











girder from the curved two-girder bridges under the TDL. The initial elevation under the
NL condition, which reflects the cambered elevation, is also shown in these figures. For
the curved two-girder bridges with IGs, only NLF detailing results in the intended final
elevation (Figure 6.9 and Figure 6.10). SDLF and TDLF detailing pre-twist the girders
and also lift up the girders during the cross frame installation, and the final elevation of
each girder is positive (above the intended final elevation). The difference between the

final elevation and the intended final elevation is not the same for each girder.

For curved two-girder bridges with TFGls, NLF and ISDLF detailing result in the
intended final elevation for each girder (Figure 6.11 and Figure 6.12). SDLF, TDLF, and
RDLF detailing pre-twist and lift up the girders during the cross frame installation, and

each girder has a different positive elevation (above the intended final elevation).

Figure 6.13 through Figure 6.32 present the final elevation along the span of each
girder from the curved four-girder bridges under the TDL. For the IG bridges, only NLF
detailing results in the intended final elevation for each girder. SDLF and TDLF detailing
pre-twist and lift up the girders during the cross frame installation, and each girder has a
different positive elevation (above the intended final elevation). For the TFG1 bridges,
NLF and ISDLF detailing result in the intended final elevation; for the other methods,

each girder has a different positive elevation (above the intended final elevation).

6.3.2 Cross section rotation

Figure 6.33 through Figure 6.36 present the final cross section rotations along the
span of each girder from the curved two-girder bridges under the TDL. For the IG bridges
with TDLF detailing, the final cross section rotations at the locations of the cross frames
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NLF detailing, and between RDLF and NLF detailing are not as large.

6.3.3 Final layover

The final layover is the differential lateral displacement between the top flange and
the bottom flange of the section (White et al., 2012), which is related to the cross section
rotation. Figure 6.57 through Figure 6.60 present the final layover of each girder from the
curved two-girder bridges under the TDL. The results show that each girder has some
final layover for each detailing method since each girder has an observable cross section
rotation. The final layover from TDLF detailing is the smallest. For NLF detailing, the
layover is about 1 inch for both the IG bridge and the TFG1 bridge. For the TFG1 bridge

with ISDLF detailing, the layover is as much as 2.5 inch.

Figure 6.61 through Figure 6.80 present the final layover of each girder from the
curved four-girder bridges under the TDL. For the 1G bridge, each girder has a different
layover for each method. The final layover from NLF detailing is the largest, but it is

only about 0.5 inch.

For the curved TFG1 bridges with the shorter (90 ft) spans (4TFG1-1 and 4TFG1-6),
each girder has a final layover for each method. The final layover from ISDLF is the
largest, and is about 2 inch (for G1). For the TFG1 bridges with the longer (120 ft and
150 ft) spans (4TFG1-1 and 4TFG1-20), the final layover from NLF detailing is as large
as 1.5 inch, while it is as large as 6 inch from ISDLF detailing (G1 from 4TFGI1-15),

which is due to the large cross section rotations from the ISDL condition.
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Cross section rotation

There are two ways to determine the cross section rotation from the LVDT data: (1)
from two transverse LVDTs and (2) from the vertical LVDTs. These two approaches
should give similar results if the section is rigid in plane. Table 8.13 and Table 8.14 show
that the two approaches give different results, especially when aligning G1 and the
interior diaphragms (between S3-9b and S3-9, and S3-13 and S3-14). At Section D, the
bottom transverse LVDT for G1 did not function correctly. The cross section rotations are
quite small, and some cross section distortion appears to occur resulting in the

inconsistent data.
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8.6 Summary of Results

The measured data during the erection and assembly of the test specimen are
presented, and compared to the FE results for the states during jacking to NL condition
(between S1-0 and S1-1), as the jack forces are released to allow the girders to deflect
under their own weight (between S1-2 and S2), and during jacking to align G1 and the
connection of the interior diaphragms (between S3-4 and S3-5, S3-9b and S3-9, S3-13
and S3-14). The results are as follows:

(1) The responses during the erection and assembly of the test specimen are small.

(2) The tube end diaphragms reduce the vertical displacements of the individual

TFG1s.

(3) The vertical displacements of individual TFG1s due to their own weight are

small.

(4) It is not difficult to install interior diaphragms for curved TFG1 bridge girder

systems, even as the individual TFG1s carry their own weight across the span

without temporary shoring within the span.

500



Table 8.1 Specified camber

Camber

Location along span (inch)
Gl G2
0 0.00 0.00
0.1 0.06 0.14
0.2 0.11 0.27
0.3 0.15 0.37
0.4 0.17 0.43
0.5 0.18 0.45
0.6 0.17 0.43
0.7 0.15 0.37
0.8 0.11 0.27
0.9 0.06 0.14
1 0.00 0.00
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Table 8.14 Cross section rotation changes between adjacent states for G2 from
Event 3 through Event 6

States G2

compared Section B Section C Section D
to the Based on Basedon | Basedon | Basedon | Basedon | Basedon

previous transverse vertical transverse | vertical transverse | vertical
states LVDTs LVDTs LVDTs LVDTs LVDTs LVDTs
S3-0 - - - - - -
S3-1b - - - - - -
S3-1 -0.0001 -0.0001 -0.0003 -0.0003 -0.0001 -0.0003
S3-2b - - - - - -
S3-2 -0.0001 -0.0001 -0.0001 -0.0001 0.0000 0.0000
S3-3b - - - - - -
S3-3 0.0000 -0.0001 -0.0002 -0.0001 -0.0006 -0.0013
S3-4b - - - - - -
S3-4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
S3-5 0.0008 0.0007 0.0012 0.0013 0.0009 0.0027
S3-6 -0.0002 -0.0002 -0.0006 -0.0006 -0.0001 0.0000
S3-7 -0.0001 -0.0001 -0.0003 -0.0003 -0.0001 -0.0005
S3-8 -0.0002 0.0000 -0.0001 0.0000 -0.0001 0.0005
S3-9b - - - - - -
S3-9 0.0069 0.0099 0.0007 0.0003 0.0002 0.0017
S3-10 0.0001 0.0005 0.0003 0.0003 0.0002 0.0006
S3-11 0.0002 0.0004 0.0000 0.0000 0.0000 0.0001
S3-12 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
S3-13 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002
S3-14 0.0001 -0.0001 0.0006 0.0003 0.0055 0.0112
S3-15 0.0000 0.0001 0.0000 0.0000 -0.0002 -0.0003
S3-16 0.0001 0.0001 0.0002 0.0002 0.0003 0.0008
S3-17 0.0000 0.0001 0.0000 0.0000 0.0000 0.0001
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curved IG systems.

Different methods of detailing the cross frames for curved TFG1 bridges were
studied and compared. The methods include conventional no load fit (NLF), steel dead
load fit (SDLF), and total dead load fit (TDLF). In addition, two new detailing methods
for curved TFG1 bridges, individual steel dead load fit (ISDLF) and remaining dead load
fit (RDLF) were studied. The different detailing methods were studied for five example
bridges using detailed FE Model-D1. Curved girder system responses including the final
elevation, final layover, girder stress, and maximum load capacity, resulting from the

different detailing methods were compared.

A two-thirds scale two-girder test specimen and corresponding full size bridge were
designed using the design guidelines. The full-size bridge has a 90 ft span, and a
curvature ratio (span over curvature radius) of 0.45. The two-thirds scale two-TFG1 test
specimen has the same curvature ratio, but the dimensions are scaled by two-thirds.
Model-S was used in the design process. The stress results from Model-S were checked
with the design criteria. Detailed FE Model-D1 was used to validate the use of Model-S.
A corresponding curved IG bridge system was designed and compared with the full-size
curved two-TFG1 bridge. The comparisons included the vertical displacements and the
maximum load capacity of the bridge systems under non-composite and composite (with

the concrete bridge deck) conditions.

The test specimen was fabricated and erected in the test-setup area. Then procedure
to erect and assemble the curved TFG1 girder system was studied, using FE Model-D1

analysis and measurements of the test specimen response. The vertical displacement and
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strain data were analyzed and compared with FE analysis results during the erection and

assembly process.

The test specimen was tested up to and beyond the maximum load capacity. An
updated FE model (Model-D4), including accurate material properties, geometric
imperfections of the tubular top flange, and test boundary conditions, was used to analyze
the test specimen and make comparisons with the test data. Geometric imperfections of
the tubes near a critical welded tubular flange butt splice were studied and implemented
in Model-D4. Also, the applied forces measured in the tests were applied to Model-D4.
The effects of early softening of the tube steel material and of residual stresses from
welding were studied using Model-D4. The results for vertical displacements, cross
section rotations, lateral displacements, primary bending moment, and local buckling

were presented and compared with FE analysis results.

10.2 Major Results

From the research on curved TFG1 bridge systems summarized above, the following

are the major results:

(1) Design criteria for curved steel I-shaped girders for highway bridges from
AASHTO (2010), applied in accordance with recommendations from Dong
and Sause (2008b), can be used effectively to design curved steel TFG1 bridge
systems. The criteria considered in this study include Service Il limit state
criteria, and Strength I limit state criteria, and the Constructability limit state
criteria for individual girders during girder erection and for bridge girder

systems (girders with cross frames (or diaphragms)) under the deck placement
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)

©)

(4)

()

(6)

condition.

Simplified FE models can be used to safely design curved steel TFG1 bridge
systems, and detailed FE models can be developed to investigate the detailed
behavior of curved TFG1 bridge systems.

Under vertical loads, individual curved TFG1s develop much smaller
deformations (vertical displacements and cross section rotations) and stresses
(warping normal stresses and total normal stresses) than corresponding curved
IGs (the vertical displacements of individual IGs are more than 8 times that of
individual TFG1s).

Individual curved TFG1s can be designed to be erected using bracing only at
the bearings and without temporary shoring or bracing within the span.
Individual curved TFG1s have small deformations under these conditions.
Under these conditions, the interior cross frames (or diaphragms) can be
attached to the individual TFG1s at a convenient time in the erection process,
and are not required for the curved steel bridge girder system to carry its own
weight. The forces required to install the interior cross frames are reasonable.
Residual stresses in the tubular flange of TFG1s due to welding during
fabrication of the girders have an effect on the load versus the vertical
displacement response of the TFG1 bridge system for curved two-girder and
three-girder systems without a concrete deck, but have only a small effect for
four-girder systems without a concrete deck.

Residual stresses in the tubular flange of TFG1s due to welding during

fabrication of the girders have only a small effect on the maximum load
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(7)

(8)

(9)

(10)

(11)

capacities of curved TFG1 bridge systems with a concrete deck.

Curved TFG1 bridge systems have total girder cross section areas and
responses (deformations and maximum load capacity) under vertical load
similar to those of curved TFG2 systems (the differences are less than 5%).

For the same span and curvature ratio, curved TFG1 bridge system designs
have more efficient (lighter) girder cross sections and/or require fewer interior
cross frames than corresponding curved IG system designs.

For bridges under construction conditions, when the girders are not composite
with the concrete deck, a curved IG bridge system has more significant second
order effects than a curved TFG1 bridge systems, especially for two-girder
systems. The second order effects are notable for curved two-girder systems,
but are smaller for four-girder bridge systems.

For assembled curved bridge girder systems without a concrete deck or with a
concrete deck, a curved TFG1 bridge system has a response similar to that of
the corresponding IG system, but requires fewer interior cross frames (or
diaphragms).

Conventional NLF, SDLF, and TDLF detailing may require temporary
supports within the span to put the girders in the approximate NL condition;
ISDLF and RDLF do not need temporary supports within the span. It may be
possible to use NLF, SDLF, or TDLF detailing without temporary supports,
keeping the girder in the ISDL condition, but applying forces to the cross
frames to install the cross frames (detailed using NLF, SDLF, or TDLF). These

forces will be greater than when the girders are in the NL condition.
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(12) With NLF and ISDLF detailing, each girder reaches the intended final
elevation under TDL. SDLF, TDLF and RDLF detailing do not produce the
intended final elevation.

(13) ISDLF detailing results in the largest layover (the differential lateral
displacement between the top and bottom flanges of the bridge girder); the
layovers are quite large for bridges with 120 ft and 150 ft span.

(14) TDLF and SDLF detailing increase the maximum normal stresses in the
outside girder; ISDLF detailing decreases the maximum normal stresses in the
outside girder for curved TFG1 bridges with spans less than or equal to 120 ft.

(15) For curved TFG1 bridges with a short span (less than or equal to 90 ft),
different detailing methods result in similar maximum load capacities; for
bridges with a long span, ISDLF detailing results in a maximum load capacity
smaller than that from the procedure of detailing and installing cross frames
using the other methods.

(16) Responses during the erection and assembly of the test specimen were small; it
was easy to install the interior diaphragms of the girder system as the
individual TFG1s carried their own weight across the span without shoring or
other temporary support within the span.

(17) The test specimen did not yield during the elastic loading tests, however, the
effects of early softening of the tube steel material and of residual stresses from
welding were observed. The test data and FE analysis results show that
yielding does not occur under the factored Constructibility limit state load.

These results show that the design guidelines used to design the test specimen
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provide the intended response.

(18) The inelastic loading test of the test specimen and the related FE analyses show
that geometric imperfections near a tubular flange butt weld splice may affect
the maximum load capacity of a TFG1. Therefore, if tubular flange splices are
necessary to fabricate a TFG1, the splice location should be far away from
critical flexural sections, unless a more reliable splice weld procedure can be
developed.

(19) FE Model-D4 with measured steel material properties and measured test
specimen geometric imperfections provided FE results that were quite similar
to the test results. The agreement of the FE results with the test results was
very good in the elastic loading range, but the FE results for displacements at a
given level of applied load were consistently less than the test results. A study
which included early softening of the tube steel material and residual stresses
from welding in Model-D4, showed improved agreement with the test data.
The maximum load capacity from FE Model-D4 was very close to the
measured maximum load capacity of the test specimen.

(20) Comparisons between the test results and the FE analysis results show that
detailed FE models can accurately simulate the response of curved TFG1

bridge systems.
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10.3 Conclusions

Based on the research on curved TFG1 bridge systems summarized above, the

following conclusions are made:

1)

)

(3)

(4)

(5)

(6)

The design criteria and process used for the curved TFG1 bridge girder systems
in this study, based the AASHTO LRFD Bridge Design Specifications
(AASHTO, 2010), can be used effectively to design curved steel TFG1 bridge
systems.

The simplified FE models developed in this study have sufficient accuracy to
be used to design curved steel TFG1 bridge systems (the differences between
Model-D1 and Model-S for vertical displacement under the same load are less
than 8%).

The detailed FE models developed in this study have sufficient accuracy to
simulate the detailed response of curved TFGL1 bridge systems.

Individual curved TFG1s can be designed to be erected with only vertical
support and bracing at the bearings, and without temporary shoring, other
support, or bracing within the span. Under these conditions, the interior cross
frames (or diaphragms) can be attached to the individual TFG1s at a
convenient time in the erection process.

Curved bridge systems with TFG1s have more efficient (lighter) cross sections
and/or require fewer cross frames than corresponding 1G systems.

ISDLF detailing with the cross frames installed in the ISDL condition is
recommended for curved TFGL1 bridges with a short span (less than or equal to

90 ft) to fully avoid the need for temporary support within the span. NLF
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(7)

(8)

(9)

detailing with the cross frames installed in the ISDL condition is recommended
for curved TFGL1 bridges with a span greater than 90 ft. It may be possible to
install cross frames with NLF detailing in the ISDL condition or in the
condition where girders are partially supported.

The residual compressive stresses in the tubular flanges from welding the tubes
to the webs of a TFG1 have a noticeable effect on the applied force versus
vertical displacement response, but have a small effect on the maximum load
capacity of the test specimen.

The test results validated the FE models developed by this study as well as the
design guidelines for curved TFG1 bridge systems.

If welded tubular flange splices are necessary to fabricate a TFG1, the splice
location should be far away from critical flexural sections, until a more reliable

splice weld procedure can be developed.

10.4 Future Work

The following future work is recommended:

1)

)

©)

Only three limit states in the AASHTO LRFD Bridge Design Specifications
(AASHTO, 2010) were considered in this study. Other limit states (e.g.,
Fatigue and Fracture) need to be studied.

Experiments on multiple girders systems are needed to fully investigate the
behavior of curved TFG1 bridge systems.

Experiments on curved TFG1 bridges with a concrete deck are needed to
investigate curved TFGL1 bridge system behavior under service conditions and

validate FE models with a concrete deck;
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(4)

()

(6)

(7)

A study of the procedure to install the cross frames with NLF detailing with the
TFG1s in the ISDL condition, or in the condition where the girders are
partially supported, is needed.

This research focused on simply supported curved TFG1 bridge systems.
Similar research on continuous curved bridge systems with TFG1s is needed.
Reliable welded tube splices should be developed for joining tube segments
during fabrication of TFG1s.

The effects of residual stresses due to welding and the actual stress-strain
behavior of steel tubes (resulting from cold forming and cold bending) on the
response of TFG1s should be studied, including further tests and tensile

coupon tests.
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