Dynamic Testing Summary

Test Design Target Impact Impact Height Impact Angle
No Configuration Velocity (mph) (in.) (degrees)
' [km/h] [mm]

Original BR27C 15.0 16

IBP-1 Cast-In-Place [24.1] [406] %0
Four-Bolt 15.0 16

IBP-2 Spread [24.1] [406] %0
Two-Bolt 15.0 16

IBP-3 Offset [24.1] [406] %0
: 15.0 16

IBP-4 US-20 Bridge [24.1] [406] 90
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4.1.1 Test No. IBP-1

During test no. IBP-1, the bogie impacted the HSS 4-in. x 4-in. x */16-in. (102-mm x 102-
mm x 5-mm) steel post at a speed of 16.1 mph (25.9 km/h), causing the post to deflect backward.
During the test, shear cracks formed starting at the front anchors that propagated to the backside
of the parapet. This concrete failure caused significant damage to the parapet but did not cause
the yielding of the post. The post continued to rotate backwards, causing additional fracture and
disengagement of the concrete parapet behind the post. The two front anchor rods on the post
fractured in tension approximately 66 msec after impact, causing the loading of the bogie vehicle
to drop to zero at a deflection of 13 in. (330 mm). The bogie overrode the top of the post at
approximately 224 msec, as determined from the high-speed film data. Sequential photographs
of the test are shown in Figure 36.

Damage to the system consisted of major damage to the concrete parapet and the cast-in-
place anchorage, as shown in Figure 37. The concrete parapet displayed shear cracking along the
top of the parapet and disengagement of a large section of concrete on the backside of the
parapet. Lesser amounts of concrete were disengaged on the top and front sides of the parapet.
The post and baseplate assembly were largely undamaged. The post and baseplate displayed
minimal local deformations due to the impact, and the post did not form a plastic hinge. The
threaded rod anchors on the front of the parapet fractured during the test, and the rear anchors
were bent backward due to the rotation of the post.

Force versus deflection and energy versus deflection curves were created from the
accelerometer data and are shown in Figure 38. A peak force of 22.9 kips (101.9 kN) was
reached at a deflection of 1.5 in. (38 mm), prior to the disengagement of sections of the concrete

parapet. The post continued to develop load as the post deflected until the fracture of the front
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two anchor rods. At a maximum deflection of 13 in. (330 mm), the post assembly absorbed 146

kip-in. (16.5 kJ) of energy.
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Figure 36. Sequential Photographs, Test No. IBP-1
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Figure 37. Post-Impact Photographs, Test No. IBP-1
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Figure 38. SLICE-2 Force vs. Deflection and Energy vs. Deflection, Test No. IBP-1
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4.1.2 Test No. IBP-2

During test no. IBP-2, the bogie impacted the HSS 4-in. x 4-in. x */16-in. (102-mm x 102-
mm x 5-mm) steel post at a speed of 16.2 mph (26.1 km/h), causing the post to deflect backward.
During the test, shear cracks formed starting at the rear anchors that propagated to the backside
of the parapet, and which disengaged a large section of the rear face of the parapet. At the same
time, loading of the front two anchors caused cracking and concrete disengagement on the top-
front of the parapet. The impact loads caused concrete failure and significant damage to the
parapet but did not cause the yielding of the post. As the post continued to rotate, all four anchor
rods were pried from the fracture parapet. The force on the bogie vehicle dropped to zero at a
deflection of 11.9 in. (302 mm). The bogie overrode the top of the post at approximately 156
msec, as determined from the high-speed film data. Sequential photographs of the test are shown
in Figure 39.

Damage to the system consisted primarily of damage to the concrete parapet, as shown in
Figure 40. The concrete parapet displayed shear cracking along the top and disengagement of a
large section of concrete on the backside. Lesser amounts of concrete were disengaged on the top
and front sides of the parapet. The post and baseplate assembly were largely undamaged. The
post and baseplate displayed minimal local deformations due to the impact, and the post did not
form a plastic hinge. The four threaded rod anchors were all disengaged from the parapet due to
the impact loads and fracture of the surrounding concrete.

Force versus deflection and energy versus deflection curves were created from the
accelerometer data and are shown in Figure 41. A peak force of 24.9 kips (110.8 kN) was
reached at a deflection of 1.4 in. (36 mm), prior to the disengagement of sections of the concrete

parapet. The post continued to develop load as the post deflected until the disengagement of the
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anchor rods from the parapet. At a maximum deflection of 11.9 in. (302 mm), the post assembly

absorbed 69.6 kip-in. (7.9 kJ) of energy.
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Figure 39. Sequential Photographs, Test No. IBP-2
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Figure 40. Four-Anchor Post-Impact Photographs, Test No. IBP-2
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Figure 41. SLICE-2 Force vs. Deflection and Energy vs. Deflection, Test No. IBP-2
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4.1.3 Test No. IBP-3

During test no. IBP-3, the bogie impacted the HSS 4-in. x 4-in. x */16-in. (102-mm x 102-
mm x 5-mm) steel post at a speed of 16.3 mph (26.2 km/h), causing the post to deflect backward.
During the test, shear cracks formed starting at the anchors and propagated to the backside of the
parapet. As the bogie continued to load the post, the weld between the post and the baseplate
fractured on the front-side of the post approximately 10 msec after impact. As the post continued
to deflect, the weld between the post and the baseplate fractured along both sides of the post,
allowing the post to rotate backward. The force on the bogie vehicle dropped to zero at a
deflection of 2.7 in. (69 mm). The post completely disengaged from the baseplate at
approximately 112 msec, as determined from the high-speed film data. Sequential photographs
of the test are shown in Figure 42.

Damage to the system consisted of damage to the concrete parapet and the weld between
the post and the baseplate, as shown in Figure 43. The concrete parapet displayed shear cracking
along the top of the parapet as well as some cracking of the top of the rear face of the parapet. No
significant sections of concrete were disengaged from the parapet in this test. The post and
baseplate assembly were not deformed, but the weld between them was completely fractured at
the base of the post. The two threaded rod anchors remained embedded in the concrete.

Force versus deflection and energy versus deflection curves were created from the
accelerometer data and are shown in Figure 44. A peak force of 28.3 kips (125.9 kN) was
reached at a deflection of 1.4 in. (36 mm). The post continued to develop load as the post
deflected until the fracture of the weld between the post and the baseplate. At a maximum

deflection of 2.7 in. (69 mm), the post assembly absorbed 48.3 kip-in. (5.5 kJ) of energy.
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0.075 sec 0.175 sec

Figure 42. Sequential Photographs, Test No. IBP-3
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Figure 43. Post-Impact Photographs, Test No. IBP-3
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Figure 44. SLICE-2 Force vs. Deflection and Energy vs. Deflection, Test No. IBP-3
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4.1.4 Test No. IBP-4

During test no. IBP-4, the bogie impacted the HSS 4-in. x 4-in. x */16-in. (102-mm x 102-
mm x 5-mm) steel post at a speed of 15.4 mph (24.8 km/h), causing the post to deflect backward.
During the test, the deflection of the post caused uplift of the front of the baseplate, which caused
the front two threaded anchors to fail in tension approximately 12 msec after impact. The post
continued to rotate backwards, causing shear cracks to form at the two back anchors and
propagate towards the backside of the parapet. The shear cracks and the continued rotation of the
steel baseplate caused disengagement of a section of the back of the concrete parapet. The
loading of the bogie vehicle dropped to zero at a deflection of 3.4 in. (86 mm). The bogie
overrode the top of the post at approximately 166 msec, as determined from the high-speed film
data. Sequential photographs of the test are shown in Figure 45.

Damage to the system consisted of damage to the concrete parapet and the anchor rods,
as shown in Figure 46. The concrete parapet displayed cracking on the top and disengagement of
a section of concrete on the backside. The post and baseplate assembly were largely undamaged.
The post and baseplate displayed minimal local deformations due to the impact, and the post did
not form a plastic hinge. The threaded rod anchors on the front of the parapet fractured during
the test, and the rear anchors were bent backward due to the rotation of the post.

Force versus deflection and energy versus deflection curves were created from the
accelerometer data and are shown in Figure 47. A peak force of 23.2 kips (103.2 kN) was
reached at a deflection of 1.4 in. (36 mm), prior to the fracture of the two front anchor rods. At a
maximum deflection of 3.4 in. (86 mm), the post assembly absorbed 60.3 kip-in. (6.8 kJ) of

energy.
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Figure 45. Sequential Photographs, Test No. IBP-4
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Figure 46. US-20 River Bridge Post-Impact Photographs, Test No. IBP-4
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Figure 47. SLICE-2 Force vs. Deflection and Energy vs. Deflection, Test No. IBP-4
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4.2 Discussion

The purpose of the dynamic component testing was to determine if two proposed and one
currently installed alternative epoxy adhesive anchorages for the BR27C combination bridge rail
had sufficient capacity to be used in lieu of the cast-in-place anchorage that was used in the
original full-scale crash-tested design. Thus, the dynamic tests were used to evaluate and
compare the force versus deflection behavior and the failure modes of the proposed designs to
the baseline cast-in-place anchorage. A summary of all dynamic component testing results is

shown in Table 2.

Table 2. Dynamic Testing Results

Impact Peak Force Max Total Energy
Test Design Velocity (Kips) Deflection Absorbed
No. Configuration (mph) [klgl] (in.) (k-in.)
[km/h] [mm] [kJ]
Original
16.1 22.9 13.0 146.0
IBP-1 BR27C Cast-
In-Place [25.9] [101.9] [330] [16.5]
IBP-2 Four-Bolt 16.2 24.9 11.9 69.6
Spread [26.1] [110.8] [302] [7.9]
IBP-3 Two-Bolt 16.3 28.3 2.7 48.3
Offset [26.2] [125.9] [69] [5.5]
: 15.4 23.2 34 60.3
IBP-4 | US-20Bridge | 1, ) [103.2] [86] [6.6]

The force versus deflection data for the four dynamic component tests as derived from
SLICE-2 acceleration transducer, is shown in Figures 48 and 49. Comparison of the results from
the four tests found that all three of the alternative epoxy adhesive anchorage designs exceeded
the peak force of the original cast-in-place anchorage. The cast-in-place anchorage evaluated in

test no. IBP-1 developed the lowest peak force of all the anchorages with a value of 22.9 kips

73




November 3, 2015
MwRSF Report No. TRP-03-325-15

(101.9 kN) at a deflection of 1.5 in. (38 mm). The US-20 bridge design evaluated in test no. IBP-
4 had the next highest peak force with a value of 23.2 kips (103.2 kN) at a deflection of 1.4 in.
(36 mm). The four-bolt spread anchorage evaluated in test no. IBP-2 had the third highest peak
force with a value of 24.9 Kkips (110.8 kN) at a deflection of 1.4 in. (36 mm). The two-bolt offset
anchorage evaluated in test no. IBP-3 developed the highest peak force with a value of 28.3 kips
(125.9 kN) at a deflection of 1.4 in. (36 mm). The forces after the peak force was reached differ
for the four anchorages, depending on the failure mode of the anchorage.

The energy versus deflection data for the four dynamic component tests is shown in
Figures 50 and 51. Energy levels for all four of the tested anchorages were similar through the
first 2 in. (51 mm) of post deflection, but diverged similar to the force levels after that point due
to variation in the failure modes.

These results were reviewed to determine the feasibility of the alternative anchorage
designs. The original cast-in-place anchorage for the BR27C generated the lowest peak load of
the four anchorages. The failure modes observed for this design were a combination of tensile
failure of the front anchor rods and breakout of the concrete on the rear of the parapet. This level
of damage was much higher than the damage observed in full-scale crash testing. In the full-scale
tests, no failure of anchor rods or the concrete parapet was noted. This would indicate that the
damage and force levels developed in the component testing were significantly higher than the
loading of the post and anchorage during full-scale testing. Thus, alternative designs that
exceeded the peak force of the original cast-in-place anchorage should be considered acceptable.

The four-bolt spread anchorage design developed higher peak loads than the original
cast-in-place anchorage. Energy levels for the two designs differed, as the cast-in-place
anchorage did not completely disengage from the concrete and developed load longer after the

initial peak load was reached. Higher peak loads were expected for the four-bolt spread
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anchorage based on the increased anchor spacing providing reduction of the overlapped area of
influence for the epoxy adhesive anchors, but the peak forces developed in testing found those
gains to be minimal. Review of the failure of the anchorage showed that orienting the front and
rear anchors for this design diagonal to one another may have allowed shear stresses and
cracking to develop along the same plane for both the front and rear anchor simultaneously. This
may have contributed to the lower-than-expected improvement in force level of the four-bolt
spread anchorage. However, the four-bolt spread anchorage did possess improved capacity to the
original cast-in-place anchorage and would be considered an acceptable alternative.

The two-bolt offset anchorage design developed the highest peak load of all of the tested
designs. This design also exhibited less damage to the concrete parapet, as the increased offset
from the rear face of the parapet increased the shear capacity of the anchorage over the other
alternatives. The failure mode for this design was rupture of the weld between the baseplate and
the post. Thus, it is the only design tested that did not result in failure of the anchorage itself. The
two-bolt offset anchorage was also considered to be an acceptable alternative anchorage. The
two-bolt offset anchorage also posed an advantage, in that it required fewer anchors and would
be easier to install.

The US-20 bridge anchorage displayed a peak force and failure modes that were quite
similar to the original cast-in-place anchorage design. This was not unexpected, as the two
designs were similar in terms of the layout and anchor size. The US-20 bridge anchorage was
considered to be an acceptable alternative anchorage.

Thus, all three of the alternative anchorage designs were considered to be acceptable
alternatives to the original cast-in-place anchorage design. The peak force levels for the
alternative anchorages indicated greater capacities than the original anchorage, and the damage

levels observed in the dynamic component testing far exceeded the levels observed in full-scale
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crash tests. As such, there was no reason to believe that the alternative anchorages would not
perform safely. Of the three alternative designs, the two-bolt offset design was deemed the best
option due to its potential to reduce parapet damage and improved its ease of installation.

It should be noted that all of the alternative designs were developed and tested on the 12-
in. (305-mm) wide version of the 1aDOT concrete parapet. These results would likely change if
the alternative epoxy anchorages were evaluated on the narrower parapet used with the original
cast-in-place anchorage. It should also be noted that the four-bolt spread and two-bolt offset
anchorages were designed to develop the full plastic moment capacity of the support post. Based
on the test results, the four-bolt spread anchorage was not capable of developing the moment
capacity of the post due to concrete breakout in shear. The two-bolt offset design may have had
the potential to develop the moment capacity, but the post-to-baseplate weld failed prior to
reaching that load. This does not affect the suitability of the alternative anchorages as
replacements for the cast-in-place design, but it does suggest that the design calculations for
concrete breakout in shear may need further development when considering anchorage for

dynamic impact on narrow parapets.
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5 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

The objective of this research was to develop and evaluate alternative epoxy adhesive
anchorage systems for the BR27C combination bridge rail system. The BR27C combination
bridge rail was originally designed and tested with a 24-in. (610-mm) tall by 10-in. (254-mm)
wide vertical concrete parapet with a steel post-and-rail system mounted on top. The steel posts
in the combination rail were attached to the concrete parapet with cast-in-place concrete anchors.
1aDOT desired an alternative epoxy adhesive anchor design that would be easier to install.

The research effort began with development of several proposed alternative anchorage
concepts. The concepts were designed using a modified version of the ACI 318-11 procedures
for adhesive anchor design with modifications for dynamic increase factors and the expected
failure modes. All of the concepts were designed to develop the full plastic moment capacity of
the post. Four design concepts were developed for review by 1aDOT, including: (1) a four-bolt,
square anchorage, (2) a four-bolt, spread anchorage, (3) a two-bolt, centered anchorage, and (4) a
two-bolt, offset anchorage. 1aDOT representatives selected the four-bolt spread anchorage and
the two-bolt offset anchorage as the preferred designs for evaluation. In addition to these two
proposed configurations, 1aDOT also requested that the researchers evaluate a third option that
had been previously installed on the US-20 bridge near Hardin, IA.

In order to evaluate the performance of the proposed alternative anchorages, dynamic
component testing was conducted on the original cast-in-place anchorage as well as the three
alternative anchorages using a simulated bridge rail parapet. The test of the original cast-in-place
anchorage test no. IBP-1 was used as a baseline for comparison with the alternative designs and
developed a peak load of 22.9 kips (101.9 kN) at a deflection of 1.5 in. (38 mm). All three of the
tested alternative anchorages provided greater load capacity than the original cast-in-place design

and were deemed acceptable surrogates. Of the three alternative designs, the two-bolt offset
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design was deemed the best option due to its developing the highest peak loads, the potential for
reduced parapet damage, and improved ease of installation. It was also noted that the alternative
designs were developed and tested on a 12-in. (305-mm) wide version of the 1aDOT concrete
parapet. Thus, the alternative anchorages would not be recommended for use on the narrower

parapet used with the original cast-in-place anchorage.
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Appendix A. Alternative Epoxy Adhesive Anchor Design Calculations
The anchorage calculations used during the development of the four design concepts
presented in this research are detailed herein. The calculations were based on development of the
full-plastic moment capacity of the BR27C combination bridge rail post and the corresponding
shear and tensile loads when used with the 12-in. (305-mm) wide parapet design provided by

1aDOT. Details of the design of the baseplates for the posts are not included.
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TENSION ANCHORS (FRONT FACE)

Embedment Depth, h,: 5{in.
Steel Bar Diameter, d: 0.625}in.
Areaof steel, Az|  0.206]in Tension Strengths
Front (Tension) Anchor Spacing, s: 6.5{in. i Load
Failure Mode i
Front {Tension) Anchor to deck edge, ¢, min: 4.625[in. {kips)
Bond Strength, T 1800|psi Steel Fracture:| 24.00
Steel Ultimate Stength, f;.: 120|ksi Concrete Breakout: 10.43
Concrete Strength, ' 4000 psi Bond Failure:

Deck Reinforced? (y/n): ¥ Hybrid: 18.29

Steel DIF, Yy: 1.18

Concrete DIF, Y : 1.88

Adhesive/Bond DIF, Y4 1.484

Tension Shear
ACI Steel Strength Reduction Factor, ¢.: 0.75 0.65
ACl Concrete Strength Reduction Factor, ¢ 0.65 0.75
ACl Adhesive Strength Reduction Factor, ¢,: 0.65] NA
TENSION CAPACITY
Steel Fracture: PN=A nf,,Wa
PN= 24.00 kips

Concrete Breakout: ®Neh= Anc/Anco * Wea NWeN Yo N Wea * Ny
N, =k, *h,¢° Ve

c

ke 17|24 for cast in place, 17 for post installed)
Yent 1.4 (1.25 for cast in anchors, 1.4 for post installed, 1.01if ke taken from external document without further instructions)
Ny = 12.02 kips
Cact 10
Yopu- i
Wed,n: 0.885
2, 7
Ayeo=9%h" 225 in.?
Ay 129 in.? Note - Calculated based on influence area per anchor

AndAyes  0.573333

PNo= 10.43 kips

Adhesive / Bond Failure: $N,= An/Anao * Weava YopNaWha * Npa
Npo= T 0 doher
Npo= 17.67 kips

A= [2%C3)
Cys = 10%d,*V(t, /1100)

Cua= 8.00 in.
Ayso= 25568 in.
Aya= 1349403 in? Note - Calculated based on influence area per anchor

Ay/Ay. 0.527767

Yo et 1 (should be the same asy/, )

Vedna: 0.873545

PN = 7.86 kips

Figure A-1. Tensile Adhesive Anchorage Calculations, Four-Bolt Square Anchorage Concept
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Embedment Depth, hyy: mlm Shear Strengths
Steel Bar Diameter, d,: 0.625]in. ’ Load
3 Failure Mode
Area of Steel, A} 0.226|in. (kips)
Anchor Spacing, s 6.5]in. Steel Fracture: 12.48)]
Anchor to Deck Edge Distance, ¢, | 4.625}in. Concrete Breakout:
Steel Ultimate Stength, f,.: 120] ksi Concrete Pryout:
Concrete Strength, f'.: 4000] psi
Deck Thickness, h,| 26{in.
Deck Reinforced? {y/n) ¥l
Bond Strength, .| 1800| psi

Total Anchor Shear for Barrier
LCR;
DYy sriert

282.38 kips

SHEAR CAPACITY

Steel Fracture: $Va=0.6*A nf ¥

V.=

12.48 kips

Concrete Breakout: ®Va= Ayi/Avye, * Vea v Ve vVnvVea * Vi
Var = 7% (/) *d, * Vet Copt®

Vi =

l.: 5.00
5.28 kips

Vi = 9%cy SWF,

Vi =min (Vy, Vig) =

5.66 kips

5.28 kips

Weqv?

1 (only reduced for anchor adjacent to deck discontinuity)

Vc,vi(l 4foruncracked deck, 1.2 for cracked reinforced, 1.0 for cracked unreinforced deck)

Wiyt

1.00

A= 4.5%c,) = 96.25781 In.”
A= 7067578 I
AvalBAv= 0.734234

V4= 7.65 kips

Concrete Pryout Strength: ¢V, =k, N,

M= AgafBavae ® Yeawa Vepta Yoo * Nia
Npo= T dhe
Npa= 35.34 kips

kep= 2
Ng=Min (N, N
Now= And/Avos * Yed  Wort Yept Wea * Ny
M =k e
k| 17
Wen? 1.4
Ny=  34.00 kips
Cac’ 20
Wepnt 1
AT 0.7925
o 2. 23
Ay =" 900 in.
Ao 129 in.?
Andhys’ 0143333
Ny= 10.17
Ng= 1017
Vo= 15.25kips

Figure A-2. Shear Adhesive Anchorage Calculations, Fou
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Auza = (2°Cua)’

Cya = 10%d,*V{z.,/1100)
Cua= 8.00
e,
Ausa= 25568 in.
Aye= 1349403 in
Ayhaa! 0.527767
Yonat 1 {should be the same as ., )
Yeanst 0.873545
N, 24.18

r-Bolt Square Anchorage Concept
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TENSION ANCHORS (FRONT FACE)

Embedment Depth, hy: 5fin.
Steel Bar Diameter, d: 0.625(in.
Areaof Steel, A:|  0.226[in* Tension Strengths
Front {Tension) Anchor Spacing, s: 6.5]in. . Load
Failure Mode :
Front {Tension) Anchor to deck edge, ¢, min: 4.625(in. {kips)
Bond Strength, t: 1800|psi Steel Fracture: 24.00
Steel Ultimate Stength, f,.: 120]ksi Concrete Breakout: 10.43
Concrete Strength, f': 4000|psi Bond Failure:
Deck Reinforced? (y/n): Y Hybrid: 18.29
Steel DIF, Ygy: 1.18
Concrete DIF, Y : 1.88|

Adhesive/Bond DIF, Y4 1.484

Tension Shear

ACI Steel Strength Reduction Factor, ¢.: 0.75 0.65
ACI Concrete Strength Reduction Factor, ¢ 0.65 0.75
ACl Adhesive Strength Reduction Factor, ¢, 0.65 NA

TENSION CAPACITY
Steel Fracture: ®N=A N, Wa
PN~ 24.00 kips

Concrete Breakout: ®Na= Ane'Anco * Wed NWeN Vo N Vea * Ny
Ny=k, b,V

ke 17 (24 for cast in place, 17 for post installed)
Yen: 1.4i1.25 for cast in anchors, 1.4 for post installed, 1.01f ke taken from external docurnent without further instructions)

Ny = 12.02 kips
Cac! 10
Vepnt 1
WYedn: 0.885

—Q*h 2. . 2

Ayeo=9%,: 225 in.
Ane: 129 in.? Note - Calculated based on influence area per anchor

AndAyes  0.573333

PN o= 10.43 kips

Adhesive /Bond Failure: ON,= Ano/Anz, * Vea v Yo Na Wha * Nha
Npo= Te TUdoheg
Np= 17.67 kips

Ayso = (2%Cys)°
Cya = 10%d,*V(1/1100)

Cya= 8.00 in.
Ayso=  255.68 in.
A= 134.9403 in.? Note - Calculated based on influence area per anchor

Ay/Aya  0.527767

W nat 1 {should be the same asy )

Yedna: 0.873545
PN = 7.86 kips
Figure A-3. Tensile Adhesive Anchorage Calculations, Four-Bolt Spread Anchorage Concept
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SHEAR ANCHORS (BACK FACE)

Embedment Depth, h,: 10]in. Shear Strengths
Steel Bar Diameter, d, | 0.625|in. " Load
o Failure Mode
Area of Steel, A3 0.226|in- (kips)
Anchor Spacing, s} 13.5|in. Steel Fracture?| 12.48|
Anchor to Deck Edge Distance, ¢, | 4.625|in. Concrete Breakout}
Steel Ultimate Stength, f,,.: 120|ksi Concrete Pryout 30.85]
Concrete Strength, f'.1 4000|pst
Deck Thickness, h,: 26|in.
Deck Reinforced? {y/n} bl
Bond Strength, .| 1800|psi
Total Anchor Shear for Barrier
L
D Voarrier! 182.67 kips

SHEAR CAPACITY
Steel Fracture: PV =0.6*A N g
V.= 12.48Kkips

Concrete Breakout: $Va= Avcd/Aveo ™ Weay Ve v WnvWea * Vi
V1= 7 * (I /d)"? *vd, * vfc * C,,"*

| 5.00

V= 5.28 kips

Vig= 9%c, W

5.66 kips
Vy=min (W, Vi) = 5.28 kips
Ve 1 {only reduced for anchor adjacent to deck discontinuity)
Yex? (L4 for uncracked deck, 1.2 for cracked reinforced, 1.0 for cracked unreinforced deck)
Yy: 1.00

A= 4550 = 96.257811n.2
A.= 94.95703in.”
AvalAy= 0.986486

V= 10.28 kips

Concrete Pryout Strength: ¢V, =k, N,

ke = 2
Nep= Min (N, N}

Na= AnclAarco * Yoa it Yot Weprr Yea ¥ My N= Awa/ A * Yeata Wopia Yoa * Moo

N, = e Nu= Todhy

ke 17, Np.= 35.34 kips

You 1.4
N,= 34,00 kips Ay = (27Cy)°
Cya = 10%d,*V{z, /1100)
[ 20 Cha .00

Yau! 1 Au= 25568107

Yan:  0.7925 A= 176940310
AnafAy 0692033

Aye=*h 900 in2
A 261 in.? Wepniat 1 {should be the same asy, u)
Ayl Byieo 0.29 Yesnat 0.873545
_ Ma= 2057 _N= a7
No=  20.57
V= 30.85kips

Figure A-4. Shear Adhesive Anchorage Calculations, Four-Bolt Spread Anchorage Concept
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TENSION ANCHORS (FRONT FACE)

Embedment Depth, hy: 6lin.
Steel Bar Diameter, d: 0.75(in.
Areaof steel, A;|  0334fin” Tension Strengths
Front {Tension) Anchor Spacing, s: 6.5]in. i Load
i Failure Mode X
Front {Tension) Anchor to deck edge, ¢ min: 6|in. {kips)
Bond Strength, t_: 1800|psi Steel Fracture: 35.47
Steel Ultimate Stength, f;.: 120|ksi Concrete Breakout: 11.04
Concrete Strength, f'.: 4000|psi Bond Failure:

Deck Reinforced? (y/n): ¥ Hybrid: 20.16

Steel DIF, 4 1.18

Concrete DIF, Y4 1.88

Adhesive/Bond DIF, U4: 1.434]

Tension Shear
ACI Steel Strength Reduction Factor, d.: 0.75] 0.65
ACl Concrete Strength Reduction Factor, ¢ 0.65] 0.75
ACl Adhesive Strength Reduction Factor, ¢.: 0.65 NA
TENSION CAPACITY
Steel Fracture: PN=AnlunWa
PN~ 35.47 kips

Concrete Breakout: PNeop= Ane/Anco * Wed N Ve N Yo N Wea * Ny
M=k, *hyt Ve

k.: 17|24 for cast in place, 17 for post installed)
Yen! 1.4](1.25 for cast in anchors, 1.4 for post installed, 1.01f ke taken from external docurnent with out further instructions)
Ny, = 15.80 kips
Cact 12
Yeu: 1
Wed,n 0.9
Ayzo=9*h 324 in?
Ayt 147 in.2 Note - Calculated based on influence area per anchor

AndAncs  0.453704

PNo= 11.04 kips

Adhesive /Bond Failure: $N,= Ana/Anas * WeaNa Yop Na Wha * Nia
Nps= T TUdohes
Nps= 25.45 kips

Ayso = (2%Cy)
Cua= 10*d,*V(t. /1100)

Gz 9.59 in.
Ayso= 36818 in.
Aya= 1541284 in.? Note - Calculated based on influence area per anchor

Ays/Ang  0.41862

W et 1 {should be the same asy, )

Vedna: 0.887617
PN= 9.12 kips

Figure A-5. Tensile Adhesive Anchorage Calculations, Two-Bolt Centered Anchorage Concept
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SHEAR ANCHORS (BACK FACE)

Embedment Depth, hy| 12Jin.

Steel Bar Diameter, d, 0.75]in.
Area of Steel, A ;| 0.334]in.”

Anchor Spacing, s} B.5]in.

Anchor to Deck Edge Distance, ¢y | Blin.
Steel Ultimate Stength, f,..| 120]ksi
Concrete Strength, f'.: 4000| psi

Deck Thickness, h,| 26[in.

Deck Reinforced? {y/n)} V|
Bond Strength, 7| 1800| psi

Total Anchor Shear for Barrier

November 3, 2015
MwRSF Report No. TRP-03-325-15

Shear Strengths

Failure Mode Loag
{kips)
Steel Fracture] 18.44
Concrete Breakout
Concrete Pryout] 16.01

LCR:ft

D Variert

SHEAR CAPACITY

214,96 kips

Steel Fracture: $V=0.6*A, nfwaWa
V.= 1844Kkips

Concrete Breakout: $Va,= Av/Ave, * Veay Yoy ¥nvVea * Vi
Vir= 7% (/A" vd, * vfc * Ct*

V=

V2=

Vi =min (Vy1, Vi2) =

l: 6.00
8.54 kips

9y MoV,

8.37 kips

8.37 kips

Weg v 1 {only reduced for an chor adjacent to deck discontinuity)
Wen'l (1.4 for uncracked deck, 1.2 for cracked reinforced, 1.0 for cracked unreinforced deck)
Wiyt 1.00
A=45"cy) = 162 In.?
A.= 1102507
Ayo/Ay= 0.680556
$Va= 1124 kips
Concrete Pryout Strength: §V,= kg, No,
ke = 2
Nep= Min (N, N
Na= AncBitco * Yea W Yol Yot Yea ¥ My N= An/Bwo * YeaNa VepiaVoa * Nyy
N =k Ve No= T Tt S
ke 17] Np=  50.89 kips
Yen'| 1.
NMy=  44.69 kips Anm = (2%Cya)’
Cue = 10%d,*V{z, /1100)
Cac 24 Chia = 9.59
Yo' 1! Apae = 368.18 in.
Yean: 08 Ane= 1541284007
A/ 0.41862
App=9*h7  1206in?
Ay 1471n2 WYep na' 1 (should be the same as )
Aue/Beo 0113426 Veonal 0.887617
Ny= 10.67 1, 28.06
No=  10.67
V= 16.01 kips

Figure A-6. Shear Adhesive Anchorage Calculations, Two-Bolt Centered Anchorage Concept
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TENSION ANCHORS (FRONT FACE)

Embedment Depth, hy: 6lin.
Steel Bar Diameter, d,: 0.75)in.
Areaof steel, A;|  0334]in’ Tension Strengths
Front (Tension) Anchor Spacing, s: 6.5]in. ) Load
K Failure Mode i
Front (Tension) Anchor to deck edge, ; min: 4.625]in. {kips)
Bond Strength, t_: 1800|psi Steel Fracture: 35.47
Steel Ultimate Stength, f,;.: 120|ksi Concrete Breakout: 10.48
Concrete Strength, 'z 4000|psi
Deck Reinforced? {y/n}: ¥ 19.16
Steel DIF, y: 1.18
Concrete DIF, Y 1.88
Adhesive/Bond DIF, Y4 1.484|
Tension Shear
ACI Steel Strength Reduction Factor, ¢,: 0.75] 0.65
ACl Concrete Strength Reduction Factor, ¢ 0.65) 0.75
ACl Adhesive Strength Reduction Factor, ¢,: 0.65 NA
TENSION CAPACITY
Steel Fracture: PN=A nfuuWa
PN~ 35.47 kips
Concrete Breakout: PNp= Anc/Anco * Vea NWeN Yo N Ve ¥ Ny
Ny = i, *h, /"’ \{t‘c
ke: 17](24 for cast in place, 17 for post installed)
Went 1.4]i1.25 for castin anchors, 1.4 for post installed, 1.0iif ke taken from external document with out further instructions)
Ny = 15.80 kips
Cact 12
You: 1
Yedn' 0.854167
Ayeo=9*h 2 324 in.?
A 147 in.? Note - Calculated based on influence area per anchor
AydAnes 0.453704
PN o= 10.48 kips
Adhesive / Bond Failure: ®N,= Ana/Anao * VoaNa Yop.Na Wha * Npa
Npa= T 1 dhy
Npa= 25.45 kips
Ao = (2%C)’
Cya = 10*d_*V(t. /1100)
Cra= 9.59 in.
.2
Ao = 368.18 In.
Aya= 1541284 in? Note - Calculated based on influence area per anchor

AyfAy, 041862

Vo nat 1 {should be the same asy )

Veana: 0.844621
PN = 8.68 kips

Figure A-7. Tensile Adhesive Anchorage Calculations, Two-Bolt Offset Anchorage Concept
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SHEAR ANCHORS (BACK FACE)

Embedment Depth, hy: 12[in. Shear Strengths
Steel Bar Diameter, d,| 0.75 in.z railitemods Load
Area of Steel, A | 0.334]in. {kips)
Anchor Spacing, s 6.5]in. Steel Fracture]] 18.44
Anchor to Deck Edge Distance, ¢, 7.375|in. Concrete Breakou
Steel Ultimate Stength, f,.,: 120|ksi Concrete Pryout] 16.47
Concrete Strength, f': 4000|psi
Deck Thickness, h, | 26|in.
Deck Reinforced? {y/n)] ¥
Bond Strength, 7.} 1800|psi

Total Anchor Shear for Barrier
LCR
OVyorier 537.52 kips

SHEAR CAPACITY

Steel Fracture: §V=0.6*A nfuVea
V.= 18.44 kips

Concrete Breakout: V= Avd/Ave, * Yoy Ve vVrvVea * Vi
Va1 = 7% (/02 Wd, * Ve * CyS

.2 6.00

Vi = 11.64 kips

Vi = 9%y """V,

11.40 kips
Vi =min (Vy), Vi) = 11.40 kips
Yea v 1 {only reduced for an chor adjacent to deck discontinuity)
Wen? 1.4] (1.4 for uncracked deck, 1.2 for cracked reinforced, 1.0 for cracked unreinforced deck)
Why? 1.00

A= 45%c,) = 244757810
A.= 1583320n°
AvealBu= 0646893

$Va= 1456 kips

Concrete Pryout Strength: ¢V, =k, N

ke = 2
Nep= Min (Neg, N

Nav= Ane/Barco * Wea st Vet Wepnt Vea ¥ My N= Ana/Aivwe * Veapia Vepita Yoa ¥ Moa
M=k #n,25e, Nea= Ter U b
ke al7 Np,= 50.89 kips
Went 1.44
N, = 44.69 kips Anan = (2*Cua)’
Cua = 10%d*Viz, /1100}
Cact 24 Cha = 9.59
Vop,ut 1 Apgo = 368.1
Yot 0.822917 Anp= 15412841n°
Ayo=9*h2 1296 in.?

Ay 147 in2 Yop,niat 1 {should be the same aswm}w)

AwolBaves. 0113426 Veanal 0.930612
Ny= 10.98 29.42

Nep= 10.98
(A= 16.47 kips

Figure A-8. Shear Adhesive Anchorage Calculations, Two-Bolt Offset Anchorage Concept
93



November 3, 2015
MwRSF Report No. TRP-03-325-15

Appendix B. Material Specifications
The bill of materials and material specifications are all included in this appendix. This
includes concrete cylinder test reports, chemical composition of concrete reports, and chemical

composition of rebar reports.
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708 NUMBER RELEASE NUMBER REQ. DELIVERY DATE PAGE
Concrete industries 8000MISC. IDAVID-617 1.0f 1
8300 Comnhusker Highway OB NAME Y
Eineoi, NE. §8529- JOB COMPLETE 4HQ
Phone: (402)434-1800 FAX: (402)434-1899 T 5
MIDWEST ROADSIDE SAFETY FACILITY MEB
| MATERIAL TYPE DRAWING ID DESCRIPTION
Rebar, Grade 60, Black I IOWA BRIDGE RAIL
Itm | Qty | Size Length Mark Shape Lbs A B C D E F/R G H ] K (0] BC
el i 0| 4 705 €3 T 60 | 0042 | 202 | 102 | 202 | 102 0042 107
2 5| 4 700 E1 7 70 302 | 008 | 302 805
3 3| 4 508 £2 S 3 508 302 007 | 2
4 12315554 19-08 E4 158 0
49. 333.
Total Weight: 333 Lbs
l_\i{ i [:] {|] i
Longest Length: 19-08
WEIGHT SUMMARY
om0 SR
sze | [ mems | [ peces J_ss ] [ ems | [peces | [ es | [ mems [ eces || ss | [ mews [ meces | es |
Rebar, Grade 60, Black
4 AT e 168" 2 2 105 1 15 70
4 49 333 1 12 158 TR0 b =AY 15 70
Total Weight: 333 Lbs
Longest Length: 19-08 . \\
Hod #  Please. o ommzomw
1 !
| FOR CONSTRUCTION |
- (i
/l
C_,gv\ - e NPz HHR096 : )
5 7[435k
; A
| B L,{ - é‘) <7

September 9, 2014

Iowa Bridge Rail Rebar
R# 14-0497 May 2014 SMT

Iowa Bridge Rail Rebar & Concrete portfolio

v13.01.4015 (T) (LIN)

©2014 A8& UNAUTHORIZED REPRODUCTION PROHIBITED

Wednesday, April 30, 2014 12:19 PM

Figure B-3. Rebar Material Specification, Test Nos. IBP-1 through IBP-4
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Ready Mixed

CAUTION Concrete Company
FRESH CONCRETE 6200 Cornhusker Highway, P.O. Box 29288

Lincoln, Nebraska 68529

Body and or eye contact with fresh (moist) Telophone 402-434-1844

concrete should be avoided because it con-
tains alkali and is caustic.

] PLANT MIX CODE YARDS TRUCK DRIVER DESTINATION CLASS TIME DATE TICKsT
235131PF 3,50 0106 NTE 09:30AM06/23/14|1178830
CUSTOMER Jos CUSTOMER NAME TAX CODE PARTIAL NIGHT R. LOADS
00003 CIA---MWRS . 1
DELIVERY ADDRESS SPECIAL INSTRUCTIONS P.O. NUM B
4800 NW 35TH NW 36TH & W CUMINS NORTH OF OLD 402-4506250 / J
N/ GOODYEAR HANGER
|
E ot o (A R
} 3550 3.50 3:50 235131PF | 47B(1PF) 4.00 98.25 343.88
} MINIMUM HAUL 35.00
i
- susroraL | 378.88
WATER ADDED ON JOB g (/(WZ/ TAX
AT CUSTOMER'S REQUEST GAL. RECEWED BY. TOTAL 378.88
=7 378.88

el S 1 R 1 B 1 % uz%m
S A
%J‘W—-ﬂi‘s

B GRAVEL
147 47B ROCK 901 1b

3179 1b -1! = 60 0 80 K 3.01 gl
CBM1PR CEN1PF 564 16 1974 b 4
LRWR POZZ 3228 17.00 0oz  59.50 oz 59.00 -.50 =
AIR MB-AR 90 A 5.50 oz 19.25 oz 19,00 -.25 -1.30
WATER HATER 29.0 6L 86.3 GL  86.3 0.0 0.00 86.28 gl
WATER2 WATBR2 0.0q1# 0.0¢l 0.0 0.0 0.00%
NOK-SIMULATED ~ NUM_BATCHES: 1
10AD TOTAL: 13210 1b DBSIGN W/C: 0.429 WATER/CEMBNT: 0.445A DBSIGN WATBR: 101.5 g1  ACTUAL WATBR: 104.9 g1 70 ADD: 0.0 gl
SLUNP: 4.00 "f WATER IN TRUCK: 0.0 gl  ADJUST WATBR: 0.0 gl /load TRIN KATER: 0.0 gl /yd

Iowa Bridge Rail Concrete Footing

ORIGINAL

Figure B-9. Concrete Material Specification, Footing Pour

103



CAUTION
FRESH CONCRETE

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

Concrete Company

6200 Cornhusker Highway, P.O. Box 29288
Lincoln, Nebraska 68529
Telephone 402-434-1844

PLANT MiIX CODE YARDS TRUCK DRIVER DESTINATION CLASS TIME DATE TICKET
O 235131PF 2.00 0203 G100 OF s SEAN 0B8/03/14 41462072
CUSTOMER JoB CUSTOMER NAME TAX CODE PARTIAL NIGHT R. LOADS
Qo003 CIA-——MIDWEST ROADSIDE SAFETY 1
DELIVERV ADDRESS SPECIAL INSTRUCTIONS P.O. NUMBER
4800 NW 35TH STREET NORTHEAST OF THE NORTH GODODYEAR 7709121 KEN
HANGER
| (c] 0DUCT
| uAnmTy QUANTITY QUANTITY P onE PRODUCT DESCRIPTION PRICE AMOUNT
i 2.00 2.00 2.00 235131FF | 47B(1FF) 4,00 28.285 196.50
‘ MINIMUM HAUL S50.00
!
\
| el
i susToTaL [ &+ =0
WATER ADDED ON JOB TAX
‘ AT CUSTOMER'S REQUEST RECEIVED BY TOTAL 246,30
206 .00
|

o TRUIK USER LOGIN DISP TICKET MU TICKET MUN TICKET ID TIEE _DATE
QL R TouR .
| Lm stz MLCoe S0 LOAD 1D %
. ¥
WATERIAL _ SOURCE _ DESIGN OTY REQUIRED BATCHED VAR % VAR _ $MOISTURE ACTUAL WAT [ Déc
- 0 I % G ; 7
| LATB 47B ROCK  901.0 1b 1811.0 Ib 1800.0  -11.0 -.61% 0.50M  1.07 gl
CEMIPF  INTERGROUN 566.0 1b 1128.0 1b 1185.0  -3.0  -.27% EA D
LRWR PIZZ 322N 7.0 0z 300z 360 0.0 0.00%
Wik TR ohom weer e he o il 42,42 ql O?ﬁz
0 g o 4 42 g &
WATER2  REDVCLE Wa 00glk 0.0a 0.0 0.0 0.00% 5 O
NON-STMULATED _ NUM BATCHES: 1
LOAD TOTAL: DESIGN WATER: 54.0 gl  ACTUAL WATER: 57.5 gl

7362 1b DESIGN W/C: 0. 4001 HATER/CEMENT: 0.426A

SLUMP: 4,00 “# WATER IN TRUCK: 0.0

ORIGINAL

Figure B-10. Concrete Material Specification, Parapet Pour
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=i ! Central Plains
A Cement Company

ad

Type IP (25) Mill Test Report
Month of Issue: Jun-14
Plant: Omaha Terminal
Product: Type IP (25)
Manufactured: May-14

The current version of ASTM C 595 and AASHTO M 240 Standard Requirements

CHEMICAL ANALYSIS PHYSICAL ANALYSIS
Item Spec limit Test Result Item Spec limit Test Result
Rapid Method, X-Ray (C 114)
Air content of mortar (%) (C 185) 12 max 9
Si02 (%) - 27.3
Blaine Fineness (m2/kg) (C 204) - 340
AI203 (%) - 9.0
Fineness, Residue retained on a 45 um sieve (%) - 8.0
Fe203 (%) - 8.3 sieve (%)
CaO0 (%) - 48.2 Autoclave expansion (%) (C 151) 0.80 max -0.01
-0.20 min
MgO (%) 6.0 max 11
Compressive strength (PSI) (C 109)
Sulphate as SO3 (%) 4.0 max 24 1 days 1710
28 days (Reflects previous month's data) 3620 min 5900
Loss on ignition (%) 5.0 max 1.9 Time of setting (minutes)
Vicat Initial (C 197) 45 - 420 125
Total Alkalis - 0.96 Specific Gravity (C188) - 2.98

We certify that the above described cement meets the chemical and physical requirements of the current version of
ASTM C 595 and AASHTO M 240.

Certified By:
Sugar Creek Plant /
2200 N Courtney Rd. %’/
Sugar Creek, MO 64050 Adam Dopgenberg - Qualfty Coordinator

816-257-3604
6/13/2014

Figure B-11. Concrete Material Specification, Footing Pour
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ASH GROVE CEMENT COMPANY

Quanity (tons): 16215 Highway 50
Trailer/Car: H AS H G RDVE ] Louisville, NE 68037
Shipped: Phone: 402-234-2415
—— ® FAX: 402-234-4825
Type IP (25)
®

Duracem F

Production Period: June 1 thru 30, 2014 Date: 7/9/2014

The following information is based on average test data during the production period. The data is typical of cement shipped from the Louisville, Nebraska plant.
Individual shipments may vary.

STANDARD REQUIREMENTS
ASTM C595-13
CHEMICAL PHYSICAL
AS.T.M. Test A.S.T.M. Test
Item Method Spec. Limit  Test Result Item Method Spec. Limit  Test Result
Si0, (%) C114 A 30.6 Air content of mortar (volume %) Cc185 12 max 5
AlL,O; (%) Cc114 A 8.7 Fineness
Fe,0;(%) Cl14 A 3.5 Air permeability (m*/kg) C204 A 496
€a0 (%) c114 A 48.0 325 mesh (%) c151 A 94.6
MgO (%) Cl114 6.0 max 2.8 Autoclave expansion (%) C151 0.80 max 0.00
S0, (%) Cl14 4.0 max 3.2
Loss on ignition (%) C114 5.0 max 14 Compressive strength (psi)
Na,O (%) c114 A 0.26 1Day €109 A 2550
K0 (%) Cl14 A 0.71 3 Days €109 1890 min 3700
Equivalent alkalies (%) Cl114 A 0.73 7 Days C109 2900 min 4470
28 Days €109 3620 min C
Time of setting (minutes)
(Vicat)
Initial: Not less than Cc191 45 85
Not more than 420
Sulfate resistance® C1012 0.10 0.04
Specific Gravity €188 2.95
Heat of hydration (kJ /kg) C186
7 Days B 73

1 Optional requirement

A = Not applicable.

B = Test result represents most recent value and is provided for information only.
C = Test results for this period not available.

We certify that the above described cement, at the time of shipment, meets the chemical and
physical requirement of the ASTM €595/C595M-13 or (other) specification.

Signature: @ &

Douglas R. Jaquier
Title: Chief Chemist

Figure B-12. Concrete Material Specification, Parapet Pour
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Mix Design Number  205131PF NDOR  3500- 1PF
TELEPHONE (402)434-1691 August4, 2014 P.0, BOX 20520 Mix proportions (per cubic yard)
FAX (402434-2161 LINCOLN, NEBRASKA 68529 Identification Weight Density Volume % Aggregate
PROJECT INFORMATION (Type,size source,etc.) {b) SSD (cubic feel) Absorption
PROJECT NAME lowa DOT Test Mix Cement Ul
Ty, ST Lincoln, NE Bidge Ral TestngfCamert I
CONTRACTOR INFORMATION Cement  Max Cem
CONTRACTORNAME  University of Nebraska - Lincoin Cement  1PF Ash Grove, Central Plins 564 295 306
ICONTACT PERSON Cement ~ White
CONTACT NUMBER CONTACT EMAIL Fiy Ash ClassC
CONCRETE INFORMATION |Sag  Size120
Suppler Mix Design Number 235131PF NDOR 3500- 1PF Mix Type [Komponent
Design Strength ( 'c) 3500- 1PF psi |iterplast N
Design Weler/ Cameniiious Rato 043 = 2 Galons |siica Fume
Specification Waler / Camentitious Allowed 048 = 325 GQallons Coa:seAg_gNo.l 478, Size 57 Limestone 901 266 543 1.2%
Total Air Content 7.25 + 1.5% Coarse Agg. No. 2
Mix Doveloped From Denstty (Estimated)| Coarse Agg.No.3
Trial Mix Test Data Fresh 140.2 [pct Fine Agg. No. 1 478 Sendivel 2071 262 1267 06%
Field Experience Cured 1395 |pef Fine Agg. No. 2
Siump (Spread if SCC) Fins Agg. No. 3
8" (+1.5) WITHOUT WR Adnisure Gal | Lbs
___(+157WiTH Typo A B,D Walsr Reducer Adituro Water Linoon Wite Sylom 20 | a2 | 1 388
___(+28)WITHTYPEF, G Adviture Air Content Vaste Buikdrs 725% 0 198
_muﬂm’n Other
ADMIXTURE INFORMATION | TOTALS [ o fws | e owicFe
ASTMIASTM Designation Product Dosage (ounces) See RATE
Admix Manuf, | Design | Desion Coarse & Fine Aggregate Gradation Information
Type Rate/100 | oz/yd3 | oz/cwt % Passing Each Sieve
i Entaining ASTM C-260  |Master Buiders/ Mesthir AE 90 Notimt | 85 | 15 (Al Sievs Sizss must be ntered) Combined % Retained
i Enraring ASTM C-260 _ [Mastor Buiders/ Mastair AE 400 Isiove [Comse#1 [Couse#2|Courss#3[Fine#1 [Fies2 [Finess
[Water Recucing A,B,D| ASTMC-494 |MasterBuiders MasterPozmoinaze | 3-5 | 17 | 30 | Limesione | Limesione swsoma| Sand | Sand [ Combined
et Retaring * B,D | ASTMC-494 [Master Buders  MasterSel R 300 Isize b sor 7 oo 7 i 0308w [asorry % Passing | Cumulative | Individual
Set Retaring *(Note 1) B,D | ASTMC-494 [Maser Builers MastorSet DELVO 112" 100 100 100% 0% 0%
i Rnge WaiecRoducng (tte2) A | ASTM C-494  [Mastor Buiers/ MasterPoheed 900 iE 9456} 100] 9% 2% %
Ful Range Weler Recucing (Noles  F | ASTM C-404 [ asterBudess estarenium 300 NS s 749 100] 2% 8% 6%
Ful Range Walor Reducing (Note  F |  ASTM C-494 [ MasterBuiders/ MasterGlenim 7700 1" 430 100] 83% 17% 10%
focclreing ChiorideBase* €, E | ASTM C-494 | Master Buiders / MasterSet AC 122 g 2.1 98| 76% 2% 6%
ocalering Non Chlor Base C | ASTMC-494 |Maste Buiders MasiorSel AC 534 fNo.4 67 88 64% 3% 13%
Conosion Iniing C | ASTMC484 |MastorLiieCi3o |o.8 46 e8] 49% 51% 15%
[Rhediogica S | ASTM C-44-08a |Mastr Buiers  MasterMatix VMA 362 |No. 16 40 4] 34% 66% 15%
Rhedlogical* § | ASTM C-494-10 [ActveineraisAct-Gel 208 [No.20 36 2% 19% 81% 15%
istency Control S | ASTMC-494 |Master Bikirs / MasterSure 2-60 [no.50 33 7] % %% 14%
aer Repelance S | ASTMC-494 |Master Buicers  MasterPel 240 [No. 100 32) 05| 1% 9% %
[Durabiity Enhancing C | ASTMG-484 |Master Buiders / Mastertife CI 30 [No. 200 30 0.4 1.0% 99.0% 0.3%
Drying Enhancing S | ASTMC-494 |Speciaty Products Group - Vapor Lock 20720 %ofVol| 30% (0% 0% | 0% 0%
Fbemesh ASTM C-116-03 |Propex Concrete Systems - Fioermesh 300 Fineness Moddus:|  3.34
Fibermesh ASTM C-116-03 [Propex Concrete Systems - Novomesh 500 3 Aggregate Ratios
Type A- Waler Reducing Type D - Water Reducing & Retarding Typo G - Waler Rocucing High Range & Retarding Combined % cumulaiive retained 38" siove
Type 8- Retarding Type - Waler Reducing & Accsleraing Type S - Specifc Plormance (Rhedlogy) Coarseness Factor = Combined % cumulativ retained # 8 sieve = 4%
Typo C - Acceleraing Type F - Weler Reducing High Renge
RATE: Admixure quantiies will vary dua to extemal forces including ambiant temperatures, humidity, wind, elc. |Workability Factor = Combined % passing # 8 sieve = 49
* Mesls multiple ASTM specifications according to dosage volume.
 AciGel ackion calculated on olal weight o ll cry materias incuded inthe mix dsigr " Asrequredal oonrectrrequest | Adj-Workabilty Factor = WF +((C Maleil - 564) /37.6] = 4
ole 1: May be required or s ontroland skamp rention withenvi diions to adjust mix hysical properts.
Note 2: Jobsil condions and quests may requie use o this admisture. Allowable Adi-WF = [(11.25- 15 CF) + 36+ 25 = Low B Hgh &
Bayer Color System
Color  No Color Added  Color Originator Cor 1100 CordC  Caorra0 Coor 300 fMortar Fraction 65.7%
Product Codo LLRed Yolow DarkRed Bick
Total Load Rale

Figure B-13. Concrete Gradation Specification, Test Nos. IBP-1 through IBP-4
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GENERAL TESTING LABORATORIES

| Typical Aggregate Quality Analysis (Supplied by Nebraska Department of Roads) J

I Western Sand & Gravel | : | Kereford Limestone L
| Typical Sand/Gravel Qualities all Sizes | | Typical Limestone Qualities all Sizes I
Bulk Specific Gravity (SSD): 2.62 Bulk Specific Gravity (SSD): 2.66
24 Hour Absorption: 0.6% 24 Hour Absorption: 1.1%
LA Abrasion Loss: 26% LA Abrasion Loss: 30%
Sulfate Soundness Loss: V 2.0% Sulfate Soundness Loss: 3.1%
Deleterious Materials: <0.5% Deleterious Materials: <0.5%
Soluble Chloride lon Content: <0.001% Soluble Chloride lon Content: <0.001%
Organic Impurities: None

Figure B-14. Aggregate Quality Analysis, Test Nos. IBP-1 through I1BP-4
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Appendix C. 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 versus time plots as well as force versus deflection and energy versus

deflection plots.
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MIDWEST ROADSIDE SAFETY FACILITY

Bogie Test Summary

Test Information

Test Results Summary

Test Description: BR27C Cast-In-Place Anchorage Event Duration: 0.0688 sec
Test Number: 1BP-1 Max Deflection: 13.0 in.
Test Date: 9/3/2014 Peak Force: 225 k
Failure Type: Concrete Fracture Initial Linear Stiffness: 155 Kki/in.
Total Energy: 1455 k-in.
Post Properties
Post Type: BR27C Bridge Rail Post @ 5" @ 10" @ 15" @20"
Post Size: 4"%4"x3/16" Average Force (K) 16.10 13.13 NA NA
Post Length: 24" Energy (k-in.) 805 1313 NA NA
Embedment Depth: Cast-in-Place Concrete Anchorage
Orientation: Perpendiculuar (Lateral) . Bogie Acceleration vs, Time
Soil Properties 12 /A\
Gradation: NA 10
Moisture Content: NA = l
Compaction Method:  NA -z 8
2 & I \\
Bogie Properties ® S—
Impact Velocity: 16.11 mph (23.62 ft/s) 2 4 —
Impact Height: 17in. (16 in. target - grade height added 1 in.) g \
Bogie Mass: 1808 Ib 2 \/--r“\
Data Acquired 0
Accelerometer: SLICE 1 -2
Camera Data: AOS—l, AOS-Z, AOS-8 0 0.02 0.04 0.06 0.08
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Figure C-1. Test No. IBP-1 Results (SLICE-1)
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Bogie Test Summary

Test Information

Test Results Summary

Test Description: BR27C Cast-In-Place Anchorage Event Duration: 0.0694 sec
Test Number: 1BP-1 Max Deflection: 13.0 in.
Test Date: 9/3/2014 Peak Force: 229 k
Failure Type: Concrete Fracture Initial Linear Stiffness: 15.4 ki/in.
Total Energy: 146.8 k-in.
Post Properties
Post Type: BR27C Bridge Rail Post @ 5" @ 10" @ 15" @20"
Post Size: 4"%4"x3/16" Average Force (K) 16.23 13.27 NA NA
Post Length: 24" Energy (k-in.) 811 132.7 NA NA
Embedment Depth: Cast-in-Place Concrete Anchorage
Orientation: Perpendiculuar (Lateral) . Bogie Acceleration vs, Time
L = N\
Soil Properties 12 / \
Gradation: NA 10
Moisture Content: NA = /
Compaction Method:  NA -z 8 ~
g, ~
Bogie Properties ® L —
Impact Velocity: 16.11 mph (23.621t/s) 2y \
Impact Height: 17in. (16 in. target - grade height added 1 in.) g \
Bogie Mass: 1808 Ib 2 v‘\
Data Acquired 0
Accelerometer: SLICE2 -2
Camera Data: AOS—l, AOS-Z, AOS-8 0 0.02 0.04 0.06 0.08
Time (s)
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Figure C-2. Test No. IBP-1 Results (SLICE-2)
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Bogie Test Summary

Test Information

Test Results Summary

Test Description: BR27C Spread Four Bolt Epoxy Anchorage Event Duration: 0.0495 sec
Test Number: 1BP-2 Max Deflection: 11.9 in.
Test Date: 9/5/2014 Peak Force: 248 k
Failure Type: Concrete Fracture Initial Linear Stiffness: 16.9 Ki/in.
Total Energy: 69.4 k-in.
Post Properties
Post Type: BR27C Bridge Rail Post @ 5" @ 10" @ 15" @20"
Post Size: 4"%4"x3/16" Average Force (K) 11.17 6.81 NA NA
Post Length: 24" Energy (k-in.) 55.8 68.1 NA NA
Embedment Depth: Spread Four Bolt Epoxy Anchorage
Orientation: Perpendiculuar (Lateral) Bogie Acceleration vs, Time
16 :
Soil Properties 14 /\
Gradation: NA 12
Moisture Content: NA 0 / \
Compaction Method:  NA g / \
o 8
Bogie Properties ® 6 l \
Impact Velocity: 16.16 mph (23.7 ftls) 2 \
Impact Height: 17in. (16 in. target - grade height added 1 in.) g 4
Bogie Mass: 1808 Ib < 2 \/‘/\; ‘\
. T S~—
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Figure C-3. Test No. IBP-2 Results (SLICE-1)
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Bogie Test Summary

Test Information

Test Results Summary

Test Description: BR27C Spread Four Bolt Epoxy Anchorage Event Duration: 0.0497 sec
Test Number: 1BP-2 Max Deflection: 11.9 in.
Test Date: 9/5/2014 Peak Force: 249 k
Failure Type: Concrete Fracture Initial Linear Stiffness: 17.3 Klin.
Total Energy: 69.6 k-in.
Post Properties
Post Type: BR27C Bridge Rail Post @ 5" @ 10" @ 15" @20"
Post Size: 4"%4"x3/16" Average Force (K) 11.22 6.83 NA NA
Post Length: 24" Energy (k-in.) 56.1 683 NA NA
Embedment Depth: Spread Four Bolt Epoxy Anchorage
Orientation: Perpendiculuar (Lateral) 3 Bogie Acceleration vs, Time
Soil Properties 14 /\
Gradation: NA 12
Moisture Content: NA 0 / \
Compaction Method:  NA g / \
S 8
Bogie Properties ® 6 l \
Impact Velocity: 16.16 mph (23.7 ftls) 2
Impact Height: 17in. (16 in. target - grade height added 1 in.) g 4
Bogie Mass: 1808 Ib < 2 N~ —
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Figure C-4. Test No. IBP-2 Results (SLICE-2)
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Bogie Test Summary

Test Information

Test Results Summary

Test Description: BR27C Two Bolt Epoxy Anchorage Event Duration: 0.0103 sec
Test Number: 1BP-3 Max Deflection: 2.7 in.
Test Date: 9/5/2014 Peak Force: 282 k
Failure Type: Weld Failure at Base of Post Initial Linear Stiffness: 18.8 Kk/in.
Total Energy: 48.3 k-in.
Post Properties
Post Type: BR27C Bridge Rail Post @ 5" @ 10" @ 15" @20"
Post Size: 4"%4"x3/16" Average Force (K) NA NA NA NA
Post Length: 24" Energy (k-in.) NA NA NA NA
Embedment Depth: Two Bolt Epoxy Anchorage
Orientation: Perpendiculuar (Lateral) s Bogie Acceleration vs, Time
L = 16
Soil Properties N
Gradation: NA 14 / \
Moisture Content: NA ’:Tn 12 / A\
Compaction Method:  NA < 10 / \
8 -~ \
. + = 8
Bogie Properties o / \
Impact Velocity: 16.25 mph (23.83ft/s) 26 / \
Impact Height: 17in. (16 in. target - grade height added 1 in.) g 4
Bogie Mass: 1808 Ib 2 ’ \
_ . AN
Data Acquired
Accelerometer: SLICE 1 -2
Camera Data: AOS-1, AOS-2, AOS-8 0 0002 0004 0006 0008 001 0.012
Time (s)
30 Force vs. Deflection At Impact Location 30 Bogie Velocity vs. Time
25 TN 25
) / \\ —_—
20 . 20
- / \ z
X 15 £15
8 /| \ z
S 10 8 10
w \\ E
5 \ 5
0 N 0
-5 -5
0 05 ! 15 2 25 0 0002 0004 0006 0008 001 0012
Deflection (in.) Time (s)
60 Energy vs. Deflection At Impact Location 3 Deflection at Impact Location vs. Time
g
50 2.5 //
=z 40 ) //
) =
30 815 e
: 4 g -
[ &=
& 20 // a1 <
/ /
10 / 05 s
0 0
0 0.5 1 1.5 2 2.5 0 0.002 0.004  0.006 0.008 0.01 0.012
Deflection (in.) Time (s)

Figure C-5. Test No. IBP-3 Results (SLICE-1)
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Bogie Test Summary

Test Information Test Results Summary
Test Description: BR27C Two Bolt Epoxy Anchorage Event Duration: 0.0102 sec
Test Number: 1BP-3 Max Deflection: 2.7 in.
Test Date: 9/5/2014 Peak Force: 283 k
Failure Type: Weld Failure at Base of Post Initial Linear Stiffness: 19.5 Ki/in.
Total Energy: 485 k-in.
Post Properties
Post Type: BR27C Bridge Rail Post @ 5" @ 10" @ 15" @20"
Post Size: 4"%4"x3/16" Average Force (K) NA NA NA NA
Post Length: 24" Energy (k-in.) NA NA NA NA
Embedment Depth: Two Bolt Epoxy Anchorage
Orientation: Perpendiculuar (Lateral) s Bogie Acceleration vs, Time
L = 16
Soil Properties /-\\
Gradation: NA 14 /r \
Moisture Content: NA ’:Tn 12
Compaction Method:  NA < 10 /
s pd
Bogie Properties ® 8 / \
Impact Velocity: 16.25 mph (23.83ft/s) 26 / \
Impact Height: 17in. (16 in. target - grade height added 1 in.) g 4
Bogie Mass: 1808 Ib 2 d \
: 0 \\
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Figure C-6. Test No. IBP-3 Results (SLICE-2)

115



MwRSF Report

November 3, 2015
No. TRP-03-325-15

MIDWEST ROADSIDE SAFETY FACILITY

Bogie Test Summary

Test Information

Test Results Summary

Test Description: BR27C 1aDOT US-29 Epoxy Anchorage Event Duration: 0.0139 sec
Test Number: 1BP-4 Max Deflection: 34 in.
Test Date: 9/5/2014 Peak Force: 231 k
Failure Type: Failure of front tensile anchors Initial Linear Stiffness: 16.2 k/in.
Total Energy: 60.3 k-in.
Post Properties
Post Type: BR27C Bridge Rail Post @ 5" @ 10" @ 15" @20"
Post Size: 4"%4"x3/16" Average Force (K) NA NA NA NA
Post Length: 24" Energy (k-in.) NA NA NA NA
Embedment Depth: 1aDOT US-29 Epoxy Anchorage
Orientation: Perpendiculuar (Lateral) " Bogie Acceleration vs, Time
Soil Properties 12 / 3
Gradation: NA 10 \
Moisture Content: NA z / \
Compaction Method:  NA T8 / \
2
Bogie Properties ® 6 / \
Impact Velocity: 15.51 mph (22.741t/s) 2.
Impact Height: 17in. (16 in. target - grade height added 1 in.) g f \
Bogie Mass: 1808 Ib 2 \
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Figure C-7. Test No. IBP-4 Results (SLICE-1)

116



November 3, 2015
MwRSF Report No. TRP-03-325-15

MIDWEST ROADSIDE SAFETY FACILITY

Bogie Test Summary

Test Information

Test Results Summary

Test Description: BR27C 1aDOT US-29 Epoxy Anchorage Event Duration: 0.0138 sec
Test Number: 1BP-4 Max Deflection: 34 in.
Test Date: 9/5/2014 Peak Force: 232 k
Failure Type: Failure of front tensile anchors Initial Linear Stiffness: 16.8 k/in.
Total Energy: 60.4 k-in.
Post Properties
Post Type: BR27C Bridge Rail Post @ 5" @ 10" @ 15" @20"
Post Size: 4"%4"x3/16" Average Force (K) NA NA NA NA
Post Length: 24" Energy (k-in.) NA NA NA NA
Embedment Depth: 1aDOT US-29 Epoxy Anchorage
Orientation: Perpendiculuar (Lateral) " Bogie Acceleration vs, Time
Soil Properties 12 / N
Gradation: NA 10 \
Moisture Content: NA z / \
Compaction Method:  NA T8 / \
2
Bogie Properties ® 6 \
Impact Velocity: 15.51 mph (22.741t/s) 2.
Impact Height: 17in. (16 in. target - grade height added 1 in.) g \
Bogie Mass: 1808 Ib 2 \
Data Acquired 0
Accelerometer: SLICE2 -2
Camera Data: AOS—l, AOS-Z, AOS-8 0 0.005 0.01 0.015
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Figure C-8. Test No. IBP-4 Results (SLICE-2)

117



November 3, 2015
MwRSF Report No. TRP-03-325-15

END OF DOCUMENT

118



	DISCLAIMER STATEMENT
	UNCERTAINTY OF MEASUREMENT STATEMENT
	INDEPENDENT APPROVING AUTHORITY
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	1 INTRODUCTION
	1.1 Background
	1.2 Objective
	1.3 Scope

	2 DESIGN OF ALTERNATIVE EPOXY ADHESIVE ANCHORAGE
	2.1 Design Methodology
	2.2 IaDOT BR27C Combination Bridge Rail
	2.3 Alternative Anchorage Design Calculations
	2.4 Alternative Anchorage Concepts
	2.4.1 Four-Bolt Square Anchorage
	2.4.2 Four-Bolt Spread Anchorage
	2.4.3 Two-Bolt Centered Anchorage
	2.4.4 Two-Bolt Offset Anchorage

	2.5 Selection of Preferred Alternative Anchorage Concepts for Evaluation

	3 POST TESTING CONDITIONS
	3.1 Purpose
	3.2 Scope
	3.3 Equipment and Instrumentation
	3.3.1 Bogie Vehicle
	3.3.2 Accelerometers
	3.3.3 Retroreflective Optic Speed Trap
	3.3.4 Digital Photography

	3.4 End of Test Determination
	3.5 Data Processing

	4 COMPONENT TESTING RESULTS AND DISCUSSION
	4.1 Results
	4.1.1 Test No. IBP-1
	4.1.2 Test No. IBP-2
	4.1.3 Test No. IBP-3
	4.1.4 Test No. IBP-4

	4.2 Discussion

	5 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
	6 REFERENCES
	7 APPENDICES
	Appendix A. Alternative Epoxy Adhesive Anchor Design Calculations
	Appendix B. Material Specifications
	Appendix C. Bogie Test Results


