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1. INTRODUCTION
1.1 Problem Statement

The American Association of State Highway and Transportation Officials (AASHTO) published
an updated 2016 edition of the Manual for Assessing Safety Hardware (MASH) document [,
Along with this new edition, the Federal Highway Administration (FHWA) and AASHTO
developed a revised joint implementation agreement which establishes dates for discontinuing the
use of safety hardware that has met earlier crash testing criteria for new installations and full
replacements on the National Highway System (NHS).

Many of bridges in the United States are obsolete with respect to the updated AASHTO strength
requirements and the safety performance criteria stated in MASH. Many of these bridges utilize a
wide concrete curb with a post and bridge rail system. Often, it is not economically feasible to
completely replace the obsolete bridge rails with newer MASH compliant designs. Oftentimes,
state transportation agencies may need to utilize a crashworthy bridge rail retrofit design when an
obsolete bridge railing needs to be replaced for a MASH compliant bridge rail system

For this project, the State of Alaska, Department of Transportation and Public Facilities (Alaska
DOT & PF) contracted Texas A&M Transportation Institute (TTI) to develop effective retrofit
designs that meet the current MASH’s safety criteria for existing Alaska bridge rail systems. As
part of this project, the TTI research team developed a retrofit design of the new MASH TL-4
Alaska 2-Tube Bridge Rail to meet the strength requirements of MASH TL-4 on the four (4) curb
and deck across sections. This new MASH TL-4 Bridge Rail was designed and crash-tested by
TTI in April 2019". The purpose of this project was to develop retrofit designs using the new 2-
Tube bridge rail anchored to the top of the existing curbs using either Hilti Adhesive anchors or
with post anchor bolts that bolt through the curb and deck. TTI researchers worked closely with
Alaska Department of Transportation and North Dakota Department of Transportation to develop
retrofit designs for 4 bridge projects. As part of this project, the TTI research team developed
details and performed strength analyses for these four designs in accordance with the current
AASHTO LRFD, Section 13 Design Specifications [*!.

The project scope included performing the necessary engineering analyses to anchor the new 2-
Tube Bridge Rail onto the existing curbs in three (3) of the designs and anchoring through the curb
and deck in one (1) of the designs. The TTI research team analyzed the designs in accordance with
MASH TL-4 impact conditions and developed all the necessary details to retrofit the new MASH
TL-4 Alaska 2-Tube Bridge Rail onto the designs described in this report.

1.2 Objective

The objective of this project was to develop details for 4 select bridges (1 in Alaska and 3 in North
Dakota) using the new MASH TL-4 Alaska 2-Tube bridge rail that was designed and crash tested
at TTI in April, 2019. These new retrofit designs were designed to meet the crash performance
requirements of MASH TL-4 or TL-3 if necessary.



2. DESIGN ARTICLES

The TTI research team has received the following drawings entitled below from the technical
contracts Mr. Elmer Marx of Alaska DOT & PF, and Mr. Tim Schwagler of North Dakota DOT.
These drawings were used to develop the retrofit details needed for these projects. Strength
analyses were performed based on the details developed for these projects.

1.) Curb Detail 94-134.115 (Figure 2-1)

2.) Curb Detail 21-106.109 (Figure 2-2)

3.) Curb Detail 2-149.663 (Figure 2-3)

4.) Alaska Steel Bridge Rail Design (Figure 2-4)

The provided details were used to further develop the retrofit designs for this project. Details of
the Alaska and North Dakota bridge rails are presented along with brief descriptions for each in
the following subsections.
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2.1 North Dakota Bridge Rail with Curb 94-134.115

The details of deck and curb for drawings 94-134.115 are provided in Figure 2-5. As shown in the
figure, the curb detail 94-134.115 has a 10-inch joint width for the curb attachment to the deck
edge. The existing post and beam rail shown in these details will be removed to accommodate the
new retrofit railing developed for this project.
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| Construction
‘ [ Joint /% #5
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Figure 2-5. Details of North Dakota Curb 94-134.115



2.2 North Dakota Bridge Rail with Curb 21-106.109

The details of deck and curb of North Dakota 21-106.109 are provided in Figure 2-6. As shown in

the figure, the curb detail 21-106.109 has an 8-inch joint width for the curb attachment to the deck
edge. Of three curb details used by North Dakota DOT, this detail was considered the most critical
for strength and performance It was recommended that all existing posts and rails be removed to

provide sufficient space for the new retrofit design developed for this project.
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Figure 2-6. Details of North Dakota Curb 21-106.109



2.3 North Dakota Bridge Rail with Curb 2-149.663

The details of the bridge rail, deck, and curb of North Dakota 2-149.663 are provided in Figure
2-7. As shown in the figure, the curb detail 2-149.663 has a 12-inch joint width for the curb
attachment to the deck edge. Of three curb details provided to us from North Dakota, this detail
utilized the largest joint width connection to the deck. The details shown in Figure 2-6 were
considered more critical and were used in the analyses for this project. TTI researchers
recommended that the existing post and rail system be removed to accommodate the new retrofit

design for this bridge rail system.
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Figure 2-7. Details of North Dakota Curb 2-149.663



2.4 Alaska Steel Bridge Railing Design

The details of Alaska steel bridge railing design are provided in Figure 2-8. For this project, a
review of the curb anchorage was performed to reduce the amount of anchorage bolting through
the deck. Reducing the amount of drill-through anchorage would reduce/eliminate contaminated
drilling water from entering Alaska streams and rivers.
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Figure 2-8. Details of Alaska steel bridge railing
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3. TTI Retrofit Design
3.1 Barrier Analysis Procedure
3.1.1 Stability Requirements for MASH Bridge Railings
For a bridge railing to be considered a MASH acceptable system, a minimum height must be met
to ensure the stability of the vehicle. Table 3-1 shows the minimum height requirements for

MASH TL-2, TL-3, and TL-4 bridge traffic railings.

Table 3-1. Minimum Height Requirements for MASH

MASH Test Level Minimum Height (in.)
TL-2 18]
TL-3 291
TL-4 368!

51 NCHRP Project 22-20(2)

The height of a bridge railing system being analyzed was acquired from the detailed drawings of
that specific bridge railing and compared to the minimum height requirement for the specified test
level. As specified in AASHTO Section 13 LRFD, bridge railing is measured from the top of the
roadway surface or wearing course thickness to the top of the barrier. If the minimum bridge
railing height was satisfied, the railing system was considered to satisfactorily meet stability
requirements.

3.1.2 Geometric Requirements for MASH Bridge Railings

The geometric relationships for bridge railings contained in the current Section 13 AASHTO
LRFD Bridge Design Specifications [*! (Figure 3-1) were applied to evaluate railing geometry.
These relationships pertain to the potential for wheel, bumper, or hood snagging on elements of
the bridge railing. Severe snagging can lead to a number of undesirable consequences including
increased occupant compartment deformation, higher accelerations, and occupant risk indices, and
vehicle instability. Both AASHTO figures were used to analyze bridge railing geometry for all
MASH Test Levels for this project.

11
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Figure 3-1. Post setback and Snag Potential Criteria per AASHTO Section 13

For a bridge railing to be given a Satisfactory (S) designation for the geometric evaluation criteria,
the bridge railings’ geometric data points (i.e., post setback distance, rail contact width to height
ratio, and vertical clear opening) must plot in the AASHTO Figure A13.1.1-2 and A13.1.1-3
acceptable regions. The Preferred region in AASHTO Figure A13.1.1-2 and the Low Snag
Potential region in AASHTO Figure A13.1.1-3 are considered the acceptable regions. A bridge
railing is given a Marginal (M) designation for the geometric evaluation criteria if the barriers’
geometric data points are located between the Preferred and Not Recommended regions (Figure
A13.1.1-2) or the Low Snag Potential and High Snag Potential regions (Figure A13.1.1-3). A
bridge railing is given a Not Satisfactory (NS) designation for the geometric evaluation criteria if
the railings’ geometric data points plot in the Not Recommended region (Figure A13.1.1-2) or the
High Snag Potential region (Figure A13.1.1-3).

3.1.3 Strength Requirements

Section 13 of the AASHTO LRFD Bridge Design Specifications contains procedures for analyzing
the structural capacity of different types of bridge barriers (e.g., steel, concrete). These procedures
were used to evaluate the strength of the selected bridge rail retrofits for this project. Using these
procedures, an analysis of the strength of the selected bridge railings was performed using updated
loads for MASH Test Level 4 impact conditions. All bridge railings analyzed for this project were
evaluated with respect to current recommended MASH TL-4 impact loading conditions !,
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3.2 TTI Retrofit Design

The analyses procedures described in the previous section were applied to the bridge railings
considered in this project. Note that the TTI researchers developed a retrofit design for each bridge
railing as close to the tested design and geometry as possible by the request of Alaska DOT & PF.
The analysis results of each railing system are summarized in the following subsections. The
loading conditions used in the analyses for this project are provided in Table 3-2 below. This
information was used for all bridge barriers analyzed and reported in NCHRP Project 20-07/Task
395M1,

Table 3-2. Design Forces for Traffic Railings.

Test Rail Height F; FL Fy L¢and L, L H. Hmin
Level (in.) (kip) (kip) | (kip) (ft) (kip) (in.) (in.)
TL-18! 18 or above 13.5 4.5 4.5 4.0 18.0 18.0 18.0
TL-28 18 or above 27.0 9.0 45 4.0 18.0 20.0 18.0
TL-3M 29 or above 71.0 18.0 4.5 4.0 18.0 19.0 29.0
TL-4 (a)™ 36 68.0 22.0 38.0 4.0 18.0 25.0 36.0
TL-4 (b)) | greater than 36 80.0 27.0 22.0 5.0 18.0 30.0 36.0
TL-5 (a)™ 42 160.0 41.0 80.0 10.0 40.0 35.0 42.0
TL-5 (b)®! | greater than 42 262.0 75.0 | 160.0 10.0 40.0 43.0 42.0
TL 68! 90 or above 175.0 58.0 80.0 8.0 40.0 56.0 90.0

Note: BJAASHTO LRFD Section 13 Table A13.2-1; 'NCHRP Project 20-07/Task 395; FINCHRP
Project 22-20(2)
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3.2.1 North Dakota Bridge Rail with Curb 94-134.115

Figure 3-2 shows TTI’s proposed retrofit design for the North Dakota’s concrete curb 94-134.115.
The total height of the bridge rail system is 38 in. from the roadway surface to maintain the post
and rail details as tested from TTI project 608331 in accordance with the request of the client. To
secure the 2-Tube Bridge Rail on the North Dakota concrete curb 94-134.115, Hilti RE500 V3
Epoxy with 7/8-in. diameter anchor bolts with 8 in. embedded length for both traffic and field
sides, respectively were analyzed for this project.

Appendix A-1 and B-1 contain the suggested details and full analysis for the retrofit design of
North Dakota Bridge Rail with Curb 94-134.115, respectively. Below is a summary of the
evaluation results and recommendations.

Figure 3-2. TTI retrofit design for the North Dakota Bridge Rail with Curb 94-134.115

3.2.1.1 Stability Evaluation

The retrofit design for North Dakota Bridge Rail with Curb 94-134.115 has a height of 38-in. The
minimum height requirement for a MASH TL-4 bridge barrier is 36-in. Thus, the retrofit design
for this retrofit design meets the MASH TL-4 minimum height stability criterion (Satisfactory).

3.2.1.2 Geometric Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were determined
for the proposed retrofit design for the North Dakota Bridge Rail with Curb 94-134.115. The
appropriate data points were plotted against the current AASHTO LRFD Section 13 geometric
relationships. As seen in Figure 3-3, the geometric data points for the proposed retrofit design are
located in the preferred region for the Post Setback criteria and in the acceptable region for the
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Snag Potential criteria. Therefore, the retrofit design for the North Dakota Bridge Rail with Curb
94-134.115 satisfies the geometric evaluation criteria.

(a) Post Setback Criteria (b) Snag Potential Criteria
Figure 3-3. Geometric criteria assessment of the 94-134.115 curb retrofit design

3.2.1.3 Strength Evaluation

The structural capacity of the North Dakota Bridge Rail with Curb 94-134.115 retrofit design was
compared to the current recommended MASH TL-4 design transverse impact load provided in
Table 3-2. Since the height of the rail is 38 in. which exceeds 36 in., the desired MASH TL-4
design impact load (F7) is 80 kips located at an effective height (He) of 30 in. above the roadway
surface as per TL-4(b) in Table 3-2.

Table 3-3 presents the post strengths based on 9 ultimate strength load cases from the strength
analysis for this retrofit design. As summarized in the table, the limiting post strength was the
ultimate strength of the post based on the strength of the adhesive anchor bolts in the curb. The
adhesive bond strength of the anchor in the curb governs the ultimate strength of the posts. Based
on this strength, the calculated strength of the retrofit design was approximately 63 kips at He = 30
in., over a 3-span failure mechanism. Based on this calculated strength, the proposed retrofit design
does not meet the target strength of 80 kips required for MASH TL-4. TTI researchers recommend
performing static load testing of the posts or full-scale crash testing for MASH TL-4. Table 3-4
summarizes the strength of the retrofit design of the North Dakota Bridge Rail with Curb 94-
134.115.
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Table 3-3. Summary of post strengths based on several critical cases for 94-134.115 curb

1) Post strength based on plastic strength of the post 74.5 kips
2) Post strength based on post fillet welds 74.3 kips
3) Post strength based on anchor bolt shear strength 130.0 kips
4) Post strength based on ultimate tensile strength of anchor bolts 49.2 kips
5) Post strength based on the curb punching shear strength 82.8 kips
6) Post strength based on lateral punching shear on the traffic side bolts 66.1 kips
7) Post strength based on flexural resistance (FS1) 53.4 kips
8) Post strength based on flexural resistance (FS2) 38.4 kips
9) Post strength based on ultimate strength of adhesive dowels in curb 21.8 kips

Table 3-4. Summary of MASH TL-3 and 4 Strength Analysis for 94-134.115 curb

Criteria Required Actual Assessment
TL-3 71.0 kips 99 kips Satisfactory
TL-4 80.0 kips 63 kips Not Satisfactory

3.2.1.4 Summary

As summarized in Table 3-5, 94-134.115 North Dakota Bridge Rail with curb 94-134.115 as
shown in Figure 3-2 does not satisfy MASH TL-4 strength evaluation criteria but meets MASH
TL-3 strength criteria. The assessment of occupant risk is considered satisfactory as the geometrics
of the bridge rail are located in the preferred and low snag potential regions for the post setback

criteria (see Figure 3-3).

Based on the analyses, the retrofit design does not the the strength requirements for MASH TL-4.
However, full-scale static load testing is recommended to determine the ultimate strength of the

post based can be achieved for MASH TL-4.

Table 3-5. Summary of MASH TL-4 Assessment of 94-134.115 curb

Required Actual Assessment
Stability 36 in. 38 in. Satisfactory
Geometric See Figure 3-3 Satisfactory
Not Satisfactory
Strength See Table 3-4 (acceptable for TL-3
based on analyses)
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3.2.2 North Dakota Bridge Rail with Curb 21-106.109

Figure 3-4 shows TTI’s proposed retrofit design for the North Dakota’s Bridge Rail with Curb 21-
106.109. The total height of the bridge rail system is 38 in. from the roadway surface to maintain
the post and rail details as tested from TTI project 60833 1. The posts for this retrofit design were
anchored to the curb using 7/8-in. diameter anchor rods with Hilti RES00 V3 Epoxy. The anchor
rods were embedded 8 in. and 6.5 in. on the traffic and field sides, respectively. The different
embedded lengths were used to avoid interference with existing reinforcement in curb and also to
secure concrete cover and construction tolerances.

Appendix A-2 and B-2 contain the suggested details and full analysis for the retrofit design of
21-106.109, respectively. Below is a summary of the evaluation results and recommendations.

Figure 3-4. TTI retrofit design for the 21-106.109 curb

3.2.2.1 Stability Evaluation

The retrofit design for North Dakota Bridge Rail with Concrete curb 21-106.109 has a height of
38-in. The minimum height requirement for a MASH TL-4 bridge barrier is 36-in. Thus, the
retrofit design of curb 21-106.109 meets the MASH TL-4 minimum height stability criterion
(Satisfactory).

3.2.2.2 Geometric Evaluation
Post setback distance, ratio of contact width to height, and vertical clear opening were determined
for the proposed retrofit design for the North Dakota Bridge Rail with Curb 21-106.109. The

appropriate data points were plotted against the current AASHTO LRFD Section 13 geometric
relationships. As seen in Figure 3-5, the bridge rails’ geometric data points are located in the
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preferred region for the Post Setback criteria and in the acceptable region for the Snag Potential
criteria. Therefore, the retrofit design satisfies the geometric evaluation criteria.

(a) Post Setback Criteria (b) Snag Potential Criteria
Figure 3-5. Geometric criteria assessment of the 21-106.109 curb retrofit design

3.2.2.3 Strength Evaluation

The structural capacity of the North Dakota Bridge Rail with Curb 21-106.109 was compared to
the current recommended MASH TL-4 design transverse impact load provided in Table 3-2. Since
the height of rail is 38-in. which exceeds 36 in., the desired MASH TL-4 design impact load (F7)
is 80 kips located at an effective height (He) of 30 in. above the roadway surface as per TL-4(b) in
Table 3-2.

Table 3-3 presents the post strengths based on 9 ultimate strength load cases from the strength
analysis for this retrofit design. As summarized in the table, the limiting post strength was the
ultimate strength of the post based on adhesive anchor bolts in the curb. The adhesive bond
strength of the anchor in the curb governs the ultimate strength of the posts. Based on this strength,
the calculated strength of the retrofit design was approximately 60 kips at He. = 30 in., over a 3-
span failure mechanism. Based on this calculated strength, the proposed retrofit design does not
meet the target strength of 80 kips required for MASH TL-4. TTI researchers recommend
performing static load testing of the posts or full-scale crash testing for MASH TL-4. Table 3-7
summarizes the strength of the retrofit design of the North Dakota Bridge Rail with Curb 21-
106.109.
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Table 3-6. Summary of post strengths based on several critical cases for 21-106.109 curb

1) Post strength based on plastic strength of the post 70.0 kips
2) Post strength based on post fillet welds 69.8 kips
3) Post strength based on anchor bolt shear strength 130.0 kips
4) Post strength based on ultimate tensile strength of anchor bolts 46.4 kips
5) Post strength based on the curb punching shear strength 56.4 kips
6) Post strength based on lateral punching shear on the traffic side bolts 50.9 kips
7) Post strength based on flexural resistance (FS1) 31.7 kips
8) Post strength based on flexural resistance (FS2) 28.7 kips
9) Post strength based on ultimate strength of adhesive dowels in curb 20.5 kips

Table 3-7. Summary of MASH TL-3 and 4 Strength Analysis for 21-106.109 curb

Criteria Required Actual Assessment
TL-3 71.0 kips 94 kips Satisfactory
TL-4 80.0 kips 60 kips Not Satisfactory

3.2.2.4 Summary

As summarized in Table 3-8, 21-106.109 North Dakota concrete curb in Figure 3-4 does not satisfy
MASH TL-4 strength evaluation criteria but meets MASH TL-3 strength criteria. The assessment
of occupant risk is considered satisfactory as the geometrics of the bridge rail are located in the
preferred and low snag potential regions for the post setback criteria (see Figure 3-5).

Based on the analyses, the retrofit design does not the the strength requirements for MASH TL-4.
However, full-scale static load testing is recommended to determine the ultimate strength of the

post based can be achieved for MASH TL-4.

Table 3-8. Summary of MASH TL-4 Assessment of 21-106.109 curb

Required Actual Assessment

Stability 36 in. 38 in. Satisfactory

Geometric See Figure 3-5 Satisfactory
Strength See Table 3-7 Not Satisfactory
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3.2.3 North Dakota Bridge Rail with curb 2-149.663

Figure 3-6 shows TTI’s proposed retrofit design for the North Dakota Bridge Rail with Curb 2-
149.663. The total height of the bridge rail system is 38 in. from the roadway surface to maintain
the post and rail details as tested from TTI project 60833 1. The posts for this retrofit design were
anchored to the curb using 7/8-inch diameter anchor rods with Hilti RE500 V3 Epoxy. The anchor
rods were embedded 8.0 inches and 6.5 inches on the traffic sides and field sides, respectively.
The different embedded lengths are used to avoid interference with existing reinforcement in curb
and also to secure concrete cover and construction tolerances.

Appendix A-3 and B-3 contain the suggested details and full analysis for the retrofit design of
2-149.663, respectively. Below is a summary of the evaluation results and recommendations.

Figure 3-6. TTI retrofit design for the 2-149.663 curb

3.2.3.1 Stability Evaluation

The retrofit design for North Dakota Bridge Rail with Curb 2-149.663 has a height of 38-in. The
minimum height requirement for a MASH TL-4 bridge barrier is 36-in. Thus, the retrofit design
of curb 2-149.663 meets the MASH TL-4 minimum height stability criterion (Satisfactory).

3.2.3.2 Geometric Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were determined
for the proposed retrofit design for the retrofit design. The appropriate data points were plotted
against the current AASHTO LRFD Section 13 geometric relationships. As seen in Figure 3-7, the
bridge rails’ geometric data points are located in the preferred region for the Post Setback criteria
and in the acceptable region for the Snag Potential criteria. Therefore, the retrofit design of North
Dakota Bridge Rail with Concrete Curb 2-149.663 satisfies the geometric evaluation criteria.
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(a) Post Setback Criteria (b) Snag Potential Criteria
Figure 3-7. Geometric criteria assessment of the 2-149.663 curb retrofit design

3.2.3.3 Strength Evaluation

The structural capacity of the 2-149.663 curb’s retrofit design was compared to the current
recommended MASH TL-4 design transverse impact load provided in Table 3-2. Since the height
of rail is 38 in. which exceeds 36 in., the desired MASH TL-4 design impact load (F7) is 80 kips
located at an effective height (H.) of 30 in. above the roadway surface as per TL-4(b) in Table 3-2.

Table 3-3 presents the post strengths based on 9 ultimate strength load cases from the strength
analysis for this retrofit design. As summarized in the table, the limiting post strength was the
ultimate strength of the post based on adhesive anchor bolts in the curb. The adhesive bond
strength of the anchor in the curb governs the ultimate strength of the posts. Based on this strength,
the calculated strength of the retrofit design was approximately 75 kips at He = 30 in. Based on
this calculated strength, the proposed retrofit design does not meet the target strength of 80 kips
required for MASH TL-4. TTI researchers recommend performing static load testing of the posts
or full-scale crash testing for MASH TL-4. Table 3-10 summarizes the strength of the retrofit
design the North Dakota Bridge Rail with Curb 2-149.663.
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Table 3-9. Summary of post strengths based on several critical cases for 2-149.663 curb

1) Post strength based on plastic strength of the post 74.5 kips
2) Post strength based on post fillet welds 74.3 kips
3) Post strength based on anchor bolt shear strength 130.0 kips
4) Post strength based on ultimate tensile strength of anchor bolts 49.2 kips
5) Post strength based on the curb punching shear strength 73.4 kips
6) Post strength based on lateral punching shear on the traffic side bolts 66.9 kips
7) Post strength based on flexural resistance (FS1) 66.2 kips
8) Post strength based on flexural resistance (FS2) 32.1 kips
9) Post strength based on ultimate strength of adhesive dowels in curb 21.8 kips

Table 3-10. Summary of MASH TL-3 and 4 Strength Analysis for 2-149.663 curb

Criteria Required Actual Assessment
TL-3 71.0 kips 118 kips Satisfactory
TL-4 80.0 kips 75 kips Not Satisfactory

3.2.3.4 Summary

As summarized in Table 3-11, 2-149.663 North Dakota Bridge Rail with Curb 2-149.663 as shown
in Figure 3-6 does not satisfy MASH TL-4 strength evaluation criteria but meets MASH TL-3
strength criteria. The assessment of occupant risk is considered satisfactory as the geometrics of
the bridge rail are located in the preferred and low snag potential regions for the post setback
criteria (see Figure 3-7).

Based on the analyses, the retrofit design does not the the strength requirements for MASH TL-4.
However, full-scale static load testing is recommended to determine the ultimate strength of the
post based can be achieved for MASH TL-4.

Table 3-11. Summary of MASH TL-4 Assessment of 2-149.663 curb

Required Actual Assessment

Stability 36 in. 38 in. Satisfactory

Geometric See Figure 3-7 Satisfactory
Strength See Table 3-10 Not Satisfactory
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3.2.4 Alaska Steel Bridge Railing Design

Figure 3-8 shows TTI’s proposed retrofit design for the Alaska Steel Bridge Railing. The total
height of the bridge rail system is 38 in. from the roadway surface to maintain the post and rail
details as tested from TTI project 60833 1. The retrofit design using the Alaska 2-Tube Bridge

Rail incorporates anchor bolts with a single plate washer to connect curb, deck, and post.

Figure 3-8. TTI retrofit design for the Alaska steel bridge railing retrofit design

The initial TTI design suggested using bolt-through anchors through the deck and curb with a large
plate washer for 2 anchors for each post. However, it was concluded that using a single plate
washer for each bolt-through anchor was preferred for ease of construction.

For this retrofit design, #4 J-dowel bars are embedded into the bridge deck using Hilti RE500 V3
Epoxy to anchor the curb to the deck. These bars can be installed at a depth of 4.0 inches to help
reduce contaminated drilling water from entering into Alaska rivers and streams (preference by
Alaska DOT). These #4 J-dowels bars are spaced on 16-inch center between the posts with the
bars spaced on 12-inch centers away from the centerline of the posts. For anchoring the posts to
the curb and deck, separate bolt through anchors were recommended.

Appendix A-4 and B-4 contain the suggested details and full analysis for the retrofit design of

Alaska steel bridge railing design, respectively. Below is a summary of the evaluation results and
recommendations.
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3.2.4.1 Stability Evaluation

The retrofit design for Alaska steel bridge railing system has a height of 38-in. The minimum
height requirement for a MASH TL-4 bridge barrier is 36-in. Thus, the retrofit design of Alaska
steel bridge railing system meets the MASH TL-4 minimum height stability criterion
(Satisfactory).

3.2.4.2 Geometric Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were determined
for the proposed retrofit design for Alaska steel bridge railing system. The appropriate data points
were plotted against the current AASHTO LRFD Section 13 geometric relationships. As seen in
Figure 3-9, the bridge rails’ geometric data points are located in the preferred region for the Post
Setback criteria and in the acceptable region for the Snag Potential criteria. Therefore, the retrofit
design of Alaska steel bridge railing system satisfies the geometric evaluation criteria.

(a) Post Setback Criteria (b) Snag Potential Criteria
Figure 3-9. Geometric criteria assessment of the Alaska steel bridge railing retrofit design

3.2.4.3 Strength Evaluation
The structural capacity of Alaska steel bridge rail retrofit design was compared to the current
recommended MASH TL-4 design transverse impact load provided in Table 3-2. Since the height

of rail is 38 in. which exceeds 36 in., the desired MASH TL-4 design impact load (F7) is 80 kips
located at an effective height (H.) of 30 in. above the roadway surface as per TL-4(b) in Table 3-2.
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Table 3-12 presents the post strengths based on 7 critical cases from the strength analysis for the
retrofit design. As summarized in the table, post strength based on flexural resistance was the
governing strength. However, this strength is governed by a post located immediately adjacent to
a joint in the deck. According to many crash tests conducted, deck failure is typically observed at
an open joint over several spans (3 or more). Thus, computing the design strength based on flexural
resistance likely may not reflect the actual strength of this deck failure mechanism. Based on the
observation from the crash test, it is considered that averaging the strength of 3 posts may be a
more realistic failure scenario.

When calculating the rail strength for multiple spans at H. = 30 in., a resistance for 3-span controls
the strength. The strength of the retrofit design is approximately 81 kips at the TL-4 height of 30
in. The retrofit design, thus meets the target strength of 80 kips given by MASH TL-4 as shown in
Table 3-13.

Table 3-12. Summary of post strengths based on several critical cases for Alaska steel
bridge railing retrofit design

1) Post strength based on plastic strength of the post 60.8 kips
2) Post strength based on post fillet welds 60.6 kips
3) Post strength based on anchor bolt shear strength 130.0 kips
4) Post strength based on ultimate tensile strength of anchor bolts 43.3 kips
5) Post strength based on the curb punching shear strength 57.9 kips
6) Post strength based on cone-shaped punching shear 68.2 kips
7) Post strength based on flexural resistance 31.7 kips

Table 3-13. Summary of MASH TL-4 Strength Analysis for Alaska steel bridge railing
retrofit design

Criteria Required Actual Assessment

TL-4 80.0 kips 81 kips Satisfactory
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3.2.4.4 Summary

As summarized in Table 3-14, Alaska steel bridge railing retrofit design in Figure 3-8 satisfies
MASH TL-4 strength evaluation criteria. Also, the assessment of occupant risk is considered
satisfactory as the geometrics of the bridge rail are located in the preferred and low snag potential
regions for the post setback criteria (see Figure 3-9). Therefore, the retrofit design for Alaska steel
bridge railing meets MASH TL-4 criteria.

Table 3-14. Summary of MASH TL-4 Assessment of Alaska steel bridge railing retrofit

design
Required Actual Assessment
Stability 36 in. 38 in. Satisfactory
Geometric See Figure 3-9 Satisfactory
Strength See Table 3-10 Satisfactory
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APPENDIX A. TTI Retrofit Designs
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A-1. Retrofit Design of North Dakota Curb 94-134.115

29



/HSS 7" x 5" x 3/8"
3g"

o 342
4
2\
o & 20-172"
B7 Threaded Rod
@7/8" x 10 172" . 1/2"
Il

2L

30



3spat6"-18" T—T77 equal spacee.;—‘ Symmetric about ¢ Concrete and Rebar
Typ at post locations 85" [

=
n I
(] Il
| I 1 | | Il
I W _ : I
Ll - (L ]
| | I 1l 1] 1l ] 1l |
e | - | -
G f A=

—mB Plan View

Elevation View

5/8" Rebar x 6 3/4" Rebar
1-1/2" evr [
5/8" Rebar
mi 2
- , , . T

e
—

—5/8" Rebar x 5
/
/

/ — E1O" Dabar At 70

I

31



f— 4" —

0"

34700

Post Details
Y%\I\
Q [N}
o |
1
H 4%1"X 1-1/2"THRU/
N}
S I \
I W8x24 x 26"
¥ ASTM A709 Grade 50 *
C

Plate, 13" x 1" x 12"
ASTM A7Q09 Grade 50

&0

S R I
CP G ? ]

32

/

) --—

17-1/2"

o7

e



A-2. Retrofit Design of North Dakota Curb 21-106.109
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A-3. Retrofit Design of North Dakota Curb 2-149.663
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A-4. Retrofit Design of Alaska Steel Bridge Railing
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APPENDIX B. MATHCAD Strength Analysis Sheet

B-1. Strength Analysis of North Dakota curb 94-134.115 retrofit design
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B-2. Strength Analysis of North Dakota curb 21-106.109 retrofit design
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B-3. Strength Analysis of North Dakota curb 2-149.663 retrofit design
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B-4. Strength Analysis of Alaska Steel Bridge Railing Retrofit Design
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	1.1 Problem Statement 
	The American Association of State Highway and Transportation Officials (AASHTO) published an updated 2016 edition of the Manual for Assessing Safety Hardware (MASH) document . Along with this new edition, the Federal Highway Administration (FHWA) and AASHTO developed a revised joint implementation agreement which establishes dates for discontinuing the use of safety hardware that has met earlier crash testing criteria for new installations and full replacements on the National Highway System (NHS).  
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	Many of bridges in the United States are obsolete with respect to the updated AASHTO strength requirements and the safety performance criteria stated in MASH. Many of these bridges utilize a wide concrete curb with a post and bridge rail system. Often, it is not economically feasible to completely replace the obsolete bridge rails with newer MASH compliant designs. Oftentimes, state transportation agencies may need to utilize a crashworthy bridge rail retrofit design when an obsolete bridge railing needs to
	For this project, the State of Alaska, Department of Transportation and Public Facilities (Alaska DOT & PF) contracted Texas A&M Transportation Institute (TTI) to develop effective retrofit designs that meet the current MASH’s safety criteria for existing Alaska bridge rail systems. As part of this project, the TTI research team developed a retrofit design of the new MASH TL-4 Alaska 2-Tube Bridge Rail to meet the strength requirements of MASH TL-4 on the four (4) curb and deck across sections. This new MAS
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	The project scope included performing the necessary engineering analyses to anchor the new 2Tube Bridge Rail onto the existing curbs in three (3) of the designs and anchoring through the curb and deck in one (1) of the designs. The TTI research team analyzed the designs in accordance with MASH TL-4 impact conditions and developed all the necessary details to retrofit the new MASH TL-4 Alaska 2-Tube Bridge Rail onto the designs described in this report.  
	-


	1.2 Objective 
	1.2 Objective 
	The objective of this project was to develop details for 4 select bridges (1 in Alaska and 3 in North Dakota) using the new MASH TL-4 Alaska 2-Tube bridge rail that was designed and crash tested at TTI in April, 2019. These new retrofit designs were designed to meet the crash performance requirements of MASH TL-4 or TL-3 if necessary. 
	1 


	2. DESIGN ARTICLES 
	2. DESIGN ARTICLES 
	The TTI research team has received the following drawings entitled below from the technical contracts Mr. Elmer Marx of Alaska DOT & PF, and Mr. Tim Schwagler of North Dakota DOT.  These drawings were used to develop the retrofit details needed for these projects. Strength analyses were performed based on the details developed for these projects. 
	1.) Curb Detail 94-134.115 (Figure 2-1) 
	2.) Curb Detail 21-106.109 (Figure 2-2) 
	3.) Curb Detail 2-149.663 (Figure 2-3) 
	4.) Alaska Steel Bridge Rail Design (Figure 2-4) 
	4.) Alaska Steel Bridge Rail Design (Figure 2-4) 
	The provided details were used to further develop the retrofit designs for this project. Details of the Alaska and North Dakota bridge rails are presented along with brief descriptions for each in the following subsections. 
	2 
	Figure
	Figure 2-1. Curb Detail 94-134.115 
	Figure 2-1. Curb Detail 94-134.115 


	3 
	Figure
	Figure 2-2. Curb Detail 94-134.115 
	Figure 2-2. Curb Detail 94-134.115 


	4 
	Figure
	Figure 2-3. Curb Detail 2-149.663 
	Figure 2-3. Curb Detail 2-149.663 


	5 
	Figure
	Figure 2-4. Alaska Steel Bridge Railing Design 
	Figure 2-4. Alaska Steel Bridge Railing Design 


	6 

	2.1 North Dakota Bridge Rail with Curb 94-134.115 
	2.1 North Dakota Bridge Rail with Curb 94-134.115 
	The details of deck and curb for drawings 94-134.115 are provided in Figure 2-5. As shown in the figure, the curb detail 94-134.115 has a 10-inch joint width for the curb attachment to the deck edge. The existing post and beam rail shown in these details will be removed to accommodate the new retrofit railing developed for this project. 
	Figure
	Figure 2-5. Details of North Dakota Curb 94-134.115 
	Figure 2-5. Details of North Dakota Curb 94-134.115 



	2.2 North Dakota Bridge Rail with Curb 21-106.109 
	2.2 North Dakota Bridge Rail with Curb 21-106.109 
	The details of deck and curb of North Dakota 21-106.109 are provided in Figure 2-6. As shown in the figure, the curb detail 21-106.109 has an 8-inch joint width for the curb attachment to the deck edge. Of three curb details used by North Dakota DOT, this detail was considered the most critical for strength and performance It was recommended that all existing posts and rails be removed to provide sufficient space for the new retrofit design developed for this project. 
	Figure
	Figure 2-6. Details of North Dakota Curb 21-106.109 
	Figure 2-6. Details of North Dakota Curb 21-106.109 



	2.3 North Dakota Bridge Rail with Curb 2-149.663 
	2.3 North Dakota Bridge Rail with Curb 2-149.663 
	The details of the bridge rail, deck, and curb of North Dakota 2-149.663 are provided in Figure 2-7. As shown in the figure, the curb detail 2-149.663 has a 12-inch joint width for the curb attachment to the deck edge. Of three curb details provided to us from North Dakota, this detail utilized the largest joint width connection to the deck. The details shown in Figure 2-6 were considered more critical and were used in the analyses for this project. TTI researchers recommended that the existing post and rai
	Figure
	Figure 2-7. Details of North Dakota Curb 2-149.663 
	Figure 2-7. Details of North Dakota Curb 2-149.663 



	2.4 Alaska Steel Bridge Railing Design 
	2.4 Alaska Steel Bridge Railing Design 
	The details of Alaska steel bridge railing design are provided in Figure 2-8. For this project, a review of the curb anchorage was performed to reduce the amount of anchorage bolting through the deck. Reducing the amount of drill-through anchorage would reduce/eliminate contaminated drilling water from entering Alaska streams and rivers. 
	Figure
	Figure 2-8. Details of Alaska steel bridge railing 
	Figure 2-8. Details of Alaska steel bridge railing 




	3. TTI Retrofit Design 
	3. TTI Retrofit Design 
	3.1 Barrier Analysis Procedure 
	3.1 Barrier Analysis Procedure 
	3.1.1 Stability Requirements for MASH Bridge Railings 
	3.1.1 Stability Requirements for MASH Bridge Railings 
	For a bridge railing to be considered a MASH acceptable system, a minimum height must be met to ensure the stability of the vehicle. Table 3-1 shows the minimum height requirements for MASH TL-2, TL-3, and TL-4 bridge traffic railings. 
	Table 3-1. Minimum Height Requirements for MASH 
	Table 3-1. Minimum Height Requirements for MASH 
	Table 3-1. Minimum Height Requirements for MASH 

	MASH Test Level 
	MASH Test Level 
	Minimum Height (in.) 

	TL-2 
	TL-2 
	18[3] 

	TL-3 
	TL-3 
	29[4] 

	TL-4 
	TL-4 
	36[5] 


	[5] NCHRP Project 22-20(2) 
	The height of a bridge railing system being analyzed was acquired from the detailed drawings of that specific bridge railing and compared to the minimum height requirement for the specified test level. As specified in AASHTO Section 13 LRFD, bridge railing is measured from the top of the roadway surface or wearing course thickness to the top of the barrier. If the minimum bridge railing height was satisfied, the railing system was considered to satisfactorily meet stability requirements. 

	3.1.2 Geometric Requirements for MASH Bridge Railings 
	3.1.2 Geometric Requirements for MASH Bridge Railings 
	The geometric relationships for bridge railings contained in the current Section 13 AASHTO LRFD Bridge Design Specifications (Figure 3-1) were applied to evaluate railing geometry. These relationships pertain to the potential for wheel, bumper, or hood snagging on elements of the bridge railing. Severe snagging can lead to a number of undesirable consequences including increased occupant compartment deformation, higher accelerations, and occupant risk indices, and vehicle instability. Both AASHTO figures we
	[3] 

	Figure
	Figure 3-1. Post setback and Snag Potential Criteria per AASHTO Section 13 
	Figure 3-1. Post setback and Snag Potential Criteria per AASHTO Section 13 


	(a) Post Setback Criteria (b) Snag Potential Criteria (AASHTO Figure A13.1.1-2) (AASHTO Figure A13.1.1-3) 
	For a bridge railing to be given a Satisfactory (S) designation for the geometric evaluation criteria, the bridge railings’ geometric data points (i.e., post setback distance, rail contact width to height ratio, and vertical clear opening) must plot in the AASHTO Figure A13.1.1-2 and A13.1.1-3 acceptable regions. The Preferred region in AASHTO Figure A13.1.1-2 and the Low Snag Potential region in AASHTO Figure A13.1.1-3 are considered the acceptable regions. A bridge railing is given a Marginal (M) designat

	3.1.3 Strength Requirements 
	3.1.3 Strength Requirements 
	Section 13 of the AASHTO LRFD Bridge Design Specifications contains procedures for analyzing the structural capacity of different types of bridge barriers (e.g., steel, concrete). These procedures were used to evaluate the strength of the selected bridge rail retrofits for this project. Using these procedures, an analysis of the strength of the selected bridge railings was performed using updated loads for MASH Test Level 4 impact conditions. All bridge railings analyzed for this project were evaluated with
	[3]



	3.2 TTI Retrofit Design 
	3.2 TTI Retrofit Design 
	The analyses procedures described in the previous section were applied to the bridge railings considered in this project. Note that the TTI researchers developed a retrofit design for each bridge railing as close to the tested design and geometry as possible by the request of Alaska DOT & PF. The analysis results of each railing system are summarized in the following subsections. The loading conditions used in the analyses for this project are provided in Table 3-2 below. This information was used for all b
	395
	395
	[4]

	. 
	Table 3-2. Design Forces for Traffic Railings. 
	Table 3-2. Design Forces for Traffic Railings. 
	Table 3-2. Design Forces for Traffic Railings. 

	Test Level 
	Test Level 
	Rail Height (in.) 
	Ft (kip) 
	FL (kip) 
	Fv (kip) 
	Lt and LL (ft) 
	Lv (kip) 
	He (in.) 
	Hmin (in.) 

	TL-1[3] 
	TL-1[3] 
	18 or above 
	13.5 
	4.5 
	4.5 
	4.0 
	18.0 
	18.0 
	18.0 

	TL-2[3] 
	TL-2[3] 
	18 or above 
	27.0 
	9.0 
	4.5 
	4.0 
	18.0 
	20.0 
	18.0 

	TL-3[4] 
	TL-3[4] 
	29 or above 
	71.0 
	18.0 
	4.5 
	4.0 
	18.0 
	19.0 
	29.0 

	TL-4 (a)[5] 
	TL-4 (a)[5] 
	36 
	68.0 
	22.0 
	38.0 
	4.0 
	18.0 
	25.0 
	36.0 

	TL-4 (b)[5] 
	TL-4 (b)[5] 
	greater than 36 
	80.0 
	27.0 
	22.0 
	5.0 
	18.0 
	30.0 
	36.0 

	TL-5 (a)[5] 
	TL-5 (a)[5] 
	42 
	160.0 
	41.0 
	80.0 
	10.0 
	40.0 
	35.0 
	42.0 

	TL-5 (b)[5] 
	TL-5 (b)[5] 
	greater than 42 
	262.0 
	75.0 
	160.0 
	10.0 
	40.0 
	43.0 
	42.0 

	TL 6[3] 
	TL 6[3] 
	90 or above 
	175.0 
	58.0 
	80.0 
	8.0 
	40.0 
	56.0 
	90.0 


	Note: AASHTO LRFD Section 13 Table A13.2-1; NCHRP Project 20-07/Task 395; NCHRP Project 22-20(2) 
	[3]
	[4]
	[5]

	3.2.1 North Dakota Bridge Rail with Curb 94-134.115 
	3.2.1 North Dakota Bridge Rail with Curb 94-134.115 
	Figure 3-2 shows TTI’s proposed retrofit design for the North Dakota’s concrete curb 94-134.115. The total height of the bridge rail system is 38 in. from the roadway surface to maintain the post and rail details as tested from TTI project 608331 in accordance with the request of the client. To secure the 2-Tube Bridge Rail on the North Dakota concrete curb 94-134.115, Hilti RE500 V3 Epoxy with 7/8-in. diameter anchor bolts with 8 in. embedded length for both traffic and field sides, respectively were analy
	Appendix A-1 and B-1 contain the suggested details and full analysis for the retrofit design of North Dakota Bridge Rail with Curb 94-134.115, respectively. Below is a summary of the evaluation results and recommendations. 
	Figure
	Figure 3-2. TTI retrofit design for the North Dakota Bridge Rail with Curb 94-134.115 
	Figure 3-2. TTI retrofit design for the North Dakota Bridge Rail with Curb 94-134.115 


	3.2.1.1 Stability Evaluation 
	3.2.1.1 Stability Evaluation 
	The retrofit design for North Dakota Bridge Rail with Curb 94-134.115 has a height of 38-in. The minimum height requirement for a MASH TL-4 bridge barrier is 36-in. Thus, the retrofit design for this retrofit design meets the MASH TL-4 minimum height stability criterion (Satisfactory). 

	3.2.1.2 Geometric Evaluation 
	3.2.1.2 Geometric Evaluation 
	Post setback distance, ratio of contact width to height, and vertical clear opening were determined for the proposed retrofit design for the North Dakota Bridge Rail with Curb 94-134.115. The appropriate data points were plotted against the current AASHTO LRFD Section 13 geometric relationships. As seen in Figure 3-3, the geometric data points for the proposed retrofit design are located in the preferred region for the Post Setback criteria and in the acceptable region for the 
	Post setback distance, ratio of contact width to height, and vertical clear opening were determined for the proposed retrofit design for the North Dakota Bridge Rail with Curb 94-134.115. The appropriate data points were plotted against the current AASHTO LRFD Section 13 geometric relationships. As seen in Figure 3-3, the geometric data points for the proposed retrofit design are located in the preferred region for the Post Setback criteria and in the acceptable region for the 
	Snag Potential criteria. Therefore, the retrofit design for the North Dakota Bridge Rail with Curb 94-134.115 satisfies the geometric evaluation criteria. 

	Figure
	Figure 3-3. Geometric criteria assessment of the 94-134.115 curb retrofit design 
	Figure 3-3. Geometric criteria assessment of the 94-134.115 curb retrofit design 


	(a) Post Setback Criteria (b) Snag Potential Criteria 

	3.2.1.3 Strength Evaluation 
	3.2.1.3 Strength Evaluation 
	The structural capacity of the North Dakota Bridge Rail with Curb 94-134.115 retrofit design was compared to the current recommended MASH TL-4 design transverse impact load provided in Table 3-2. Since the height of the rail is 38 in. which exceeds 36 in., the desired MASH TL-4 design impact load (t) is 80 kips located at an effective height (He) of 30 in. above the roadway surface as per TL-4(b) in Table 3-2. 
	F

	Table 3-3 presents the post strengths based on 9 ultimate strength load cases from the strength analysis for this retrofit design. As summarized in the table, the limiting post strength was the ultimate strength of the post based on the strength of the adhesive anchor bolts in the curb. The adhesive bond strength of the anchor in the curb governs the ultimate strength of the posts. Based e = 30 in., over a 3-span failure mechanism. Based on this calculated strength, the proposed retrofit design does not mee
	on this strength, the calculated strength of the retrofit design was approximately 63 kips at 
	H
	-

	Table 3-3. Summary of post strengths based on several critical cases for 94-134.115 curb 
	Table 3-3. Summary of post strengths based on several critical cases for 94-134.115 curb 
	Table 3-3. Summary of post strengths based on several critical cases for 94-134.115 curb 

	1) Post strength based on plastic strength of the post 
	1) Post strength based on plastic strength of the post 
	74.5 kips 

	2) Post strength based on post fillet welds 
	2) Post strength based on post fillet welds 
	74.3 kips 

	3) Post strength based on anchor bolt shear strength 
	3) Post strength based on anchor bolt shear strength 
	130.0 kips 

	4) Post strength based on ultimate tensile strength of anchor bolts 
	4) Post strength based on ultimate tensile strength of anchor bolts 
	49.2 kips 

	5) Post strength based on the curb punching shear strength 
	5) Post strength based on the curb punching shear strength 
	82.8 kips 

	6) Post strength based on lateral punching shear on the traffic side bolts 
	6) Post strength based on lateral punching shear on the traffic side bolts 
	66.1 kips 

	7) Post strength based on flexural resistance (FS1) 
	7) Post strength based on flexural resistance (FS1) 
	53.4 kips 

	8) Post strength based on flexural resistance (FS2) 
	8) Post strength based on flexural resistance (FS2) 
	38.4 kips 

	9) Post strength based on ultimate strength of adhesive dowels in curb 
	9) Post strength based on ultimate strength of adhesive dowels in curb 
	21.8 kips 


	Table 3-4. Summary of MASH TL-3 and 4 Strength Analysis for 94-134.115 curb 
	Criteria 
	Criteria 
	Criteria 
	Required 
	Actual 
	Assessment 

	TL-3 
	TL-3 
	71.0 kips 
	99 kips 
	Satisfactory 

	TL-4 
	TL-4 
	80.0 kips 
	63 kips 
	Not Satisfactory 



	3.2.1.4 Summary 
	3.2.1.4 Summary 
	As summarized in Table 3-5, 94-134.115 North Dakota Bridge Rail with curb 94-134.115 as shown in Figure 3-2 does not satisfy MASH TL-4 strength evaluation criteria but meets MASH TL-3 strength criteria. The assessment of occupant risk is considered satisfactory as the geometrics of the bridge rail are located in the preferred and low snag potential regions for the post setback criteria (see Figure 3-3). 
	Based on the analyses, the retrofit design does not the the strength requirements for MASH TL-4. However, full-scale static load testing is recommended to determine the ultimate strength of the post based can be achieved for MASH TL-4. 
	Table 3-5. Summary of MASH TL-4 Assessment of 94-134.115 curb 
	Table 3-5. Summary of MASH TL-4 Assessment of 94-134.115 curb 
	Table 3-5. Summary of MASH TL-4 Assessment of 94-134.115 curb 

	TR
	Required 
	Actual 
	Assessment 

	Stability 
	Stability 
	36 in. 
	38 in. 
	Satisfactory 

	Geometric 
	Geometric 
	See Figure 3-3 
	Satisfactory 

	Strength 
	Strength 
	See Table 3-4 
	Not Satisfactory (acceptable for TL-3 based on analyses) 




	3.2.2 North Dakota Bridge Rail with Curb 21-106.109 
	3.2.2 North Dakota Bridge Rail with Curb 21-106.109 
	Figure 3-4 shows TTI’s proposed retrofit design for the North Dakota’s Bridge Rail with Curb 21
	-

	106.109. The total height of the bridge rail system is 38 in. from the roadway surface to maintain the post and rail details as tested from TTI project 608331. The posts for this retrofit design were anchored to the curb using 7/8-in. diameter anchor rods with Hilti RE500 V3 Epoxy. The anchor rods were embedded 8 in. and 6.5 in. on the traffic and field sides, respectively. The different embedded lengths were used to avoid interference with existing reinforcement in curb and also to secure concrete cover an
	Appendix A-2 and B-2 contain the suggested details and full analysis for the retrofit design of 21-106.109, respectively. Below is a summary of the evaluation results and recommendations. 
	Figure
	Figure 3-4. TTI retrofit design for the 21-106.109 curb 
	Figure 3-4. TTI retrofit design for the 21-106.109 curb 


	3.2.2.1 Stability Evaluation 
	3.2.2.1 Stability Evaluation 
	The retrofit design for North Dakota Bridge Rail with Concrete curb 21-106.109 has a height of 38-in. The minimum height requirement for a MASH TL-4 bridge barrier is 36-in. Thus, the retrofit design of curb 21-106.109 meets the MASH TL-4 minimum height stability criterion (Satisfactory). 

	3.2.2.2 Geometric Evaluation 
	3.2.2.2 Geometric Evaluation 
	Post setback distance, ratio of contact width to height, and vertical clear opening were determined for the proposed retrofit design for the North Dakota Bridge Rail with Curb 21-106.109. The appropriate data points were plotted against the current AASHTO LRFD Section 13 geometric relationships. As seen in Figure 3-5, the bridge rails’ geometric data points are located in the 
	Post setback distance, ratio of contact width to height, and vertical clear opening were determined for the proposed retrofit design for the North Dakota Bridge Rail with Curb 21-106.109. The appropriate data points were plotted against the current AASHTO LRFD Section 13 geometric relationships. As seen in Figure 3-5, the bridge rails’ geometric data points are located in the 
	preferred region for the Post Setback criteria and in the acceptable region for the Snag Potential criteria. Therefore, the retrofit design satisfies the geometric evaluation criteria. 

	Figure
	Figure 3-5. Geometric criteria assessment of the 21-106.109 curb retrofit design 
	Figure 3-5. Geometric criteria assessment of the 21-106.109 curb retrofit design 


	(a) Post Setback Criteria (b) Snag Potential Criteria 

	3.2.2.3 Strength Evaluation 
	3.2.2.3 Strength Evaluation 
	The structural capacity of the North Dakota Bridge Rail with Curb 21-106.109 was compared to the current recommended MASH TL-4 design transverse impact load provided in Table 3-2. Since t) e) of 30 in. above the roadway surface as per TL-4(b) in Table 3-2. 
	the height of rail is 38-in. which exceeds 36 in., the desired MASH TL-4 design impact load (
	F
	is 80 kips located at an effective height (
	H

	Table 3-3 presents the post strengths based on 9 ultimate strength load cases from the strength analysis for this retrofit design. As summarized in the table, the limiting post strength was the ultimate strength of the post based on adhesive anchor bolts in the curb. The adhesive bond strength of the anchor in the curb governs the ultimate strength of the posts. Based on this strength, e = 30 in., over a 3span failure mechanism. Based on this calculated strength, the proposed retrofit design does not meet t
	the calculated strength of the retrofit design was approximately 60 kips at 
	H
	-
	-

	Table 3-6. Summary of post strengths based on several critical cases for 21-106.109 curb 
	Table 3-6. Summary of post strengths based on several critical cases for 21-106.109 curb 
	Table 3-6. Summary of post strengths based on several critical cases for 21-106.109 curb 

	1) Post strength based on plastic strength of the post 
	1) Post strength based on plastic strength of the post 
	70.0 kips 

	2) Post strength based on post fillet welds 
	2) Post strength based on post fillet welds 
	69.8 kips 

	3) Post strength based on anchor bolt shear strength 
	3) Post strength based on anchor bolt shear strength 
	130.0 kips 

	4) Post strength based on ultimate tensile strength of anchor bolts 
	4) Post strength based on ultimate tensile strength of anchor bolts 
	46.4 kips 

	5) Post strength based on the curb punching shear strength 
	5) Post strength based on the curb punching shear strength 
	56.4 kips 

	6) Post strength based on lateral punching shear on the traffic side bolts 
	6) Post strength based on lateral punching shear on the traffic side bolts 
	50.9 kips 

	7) Post strength based on flexural resistance (FS1) 
	7) Post strength based on flexural resistance (FS1) 
	31.7 kips 

	8) Post strength based on flexural resistance (FS2) 
	8) Post strength based on flexural resistance (FS2) 
	28.7 kips 

	9) Post strength based on ultimate strength of adhesive dowels in curb 
	9) Post strength based on ultimate strength of adhesive dowels in curb 
	20.5 kips 


	Table 3-7. Summary of MASH TL-3 and 4 Strength Analysis for 21-106.109 curb 
	Criteria 
	Criteria 
	Criteria 
	Required 
	Actual 
	Assessment 

	TL-3 
	TL-3 
	71.0 kips 
	94 kips 
	Satisfactory 

	TL-4 
	TL-4 
	80.0 kips 
	60 kips 
	Not Satisfactory 



	3.2.2.4 Summary 
	3.2.2.4 Summary 
	As summarized in Table 3-8, 21-106.109 North Dakota concrete curb in Figure 3-4 does not satisfy MASH TL-4 strength evaluation criteria but meets MASH TL-3 strength criteria. The assessment of occupant risk is considered satisfactory as the geometrics of the bridge rail are located in the preferred and low snag potential regions for the post setback criteria (see Figure 3-5). 
	Based on the analyses, the retrofit design does not the the strength requirements for MASH TL-4. However, full-scale static load testing is recommended to determine the ultimate strength of the post based can be achieved for MASH TL-4. 
	Table 3-8. Summary of MASH TL-4 Assessment of 21-106.109 curb 
	Table 3-8. Summary of MASH TL-4 Assessment of 21-106.109 curb 
	Table 3-8. Summary of MASH TL-4 Assessment of 21-106.109 curb 

	TR
	Required 
	Actual 
	Assessment 

	Stability 
	Stability 
	36 in. 
	38 in. 
	Satisfactory 

	Geometric 
	Geometric 
	See Figure 3-5 
	Satisfactory 

	Strength 
	Strength 
	See Table 3-7 
	Not Satisfactory 




	3.2.3 North Dakota Bridge Rail with curb 2-149.663 
	3.2.3 North Dakota Bridge Rail with curb 2-149.663 
	Figure 3-6 shows TTI’s proposed retrofit design for the North Dakota Bridge Rail with Curb 2
	-

	149.663. The total height of the bridge rail system is 38 in. from the roadway surface to maintain the post and rail details as tested from TTI project 608331. The posts for this retrofit design were anchored to the curb using 7/8-inch diameter anchor rods with Hilti RE500 V3 Epoxy. The anchor rods were embedded 8.0 inches and 6.5 inches on the traffic sides and field sides, respectively.   The different embedded lengths are used to avoid interference with existing reinforcement in curb and also to secure c
	Appendix A-3 and B-3 contain the suggested details and full analysis for the retrofit design of 2-149.663, respectively. Below is a summary of the evaluation results and recommendations. 
	Figure
	Figure 3-6. TTI retrofit design for the 2-149.663 curb 
	Figure 3-6. TTI retrofit design for the 2-149.663 curb 


	3.2.3.1 Stability Evaluation 
	3.2.3.1 Stability Evaluation 
	The retrofit design for North Dakota Bridge Rail with Curb 2-149.663 has a height of 38-in. The minimum height requirement for a MASH TL-4 bridge barrier is 36-in. Thus, the retrofit design of curb 2-149.663 meets the MASH TL-4 minimum height stability criterion (Satisfactory). 

	3.2.3.2 Geometric Evaluation 
	3.2.3.2 Geometric Evaluation 
	Post setback distance, ratio of contact width to height, and vertical clear opening were determined for the proposed retrofit design for the retrofit design. The appropriate data points were plotted against the current AASHTO LRFD Section 13 geometric relationships. As seen in Figure 3-7, the bridge rails’ geometric data points are located in the preferred region for the Post Setback criteria and in the acceptable region for the Snag Potential criteria. Therefore, the retrofit design of North Dakota Bridge 
	Figure
	Figure 3-7. Geometric criteria assessment of the 2-149.663 curb retrofit design 
	Figure 3-7. Geometric criteria assessment of the 2-149.663 curb retrofit design 


	(a) Post Setback Criteria (b) Snag Potential Criteria 

	3.2.3.3 Strength Evaluation 
	3.2.3.3 Strength Evaluation 
	The structural capacity of the 2-149.663 curb’s retrofit design was compared to the current recommended MASH TL-4 design transverse impact load provided in Table 3-2. Since the height t) is 80 kips e) of 30 in. above the roadway surface as per TL-4(b) in Table 3-2. 
	of rail is 38 in. which exceeds 36 in., the desired MASH TL-4 design impact load (
	F
	located at an effective height (
	H

	Table 3-3 presents the post strengths based on 9 ultimate strength load cases from the strength analysis for this retrofit design. As summarized in the table, the limiting post strength was the ultimate strength of the post based on adhesive anchor bolts in the curb. The adhesive bond strength of the anchor in the curb governs the ultimate strength of the posts. Based on this strength, e = 30 in. Based on this calculated strength, the proposed retrofit design does not meet the target strength of 80 kips req
	the calculated strength of the retrofit design was approximately 75 kips at 
	H

	Table 3-9. Summary of post strengths based on several critical cases for 2-149.663 curb 
	Table 3-9. Summary of post strengths based on several critical cases for 2-149.663 curb 
	Table 3-9. Summary of post strengths based on several critical cases for 2-149.663 curb 

	1) Post strength based on plastic strength of the post 
	1) Post strength based on plastic strength of the post 
	74.5 kips 

	2) Post strength based on post fillet welds 
	2) Post strength based on post fillet welds 
	74.3 kips 

	3) Post strength based on anchor bolt shear strength 
	3) Post strength based on anchor bolt shear strength 
	130.0 kips 

	4) Post strength based on ultimate tensile strength of anchor bolts 
	4) Post strength based on ultimate tensile strength of anchor bolts 
	49.2 kips 

	5) Post strength based on the curb punching shear strength 
	5) Post strength based on the curb punching shear strength 
	73.4 kips 

	6) Post strength based on lateral punching shear on the traffic side bolts 
	6) Post strength based on lateral punching shear on the traffic side bolts 
	66.9 kips 

	7) Post strength based on flexural resistance (FS1) 
	7) Post strength based on flexural resistance (FS1) 
	66.2 kips 

	8) Post strength based on flexural resistance (FS2) 
	8) Post strength based on flexural resistance (FS2) 
	32.1 kips 

	9) Post strength based on ultimate strength of adhesive dowels in curb 
	9) Post strength based on ultimate strength of adhesive dowels in curb 
	21.8 kips 


	Table 3-10. Summary of MASH TL-3 and 4 Strength Analysis for 2-149.663 curb 
	Criteria 
	Criteria 
	Criteria 
	Required 
	Actual 
	Assessment 

	TL-3 
	TL-3 
	71.0 kips 
	118 kips 
	Satisfactory 

	TL-4 
	TL-4 
	80.0 kips 
	75 kips 
	Not Satisfactory 



	3.2.3.4 Summary 
	3.2.3.4 Summary 
	As summarized in Table 3-11, 2-149.663 North Dakota Bridge Rail with Curb 2-149.663 as shown in Figure 3-6 does not satisfy MASH TL-4 strength evaluation criteria but meets MASH TL-3 strength criteria. The assessment of occupant risk is considered satisfactory as the geometrics of the bridge rail are located in the preferred and low snag potential regions for the post setback criteria (see Figure 3-7). 
	Based on the analyses, the retrofit design does not the the strength requirements for MASH TL-4. However, full-scale static load testing is recommended to determine the ultimate strength of the post based can be achieved for MASH TL-4. 
	Table 3-11. Summary of MASH TL-4 Assessment of 2-149.663 curb 
	Table 3-11. Summary of MASH TL-4 Assessment of 2-149.663 curb 
	Table 3-11. Summary of MASH TL-4 Assessment of 2-149.663 curb 

	TR
	Required 
	Actual 
	Assessment 

	Stability 
	Stability 
	36 in. 
	38 in. 
	Satisfactory 

	Geometric 
	Geometric 
	See Figure 3-7 
	Satisfactory 

	Strength 
	Strength 
	See Table 3-10 
	Not Satisfactory 




	3.2.4 Alaska Steel Bridge Railing Design 
	3.2.4 Alaska Steel Bridge Railing Design 
	Figure 3-8 shows TTI’s proposed retrofit design for the Alaska Steel Bridge Railing. The total height of the bridge rail system is 38 in. from the roadway surface to maintain the post and rail details as tested from TTI project 608331. The retrofit design using the Alaska 2-Tube Bridge Rail incorporates anchor bolts with a single plate washer to connect curb, deck, and post. 
	Figure
	Figure 3-8. TTI retrofit design for the Alaska steel bridge railing retrofit design 
	Figure 3-8. TTI retrofit design for the Alaska steel bridge railing retrofit design 


	The initial TTI design suggested using bolt-through anchors through the deck and curb with a large plate washer for 2 anchors for each post. However, it was concluded that using a single plate washer for each bolt-through anchor was preferred for ease of construction.  
	For this retrofit design, #4 J-dowel bars are embedded into the bridge deck using Hilti RE500 V3 Epoxy to anchor the curb to the deck. These bars can be installed at a depth of 4.0 inches to help reduce contaminated drilling water from entering into Alaska rivers and streams (preference by Alaska DOT). These #4 J-dowels bars are spaced on 16-inch center between the posts with the bars spaced on 12-inch centers away from the centerline of the posts. For anchoring the posts to the curb and deck, separate bolt
	Appendix A-4 and B-4 contain the suggested details and full analysis for the retrofit design of Alaska steel bridge railing design, respectively. Below is a summary of the evaluation results and recommendations. 
	3.2.4.1 Stability Evaluation 
	3.2.4.1 Stability Evaluation 
	The retrofit design for Alaska steel bridge railing system has a height of 38-in. The minimum height requirement for a MASH TL-4 bridge barrier is 36-in. Thus, the retrofit design of Alaska steel bridge railing system meets the MASH TL-4 minimum height stability criterion (Satisfactory). 

	3.2.4.2 Geometric Evaluation 
	3.2.4.2 Geometric Evaluation 
	Post setback distance, ratio of contact width to height, and vertical clear opening were determined for the proposed retrofit design for Alaska steel bridge railing system. The appropriate data points were plotted against the current AASHTO LRFD Section 13 geometric relationships. As seen in Figure 3-9, the bridge rails’ geometric data points are located in the preferred region for the Post Setback criteria and in the acceptable region for the Snag Potential criteria. Therefore, the retrofit design of Alask
	Figure
	Figure 3-9. Geometric criteria assessment of the Alaska steel bridge railing retrofit design 
	Figure 3-9. Geometric criteria assessment of the Alaska steel bridge railing retrofit design 


	(a) Post Setback Criteria (b) Snag Potential Criteria 

	3.2.4.3 Strength Evaluation 
	3.2.4.3 Strength Evaluation 
	The structural capacity of Alaska steel bridge rail retrofit design was compared to the current recommended MASH TL-4 design transverse impact load provided in Table 3-2. Since the height t) is 80 kips e) of 30 in. above the roadway surface as per TL-4(b) in Table 3-2. 
	of rail is 38 in. which exceeds 36 in., the desired MASH TL-4 design impact load (
	F
	located at an effective height (
	H

	Table 3-12 presents the post strengths based on 7 critical cases from the strength analysis for the retrofit design. As summarized in the table, post strength based on flexural resistance was the governing strength. However, this strength is governed by a post located immediately adjacent to a joint in the deck. According to many crash tests conducted, deck failure is typically observed at an open joint over several spans (3 or more). Thus, computing the design strength based on flexural resistance likely m
	e = 30 in., a resistance for 3-span controls the strength. The strength of the retrofit design is approximately 81 kips at the TL-4 height of 30 in. The retrofit design, thus meets the target strength of 80 kips given by MASH TL-4 as shown in Table 3-13. 
	When calculating the rail strength for multiple spans at 
	H

	Table 3-12. Summary of post strengths based on several critical cases for Alaska steel bridge railing retrofit design 
	Table 3-12. Summary of post strengths based on several critical cases for Alaska steel bridge railing retrofit design 
	Table 3-12. Summary of post strengths based on several critical cases for Alaska steel bridge railing retrofit design 

	1) Post strength based on plastic strength of the post 
	1) Post strength based on plastic strength of the post 
	60.8 kips 

	2) Post strength based on post fillet welds 
	2) Post strength based on post fillet welds 
	60.6 kips 

	3) Post strength based on anchor bolt shear strength 
	3) Post strength based on anchor bolt shear strength 
	130.0 kips 

	4) Post strength based on ultimate tensile strength of anchor bolts 
	4) Post strength based on ultimate tensile strength of anchor bolts 
	43.3 kips 

	5) Post strength based on the curb punching shear strength 
	5) Post strength based on the curb punching shear strength 
	57.9 kips 

	6) Post strength based on cone-shaped punching shear 
	6) Post strength based on cone-shaped punching shear 
	68.2 kips 

	7) Post strength based on flexural resistance 
	7) Post strength based on flexural resistance 
	31.7 kips 


	Table 3-13. Summary of MASH TL-4 Strength Analysis for Alaska steel bridge railing retrofit design 
	Criteria 
	Criteria 
	Criteria 
	Required 
	Actual 
	Assessment 

	TL-4 
	TL-4 
	80.0 kips 
	81 kips 
	Satisfactory 



	3.2.4.4 Summary 
	3.2.4.4 Summary 
	As summarized in Table 3-14, Alaska steel bridge railing retrofit design in Figure 3-8 satisfies MASH TL-4 strength evaluation criteria. Also, the assessment of occupant risk is considered satisfactory as the geometrics of the bridge rail are located in the preferred and low snag potential regions for the post setback criteria (see Figure 3-9). Therefore, the retrofit design for Alaska steel bridge railing meets MASH TL-4 criteria. 
	Table 3-14. Summary of MASH TL-4 Assessment of Alaska steel bridge railing retrofit design 
	Table
	TR
	Required 
	Actual 
	Assessment 

	Stability 
	Stability 
	36 in. 
	38 in. 
	Satisfactory 

	Geometric 
	Geometric 
	See Figure 3-9 
	Satisfactory 

	Strength 
	Strength 
	See Table 3-10 
	Satisfactory 
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