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1. INTRODUCTION

1.1. STATEMENT OF THE PROBLEM

The Ohio Department of Transportation’s (ODOT) Office of Structural Engineering has a
need to evaluate and, if necessary, improve an existing bridge rail design with, ideally, a simple
retrofitting procedure to meet current or proposed crash testing standards. This bridge rail, as
shown in Figure 3.1 from the ODOT Standard Bridge Drawing DBR-2-73 (1) (APPENDIX A),
has been accepted to the National Cooperative Highway Research Program (NCHRP) Report
350 (2) Test Level (TL) 2 acceptance. For this reason, the bridge rail cannot be constructed or—
more importantly, cannot remain—in many locations.

The current policy for bridge rail requires upgrading non-conforming railing systems to
the TL-3 acceptance level during certain types of structural rehabilitations. When the
recommended structural rehabilitation involves refinishing or overlaying the concrete bridge
wearing surface, the resulting upgrade to the railing system will require complete removal and
replacement of the concrete deck edges to accommodate the new railing anchorages. When the
main structural elements are precast, prestressed concrete box beams, the fascia beams will
require complete removal and replacement to accommodate the new railing anchorages. The
costs associated with such railing upgrades will often exceed the allotted budget for the project,
resulting in rehabilitations that are not performed and non-conforming railing systems left in
service.

1.2. FOCUS OF THE STUDY

The objective of this study is to investigate the performance of the ODOT Deep Beam
bridge rail system per the NCHRP Report 350 TL-3. Analytical study, computer simulation, and
testing approach are followed to accomplish the objective of this study. The final expected
product is a design of the ODOT Deep Beam bridge rail system with any needed retrofit that will
bring the system in compliance with the NCHRP Report 350 performance criteria per TL-3.






2. RESEARCH OBJECTIVES

The research plan for accomplishing the project objective to investigate the ODOT Deep
Beam bridge rail system per the NCHRP Report 350 TL-3 consisted of two phases, as detailed
below.

2.1. PHASE 1

In this phase the researchers reviewed and analyzed the ODOT Deep Beam bridge rail.
Based on the review, the research team developed a retrofit design for the ODOT Deep Beam
bridge rail. Once the design was selected, computer simulation was conducted to evaluate the
performance of the design per the NCHRP Report 350 criteria.

211 Task 1

In this Task, the research team reviewed available literature to identify performance
issues related to the deep beam tubular backup design, including the original Texas Department
of Transportation (TXDOT) Type T101 design and the original ODOT bridge rail design. Other
sources were the Federal Highway Administration’s (FHWA) theoretical evaluation of the
system and Battelle Memorial Institute’s recent research (3) on the roadside application and its
associated research on the corresponding bridge terminal assembly (transition). Additionally,
similar side-mounted railing hardware were reviewed to identify performance limits and issues
with these types of bridge rails.

2.1.2 Task 2

The researchers performed structural analyses of the current design, including post
mounting methods to develop concepts for improving the design. Strength and capacity analyses
were performed to identify performance limits of the railing system. This included checking for
potential pocketing for the small car impact per the American Association of State Highway and
Transportation Officials (AASHTO) Load Resistance Factor Design (LRFD) Bridge Design
Specifications (4). Finite element (FE) simulation of promising concepts was performed to
predict performance in actual crash testing. LS-DYNA FE code was used to simulate the
NCHRP Report 350 TL-3 impact conditions (tests 3-10 and 3-11). Models developed by Battelle
Memorial Institute for ODOT’s Type 5 Guardrail with Tubular Backup were utilized. However,
model changes and augmentations reflected the railing system components. The spacers, anchor
bolts, and the concrete deck with rebars were additional components incorporated into the model
of this railing system. The deck model included concrete material model as much as possible to
capture anchor bolts-deck interaction. After altering the element models to represent the rail and
mounting conditions under scrutiny, the most promising simulated design was presented to
FHWA for their acceptance. If FHWA requires a crash test to verify the simulation, Phase 2
may be authorized by ODOT’s Office of Research and Development (R&D). An interim report
was submitted at the conclusion of Phase 1 for ODOT review and approval. If Phase 2 is not



approved, the interim report will be published as the final report and this project is finalized. The
researcher will deliver all other pertinent deliverables to ODOT. If Phase 2 is approved, the
interim report will serve as a basis for the final report to be presented at the end of Phase 2.

2.2. PHASE 2

This phase is meant for crash testing of a single design and is subject to successful
completion of Phase 1 above. Written authorization from ODOT’s Office of R&D must be
received before proceeding with Phase 2.

221 Task 1

If FHWA acceptance was not granted based on the analytical design, NCHRP Report 350
test 3-10 and test 3-11 crash tests will be conducted on the bridge rail by the Texas
Transportation Institute (TTI). This includes building a test article, procurement of a test
vehicle, and conducting a crash test. All necessary test data, including cameras, film, data
recorders, etc. to develop a FHWA acceptable crash test report will be generated and reported.

Specifically, TTI will build a 75 ft (23 m) long test installation of the ODOT Deep Beam
bridge rail. The construction and fabrication costs include all parts, materials, fabrication, and
labor required to build reinforced deck cantilever and attached side-mounted deep beam tubular
bridge rail as specified on ODOT Standard Drawing DBR-2-73 (1). The cost estimate assumes a
bridge deck cantilever width up to 30 inches (0.76 m), deck thickness less than or equal to
18 inches (0.46 m), standard ODOT deck reinforcement, and Type 2 bridge rail posts. Other
deck and rail configurations can be accommodated as requested by ODOT and agreed upon by
TTI.

The two crash tests are NCHRP Report 350 Test 3-10: 1807 Ib (820 kg) passenger car
impacting the barrier at 62 mi/h (100 km/h) and 20 degrees; and NCHRP Report 350 Test 3-11.:
4408 Ib (2000 kg), standard cab pickup truck impacting the bridge at 62 mi/h (100 km/h) and
25 degrees.

2.2.2 Task 2

Upon completion of crash testing the research team will return the crash site to a level
acceptable to the test agency (e.g., demolition of bridge rail and salvage of vehicle, etc.). If the
testing was successful, the research team will submit all relevant data to FHWA (or its
consultant) for approval. Once the system design is approved by FHWA to TL-3, a final report
will be completed, including engineering drawings, complete material and post mounting
specifications. If the testing was unsuccessful or FHWA declines to accept the design as TL-3,
the researcher will prepare a final report on all aspects of Phase 1 and 2, and include analysis of
design problems and recommendations on how to overcome these issues.



2.3. REPORT SCOPE

This report documents the research efforts, findings, and recommendations of this
project. The report includes details of the state-of-practice of deep beam rail, the engineering
analyses and design retrofit candidates for the ODOT Deep Beam rail, and finite element
modeling.






3. LITERATURE REVIEW

3.1. BACKGROUND OF BRIDGE RAIL DESIGN GUIDELINES

Guidelines and existing bridge rail designs that are relevant to this study were reviewed
to investigate the performance aspects of similar railing systems. The current guideline for
evaluating bridge rail (and roadside safety structures in general) is NCHRP Report 350
“Recommended Procedures for the Safety Performance Evaluation of Highway Features” (2).
NCHRP Report 350 recommends certain test conditions for different test levels. The conditions
pertaining to this project are those for TL-3 for longitudinal barrier (length of need), as shown in
Table 3.1.

Table 3.1 Condition of TL-3 for longitudinal barrier

Nominal angle
Test Designation Vehicle Nominal speed (degree)
1807 Ib (820 kg)
3-10 (designated as 820C) 62 mi/h (100 km/h) 20
4408 b (2000 kg)
3-11 (designated as 2000P) 62 mi/h (100 km/h) 25

The other guideline referenced herein is the 1989 AASHTO Guide Specifications for
Bridge Railings (5). Two performance levels are of relevance to this review, Performance
Level 1 (PL-1) and Performance Level 2 (PL-2), as shown in Table 3.2.

Table 3.2 Condition of PL-1 and PL-2 for longitudinal barrier

Nominal angle
Performance Level Vehicle Nominal speed (degree)
PL-1 small automobile 1800 Ib (817 kg) 50 mi/h (81 km/h) 20
PL-1 pickup truck 5400 Ib (2450 kg) 45 mi/h (72 km/h) 20
PL-2 small automobile 1800 Ib (817 kg) 60 mi/h (97 km/h) 20
PL-2 pickup truck 5400 Ib (2450 kg) 60 mi/h (97 km/h) 20

Although the AASHTO Guide (5) uses a heavier pickup truck, the 5 degrees extra on the
impact angle of test 3-11 in NCHRP Report 350 increases the impact severity since it is related
to the square of the lateral component of the impact velocity.

3.2. SIGNIFICANCE OF WORK

The ODOT Deep Beam bridge rail system (1) consists of a standard W-beam rail element
attached to a longitudinal TS 8x4x3/16 inch (203x101%4.8 mm) tubing. These elements are
attached to a W6x25 (W150x%37.1) steel post with an additional two 6 inches (152.4 mm) long
TS 8x4x3/16 inch (203%x101%x4.8 mm) that serve to block the railing members out from the post.
The post itself is mounted to the side of the bridge deck by four anchor bolts, as shown in Figure



3.1(a). The side mounting can also be achieved by adding a trapezoidal spacer between the post
and the deck as shown in Figure 3.1(b). The system has not been tested to NCHRP Report 350.
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Figure 3.1 ODOT Deep Beam bridge rail (a) Type 1 post and (b) Type 2 post (1)

Some of the railing systems that share characteristics of the ODOT Deep Beam bridge
rail are the TXDOT Type T101 (6), the Illinois side-mounted rail (7), and the Oregon side-

mounted bridge rail (8).



The TxDOT Type T101 Bridge Rail, as shown in Figure 3.2 (9), is a steel post and rail
system that is bolted to the concrete deck. The bridge rail incorporates two TS 4x3x3/16 inch
(101x76x4.8 mm) tubular rail members with a W-beam railing element on the traffic side face.
The two tubular rail members are nested between the steel posts and within the corrugations of
the W-beam railing element. The height of the bridge rail system is 27 inches (0.686 m) above
the top of the concrete deck surface. The steel posts are fabricated from W6x20 (W150x29.8)
structural shape and are anchored to the concrete deck with a 9x10x7/8 inch
(228.6x254%22.2 mm) thick base plate that is welded to the steel posts and anchored to the deck
using four 3/4-inch (19 mm) diameter A325 anchor bolts. The steel posts are spaced
8 ft-4 inches (2.54 m) on centers. In addition to the steel bridge rail system, the TXDOT
Type T101 bridge rail incorporates a steel strap anchoring system that is cast within the concrete
deck. This steel plate anchoring system provides additional transverse resistance for the TXDOT
Type T101 anchor bolts from crash impact forces. This anchoring system is used for concrete
decks as well as for TXDOT Type T101 Bridge Rail applications where the railing is constructed
on top of a concrete curb.

Figure 3.2 Texas Type T101 bridge rail (9)

The Texas Transportation Institute (TTI) has performed extensive analytical design and
crash testing on the TXDOT Type T101 Bridge Rail System. In 1978 a series of several crash
tests were performed on the T101 Bridge Rail Design. These crash tests involved several
vehicles ranging in size from a small 1974 Chevrolet Vega to a large inter-city bus. In all, a total
of seven crash tests were performed on the TXDOT Type T101 Bridge Rail in 1978 (10). In
summary, the crash performance of the TXDOT Type T101 Bridge Rail was deemed acceptable.

In 2003, TTI performed extensive full-scale crash testing on the TxDOT Type T101 to
reduce the cost of the anchoring system used in the concrete decks and curbs (11). Analytical
design calculations as well as full-scale crash testing was performed to determine the crash



forces transmitted to the embedded anchoring systems for both the concrete deck and curb
applications. Results from this testing provided cost-effective design changes for these
anchoring systems without reducing the strength performance of the overall TXDOT Type T101
post design. A cross sectional image of the TXDOT Type T101 is shown in Figure 3.3 (12).

In 2004, TTI performed analytical design and full-scale crash testing on a retrofit
anchorage design for the TXDOT Type T101 Bridge Rail (11). The new retrofit design
incorporated a commercial adhesive anchoring system in lieu the cast-in-place anchorage straps
and anchor bolts that are traditionally used for the TXDOT Type T101 Bridge Rail system. The
crash performance of the new retrofit design that incorporates the commercial adhesive
anchoring design met the strength performance of the cast-in-place post anchorage design.
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Figure 3.3 TxDOT Type T101 bridge rail section (12)

Battelle Memorial Institute, Columbus, Ohio, performed computer simulation of ODOT
Type 5 Guardrail with Tubular Backup (Error! Reference source not found.). The purpose of
the project was to assess the performance of both ODOT’s GR-2.2 guardrail and the ODOT GR-
3.4 transition system. Many features of the guardrail and transition in the Battelle model were
similar to the features used for the Deep Beam bridge rail.

Two other railing designs share the side-mounting characteristics of the ODOT Deep
Beam bridge rail. They are the Illinois side-mounted bridge rail (7) and the Oregon side-
mounted bridge rail (8). Both of these railing systems utilize anchors to mount the posts to the
side of the deck. The Illinois side-mounted bridge rail utilizes two tubular elements to function
as railing section, while the Oregon railing uses a thrie-beam element as a rail section.
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The Illinois side-mounted bridge rail design consists of W6x25 (W150x%37.1) posts

spaced at 6 ft-3 inches (1.905 m) with two tu

bular rails, TS 8x4x5/16 inch (203%x102x8 mm) for

the top rail and TS 6x4x1/4 inch (152x102x6 mm). The height of the top rail above the asphalt
surface is 32 inches (813 mm). The railing was mounted to the side of a prestressed-concrete
deck using four AASHTO M164 anchor bolts, as shown in the Figure 3.4.

The Illinois side-mounted bridge rail was successfully tested to AASHTO PL-2 including

the single unit truck. The damage to the rail s

ystem was moderate in terms of deformation and

bending of post flanges. Figure 3.5 shows a twisted post as a result of the pickup truck test.
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Figure 3.4 The Illinois side-mounted bridge rail (7)
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Figure 3.5 Damage at a post of the Illinois rail after a PL-2 test with a pickup (7)

The Oregon side-mounted rail was tested per AASHTO PL-1 conditions that are less
severe than the PL-2 due to the lower impact velocity specified. The rail consists of W6x15
(W150x%22) steel posts spaced at 6 ft-3 inches (1905 mm). The posts were mounted to the side
face of the prestressed concrete deck via four 3/4-inch (19 mm) high strength bolts. The rail
member was a 10 gauge thrie-beam shaped rail. Oregon side-mounted bridge rail installation is
shown in Figure 3.6. Figure 3.7 shows damage sustained by the Oregon side-mounted bridge rail
after PL-1 pickup truck test.
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Figure 3.7 Damage to the
Oregon side-mounted rail after PL-1 pickup test (8)

3.3. BACKGROUND OF FINITE ELEMENT ANALYSIS

Recently, finite element analyses (FEA) using LS-DYNA (13) commercial nonlinear
finite element code has been utilized heavily in analyzing and designing roadside safety features.
It is feasible to capture nonlinear response using different materials, including metals and
concrete damage with state of the art modeling and simulation. Over the past 10 years,
LS-DYNA has been extensively used in the performance evaluation of roadside safety hardware.
TTI researchers have modeled and simulated bridge rails, transitions, and concrete decks using
LS-DYNA. Figure 3.8 shows concrete damage from test and simulation for a bogie impact of a
safety shape barrier (14). Comparison of the failure between the test and simulation of concrete
barrier and deck shows good correlation of failure profile.
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Figure 3.8 Test and simulation of concrete barrier and deck (14)

Additionally, model of New York (NY) transition is an example of the finite element
capability of capturing detailed feature of a transition system. Figure 3.9 shows model and test
setup of the NY tubular transition to tubular bridge rail (15). The simulation of the NY bridge
transition predicted the outcome of the test.

Figure 3.9 Model and physical setup of the New York transition to tubular bridge rail (15)
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4. ENGINEERING REVIEW, ANALYSIS, AND MODIFICATION OF THE
OHIO DEEP BEAM BRIDGE RAIL

The current ODOT Deep Beam bridge rail system has been reviewed and analyzed. The
suggested retrofits are basically two additional tubular members to help improve the performance
of the ODOT Deep Beam bridge rail. These two rail members have been added in such a way as
to utilize the current bridge rail hardware and minimize retrofitting the existing bridge rail post.
A new tubular member has been added at 8 inches (230 mm) above the pavement surface to
improve the crash performance for the small car (820C) in NCHRP Report 350 TL-3 conditions.

A second tubular member has been added to the top of the existing tubular blockout to
increase the overall height to 31 inches (787 mm) above the pavement surface. Increasing the
height of the bridge rail is considered to be an improvement in crash performance by the design
team, particularly for impact conditions that involve the pickup truck (2000P). Strength analyses
were conducted to determine the strength of the retrofit rail design with respect to AASHTO
LRFD Bridge Design Specifications (3). Figure 4.1 and Figure 4.2 show the suggested retrofit.
Figure 4.3 shows similar retrofit but with an additional plate (backing or shim) at the post
location.
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Figure 4.1 Section through the suggested (retrofit) rail at post location
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The details of the 16 inches (406 mm) concrete deck have developed and these details
were approved by ODOT. These details (Figure 4.4 and Figure 4.5) are incorporated into the

analyses for the retrofit bridge rail design.
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Calculation details of the modified ODOT Deep Beam bridge rail system are presented in
APPENDIX B. Table 4.1 and Table 4.2 from the 2004 AASHTO LRFD Bridge Design
Specifications (4) were used to calculate the strength of the modified ODOT Deep Beam bridge

rail system.

Table 4.1 Bridge rail test levels and crash test criteria (AASHTO LRFD Table 13.7.2-1) (4)

Vehicle Small Pickup | Single-Unit Van-Type Tractor-
Characteristics automobiles Truck Van Truck Tractor-Trailer | Tanker Trailer

W (Kips) 1.55 1.8 4.5 18.0 50.0 80.0 80.0

B (ft) 55 5.5 6.5 7.5 8.0 8.0 8.0

G (inches) 22 22 27 49 64 73 81
Crash angle, 0 20° 20° 25° 15° 15° 15° 15°
Test Level Test Speeds (mi/h)

TL-1 30 30 30 N/A* N/A N/A N/A
TL-2 45 45 45 N/A N/A N/A N/A
TL-3 60 60 60 N/A N/A N/A N/A
TL-4 60 60 60 50 N/A N/A N/A
TL-5 60 60 60 N/A N/A 50 N/A
TL-6 60 60 60 N/A N/A N/A 50

*N/A: Not Applicable

Table 4.2 Design forces for traffic railings (AASHTO LRFD Table A13.2-1) (4)

Railing Test Level

Design forces and Designations

TL-1 TL-2 TL-3 TL-4 TL-5 TL-6
F: Transverse (Kips) 13.5 27.0 54.0 54.0 124.0 175.0
F. Longitudinal (kips) 4.5 9.0 18.0 18.0 41.0 58..0
Fy Vertical (kips) Down 4.5 4.5 4.5 18.0 80.0 80.0
Liand L (ft) 4.0 4.0 4.0 35 8.0 8.0
L, (ft) 18.0 18.0 18.0 18.0 40.0 40.0
He (min) (inches) 18.0 20.0 24.0 32.0 42.0 56.0
Minimum H Height of Rail 270 | 270 | 270 | 320 | 420 | 900
(inches)
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5. FINITE ELEMENT ANALYSIS OF ODOT DEEP BEAM BRIDGE RAIL

A detailed finite element model was built for the ODOT deep beam post assembly. The
assembly includes the W6x25 (W150x37.1) post, the stiffening plates, the 1-1/4 inches
(31.75 mm) diameter A325 anchor bolt, the 16 inches (406 mm) deck, and the detailed
reinforcement per the system drawings, as shown in APPENDIX C.

5.1. STRENGTH EVALUATION OF POST-DECK SUB-SYSTEM

5.1.1 Post-Deck Model

TTI’s 1851 1b (840 kg) pendulum model with a crushable honeycomb nose was used to
evaluate the strength of the post-deck sub-system of the ODOT Deep Beam bridge rail. The
pendulum nose impacted the post at a speed of 21.9 mi/h (35.2 km/h) at a height of 21 inches
(533 mm). Details of the assembly along with the pendulum setup are shown in Figure 5.1.

The deck was modeled using brick element meshed finely in order to accurately capture
the damage and the fracture of the concrete. The rebars and anchors were modeled explicitly
using beam elements that were embedded into the solid deck model, as shown in Figure 5.2. The
inner side of the deck was modeled as an elastic concrete material since no damage was expected
to develop in that region. Hence, the fracture capable concrete model covers 21.4 inches
(544 mm) of the overhang portion of the deck. Figure 5.3 shows the two deck components with
different material models.

Ohio Deep Beam Strength Test
Time= 0 Ohio Deep Beam Strength Test
Time = °

(a) Component (b) Meshed

Figure 5.1 Pendulum impact setup for the post-anchor-deck assembly
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Ohio Deep Beam Strength Test

Time = 0

Figure 5.2 Model view showing the reinforcement and anchor details of the deck

Yellow Component Blue Component
— Elastic deformable model — Fracture model

-\

s

Figure 5.3 Concrete deck model and mesh

The concrete material property used was validated using a previously conducted
experiment of a concrete deck with an unconfined compressive strength of 3000 psi (21 MPa).
This strength is much lower than that specified (4000 psi or 28 MPa) for the ODOT deck used in
this study. Thus the damage of the deck in this analysis would be considered conservative. The
material properties model for the steel post and the steel stiffening plates are represented using
an elastic-plastic material model. The steel rebars and anchor material models were obtained
from published literature and specifications.

The anchors were initialized to account for initial tensioning in the anchors due to the

applied torque of the nuts, as shown in Figure 5.4. This provides a “tied”” assembly with no loose
connections as is expected from proper construction practice.

22



Ohio Deep Beam Strength Test

Time = 0 Fringe Levels
Contours of Axial Force 3.493e+05
min=0, at elem# 9109297

max=349313, at elem# 9112413 3.144e+05 :I

2795e+05 _|
2.445¢+05 _
2.096e+05
1.747e+05
1.397e+05
1.048e+05
6.986e+04
3.493e+04
0.000e+00 _|

Unit: Newton

Figure 5.4 Initialized force in the anchors to represent the connectivity of the nuts (torque)
(Unit: Newton)

5.1.2 Results of Post-Deck Model or Pendulum (Impactor) Model

The simulation of this setup resulted in the pendulum being stopped and rebounded after
impacting the post flange. There was no excessive deformation to the system, as shown in
Figure 5.5.

(A8

Figure 5.5 Post-deck assembly after impact

The damage to the deck was localized in the region around the anchor—in particular the
lower set of anchors, as shown in Figure 5.6.
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Ohio Deep Beam Strength Test
Time= 03 Fringe Levels
Contours of Effective Plastic Strain 9.990e-01
max ipt. value
min=0, at elem# 9000001 8.991e-01
max=0.999, at elem# 9002244 7.992e-01
6.993e-01
5.994e-01
4.995e-01
3.996e-01
2.997e-01
1.998e-01
9.990e-02
0.000e+00 _|

Figure 5.6 Damage to the concrete deck

However, few elements were eroded (fractured) according to the simulation, which is
indicative of crack type damage and not a catastrophic fracturing of the deck. Given the fact that
this deck model was based on a 3000 psi (21 MPa) material model, then it is expected that a
4000 psi (28 MPa) deck would exhibit less damage upon experiencing similar loading
conditions.

As for the post assembly, the post and the stiffening steel plates experienced a low level
of yielding, mainly at the stiffening plate with slots. A highly localized 5 percent magnitude of
plastic strain was calculated by the numerical simulation. However, the overall plastic strain
seems to be around 3.2 percent, as shown in Figure 5.7.

Ohio Deep Beam Strength Test
Time = 0.18 Fringe Levels
Contours of Effective Plastic Strain 5.478e-02

max ipt. value

min=0, at elem# 9250139 4.930e-02
4.382e02

3.835e-02

max=0.0547789, at elem# 9254392
3.287e-02

2.739¢-02
2.191e-02
1.643-02
1.096€-02
5.478¢.03
0.000e+00 |

Z

h x

Figure 5.7 Maximum plastic strain distribution in the post assembly
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The forces in the anchors were limited to a maximum of 83 kips (370 kN) in tension and
46.4 kips (206 kN) in compression, as shown in Figure 5.8. The American Society for Testing
and Materials (ASTM) rating for these anchors is 81 ksi (560 MPa) for yield and at 105 ksi
(725 MPa) for ultimate strength. For the 1-1/4-inch (31.75 mm) anchor, that would be 99 kips
(440 kN) for yield and 129 kips (574 kN) for ultimate strength. Based on this simulation, the
maximum forces in the anchors are below the yield limit.

Ohio Deep Beam Strength Test
Time= 0.095 Fringe Levels
Contours of Axial Force 3.706e+05

min=-206279, at elem# 9112425
max=370551, at elem# 9112448 3.129e+05
2.552e+05 _|

19756405 _
1.398e+05 __

‘\\ 82146404 |
® 445;»04]

3.323e+04
9.091e+04

.486e+05
2.063e+05 |

Figure 5.8 Anchor forces (Unit: Newton)

The stresses in the rebars were limited to a maximum of 60 ksi (414 MPa) in tension and
5.5 ksi (38 MPa) in compression, as shown in Figure 5.9. Assuming that the rebars have a 60 ksi

(267 kN) yield then only short segments of a few rebars would be at yield as the legend indicates
in Figure 5.9.

Ohio Deep Beam Strength Test
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Figure 5.9 Maximum axial stress in the deck steel reinforcement (Unit: N/mm?)
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The impact force history is shown in Figure 5.10. The history (filtered to Society of
Automotive Engineers (SAE) 180) indicates that the post-deck assembly can withstand a 30 kips
(133 kN) impact force with minimum damage.

Ohio Deep Beam Strength Test
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Figure 5.10 Impact force history

Based on this numerical analysis and the previously conducted engineering analysis, it is
expected that the post-deck assembly would have the capacity to withstand its portion of the
54 Kips (240 kN) load imparted by the 2000P test vehicle (per NCHRP Report 350 TL-3) without
any significant damage.

5.2. FULL SYSTEM PERFORMANCE EVALUATION

5.2.1 Full System Model

The research team constructed the full model of a representative installation of the
modified ODOT Deep Beam bridge rail per NCHRP Report 350 test requirements for rigid
barrier. The model consists of 75 ft (22.86 m) long rail that includes six W-beam rail segments
and 13 (thirteen) post assemblies. Although the deck is modeled in the full system model, the
deck is assumed to be rigid to provide geometrical contacts with the vehicle tires. The sub-
system analysis indicates that the deck strength is adequate for such an impact condition. In the
full model, the anchors have boundary condition at the maximum rotation point in the sub-model,
as shown in Figure 5.11. Figure 5.12 depicts the model of the retrofitted ODOT Deep Beam
bridge rail.
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Boundary conditions
on selected anchors points

/ ~

Figure 5.11 Anchors inflection points and boundary conditions

Figure 5.12 Close up of the full system model

Some of the key components from the GR-2.2 rail study (Error! Reference source not
found.) had to be reconstructed and re-meshed to increase the fidelity of the model. The GR-2.2
system model incorporated a nested rail configuration. This ended up with a pre-deformed rail
geometry to account for multiple rails at the splice, as shown in Figure 5.13.
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Figure 5.13 W-beam model from the GR-2.2 model (arrows point to the pre-bent
geometry)

Hence, the W-beam rail model per the roadside hardware guide specifications built using
SolidWorks (16) was used to reconstruct a new W-beam mesh. This new model is shown in
Figure 5.14.

b v
Figure 5.14 Reconstructed W-beam model to be implemented in the Deep Beam rail
system

Figure 5.15 shows an iso-parametric view of the ODOT Deep Beam bridge rail system
model as it is mounted into a deck. Figure 5.16 is a close-up view of the lower box rail (rub rail)
and Figure 5.17 is a close-up showing the detailed meshing of the ODOT Deep Beam bridge rail.
The details of ODOT Deep Beam bridge rail used in FE models are presented in APPENDIX C.
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Figure 5.15 Model setup with 3-inch thick pavement overlay

Figure 5.16 Close up on setup showing lower box rail (rub rail) with pavement

Figue 5.17 ViW of th dI shong the eshing details with pavement
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The previous GR-2.2 simulation was conducted using the C2500 reduced vehicle model
that shown in Figure 5.18. However, the research team believes that the C2500 detailed vehicle
model shown in Figure 5.19 is better suited for this study since it has a better history of
refinement and suspension compliance improvement (17). Therefore, this vehicle model was
used in the ODOT Deep Beam bridge rail system simulation.

Figure 5.18 C2500 (reduced truck model) similar to the one used in the GR-2.2 simulation

Z
xh v
Figure 5.19 C2500 (detailed truck model) to be used in the Deep Beam bridge rail
system simulation
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As for the small passenger car, the 820C vehicle model (Geo Metro) (18) was used for
simulating NCHRP Report 350 Test 3-10, as shown in Figure 5.20.

Figure 5.20 820C test vehicle model

5.2.2 Full System Performance with Pavement Overlay using 3-11 Test Conditions

The simulation of the NCHRP Report 350 TL-3 impact condition was conducted to
quantify the performance of the ODOT Deep Beam bridge rail. Figure 5.21 shows sequential
images from the numerical simulation of a 2000P test vehicle impacting the rail at 62 mi/h
(100 km/h) and 25 degrees impact angle.

The system was able to contain and redirect the vehicle, as shown in Figure 5.21. The
vehicle had a moderate roll angle (18 degrees) around 0.52 seconds (sec), as shown in Figure
5.22 but it became upright late in the simulation. The simulation calculated the maximum tensile
force in the deck anchors to be 88.91 kips (395 kN). This is below the yield rating of these
anchors of 99 kips (440 kN) presented earlier.

Additionally, TTI researchers used the Test Risk Assessment Program (TRAP) to calculate
occupant severity indices. TRAP uses signal data from simulation (or test) to compute
occupant/compartment impact velocities, time of occupant/compartment impact after vehicle impact,
and the highest 10 millisecond (ms) average ridedown acceleration. For reporting purposes, the data
from the vehicle-mounted accelerometers are filtered with a 60-Hz digital filter, and acceleration
versus time curves for the longitudinal, lateral, and vertical directions are plotted using TRAP.

TRAP uses the data from the yaw, pitch, and roll rate transducers to compute angular displacement in
degrees at about 0.0001 sec intervals and then plots yaw, pitch, and roll versus time. These angular
displacements use the vehicle-fixed coordinate system. The vehicle-fixed coordinate system uses the
initial position and orientation of the vehicle as the origin..
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Figure 5.21 Gut view (looking upstream) showing 2000P test vehicle interacting with the
modified deep beam system from initial impact till exit and rolling back

Figure 5.22 Vehicle dynamics at maximum roll angle
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Occupant impact severity indices were all below the allowable limits of NCHRP
Report 350. The occupant impact velocity (OIV) was -28.2 ft/s (-8.6 m/sec) in lateral direction
(preferred 30 ft/s (9 m/sec) and maximum allowable is 40 ft/s (12 m/sec)) while the ridedown
acceleration was 9.1 g’s (preferred 15 g’s and maximum allowable is 20 g’s) in lateral direction
per the LS-DYNA simulation. Details of acceleration data are presented in Figure 5.23. Figure
5.24, Figure 5.25, and Figure 5.26 show the acceleration histories at the center of gravity (C.G.)
of the 2000P finite element model. The vehicular angular displacement, yaw, pitch, and roll rate
are shown in Figure 5.27. The summary of the simulation results are presented in Figure 5.28.

General Information
Test Agency. Texas Transportation Institute
Test Number: 2000P Simulation, TL-3-11
Test Date:
Test Article:  Modified Ohio Deep Beam Bridge Rail with Pavement

Test Yehicle
Description: C2500 detailed FE Model
Test Inertial Mass: 2000 kg
Gross Static Mass: 2000 kq

Impact Conditions
Speed: 100.0 kmgfhr
Angle: 25.0 degrees

Occupant Risk Factors
Impact Yelocity [mfs] at 0.1031 seconds on left side of interior
x-direction 7.9
w-direction -8.6

THIY [kmfhr): 40.4 at0.1009 seconds on left side of interior
THIV [m{s]: 11.2

Ridedown Accelerations [g°s]
*-direction -10.9 [0.1250 - 0.1350 seconds]
y-direction 9.1 [0.2399 - 0.2499 seconds]

PHD [g's]: 12.6  [0.1227 - D.1327 seconds]

ASI: 1.74 [0.0447 - D.0947 seconds]
Max. 50msec Moving Awvg. Accelerations [g's]

x-direction -11.3 [0.0466 - 0.0966 seconds]

y-direction 13.7 [0.0598 - 0.1098 seconds]

z-direction -h.¥ [0.0242 - 0.0742 seconds]
Max Roll. Pitch, and Yaw Angles [degrees]

Roll -18.5 [0.4391 seconds]

Pitch -4.1 [0.4325 seconds]

Yaw 29.4 [0.2940 seconds]

Figure 5.23 Signal data from TRAP of the 2000P FE model
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Longitudinal Acceleration (g's)

Transverse Acceleration (g's)

X Acceleration at CG

Figure 5.25 Y acceleration history at the C.G. of the 2000P FE model
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Figure 5.24 X acceleration history at the C.G. of the 2000P FE model
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Vertical Acceleration (g's)

Angles (degrees)

Z Acceleration at CG
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Figure 5.26 Z acceleration histories at the C.G. of the 2000P FE model
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Figure 5.27 Vehicle angular displacements for test 3-11 simulation
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General Information

TesSt AQeNCY ....ccovvveevnieeeeninnn. Texas Transportation Institute
TeStNO. .eeveeeieeiiiiieeeeee e NCHRP Report 350 Test 3-11
Date .....ocoooiiiiiiiiieiee N/A

Test Article

Bridge Rail

31 inch Modified Ohio Deep
Beam Bridge Rail

Installation Length ................... 75 ft
Material or Key Elements ........ Bridge rail supported by W6x25
steel post

Soil Type and Condition...........
Test Vehicle

Type/Designation 2000P

Make and Model..... .... C2500 detailed vehicle
Curb ..o, .... 4408 Ib

Test Inertial ..........ccccvveeeeeiinnns 4408 Ib
DUMMY...ooviiiiiiiiiiiiiieeeeeeieee No. Dummy

Gross StatiC.......cccvveveeeerinvennnn. 4408 Ib

Impact Conditions

62 mi’h
25 degrees
46.3 mi/h
5 degrees
Occupant Risk Values
Impact Velocity
Longitudinal............cccccoee. 25.9 ft/s
Lateral.......ccocoveeeiiieeeninnenns -28.2 ft/s
Ridedown Accelerations
Longitudinal -10.9¢
Lateral 9.1g
THIV........ooe. 40.4 km/h
PHD ..o 125¢
Max. 0.050-s Average
Longitudinal............cc.cceee.n. -11.3g
Lateral........... 13.79
Vertical -5.7¢9

Post-Impact Trajectory
Stopping Distance ............cccocuee... N/A

Vehicle Stability
Maximum Yaw Angle................... 29.4 degrees @ 0.294 sec
Maximum Pitch Angle..................-4.1 degrees @ 0.432 sec
Maximum Roll Angle.. ...-18.5 degrees @ 0.439 sec
Vehicle Snagging ...... ...No

Vehicle Pocketing.........ccccceeennnn No
Test Article Deflections
Dynamic .......ccocceeeiiiieeeniiieenieeen, 2.56 inches (top of barrier)
Permanent ceeeeneee NTA
Working Width...........ccccoveiiennnn 2.56 inches
Vehicle Damage
VDS .o
CDC ..

Max. Occupant Compartment
Deformation ..........ccccceeeviinenn, N/A

Figure 5.28 Summary of results of NCHRP Report 350 test 3-11 simulation




5.2.3 Full System Performance with Pavement Overlay using 3-10 Test Conditions

A simulation was conducted with an 820C vehicle model (Geo Metro) (18). The vehicle
had an initial velocity of 62 mi/h (100 km/h) and it was oriented 20 degrees per NCHRP
Report 350 test 3-10 conditions. The ODOT Modified Deep Beam bridge rail with pavement
overlay model was able to contain and redirect the impact vehicle per the nonlinear finite
element simulation. Figure 5.29 shows sequential images from the simulation that includes
impact, redirection, rear wheel impact, and vehicular exit.

0.000 sec 0.035 sec

0.070 sec 0.145 sec

0.190 sec 0.215 sec

g

0.330 sec 0.390 sec

Figure 5.29 Sequential images of the 820C vehicle interaction with the bridge rail model
with pavement overlay
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The signal analysis of the accelerometer at the C.G of the 820C model is presented in
Figure 5.30 with a maximum OIV of -28.9 ft/s (8.8 m/s) in the lateral direction (preferred 30 ft/s
(9 m/s) and maximum allowable is 40 ft/s (12 m/s)) while the ridedown acceleration was 12.3 g’s
(preferred 15 g’s and maximum allowable is 20 g’s) in the lateral direction as well per
LS-DYNA simulation. Figure 5.31, Figure 5.32, and Figure 5.33 show the acceleration histories
at the C.G. of the 820C finite element model. The vehicular angular displacement, yaw, pitch,
and roll rate are shown in Figure 5.34. The summary of the simulation results is presented in
Figure 5.35.

General Information
Test Agency: Texas Transportation Institute
Test Number: 820c Simulation, TL-3-10
Test Date:
Test Article:  Modified Ohio Deep Beam Bridge Rail with Pavement

Test Yehicle
Description: 820C FE Model
Test Inertial Mass: 820 kg
Gross Static Mass: 820 kg

Impact Conditions
Speed: 100.0 kmth
Angle: 20.0 degrees

Occupant Risk Factors
Impact Yelocity [mfs] at 0.0829 seconds on left side of interior
x-direction h.8
y-direction -8.8

THIY [km{hr]: 371 at0.0809 seconds on left side of interior
THIY [m{s]: 10.3

Ridedown Accelerations [g's]
x-direction -7.0 [0.0873 - 0.0973 seconds]
y-direction 12.3 [01916- 0.2016 seconds)

PHD [g's]: 12.4 [0.1916- 0.2016 seconds]

ASI 1.98 [0.0255- 0.0755 seconds]
Max. 50msec Moving Avg. Accelerations [g's]

x-direction -10.6 [0.0226 - 0.0726 seconds]

y-direction 16.0 [0.0255- 0.0755 seconds)

z-direction -4.1 [0.0042 - 0.0542 seconds]
Max Roll, Pitch, and Yaw Angles [degrees]

Roll 4.0 [0.3137 seconds]

Pitch 3.0 [0.2255 seconds]

Yaw 29.2 [0.3999 seconds]

Figure 5.30 Signal data from TRAP of the 820C model impacting the bridge rail with
pavement overlay
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Figure 5.31 X acceleration history at the C.G. of the 820C FE model with pavement
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Figure 5.32 Y acceleration history at the C.G. of the 820C FE model with pavement
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Figure 5.33 Z acceleration history at the C.G. of the 820C FE model with pavement
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Figure 5.34 Vehicle angular displacements for the 820C FE model with pavement
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0.000 sec

0.070 sec

0.215 sec

0.390 sec

-~ SINULATED OVERLAY
| weak: concRETE)

General Information Impact Conditions Post-Impact Trajectory
Test AQeNCY ....coovvveevniveeenninen. Texas Transportation Institute Speed......coeiiiiiiiiee e, 62 mi/h Stopping Distance .............c....... N/A
TeStNO. .evveveeeeiiiiieee s NCHRP Report 350 Test 3-10 ANgle....cooiiiiii e, 20 degrees
Date .....ocovviiiiiiiiieeeeeeeee e Location/Orientation Vehicle Stability
Test Article Exit Conditions Maximum Yaw Angle................ 29.2 degrees @ 0.399 sec
Type.... Speed.... Maximum Pitch Angle....... ... 3.0 degrees @ 0.226 sec
NaME ..ooiiiiiiiie s 31 inch Modified Ohio Deep Beam  ANgle.......cccocviiiiiiiiiniieeninnd Maximum Roll Angle......... ... 4.0 degrees @ 0.314 sec
Occupant Risk Values Vehicle Snagging ceveeenen. NO
Installation Length ................... Impact Velocity Vehicle Pocketing...........c.ccc.e.... No
Material or Key Elements ........ Bridge rail supported by W6x25 ~ Longitudinal........................ 5.8 ft/s Test Article Deflections
................................ -8.8 ft/s Dynamic..........cceceeevieeesinee...... 0.758 in
Soil Type and Condition........... Ridedown Accelerations Permanent........ TP
Test Vehicle -7.0g9 Working Width
Type/Designation .................... ...12.3g Vehicle Damage
Make and Model THIV ...35.3 km/h VDS, N/A
PHD ..ot 1249 CDC .t N/A
Max. 0.050-s Average Max. Exterior Deformation......... N/A
........................ -10.8g Max. Occupant Compartment
...16.0g Deformation...........ccccecueeennn. N/A
419 OCD .o N/A

Figure 5.35 Summary of results of NCHRP Report 350 test 3-10 simulation of the bridge rail with pavement overlay




5.2.4 Full System Performance without Pavement Overlay using 3-10 Test Conditions

Another simulation was conducted with an 820C vehicle model (Geo Metro), but using
the ODOT Deep Beam bridge rail without the pavement overlay model. The vehicle had an
initial velocity of 62 mi/h (100 km/h) and it was oriented 20 degrees per NCHRP Report 350
test 3-10 conditions. This simulation was conducted to investigate the potential of small car tire
entrapping in the opening below the lower rail. The ODOT Modified Deep Beam bridge rail was
able to contain and redirect the impact vehicle per the nonlinear finite element simulation. The
simulation indicates that the Geo Metro tire would engage over the deck edge without significant

snagging, as show in Figure 5.36.

0.000 sec 0.040 sec

= &

0.070 sec 0.140 sec

0.330 sec 0.390 sec

Figure 5.36 Sequential images of the impact vehicle interaction of the bridge rail model
without pavement
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The signal analysis of the accelerometer at the C.G of the 820C model without pavement
is presented in Figure 5.37 with a maximum OIV of -28 ft/s (-8.6 m/s) in the lateral direction
(preferred 30 ft/s (9 m/s) and maximum allowable is 40 ft/s (12 m/s)) while the ridedown
acceleration was 12.6 g’s (preferred 15 g’s and maximum allowable is 20 g’s) in the lateral
direction as well per LS-DYNA simulation. Figure 5.38, Figure 5.39, and Figure 5.40 show the
acceleration histories at the C.G. of the 820C finite element model. The vehicular angular
displacement, yaw, pitch, and roll rate are shown in Figure 5.41. The summary of the simulation
results is presented in Figure 5.42.

General Information
Test Agency: Texas Transportation Institute
Test Number: 820C Simulation, TL-3-10
Test Date:
Test Article:  Modified Ohio Deep Beam Bridge Rail without Pavement

Test Yehicle
Description: 820C FE Model
Test Inertial Mass: 820 kg
Gross Static Mass: 820 kg

Impact Conditions
Speed: 100.0 kmfhr
Angle: 20.0 degrees

Occupant Risk Factors
Impact Yelocity [mfs] at 0.0826 seconds on left side of interior
x-direction h.3
w-direction -8.6

THIY [km{hr]: 34.9 at0.0807 seconds on left side of interior
THIV [m{s): 9.7

Ridedown Accelerations [g's]
x-direction -6.2 [0.0900 - 0.1000 seconds]
y-direction 12.6 [D.1866- D.1966 seconds]

PHD [g's]: 12.6 [D.1866 - D.1966 seconds]

ASI: 1.94 [0.0202 - 0.0702 seconds]
Max. b0msec Moving Avg. Accelerations [g's]

x-direction -10.3 [0.0224- 0.0724 seconds]

w-direction 15.6 [0.0200- 0.0700 seconds]

z-direction -3.9 [0.0041 - 0.0541 seconds]
Max Holl, Pitch, and Yaw Angles [degrees]

Roll 3.7 [0.1548 seconds]

Pitch 3.2 [0.2126 seconds]

Yaw 28.4 [0.4934 seconds]

Figure 5.37 Signal data from TRAP of the 820C model impacting the bridge rail without
pavement overlay
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Figure 5.38 X acceleration history at the C.G. of the 820C FE model without pavement
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Figure 5.39 Y acceleration history at the C.G. of the 820C FE model without pavement
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Figure 5.40 Z acceleration history at the C.G. of the 820C FE model without pavement
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Figure 5.41 Vehicle angular displacements for the 820C FE model without pavement
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General Information Impact Conditions Post-Impact Trajectory
Test AgeNnCY .......ccocevveeeiiiiinnnns Texas Transportation Institute Stopping Distance ..................... N/A.
TestNO. ...ccoeeeeee. .... Simulation
Date ....ovveiiiieeiee e N/A Vehicle Stability
Maximum Yaw Angle................. 28.4 degrees @ 0.493 sec
Test Article Maximum Pitch Angle................ 3.2 degrees @ 0.213 sec
TYPE oo Bridge Rail ANQIe...ooiiiiiii e, 10 degrees Maximum Roll Angle......... ... 3.7 degrees @ 0.155 sec
NaME ..o 34 inch Modified Ohio Deep Occupant Risk Values Vehicle Snagging ....... ...No
Beam Bridge Rail Impact Velocity Vehicle Pocketing......................NO
Installation Length ................... 75 ft Longitudinal..............ccceennee. 5.3 ft/s Test Article Deflections
Material or Key Elements ........ Bridge rail supported by W6x25 Lateral........ccooveeriieiinincenn, -8.6 ft/s Dynamic ........ccooovveenniiiiniiienn, 0.55 inches (top of barrier)
steel post Ridedown Accelerations Permanent.........ccccoeiiiniieinn N/A
Soil Type and Condition........... Longitudinal............cccceeenn Working Width ..o, N/A
Test Vehicle Lateral Vehicle Damage
Type/Designation .................... 820C THIV...coce. VDS, .. N/A
Make and Model...............c...... Geo Metro PHD . CDC oot N/A
1807 Ib Max. 0.050-s Average Max. Exterior Deformation......... N/A
... 1807 Ib Longitudinal............ccccceeennne Max. Occupant Compartment
.. No. Dummy Lateral........... Deformation
1807 Ib Vertical OCDI .o

Figure 5.42 Summary of results of NCHRP Report 350 test 3-10 simulation of the bridge rail without pavement overlay



6. CONCLUSIONS AND RECOMMENDATIONS

The modified ODOT Deep Beam bridge rail design is shown to be successfully able to
pass NCHRP Report 350 Test Level 3 assessment criteria. This conclusion is based on
engineering strength analysis and nonlinear finite element simulation. The added rail on the top
of the bridge rail helped reduced potential vehicular dynamics instability that may occur if only
the original rail (less height) was used. Also, the additional lower rail (rub rail) provided a
protection against tire snagging in the opening below the main rail and the deck. This snagging
mode could be detrimental for small vehicle impacts due to the subsequent excessive
deformation and increased ridedown acceleration.

The set of drawings of the modified ODOT Deep Beam bridge rail used in the simulation
models is shown in APPENDIX C. In this set, lower rail attached to the post using an A36 angle
shaped steel plate, as shown in Figure 6.1(a). The distance from the middle of this rail to the top
of the asphalt overlay is 8 inches (230 mm). However the concern about tire snagging led the
researchers to recommend reducing that distance. Therefore, the drawing was modified as
shown in Figure 6.1 (b) to reduce the distance from middle of the rub rail to the top of the asphalt
overlay to 6 inches (152 mm). In the case of an installation without asphalt overlay, the distance
from the middle of the rub rail to the top of the deck will be 9 inches (229 mm), as shown in
Figure 6.1 (c). Consequently, the shelf angle that holds the rub rail in the simulated design
would have to be located on the top of the rub rail due to space restriction, as shown in Figure
6.1 (b) and (c). The full sets of drawings for the suggested installations are presented in
APPENDIX D.

(a) Design used in simulation

Figure 6.1 Comparison of design of the ODOT Deep Beam bridge rail
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(b) Final design with pavement overlay (c) Final design without pavement overlay

Figure 6.1 Comparison of design of the ODOT Deep Beam bridge rail (continued)

Although details were explicitly modeled in the nonlinear modeling simulation task of
this research, some uncertainties are still not quantifiable through simulation. Specifically,
damage to the suspension system of the vehicle and the failure of tire and wheels are not
represented in current vehicle models. Tire failure (debeading, blown out...etc), wheel failure
(rim separation and damage), and suspension failure (A-Arm rupture, joints failure ...etc.) can
lead to a variation of vehicular dynamical response as well as changes to the occupant severity of
a given test. Hence, the research team recommends conducting the two NCHRP Report 350 tests
(3-11 and 3-10). For the 3-11 test, the research team recommends using the bridge rail
installation that incorporates the pavement overlay to maximize vehicular dynamics. For the
3-10 test, the research team recommends using the installation that does not have pavement
overlay to maximize the potential of snagging of the small car with the opening between the rub
rail and the top of the deck.
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7. IMPLEMENTATION PLAN

This system can be implemented in the field subsequent to FHWA Office of Safety approval
of the simulation results presented herein or the full scale crash tests recommend in Chapter 6.
The modified design presented herein represents a retrofit that can be installed by a qualified
construction crew.

The research team recommends using the ODOT transition GR-3.4 shown in APPENDIX E.
A modification is suggested for that transition detail to accommodate the added top and rub rails
in the modified ODOT Deep Beam bridge rail. One example, as shown in Figure 7.1, would be
to turn the top rail toward the middle rail at an angle and to extend the rub rail along a few
transition posts and then turn it back toward the field side.

(b)

Figure 7.1 NY DOT bridge rail transition (15)
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Figure A 3 Details of reinforcing in the slab (continued)







APPENDIX B ANALYSIS OF ODOT MODIFIED BRIDGE RAIL
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Figure B 1 Analysis of Modified ODOT Deep Beam Bridge Rail 1
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= Texas . Project #: _476890-01
/‘ Transportation :
Al institute

Subject: _Ohio TL-3 Deep Beam Bridge Guardrail Sponsor: _Ohio DOT

OhioTL-3BridgeRailLRFDWF Wrev 1.xmcd William Williams, P.E.
12/10/2010 979-862-2297
10:39 AM w-williams@tamu.edu

Figure B-2 Analysis of Modified ODOT Deep Beam Bridge Rail 2
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Figure B 3 Analysis of Modified ODOT Deep Beam Bridge Rail 3
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Z Texas . Project #: _476890-01
/‘ Transportation :
Al nstitute

Subject: _Ohio TL-3 Deep Beam Bridge Guardrail Sponsor: _Ohio DOT
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Figure B 4 Analysis of Modified ODOT Deep Beam Bridge Rail 4
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Subject: _Ohio TL-3 Deep Beam Bridge Guardrail Sponsor: _Ohio DOT
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Figure B 5 Analysis of Modified ODOT Deep Beam Bridge Rail 5
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= Texas . Project # _476890-01
/‘ Transportation rojeet SO
Al institute

Subject: _Ohio TL-3 Deep Beam Bridge Guardrail Sponsor: _Ohio DOT kips = kip

1.) Given the following information from AASHTO Section 13. A13.3.2
L= 4.0ft Load Length (ft.)

L := 6ft + 3in Post Spacing
Dist from Top Anchor to Fy 1= S4kips TL-3 Loading

= 751 . .
Anchory, := 7.5in Top of Paving (in.)

H := 27in
2.) Input for Top Rail Properties (TS8x4x3/16):

Ztop = ']().Zin3 Plastic Section Modulus of Top Rail

Y, .. :=28in height to the Center of the top Rail

top

F = 42ksi Yield of Top Rail Material, (ksi)

ytop -
3.) Input for Middle Rail Properties (TS8x4x3/16):

Zmid = IO_Zin3 Plastic Section Modulus of Bottom Rail
Y nid = 2lin height to the Center of the top Rail

Fymid := 42ksi yield of Top Rail Material, (ksi)

4.) Input for Bottom Rail Properties (TS8x4x3/16):

Zbott = IO_Zin3 Plastic Section Modulus of Middle Rail

Yhott = 8in height to the Center of the top Rail
Fybort = 42ksi yield of Top Rail Material, (ksi)

5.) Input for W-Beam Properties:

= 1.93in° Y

Zyybeam * wheam = 21N peioht ot center of W-Beam
wabeam = 50ksi Yield of W-Beam Material, (ksi)
OhioTL-3BridgeRailLRFDWFWrev 1.xmed William Williams, P.E.
12/10/2010 979-862-2297
10:39 AM w-williams@tamu.edu

Figure B 6 Analysis of Modified ODOT Deep Beam Bridge Rail 6
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6.) Input for Post properties:

.3
Zpost = 19.0in Plastic Modulus of W6x25

prost = 306ksi Yield of post material.

7.) Input Properties for the Deck Concrete & Anchor Bolts

f¢ 1= 4000psi Compressive Strength of the Deck Concrete (psi)

dia := 1.25in  Anchor Bolt Dia. (inches)

I 105ksi

u- Bolt Tension Strengths for A325 (ksi)

8.) Calculate the Total Rail Resitance of Rail Elements

Mptop = Ztop Fytop

Mpmid = Zmid Fymid
Mptop = 35.7kip-ft Mpmid = 357 kipft
Mpbott = Zbott Fybott Myvbeam = Zwbeam Fywbeam
Moport = 35.7-kip-t M, poqm = 8.042 kip-ft
M,, = Mptop * Mpbott + Mwbeam * Mpmid

Mp = 115.142.kip-ft ~ Total Resistance of the Rails

OhioTL-3BridgeRailLRFDWF Wrev 1.xmcd William Williams, P.E.
12/10/2010 979-862-2297
10:39 AM w-williams@tamu.edu

Figure B 7 Analysis of Modified ODOT Deep Beam Bridge Rail 7
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9.) Calculate the Average Height of Combined Rail Resistances Yy, (ft.)

Y = 28:in Ym]d = 21-in

top
Ypott = 8in Y wheam = 21-in

Yy = [(Mpmp'ytop) " (Mpbott' Ybott) + (Mwbeam‘oweam) N (Mpmid‘Ymid)]
bar -~ .

p
Yipar = 1.595-ft  Average Height of Combined Rail Resistances

10.) Calculate the Ultimate transverse Load Resistance of a Single Post located (@ Y, above the

deck based on Post Plastic Strength (P,,):

Anchorp; = 0.191m Ypar = 19.14-in
P Zpost' prost
1 e ——
P Ybar

Ppl = 35.737-kips Strength based on Plastic Post Strength right @ pavement
elevation

11.) Calculate the Ultimate transverse Load Resistance of a Single Post located (@ Y, above the
deck based on FEA Analysis of Post (P):

Based on RISA 3D Analysis 13 kips on Post @ 21 inches is design load from FEA analysis

16.25kips-21in . . .
p2 = _S.2dpyon sz = 17.829-kips  Strength of Post based on simple FEA Analysis
Ybar of Post with welded bracket
OhioTL-3BridgeRailLRFDWFWrev 1.xmed William Williams, P.E.
12/10/2010 979-862-2297
10:39 AM w-williams@tamu.edu

Figure B 8 Analysis of Modified ODOT Deep Beam Bridge Rail 8
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12.) Calculate the Strength of the Post to cause Anchor Bolt Failure (P 3):

Calculated Area of Bolts (No
threads included) (in"2)

Reference: Steel Structures Design & Behavior, Salmon &

Johnson, 4th Edition )
.di

- Tda Ay = 1.227:in’

Ay, =
b 4

dia = 1.25-in Diameter of Anchor Bolts

105-ksi Anchor Bolt Strength (ksi)

=]
Il

LRFD Reduction Factor for shear (0.75 ~LRFD, see pg. 120, Steel Structures, 4th Ed.)

by =10

¢p:=1.0 LRFD Reduction Factor for tension (0.75 ~ LRFD, see pg. 121, Steel Structures, 4rd Ed.)
m:= 1 # of Shear Planes per bolt
n:=2 # of Bolts

Threads in the Shear Plane? (See Equation 4.6.3, Steel Structures Design & Behavior,

Yes.... € = 0.75: page 124.)

No..e=1.0 € =075

Bolt Shear Strength (Eq. 4.7.4 pg. 120):
OR pchear = Pg0-8:(&-m Ap)-(0.62-F)-n

Bolt Tension Strength (Eq. 4.7.6 pg. 120):

®Rtension = ¢t'Ab'(0'75'Fu)'n

PRy ension = 193.282-kips Ultimate Tension Strength of 2 Anchors
PR shear = 95.868-kips Ultimate Tension Strength of 2 Anchors

13.) Sum moment about bottom Anchor bolts to Frid Ppa in top rail to cause ultimate tension failure in top bolts

R ptension 8N
Sum moment about bottom anchors and solve for P

P .~ i=
p3 (Sin + Anchory + Ybar)

Post Strength based on tension strength of anchors

Pp3 = 44.638-kips

OhioTL-3BridgeRailLRFDWFWrev 1.xmed William Williams, P.E.
12/10/2010 979-862-2297
w-williams@tamu.edu

10:39 AM

Figure B 9 Analysis of Modified ODOT Deep Beam Bridge Rail 9
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14.) Calculate the Strength of the Post to cause concrete pull-out failure for the 2 bolts in tension (Py4):

10a.) Calculate the tension strength of the

concrete
& O
LN ¢C =1.0
| A— 3 fe
' N - ; V. :=¢. 4 | —-psi
1 4 TR ! H » ¢ d)c psi P
| { ) Q)
l [H\m:w:‘\:mué':m'\‘:i‘\‘jil s H VC = 0.253-ksi
| 7 :
For the Failure Area... calculate the are of 4
sides
» Area of the top
S\ Atop = (3.5in-6.375in) ...
+(6.375in-6.375in)
— ‘ —
" | \ ' ¢ . .
o FAR \ ' Apott = (3.5in: l§.25m) =
| 5 +(16.251in-16.251n)
-— it E ------- LN
15" | 4
| )
[ 2
N
21.25in-11.5in 6.375in-6.375in g ;
Ay 1= + + (14.875in-4.5in) |-2
2 2
A =A L +A + Ay . 2 Total approximate areas of pull-out
total to bott sides A = 802.781-

# total n cone for top 2 anchor bolts
OhioTL-3BridgeRailLRFDWFWrev 1.xmcd William Williams, P.E. 10
12/10/2010 979-862-2297
10:39 AM w-williams@tamu.cdu

Figure B 10 Analysis of Modified ODOT Deep Beam Bridge Rail 10
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15.) Calculate the force on the post @ Ybar to cause concrete oull-out cone failure (P4):

FCOHCI’CIGCOI’]G = VC‘ Atotal

F = 203.089-kips Force to fail concrete in the shaded area above

concretecone

Feoncretecone 810

p4 = (Sin + Anchory + Ybar)

P

PP4 = 46.903:kips  pg Strength based on Concrete Cone failure for top anchors

16.) Summarize Post Strengths to use in the LRFD Strength Analysis

P.1 = 35737 kips Strength based on Plastic Post Strength right (@ pavement

1
P elevation
sz = 17.829-kips Strength of Post based on RISA FEA Analysis
of Post with welded bracket
Pp3 = 44.638-kips Post Strength based on tension strength of anchors

Pp4 = 46.903 kips Post Strength based on Concrete Cone failure for top anchors

Use Pp2 as the limiting ppost strength for analysis purposes

P =P
pp2
OhioTL-3BridgeRailLRFDWFWrev 1.xmed William Williams. P.E. 11
12/10/2010 979-862-2297
10:39 AM w-williams@tamu.edu

Figure B 11 Analysis of Modified ODOT Deep Beam Bridge Rail 11
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17.) Calculate the Rail Strength for Multiple Spans (@ H, height:

H = 27-in
e ok sk 1 Span Case ok ek
Yi..= 19.14in
Ny=1 I Span Case bar
Mp = 115.142-kip-ft Pp = 17.829-kips L =1.905m Ly = 1219m
. 16-Mpy+ (N = 1)+ (N + I)-Pp-L' Ypar
! 2Ny L-L H
R = 153.64-kips Resistance for 1 Span
% ok Kok 2 Spﬁn Case LR 2
N2 =2 2 Span Case Ybar = 19.14-in
I\/lp = 115.142-kip-ft Pp = 17.829-kips L =1.905m L;=1219m
16:M,, + N, 2P L (Y
R ‘p+2'p'(bar]
2= '
2Ny L - Ly H
Ry = 77.234-kips Resistance for 2 Spans
OhioTL-3BridgeRailLRFDWFWrev 1.xmed William Williams. P.E. 12
12/10/2010 979-862-2297
10:39 AM w-williams@tamu.edu

Figure B 12 Analysis of Modified ODOT Deep Beam Bridge Rail 12
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% %ok ok 3 Span Case ook ok ok

N3 =3 3 Span Case Yoar = 191440
P, = 17.829-kips L =1905m Li=1219m

Mp = 115.142-kip-ft P

_ 16- My, + (N3~ 1)- (N3 + l)-Pp-L.[Ybar]

2N3-L - L H

R3
Ry = 57.847-kips Resistance for 3 Spans

HARR 4 Span Case ****

Ny 4 4 SpanCase Ypar = 19.14-in H = 27-in
M, = 115.142kip-ft P, = 17820kips L= 1905m
2
R
ANy L L H

R, = 55.866-kips Resistance for 4 Spans

ook 5 Span Case sk ok
Ng:=35 5 Span Case Ypar = 19-14in

M, = 115.142-kip-ft P, = 17.829-kips L = 1.905m L, =1219m

P

]6-Mp+(N5— 1)-(N5 + 1)-Pp-L Ypar
Rs = 2NgL- L, [ H ]

Rg = 54.731-kips Resistance for 5 Spans

Project #: _476890-01

13

William Williams, P.E.

OhioTL-3BridgeRailLRFDWFWrev 1.xmed
12/10/2010 979-862-2297
10:39 AM w-williams@tamu.edu

Figure B 13 Analysis of Modified ODOT Deep Beam Bridge Rail 13
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koK 6 Span Case Kok ok

Ng =6 6 Span Case Ypar = 19.14-in H = 27-in
Mp = 115.142-kip-ft Pp = 17.829-kips L = 1.905m
16 M, + NP oL (Y
R M+ Ne Py [ bar]
6= .
2NgL-L, H
Rg = 58.446-kips Resistance for 6 Spans

Summary: Resistance of multiple Spans is greater than 54 kips as specified in AASHTO LRFD Section 13
Specifications for Test Level 3

[+]MCAD 14

OhioTL-3BridgeRailLRFDWFWrev 1.xmed William Williams. P.E. 14
12/10/2010 979-862-2297

10:39 AM w-williams@tamu.edu

Figure B 14 Analysis of Modified ODOT Deep Beam Bridge Rail 14
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