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ABSTRACT

This report presents the results of research supporting the development of improved design,
detailing and erection guidelines to ensure reliable fit-up of skewed and/or curved steel I-girder
bridges. Twenty-one bridges, including multiple framing arrangements on a number of the bridges,
are analyzed to provide quantitative support for, and refinements to guidelines produced by an
affiliated National Steel Bridge Alliance (NSBA) Steel Bridge Collaboration Task Group. The
quantitative data of this research support recommended cross-frame detailing methods, as a
function of the bridge geometry, provided in the guidelines document. Forces required to assemble
the steel during erection are evaluated and difficult cases are highlighted. Suggested erection
considerations are provided to facilitate fit-up. In addition, the report investigates and specifies
beneficial staggered cross-frame arrangements for straight skewed bridges, as well as framing
arrangements around bearing lines at interior piers in continuous-span bridges. The report places
a major emphasis on identifying the impacts of cross-frame detailing methods on girder elevations,
girder layovers, cross-frame forces, girder stresses, and vertical reactions in completed bridge
systems. Simplified methods of accounting for SDLF and TDLF detailing effects are provided. In
addition, procedures are developed and explained for direct calculation of the locked-in forces due
to Steel Dead Load Fit (SDLF) and Total Dead Load Fit (TDLF) detailing in cases where a more
precise calculation of these effects may be beneficial. Lastly, inspection best practices are
recommended to ensure that the erected geometry sufficiently meets the specified fit conditions,

and design specification provisions are developed that synthesize the key guidelines.
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EXECUTIVE SUMMARY

Steel I-girder bridges have performed well in the majority of cases that involve horizontal
curvature and skew. However, in situations where problems have occurred, these problems often
have been related to difficulty of fit-up (i.e., assembly) of the steel components and/or control of
the constructed geometry. In addition, questions are sometimes raised regarding the impact of
forces that may be locked into the structural system during the erection. The mitigation of these
three issues is referred to generally in this research as “reliable fit-up.” Three key considerations

pertaining to reliable fit-up of steel I-girder bridges include:
e Understanding the implications of different types of cross-frame detailing methods,

e Determining the impact of various cross-frame framing arrangements (variations in cross-

frame location and/or spacing, staggered versus contiguous cross-frames, etc.), and
e Identifying the benefits and limitations of specific erection procedures and practices

with regard to facilitating the assembly of the steel during the steel erection, enhancing the
achievement of the targeted constructed geometry, assuring the generation of beneficial locked-in
forces in the structural system, and limiting the development of non-beneficial locked-in forces in
the structure. Bridges with significant span lengths, curvature and/or skew generally have a greater

potential to experience difficulties relating to reliable fit-up.

This research has analyzed 21 bridges with a range of different curved and/or skewed
geometries, as well as multiple framing arrangements on a number of these bridges. The bridges
are analyzed at various stages during their steel erection and in their completed condition. Cross-
frame fit-up forces are evaluated and discussed for each of the bridge cases. Bridges with difficult
fit-up are highlighted. In a number of cases that involve the installation of drop-in girder segments,
girder splice fit-up forces are evaluated and discussed. The quantitative data of this research
support the recommended fit conditions (i.e., recommended cross-frame detailing methods) as a
function of the bridge geometry, provided in a referenced National Steel Bridge Alliance (NSBA)
guidelines document. The fit condition recommendations address two main bridge categories:
straight skewed I-girder bridges and curved I-girder bridges with or without skewed supports. The
research also investigates the influence of erection schemes and provides recommendations for

erection procedures (such as lifting, holding, and shoring requirements and target holding and



temporary support elevations for erection) that facilitate fit-up. In addition, the research
recommends beneficial staggered cross-frame arrangements in straight skewed bridges, as well as
specific framing arrangements around bearing lines at interior piers in continuous-span bridges. A
major emphasis is placed on identifying the impacts of cross-frame detailing methods on various
responses in the completed bridge systems. Simplified methods of accounting for SDLF and
TDLF detailing effects are provided. In addition, methods of rigorously including the effects of
Steel Dead Load Fit (SDLF) and Total Dead Load Fit (TDLF) directly in the structural analysis
are developed and explained. Lastly, the research develops recommended inspection best practices
to ensure that the erected geometry sufficiently meets the specified fit conditions and design

specification provisions that synthesize the key guidelines.



1. BACKGROUND

1.1 Problem Statement

Tighter constraints on right-of-way, particularly in urban environments, have led to a signifi-
cantly increased utilization of skewed and/or curved alignments in highway bridge construction.
Due to the relative ease of configuring the structure to the roadway geometry, steel I-girder bridges
are often a preferred option for these cases. However, challenging attributes of the framing
arrangements combined with current practices for detailing the cross-frames and erecting these
bridges can result in problems during and after construction. Some of the problems encountered

have included:

e (@Girders and cross-frames that are difficult to fit-up (i.e., assemble into the structure) during
erection, requiring unplanned contractor operations such as substantial force fitting of
connections, field drilling and field welding,

e Erected girders with webs that are significantly out of plumb, although out-of-plumbness
of girder webs is not necessarily indicative of a structural problem, as discussed in NSBA
(2015) and NCHRP Report 725,

e Locked-in stresses in the cross-frames and girders that are not appropriately accounted for
in design,

e Bearings rotated beyond tolerable design limits, and

e Deck joints and barrier rails that are significantly out-of-alignment between the approach

and the end of the bridge.

In certain instances, these problems have resulted in construction delays, rework, cost over-
runs, disputes and litigation. These problems can be avoided by developing a better understanding
of the ways in which framing arrangements, cross-frame detailing practices and erection
procedures affect the overall constructed bridge geometry and internal forces in completed

structural systems, as well as the fit-up during the erection of the steel.
1.2 Current Knowledge

Substantial progress has been made in answering many of the questions associated with this
research via the completion of NCHRP Report 725 as well as subsequent efforts by an ad hoc Task
Group of the National Steel Bridge Alliance (NSBA) Steel Bridge Collaboration on Skewed and/or
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Curved Steel I-Girder Bridge Fit. NCHRP Report 725 provided a substantive literature review of
this area and conducted numerous targeted studies related to “reliable fit-up,” a phrase which is
intended to encompass ease of assembly of the structural steel during erection, control of the
constructed geometry, assurance of the generation of beneficial locked-in forces in the structural
system, and limitation of the development of non-beneficial locked-in forces within the structure.
However, the NCHRP Report 725 project focused predominantly on the sufficiency of different
methods of analysis and did not provide a comprehensive evaluation of the questions related to
NCHRP 20-07 Task 355. The subsequent NSBA Steel Bridge Collaboration Task Group effort
provided an intensive focus on the various attributes and practices associated with reliable fit-up,
and produced a white paper on this topic. However, the focus of this effort was predominantly on
broad recommendations and a synthesis of the best information on the various behavioral
phenomena, and how that behavior might influence the decision to specify a particular fit condition
for a skewed and/or curved I-girder bridge. Quantitative research was needed to corroborate and

refine these recommendations.

1.3 Objectives and Scope of this Research

The objective of NCHRP 20-07 Task 355 is to propose improved design, detailing and erection
guidelines to ensure reliable fit-up of skewed and/or curved steel I-girder bridges. These guidelines

will provide a clear understanding of the implications of various
e Framing arrangements,
e Cross-frame detailing methods, and
e Erection procedures
on the
e Ease of fit-up during the steel erection,
e Achievement of the targeted constructed geometry, and

¢ Generation of locked-in stresses in the cross-frames and girders.



1.4 Organization of this Report

Chapter 2 of this report provides a brief overview of the research approach used in NCHRP
20-07 Task 355. This is followed by Chapter 3, which highlights the major findings from this

research and their applications.

Section 3.1 discusses the characteristic behavior of each of the three bridge types considered
in this work - curved radially-supported, straight skewed, and curved and skewed steel I-girder
bridges. Sections 3.2 and 3.3 discuss detailed results from cross-frame fit-up and girder splice fit-
up investigations, respectively. Section 3.4 provides a substantive discussion of the influence of
detailing methods on the completed bridge responses. Sections 3.5 and 3.6 then summarize the
influence of framing arrangements and erection schemes, respectively. This is followed by Section
3.7, which provides a detailed evaluation of the responses associated with the use of Line Girder
Analysis (LGA) versus 3D FEA based cambers in straight skewed bridges. Section 3.8 then
discusses the influence of variations in camber, deck thickness, and cross-frame stiffness on the
responses in completed structures. Chapter 3 concludes with Section 3.9, which provides concepts
and procedures for direct calculation, in the bridge structural analysis, of the locked-in forces due

to cross-frame detailing methods.

Chapter 4 emphasizes the most important findings of the NCHRP 20-07 Task 355 research,
provides specific recommendations for application and implementation of the findings, and
describes areas where further research would be valuable. Simplified methods of accounting for
SDLF and TDLF detailing effects are suggested, and straightforward methods of rigorously
including these effects within a bridge structural analysis are explained. This chapter also presents

recommended inspection best practices and design specification provisions

Appendices A to U provide detailed information and analytical results for the bridges analyzed
in the main portion of this research. Appendix V provides detailed information and analytical
results for a benchmark example straight skewed bridge discussed in Sections 3.9.3.1 and 3.9.4.1.
Appendix W provides a synthesis of current industry practice gained from a survey conducted at
the beginning of the project. Appendix X provides the guidelines document produced by the
affiliated NSBA Steel Bridge Collaboration Task Group.






2. RESEARCH APPROACH

The following sections provide a brief summary of the approach used in addressing the

objectives of the NCHRP 20-07 Task 355 research. The primary project tasks were:

Task 1. Survey and synthesize current industry practice,

Task 2. Select base steel I-girder bridge designs

Task 3. Vary the framing arrangements,

Task 4. Vary the cross-frame detailing methods,

Task 5. Select erection schemes,

Task 6. Perform analytical parametric studies,

Task 7. Refine existing guidelines and propose new guidelines, and

Task 8. Identify best inspection practices.

The following descriptions are organized and arranged in the order of these tasks.

2.1 Survey and Synthesize Current Industry Practice

The first task of the NCHRP 20-07 Task 355 research focused on conducting a survey of
current industry practice with regard to cross-frame framing arrangements, cross-frame detailing

methods, and erection procedures, with an aim of:
1) Easing the fit-up of the structural steel,
2) Ensuring achievement of the targeted constructed geometry, and

3) Assuring the generation of beneficial locked-in stresses and limiting the generation of

adverse locked-in stresses in the cross-frames and the girders.

The survey also requested input on current practices related to construction inspection to ensure
that the erected geometry meets the specified fit conditions. The questionnaires regarding design
and construction inspection were sent to all state departments of transportation within the United
States (state DOTs) as well as several fabricators, detailers, erectors, and consultant bridge
designers. It was anticipated that this survey would aid the project team in understanding various

current practices within the industry, as well as possible misconceptions and common problems



being experienced. These inputs were expected to be valuable particularly in the subsequent Tasks

6 through 8. This first task was conducted in parallel with Tasks 2 through 5.

A summary of responses to the survey is provided in Appendix W. Thirty-five responses were
received. Of those, 28 were from state DOTs, and the rest were from consulting bridge design
engineers, steel detailers, fabricators, and erectors. The survey results showed a general lack of

consistency in terminology, choice of, and understanding of cross-frame detailing methods.

Over a third of the respondents currently did not address the topic of cross-frame detailing. Of
those who did address this issue, the preference appeared to be for either Steel Dead Load Fit
(SDLF) or Total Dead Load Fit (TDLF) detailing for straight skewed bridges. Four states
prohibited the use of No-Load Fit (NLF) for all skewed bridges. For curved radially-supported
bridges and curved and skewed bridges, there was no clear preference among the three detailing

methods, but SDLF detailing was the most prevalent choice by a small margin.

In addition, the survey suggested a wide range of cross-frame detailing policies and a wide
range of understanding of the issues. For example, some respondents indicated a preference for
TDLF detailing, based on their understanding that this results in theoretically zero dead load cross-
frame forces and flange lateral bending stresses in straight skewed bridges at the completion of the
construction. The responses also suggested a wide range of experiences relative to these
considerations. Some respondents indicated that they had experienced no problems with fit-up for
steel girder bridges, while others had experienced problems of a variety of types and severity.
These anecdotal accounts support the hypothesis that in a large number of situations, there are few
reported problems associated with fit-up of steel girder bridges, while in certain cases, the
problems can be significant. The problematic cases appear to be associated with more severe
geometry (tighter curvature, sharper skew, longer spans, poor span balance, or other complicating

geometric factors).

The responses were wide ranging with regard to the strategies used to determine cross-frame
framing arrangements. Some states have clear rules and guidelines, while others have less specific
requirements. Suggestions included eliminating cross-frames in troublesome “nuisance stiffness”
locations (i.e., locations where undesired transverse stiffness associated with the skew and the

bridge framing arrangement leads to large internal cross-frame forces), using lean-on bracing



(Helwig and Yura 2012), and offsetting intermediate cross-frames from the bearing line cross-

frames.

Few respondents addressed the calculation of fit-up forces and locked-in forces in any
quantitative manner. Qualitative means of addressing any concerns about locked-in forces and

excessively high fit-up forces varied greatly.

With regard to methods for calculating bearing rotations, most respondents had no specific
policies or simply used the results of the design analysis without consideration of the specified
cross-frame detailing method. Few respondents presented girder layover information on the bridge
plans. Those who indicated that they have presented this information on the bridge plans also
indicated that they seldom did so. The respondents reported a variety of bearing rotation problems,
but there did not appear to be a trend associating bearing rotation problems with a specific bridge

geometry or a specific detailing method.

Among the state DOTs, very few reported regularly specifying an erection sequence on their
plans, reflecting a policy that the determination of the erection sequence is instead the
responsibility of the contractor and is considered “means and methods”; these owners typically
explained that they tried to avoid specifying “means and methods” partly to allow contractors the
flexibility to bid projects as competitively as possible, and partly to leave the responsibility for

successful erection of the bridge clearly with the contractor.

2.2 Select Base Steel I-Girder Bridge Designs

The second project task identified a suite of 21 base steel I-girder bridge designs targeted to
address the key research questions. NHCRP Report 725 compiled and developed a suite of existing
and parametric study bridge designs encompassing a spectrum of span arrangements, span lengths,
curvature, bridge widths and skew angles encountered in practice. The NCHRP 20-07 Task 355
research team leveraged the NCHRP Report 725 research to maximize the number of cases that
could be studied feasibly in the current research. In selecting a set of 21 base I-girder bridge

designs, emphasis was placed (in the order listed below) on cases where:
1) Fit-up problems might exist,

2) The bridge may be useful in identifying the boundaries where fit-up problems start to occur
and how key response parameters vary as a function of the bridge geometry,

9



3) Quality field response measurements and observations from existing bridges were

available, particularly measurements and observations during intermediate construction

stages,

4) Detailed erection plans were available (for existing bridges).

The 21 steel I-girder bridges studied in this project are designated by the letters A to U. In

addition, the bridges are named as follows using the naming convention from NCHRP Report 725

research (e.g., EISCR1):

The first letter in the bridge name indicates whether the structure is an Existing bridge (E)
or a New design (N) conducted by HDR, Inc., as part of the NCHRP Report 725 research,
based on targeted overall geometry parameters.

The second letter in the bridge name indicates that the bridge is an I-girder bridge type
(NCHRP Report 725 also studied tub-girder bridges; however, these bridge types are not
within the scope of the NCHRP 20-07 Task 355 project).

The third letter indicates whether the bridge is a Simple span (S) or a Continuous span (C).
The fourth letter indicates whether the bridge is Curved (C) or Straight (S).

The fifth letter in the bridge name indicates whether the bridge has “Radial” (R) or
“Skewed” (S) supports.

Finally, the number at the end of the bridge name is simply a unique designator assigned

to the bridge as part of a given category based on the above parameters.

The base plan geometries for the bridges selected using the above criteria are shown and the

key characteristics of these bridges are summarized in the following sub-sections. The rectangles

shown on the bridge plans indicate the bearing support lines. In addition, a scale is shown for each

of the bridge plans to quickly convey the overall dimensions. The curved radially-supported

bridges are discussed first, followed by straight skewed cases, and finally, the bridges that are both

curved and skewed. Detailed information is provided in Appendices A to U for all the bridge cases.
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2.2.1 Curved Radially-Supported Bridges

The following seven curved radially-supported bridges were evaluated in this research. The
curved radially-supported bridges are designated from (A) through (G) in the overall list of bridges.
These bridges are listed in the order of:

1) Simple-span bridges,
2) Continuous-span bridges, and
3) Increasing maximum span length of the curved spans (within each of the simple-span and

continuous-span bridge sub-groups).
The key geometry parameters shown for each of these bridges are:
Ls = span lengths along the curve between the bearing lines at the centerline of the bridge;

wg = out-to-out width between the fascia girders in the radial direction orthogonal to the girder

tangents;
R = radius of curvature to the centerline of the bridge;
ng = number of girders in the bridge cross-section;
Ls/D = bridge span to girder depth ratios.
Descriptions of Bridges (A) through (G) follow:
(A)EISCRI (Ls =90 ft; wg = 17.5 ft; R =200 ft; ng = 3; Ls/R = 0.45; Ls/wg = 5.1; Ls/D = 23.5)
G3

100 ft
Gl |

Figure 1. Bridge (A) EISCRI.

This is a very basic simple-span curved radially-supported bridge that was tested at the FHWA
Turner Fairbank Research Center in 2005-2006 (Jung and White 2008). This bridge was
designed to a number of extreme limits of the AASHTO LRFD Specifications (AASHTO
2015) and is useful as a benchmark and demonstration case for horizontally curved radially-

supported bridge responses.
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(B) NISCR2 (Ls = 150 ft; we= 24 ft; R = 438 ft; ng = 4; Ly/R = 0.34; Ly/we = 6.2; LJ/D = 22.1)

G4

100 ft

Gl |

Figure 2. Bridge (B) EISCR2.

This bridge was used in NCHRP Report 725 to provide a substantive illustration of the
behavior of curved radially-supported I-girder bridges, including the influence of NLF, SDLF
and TLDF detailing. As shown in Figures 3-72 through 3-77 of the NCHRP 725 report, relative
to the NLF steel dead load forces, SDLF increases the cross-frame diagonal forces in this
bridge by 2x, and relative to the NLF total dead load forces, and TDLF increases the cross-
frame diagonal forces in this bridge also by 2x. DLF detailing has little influence on the cross-

frame chord forces in this bridge. These results are consistent with the findings of this research.
(C) NISCR7 (Ls =150 ft; wg = 74 ft; R = 280 ft; ng =9; Ls/R = 0.54; Ls/wg = 2.0; Ls/D = 24.3)

G9

100 ft

Gl

Figure 3. Bridge (C) NISCR7.

This bridge has greater interaction between the girders and cross-frames compared to Bridge
(B) NISCR2 since it is a wider and more sharply curved radially-supported I-girder bridge. In
this research, it is observed that the cross-frame members with the largest forces are not in the

exterior bay of this bridge (the bay between the outside girder and the adjacent interior girder).
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(D) NISCRI10 (Ls =225 ft; we = 74 ft; R = 705 ft; ng = 9; L/R = 0.32; Ly/wg = 3.0; Ly/D = 23.7)

G9

Gl

100 ft
I |
I I

Figure 4. Bridge (D) NISCRI10.

This is an intermediate-span wide bridge with a more moderate horizontal curvature compared
to Bridge (C) NISCR7. The cross-frame members with the largest forces are not in the bay

between the outside girder and the adjacent interior girder in this bridge as well.
(E) EICCR11, Ford City Bridge, Ford City, PA (Ls=322,417 and 322 ft; we=40.4 ft; R = 0,00,411

ft, i.e., the bridge is straight in spans 1 and 2, and 411 ft in span 3; ng=4; Ls/R =0, 0, and 0.80;
Ls/weg= 8.0, 10.3, and 8.1; Ly/D = 23.0, 29.8, 23.5)

G4
2=
Gl

Figure 5. Bridge (E) EICCRI 1.

As discussed in NCHRP Report 725, this bridge represents an extreme geometry that exhibited
relatively large fit-up forces in the field. The erection of the curved span involved drop-in
segments. The cross-frames in this bridge were mistakenly detailed for SDLF based on
Concrete Dead Load (CDL) deflections. Fortunately, this was essentially SDLF detailing since
the steel and concrete dead load deflections are approximately equal for this structure. This
bridge has been studied extensively in prior research by Chavel and Earls (2006a & b).
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9; Ls/R=0.39, 0.39, and 0.31;

74 ft; R =909 ft; ne

25, 25, 20)

350, 350 and 280 ft; wy

4.7,4.7 and 3.8; Ls/D

(F) NICCR12 (Ls

Ls/ Wg

Figure 6. Bridge (F) NICCRI2.

This case represents an extremely long-span, relatively wide bridge with significant horizontal

curvature and radial supports. Shoring towers were used to install the long field segments.

3@ 1108 ft,

36.7 ft; R = 968,

219, 260, 211 ft, 162 ft, 256 ft, and 190 ft; wg =

(G)EICCR4 (Ls

6.0,7.1,5.7,4.4,7.0,

0.198,0.235, 0.190, 0.146, 0.264, 0; Ls/wg

and 5.2; Ls/D = 26.5, 31.5, 25.6, 19.6, 31.0 ,23.0)

4; Ls/R

968 ft, and o, ng

100 ft

1 G5

Figure 7. Bridge (G) EICCRA.
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This is the existing Ramp GG of the John F. Kennedy Memorial Highway, [-95 Express Toll
Lanes and 1-695 Interchange, Baltimore Co., MD. It has relatively long spans as well as a
relatively narrow bridge cross-section. It represents a successful implementation of SDLF

detailing.

2.2.2 Straight-Skewed Bridges

The following six straight skewed bridges were evaluated in this research. Similar to the
presentation of the curved radially-supported bridges, simple-span bridges are shown first
followed by continuous-span bridges. Within each of these sub-groups, the bridges are listed in
the order of increasing maximum span length. The key geometry parameters shown for each

bridge, not already defined in Section 2.2.1 for the curved radially-supported bridges, are:
Lmax = maximum fascia girder length, reported for the bridges with non-parallel skew;
Lmin = minimum fascia girder length, reported for the bridges with non-parallel skew;

0 = bearing line skew angle, defined as zero for a bearing line having zero skew (one value shown

for all the bearing lines for bridges with parallel skew);
Ls = span length between the bearing lines along the centerline of the bridge;

_ngtane

J =—2% — Eq. (1
S 7 q. (1)

A

= Maximum value of the skew index for each span (NCHRP Report 725 identified this
parameter, as well as the skew angle itself, as useful indicators of the potential impact of skew on

the bridge responses.)

The straight skewed bridges are designated from (H) through (M) in the overall list of bridges.
Multiple framing arrangements are considered for all of these bridges except for Bridge (L)
NISCS16. Overview plan sketches are shown here for only the original or base framing
arrangements. The alternative framing arrangements for the straight skewed bridges are discussed
and shown in Section 2.3.1. The designations within the parentheses with a number included after
the letter indicate that different framing arrangements are considered subsequently for the given
bridge geometry.

Descriptions of Bridges (H) through (M) follow:
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(H1) EISSS57 (Ls = 137 ft; Lmax = 211 ft; Lmin= 63 ft; wg= 61.0 ft; 6 = 69.5° and -4.4°, non-
parallel skew; ng = 7; Iy = 1.19; Lnax/wg = 3.5; Lmin/wg = 1.0; Ls/D = 18.3)

G7

I \ 100 ft

Figure 8. Bridge (H1) EISSS57.

This is an existing bridge with an extreme non-parallel skew, erected over a rail yard in Fort
Worth, TX. The characteristics of this bridge have been discussed as an example of those that
may cause potential fit-up issues in various workshop and seminar venues. This bridge’s
geometry is slightly simplified from the existing bridge in Fort Worth: (1) the girder spacing
is assumed constant along the length of the girders, whereas some of the girders were slightly
splayed in the existing bridge; (2) the bridge deck is assumed to be straight, whereas the bridge

deck in the existing bridge was slightly curved, causing variable width overhangs.

(I1) NISSS14 (Ls=150 ft; wg="74 ft; 0 =70°, parallel skew; ng=9; Is = 1.36; Ls/wg =2.0; Ls/D =25)

| 100 ft |
I

Figure 9. Bridge (11) NISSS14.

This is a relatively short bridge that had the largest skew index of all the simple-span bridges
studied in the NCHRP Report 725 research. This framing arrangement has relatively high
nuisance transverse stiffness due to small offsets from the first intermediate cross-frames to
the skewed bearing lines, small stagger distances between the cross-frames, and a large number

of cross-frames.
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(J1) NISSS54 (Ls =300 ft; wg = 74 ft; 6 = 70°, parallel skew; ng=9; Is=0.68; Ls/wg=4.1; Ls/D =
25)

Figure 10. Bridge (J1) NISSS54.

This bridge has a long span and a high skew index, making it particularly sensitive to any
variation in attributes that affect erection fit-up. In addition, this bridge has been used

extensively as an example case in NCHRP Report 725.

(K1) EICSS12, US 82 Mainline Underpass at 19" Street WB, Lubbock, TX (Ls = 150 and 139 ft;
wg = 41.0 ft; 8 = 59.6°, parallel skew; ng = 6; Is = 0.47 and 0.50; Ly/wg = 3.7 and 3.4; Ls/D =
33.3,30.8)

G6

Gl
100 ft

Figure 11. Bridge (K1) EICSS12.

This two-span continuous bridge, constructed in Lubbock, TX, was studied extensively by
Romage (2008) and others. This bridge served as an evaluation and demonstration case for the
use of lean-on bracing systems in straight skewed I-girder bridges (Helwig and Yura 2012).
The cross-frames with diagonals are marked by an "X’ on the above plan. The rest of the cross-

frames have only top and bottom chords.

(L) NICSS16 (Ls =120, 150 and 150 ft; we = 74 ft; 6 = 70°, parallel skew; ng=9; Iy = 1.69, 1.36,
and 1.36; Ls/wg = 1.6, 2.0, and 2.0; Ls/D = 20, 25, 25)
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CO (typ)

Figure 12. Bridge (L) NICSSI6.

This three-span continuous bridge had the largest skew index of all the bridges studied in the
NCHRP Report 725 research. The framing plan shown is a modification of the Bridge (L)
NISCSI16 original framing plan, which is not studied in this research. The original plan had
undesirable features such as very close offsets between the intermediate cross-frames and the
bearing lines, and very small stagger spacing between cross-frames. The issues associated with

these features are addressed by the studies of Bridge (I11) NISSS14.

The framing plan shown here provides larger offsets of the first intermediate cross-frames from
the bearing lines except on the first interior girder at the acute corners. At these locations,
providing an offset that satisfies the 1.5D and 0.4L» rules discussed in Section 3.5.1 would
make the unbraced lengths on the fascia girders at the acute corners quite large. Instead, small
offset distances are used at these locations and the diagonals are removed in these first
intermediate cross-frames to alleviate the nuisance transverse stiffness effects. The cross-
frames highlighted by an oval and labeled on the plan view as “CO” (for “chords only”’) do not
contain any diagonals. Furthermore, the intermediate cross-frames are all equally-spaced
except for the offsets adjacent to the skewed bearing lines. Every other cross-frame is
intentionally omitted within the interior of the bridge plan. In addition to reducing the cross-
frame forces caused by nuisance transverse stiffness effects, this results in a significant

reduction in the overall number of cross-frames employed in the bridge.
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(M1) EICSS2,1-235 EB over E. University Ave., Polk Co., IA (Ls =239, 257, and 220 ft; Lmnax =
259, 255, and 220 ft; Lmin = 241,183, and 220 ft; we = 66.6 ft; 0 = 58°, 61.8°, 38°, and 38°; ng = §;
Iy =0.52, 0.48, and 0.24; Lna/we = 3.9, 3.8, and 3.3; Luin/we = 3.6, 2.7, and 3.3; Ls/D = 26, 28,
23.8)

100 ft

Figure 13. Bridge (M1) EICSS?.

This three-span continuous bridge, constructed in Polk Co., A, had substantial difficulty with
the installation of its cross-frames during the steel erection. This bridge was built using phased
construction. The bridge was built in two phases. In the first phase, the first four girder lines
and the cross-frames between these girder lines were installed, and then the concrete deck was
placed on the girders associated with this phase. In the second phase, the other four girder lines
and the cross-frames between these girder lines were installed and then the concrete deck was
placed on the girders associated with the second phase. The phased construction made the
installation of the cross-frames in-between the phases difficult. The intermediate cross-frames
framing directly into the bearing locations at the interior piers create a large transverse

(nuisance) stiffness, and are subject to high differential deflections.

2.2.3 Curved and Skewed Bridges

Seven bridges having combined horizontal curvature and skew were evaluated in the NCHRP
20-07 Task 355 research. Similar to the curved radially-supported and straight skewed bridge
presentations, the simple-span bridges are shown first followed by continuous-span bridges. The
bridges are presented in the order of increasing maximum span length within each of these sub-

groups. The curved and skewed bridges are designated from (N) through (U).

Multiple framing arrangements are considered for five of these bridges. Overview plan
sketches are shown here for the original framing arrangements. The alternative framing

arrangements for the curved and skewed bridges are discussed and shown in Section 2.3.2. The
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designations in the parentheses that have numbers included after the letter indicate that different

framing arrangements are considered subsequently for the given bridge geometry.
Descriptions of Bridges (N) through (U) follow:

(N)  NISCS14 (Ls = 150 ft; Lmax = 192 ft; Lmin = 126 ft; we =74 ft; R = 280 ft; 6 = 53.7° and
00; ng = 9, Ls/R = 054, Ls/Wg = 20, (Lml'n - Lmax)/(Lmin + Lmax) = -021, Ls/D = 25)

G9

100 ft

Gl

Figure 14. Bridge (N) NISCS14.

This bridge is similar to (C) NISCR7 in terms of span length, bridge width, and radius of
curvature. The orientation of the skew at the left end of this bridge makes the inside girder (i.e.,
the girder on the inside of the curve) longer than the outside girder. The orientation of the skew

at the left end tends to counteract the bridge horizontal curvature effects to some extent.
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(O1) NISCSIS5 (Ls = 150 ft; Lmax = 195 ft; Lmin = 103 ft; we = 74 ft; R = 280 ft; 0 = -35° and 0°;
ng = 9, Ls/R = 054, Ls/Wg = 20, (Lmax - me)/(Lmax + Lmin) = 031, Ls/D = 20)

G9

100 ft
Gl | |

Figure 15. Bridge (O1) NISCS15.

This bridge is similar to (C) NISCR7 and (N) NISCS14 in terms of span length, bridge width,
and radius of curvature. However, the orientation of the skew at the left end makes the girders
on the inside of the curve significantly shorter than the outside girders. The effects of the skew

at the left-hand end tend to be additive with the horizontal curvature effects.
(P) EISCS3, SR 8002 Ramp A-1, King of Prussia, PA (Ls = 153 ft; Lmax = 164 ft; Lmin = 140
ft;  we=30.6 ft; R =279 ft; 6 = 52.4° and 0°; ng = 6; Ls/R = 0.55; Ls/we = 5.0;
(Lmin - Lmax)/(Lmin + Lmax) = -008, Ls/D = 27)

Gl

| 100 ft |
| |

Figure 16. Bridge (P) EISCS3.

This is an existing bridge that required a holding crane until four girders were erected. This
bridge has been studied extensively in prior research by Chavel and Earls (2003) and Chavel
(2008). The orientation of the skew at the left end of this bridge tends to counteract the bridge

horizontal curvature effects to some extent.
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(Q1) NISCS38 (Ls =300 ft; Lmax = 366 ft; Lmin = 249 ft; we = 74 ft; R = 730 ft; 0 = 62.6° and 0°;
ng = 9; Ls/R = 0.41; Ls/Wg =4.1; (Lmin - Lmax)/(Lmin + Lmax) =-0.19; Ls/D = 23)
G9

|7 100 ft _|

Figure 17. Bridge (Q1) NISCS3S8.

This is a longer-span curved and skewed bridge similar to (N) NISCS14. Phased construction
is studied on this bridge for the framing plan shown above. The second phase, which includes
the four inside girders, has a span length of 330 ft with a width of 27.75 ft. This is the critical
phase of the construction. The deflections of this phase are large and the system is near the

point of instability during its deck placement.

(R1) NISCS39 (Ls = 300 ft; Lmax = 340 ft; Lmin = 258 ft; we = 74 ft; R = 730 ft; 6 = -35° and 0°%
ng = 9, Ls/R = 041, Lc/Wg = 41, (Lmax - me)/(Lmax + Lmin) =0.14 5 Ls/D =23)

G9

Gl

100 ft

Figure 18. Bridge (R1) NISCS39.
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This is a longer-span curved and skewed bridge similar to (O1) NISCS15. The skew orientation
makes the outside girder (i.e., the girder on the outside of the curve) significantly longer than

the inside girder.

(S)  XICCST7(Ls= 160,210 and 160 ft; Lmax = 185, 214 and 191 ft; Lmin = 136, 205 and 126 ft;
weg = 33.0 ft; R =700 ft; 6 = 0, -60, -60 and 0° ng = 4; Ls/R = 0.26, 0.31 and 0.27;
Ls/wg=4.8, 6.4 and 4.8; (Lmin - Lmax)/(Lmin + Lmax) = -0.15, (Lmax = Lmin)/(Lmax + Lmin) = 0.02
and 0.21; Ls/D = 20.8, 27.4, 20.8)

G4

Gl

Figure 19. Bridge (X) XICCS7.

This is a significantly curved and skewed I-girder bridge. This bridge is presented as a design
example in the NHI Course “Analysis and Design of Skewed and Curved Steel Bridges with
LRFD” (NHI 2011).

(T1) EICCS27, SR 386 over SR6 and Ramp F, Sumner Co., TN (Ls = 279 ft, 224 ft, and 236 ft;
Lmax =279, 239 and 231 ft; Lmin =268, 214 and 217 ft; wg=79.9 ft; R = 2546 ft; 6=-53.1,
-59.4, -64.4 and -69.7° ng = 8; L/R = 0.11, 0.09 and 0.09; Ls/wg = 3.5, 2.8 and 3.0; (Lmin -
Lmax)/(Lmin + Lmax) = -0.02, -0.03 and -0.01; Ls/D = 37.2,29.8, 31.5)

G8

Gl s =

v
K

Figure 20. Bridge (T1) EICCS27.
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This is an existing bridge in which a number of bolts connecting the cross-frames to the
connection plates sheared off after the erection of the steel and before the completion of the
structure. The intermediate cross-frames frame directly into the bearing locations at the interior
piers, creating a large (nuisance) transverse stiffness. These cross-frames are subject to high

differential deflections.

(Ul) EICCS28, Corridor X and 1-65 Interchange Ramp NW65X, Jefferson County, AL (Ls =

G7

Gl

326, 160 and 235 ft; Lmax = 369, 165 and 258 ft; we = 52.0 ft; R = 1255 ft; 6= 0, 47, 54.5
and 0°; ng=7; Ls/R = 0.26, 0.13 and 0.19; Ly/wgs = 6.3, 3.1 and 4.5; Ls/D = 32.6, 16, 23.5)

= 100 ft
Y —

Figure 21. Bridge (Ul) EICCS2S.

This is an existing bridge which suffered substantial delays during construction due to erection
difficulty resulting from a combination of high span length to girder depth ratios, poor span
balance, long spans, a tight horizontal curve, sharp skew of the interior bearing lines,
substantial transverse (nuisance) stiffness paths and detailing of the cross-frames for TDLF.
For the above framing arrangement, the bearing at the first pier from the left on the inside
fascia girder experiences significant uplift at the end of the erection and after the deck is placed
(in the structural analysis conducted in this research). For this and other reasons, this framing

arrangement is considered infeasible to build.

2.2.4 Summary

To succinctly convey the main geometry parameters of the above selected bridges, Table 1

summarizes the:

e Span length Ls,
° Wldth Wg,
e Radius of curvature R,
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e Skew angle 0,

e Subtended angle between the bearing lines Ls/R,

e Length-to-width ratio Ls/wg or maximum Lmax/Wwg, Where Lmax1s the maximum girder length,
e Skew index I, and

e Span length-to-depth ratio Ls/D for all of the bridges.

These parameters do not capture all of the parametric influences on the bridge responses, but
they are certainly some of the most important parameters. The bridges are grouped by the three

main bridge classifications considered in this work:
1) Curved radially-supported: (A) through (G)
2) Straight skewed: (H) through (M)
3) Curved and skewed: (N) through (U)

Within each of the bridge classifications, the simple-span bridges are shown first followed by
the continuous-span bridges. The bridges are presented in the order of increasing maximum span

length within each of these sub-groups.

It should be noted that the maximum span-to-depth ratio may have a significant impact in
some bridges, since if this ratio is large, the bridge may exhibit relatively large displacements
during the different stages of construction and in the completed bridge. In straight skewed bridges,
the displacements are significantly influenced by the span length and skew index. In curved
bridges, the span length and subtended angle between the bearing lines have significant impact on
the displacements. In addition, in curved bridges with large length-to-width ratios (i.e., relatively
narrow curved bridges), the lateral and vertical displacements can be amplified by measurable

second-order (stability) effects.
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Table 1. Summary of the selected 21 I-girder bridges studied in the NCHRP 20-07 Task 355 research.

bl B B S I S B S o B 7
A | EISCRI 90 17.5 200 0,0 0.45 5.1 0 235
B NISCR2 150 24 438 0,0 0.34 6.2 0 22.1
C NISCR7 150 74 280 0,0 0.54 2.0 0 243
D | NISCRI0 | 225 74 705 0,0 0.32 3.0 0 23.7
curved 310,417 %, 00 0,0 8.0,10.3 23,29.8
;ﬁ;ﬁ?& E | EICCRIT |~ 50" | 403 il 00 0.78 ol 0 e
F | NICCRI2 352’83050’ 74 909 %”%’ 0.31,0.39 4'73’.‘;'7’ 0 252’35’
219,260, 968, 0,0, 0.20,0.24, | 6.0,7.1, 26.5,31.5,
G | EICCR4 | 211,162, | 36.7 | 3@1108, 0,0, 0.19,0.15, | 5.7,4.4, 0 25.6,19.6,
256,190 968,00 0,0 0.27,0 7.0,5.2 31.0,23.0
H | EISSSS7 137 61 N/A 69,-4 N/A 3.5 1.19 18.3
I NISSS14 | 150 74 N/A 70,70 N/A 2.0 1.36 25
J | NISSS54 | 300 74 N/A 70,70 N/A 4.1 0.68 25
Straight- K | EICSSI12 | 150,139 | 41 N/A 39.6,59.6, N/A 3734 | 047,050 | 33.3,30.8
Skewed 59.6
L | NICSSI6 12(1)’51050’ 74 | NA 77%,77% N/A 1'62’.%'0’ 1'619.’_,}636’ 202’25’
w | s | 227 Looe | wa | B | [ome fosoe [
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Table 1 (Continued). Summary of the selected 21 I-girder bridges studied in the NCHRP 20-07 Task 355 research.

Bridge

Bridge

Bridge

L

R

0

Lywg or

s Wg
Type | Letter Name (ft) (ft) (ft) (deg.) LiR Luadwg L LD
N NISCS14 150 74 280 53.7,0 0.54 2.0 0.53 25
NISCS15 150 74 280 -35,0 0.54 2.0 0.27 20
P EISCS3 153 74 279 52.4,0 0.55 5.0 0.24 27
Q NISCS38 300 74 730 62.6,0 0.41 4.1 0.39 23
Curved R NISCS39 300 74 730 -35,0 0.41 4.1 0.15 23
and
Skewed 160,210, 0,60, 0.23,0.30, 4.8,6.4, 0.31,0.27, | 20.8,27.4,
S XICCST 160 33 700 60,0 0.23 4.8 0.30 20.8
279,224, -53.1,-59.4, | 0.11,0.09, 3.5,2.8, 0.48,0.70, | 37.2,29.8,
T EICCS27 236 799 2546 -64.4,-69.7 0.09 3.0 0.94 31.5
326,160, 0,54.5, 0.26,0.13, 6.3,3.1, 0.28,0.44, 32.6,16,
U EICCS28 235 >2 1255 47,0 0.19 4.5 0.15 23.5

* For the straight skewed and curved and skewed bridges, this table reports the maximum fascia girder length (along its arc for

curved girders), divided by the width between the fascia girders perpendicular to the girders.
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2.3 Vary the Framing Arrangements

In this research, the original framing arrangements were studied for all 21 of the base bridge
designs discussed in Section 2.2. In a number of these bridges, it was apparent that specific
improvements in the cross-frame framing arrangements were possible based on the NCHRP
Report 725 research and other more recent developments and findings. These improvements relate
particularly to the alleviation of significant nuisance transverse stiffness (undesirable large
transverse stiffness associated with the combination of the skew and the cross-frame framing

arrangement, leading to large cross-frame forces) via the application of the following guidelines:

1) Provide generous offsets between intermediate cross-frames and skewed supports and
avoid large discrepancies in girder unbraced lengths to the extent practicable at skewed
bearing lines.

2) Provide cross-frames along skewed bearing lines and avoid framing of intermediate cross-
frames directly into bearing locations at interior piers.

3) In straight skewed bridges, stagger the intermediate cross-frames to both dramatically
reduce the number of cross-frames required within the bridge as well as to reduce the
overall transverse stiffness effects.

4) Keep the intermediate cross-frames contiguous within the main portion of the span in

curved bridges.

These and other recommendations for improved cross-frame framing arrangements are discussed

in Section 3.5.

In the NCHRP 20-07 Task 355 studies, the bridge girders and cross-frames were not redesigned
given the changes in the framing layouts. The modified base bridges, with the varied framing
arrangements, are expected to provide a reasonable first-level estimate of the effect of changes in
the framing on the primary factors to be investigated in this research: ease of fit-up during erection
of the steel, achievement of the targeted constructed geometry, and generation of locked-in stresses
in the cross-frames and girders. It is emphasized that the base designs are actual bridges in service,
or bridges that have been designed specifically to satisfy the criteria of the AASHTO LRFD Speci-

fications.
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2.3.1 Alternative Framing Arrangements for the Straight-Skewed Bridges

Alternative framing arrangements for the straight skewed bridges studied in the NCHRP 20-
07 Task 355 research are shown below. The simple-span bridges are shown first followed by the
continuous-span bridges. In addition, the bridges are listed in the order of increasing maximum

span length within each sub-group.

(H2) EISSS57 (Ls= 137 ft; Lmax =211 ft; Lmin= 63 ft; we=61.0 ft; 0 = 69.5° and -4.4°, non-parallel
skew; ng="7; Is=1.19; Lmax/wg = 3.5; Lmin/'wg = 1.0; Ls/D = 18.3)

———

] 100 ft

Figure 22. Bridge (H2) EISSSS57.

Compared to Bridge (H1) (Figure 8), the framing arrangement of Bridge (H2) employs slightly
larger offsets from the left highly-skewed bearing line, as well as staggered cross-frames near

this bearing line. The cross-frames are kept contiguous near the right bearing line.

(I2) NISSS14 (Ls = 300 ft; wg = 74 ft; 6 = 70°, parallel skew; ng = 9; Iy = 1.36; Ls/wg = 4.1;
Ls/D =125)

CO (typ)
Figure 23. Bridge (12) NISSS14.

The cross-frames are all equally-spaced in this framing arrangement except for the offsets

adjacent to the skewed bearing lines. Seven intermediate cross-frames are attached between
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the fascia girder and the first interior girder on each side of the bridge. However, compared to
Bridge (I1) (Figure 9), almost every other cross-frame is intentionally omitted within the
interior of the bridge plan. This results in a significant reduction in the overall number of cross-
frames being employed in the bridge. The cross-frames that are not omitted are kept in the
bridge plan so that the unbraced lengths on the interior girders are equally-spaced except for

the unbraced lengths adjacent to the skewed bearing lines.

The diagonal members of the first intermediate cross-frames adjacent to the skewed bearing
lines at the acute corner in the exterior bays are removed to alleviate a nuisance stiffness
problem (i.e., the unwanted transverse stiffness caused by the position of these cross-frames
and the sharp skew of the bearing lines). The cross-frames highlighted by an oval and labeled
on this plan view as “CO” (for “chords only””) do not contain any diagonals. This is to allow
for a small offset of these cross-frames relative to the skewed bearing lines (i.e., the highlighted
cross-frames do not intersect exactly at the skewed bearing lines) to provide sufficient lateral
bracing to the fascia girders at the acute corners of the span without inducing large cross-frame

forces from nuisance transverse stiffness effects.

(J2) NISSS54 (Ls = 300 ft; wg = 74 ft; 6 = 70°, parallel skew; ng = 9; Iy = 0.68; Ls/wg = 4.1;
Ls/D = 25)
100 ft

Figure 24. Bridge (J2) NISSS54.

The considerations in selecting the framing arrangement for Bridge (J2) NISSS54 are similar
to those for Bridge (I2) NISSS14 (Figure 23). However, all the cross-frames have diagonal
members in this alternative framing plan. Compared to Bridge (J1) (Figure 10), the framing
arrangement of Bridge (J2) results in a significantly reduced number of cross-frames in the
bridge system. Not only does this provide cost savings by reducing the large cross-frame forces
caused by nuisance transverse stiffness effects; significant savings are achieved by the sheer

reduction in the number of cross-frames in the bridge.
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(K2 and K3) EICSS12, US 82 Mainline Underpass at 19" Street WB, Lubbock, TX (Ls = 150 and
139 ft; we = 41.0 ft; 6 = 59.6°, parallel skew; ng = 6; Iy = 0.47 and 0.50; Ls/wg = 3.7 and 3.4;
Ls/D =33.3,30.8)

Q—_

|
I
Figure 25. Bridge (K2) EICSSI2.
&>
Go I I I I [ oA I I I I |
I I I I I I I I I I I
[ [ [ [ [ ] [ [ [ [ [
[ I [ I [ I [ I [ I,I’/I/I I [ I [ I [ I [ I [ I
Gl = g j=g 100 ft

Figure 26. Bridge (K3) EICSS12.

The framing arrangements of bridge cases (K1), and (K2) and (K3) EICSS12 are studied to
understand the effectiveness of staggered cross-frames versus lean-on cross-frames with respect
to reliable fit-up. Compared to Bridge (K1) (Figure 11), Bridge (K2) provides a larger offset of the
intermediate cross-frames adjacent to the skewed bearing lines at the interior pier and at the
abutments. Skewed bearing line cross-frames are used at the interior pier for Bridge (K2). In

addition, this bridge employs a staggered cross-frame arrangement within the span. In Bridge (K2),

the cross-frames adjacent to the bearing lines are all placed at the same offset distance relative to
the skewed bearing lines, satisfying the NCHRP Report 725 recommendations. The other
intermediate cross-frames are placed at a constant spacing along the span length in all the bays
between the girders. The flange resistance requirements given in the AASHTO LRFD
Specifications are satisfied by framing one cross-frame into each girder location where a brace
point is desired. Given the particular skew angle in this bridge, the stagger distances between the
intermediate cross-frame locations within the spans are larger than a minimum limit discussed
further in Section 3.5 of this report. The lines through the work points at the mid-length of the

cross-frames are all parallel to the bearing lines in this bridge.
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The considerations for Bridge (K3) are similar to Bridge (K2). Bridge (K3) does not use any
skewed bearing line cross-frames at the interior pier, but provides an intermediate cross-frame

normal to the girder on one or both of its sides close to each of the bearings at the interior pier.

(M2) EICSS2, 1-235 EB over E. University Ave., Polk Co., IA (Ls =239, 257 and 220 ft; Lmax =
259, 255 and 220 ft; Lmin = 241,183 and 220 ft; we = 66.6 ft; 6 = 58°, 61.8°, 38° and 38°; ng =
8; Iy =0.52, 0.48, and 0.24; Lmax/wg = 3.9, 3.8 and 3.3; Lmin/wg = 3.6, 2.7 and 3.3; Ls/D = 26,
28, 23.8)

Fas

| | | | T | | | | T | | I |<\\\| — T T T T T 1 |<\§.\G8

. I . I |\ I . I . I . I I \3‘\ . I . | . | . I -

I I I k I I | - AN I I I RN

I . I . ] . I JX'l . I . I . \‘\ . ] . ] . ] . I \\

I I I I I 1 = | I I I T 1TSS 1T [T 1 T 1 11 |\\“\
~7 N2 N\

100 ft

Figure 27. Bridge (M2) EICSS2.

The considerations for Bridge (M2) EICSS2 are similar to the considerations for bridge cases
(I2) NISSS14 (Figure 23) and (J2) NISSS54 (Figure 24). Because the center span has a non-
parallel skew, a number of cross-frames are taken out to ensure that the offsets from the
bearing lines are greater than the recommended minimums. In addition, cross-frames are
provided along the skewed bearing lines at the interior piers, and the intermediate cross-

frames are offset from the skewed bearing lines at the interior piers and at the abutments.

2.3.2 Alternative Framing Arrangements for the Curved and Skewed Bridges

Alternative framing arrangements for the curved and skewed bridges studied in the NCHRP
20-07 Task 355 research are shown below. The simple-span bridges are shown first followed by
the continuous-span bridges. In addition, the bridges are listed in the order of increasing maximum

span length within each sub-group.
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(02) NISCS15 (Ls = 150 ft; Lmax = 195 ft; Lmin = 103 ft; we = 74 ft; R =280 ft; 0 = -35° and 0%

Gl

ng = 9, Ls/R = 054, Ls/Wg = 20, (Lmax - me)/(Lmax + Lmin) = 031, Ls/D = 20)

G9

:ld 100 ft
I I

Figure 28. Bridge (O2) NISCS15.

The framing arrangement of Bridge (O2) NISCS 15 has contiguous instead of staggered cross-
frames near the skewed bearing line as in Bridge (O1) (Figure 15). The first intermediate cross-
frames exceed the recommended minimum offset distance from the left skewed bearing line
(see Section 3.5.1). By using a contiguous cross-frame arrangement, the overall rotations and
deflections of Bridge (O2) are reduced because of the increased engagement of the girders in
developing the overall width of the structural system. However, at the skewed bearing line,
uplift occurs at the support for the girder on the inside of the curve as well as for the adjacent
interior girder. Uplift is encountered both at the end of the steel erection and in the completed

structure. The uplift is resisted by using a tie-down device.
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(Q2) NISCS38 (Ls =300 ft; Lmax = 366 ft; Lmin = 249 ft; wg =74 ft; R = 730 ft; 0 = 62.6° and 0°;
ng = 9, Ls/R = 041, Ls/Wg = 41, (Lmin - Lmax)/(Lmin + Lmax) = -019, L¢D = 23)

G9

Gl

100 ft
| |
| |

Figure 29. Bridge (Q2) NISCS3S8.

The framing arrangement of Bridge (Q2) NISCS38 has staggered cross-frames near the left-
hand skewed bearing line. The first intermediate cross-frames are offset at a minimum distance
from the skewed bearing line. Studying bridge cases (Q1) (Figure 17) and (Q2) provides a
better understanding of the influence of contiguous versus staggered cross-frame arrangements
in curved and skewed bridges where the skew orientation makes the inside girder (i.e., the

girder on the inside of the curve) longer.

(R2) NISCS39 (Ls = 300 ft; Lmax = 340 ft; Lmin = 258 ft; we = 74 ft; R = 730 ft; 0 = -35° and 0°; ngq
= 9, Ls/R = 041, Ls/Wg = 41, (Lmax - Lmzn)/(Lmax + Lmin) = 014, Ls/D = 23)

G9

Gl
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Figure 30. Bridge (R2) NISCS39.
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Bridge cases (R1) (Figure 18), (R2) NISCS39, (O1) (Figure 15) and (02) NISCS15 (Figure
28) have a skew orientation that makes the outside girder significantly longer. Bridge (R2) uses
a contiguous cross-frame arrangement adjacent to the skewed bearing line. Due to increased
development of the girders by the contiguous cross-frames, Bridge (R2) experiences
significant uplift at the girder on the inside of the curve as well as at the adjacent interior girder
at the skewed bearing line. The magnitude of the uplift force, 457 kip, is too large to be offset
by a typical tie-down device or a counter-weight. This framing arrangement is considered

infeasible to build.

(T2) EICCS27, SR 386 over SR6 and Ramp F, Sumner Co., TN (Ls = 279 ft, 224 ft, and 236 ft;
Lmax =279, 239 and 231 ft; Lmin =268, 214 and 217 ft; we=79.9 ft; R = 2546 ft; 6=-53.1, -59.4,
-64.4 and -69.7°; ng = 8; Ls/R = 0.11, 0.09 and 0.09; Ls/we = 3.5, 2.8 and 3.0; (Lmin - Lmax)/(Lmin +
Lmax) =-0.02, -0.03 and -0.01; Ls/D =37.2,29.8, 31.5)

Figure 31. Bridge (T2) EICCS27.

Bridge (T2) has staggered cross-frames near the skewed bearing lines while using cross-frames
along the skewed bearing lines both at the interior piers and at the abutments. In addition,
intermediate cross-frames are offset by more than the recommended minimum distance from
the skewed bearing lines, discussed further in Section 3.5.1. Contiguous cross-frame lines are
employed within the middle of its left-hand end span and its center span, to assist in developing

the width of the bridge cross-section for resistance of the horizontal curvature effects.
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(U2) EICCS28, Corridor X and I-65 Interchange Ramp NW65X, Jefferson County, AL (Ls = 326,
160 and 235 ft; Lmax = 369, 165 and 258 ft; we = 52.0 ft; R = 1255 ft; 0= 0,47, 54.5 and 0°; ng=7;
Ls/R=0.26,0.13 and 0.19; Ls/wg = 6.3, 3.1 and 4.5; Ls/D = 32.6, 16, 23.5)

G7

Gl

Figure 32. Bridge (U2) EICCS2S.

Significant uplift (at the inside girder at the first interior pier from the left-hand abutment) and
high cross-frame forces were experienced in Bridge (U1) EICCS28 (Figure 21). Bridge (U2)
alleviates the uplift at this support as well as the large forces in the adjacent cross-frame
members by staggering the cross-frames near the first interior pier from the left abutment. The
cross-frames are offset by the recommended minimum distance discussed in Section 3.5, and
bearing line cross-frames are used along the skew at the interior piers. The cross-frames near
the second interior pier from the left-hand abutment have relatively low forces whether these

cross-frames are staggered or contiguous.

2.4 Vary the Cross-Frame Detailing Methods

The “fit” or “fit condition” of a skewed and/or curved I-girder bridge refers to the geometry in
which the cross-frames are detailed to attach to the girders. A fit condition is selected to offset, or
compensate for (to different extents), the tendency of the I-girders to twist in these bridge types.
The selected fit condition corresponds to a specific targeted outcome of when the girder webs will
be approximately plumb in the field. “Fit-up” refers to the assembly of the structural steel during
the bridge erection. It is desirable that the “fit-up” of the structural steel should be manageable,
without the need for excessive jacking or pulling forces from the erector. The “fit condition” and
the “fit-up” of the structural steel are interrelated, but these terms refer to different attributes of the

construction. (It should be noted in this report, the term cross-frame is considered to be
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synonymous with the term diaphragm. AASHTO LRFD defines a diaphragm as a vertically-
oriented solid transverse member and a cross-frame as a transverse truss framework. The primary
emphasis in the studies conducted in this report is on transverse truss frameworks. However, the

majority of the discussions and concepts also apply to solid transverse members.)

Table 2 summarizes the three most common fit conditions considered in skewed and/or curved
I-girder bridges. Alternate names for each potential fit condition, which are generally more familiar
to Fabricators/Detailers, are also provided in the table; the names are used interchangeably in

practice.

Table 2. Common Fit Conditions.

Condition Alternate Name Description

The cross-frames are detailed to fit to the
No-Load Fit (NLF) | Fully-Cambered Fit girders in the fabricated fully-cambered and

plumb position of the girders under zero load.

The cross-frames are detailed to fit to the

girders in an ideal plumb position where the

Steel Dead _ '
' Erected Fit girders are assumed deflected under the self-
Load Fit (SDLF) ' '
weight of the structural steel at the completion
of the steel erection.
The cross-frames are detailed to fit to the
Total Dead girders in an ideal plumb position where the
Final Fit
Load Fit (TDLF) girders are assumed deflected under the total as-

constructed dead loads.

Steel Dead Load Fit (SDLF) gives approximately plumb girder webs once the erection of the
steel is completed. This is the most customary form of detailing for skewed and/or curved I-girder
bridges. Total Dead Load Fit (TDLF) gives approximately plumb girder webs once the bridge is
subjected to its Total Dead Load (TDL). The term “Total Dead Load,” typically is assumed to
include either all dead loads that are present when the bridge is opened to traffic, or the as-
constructed dead loads, taken as the weight of the structural steel plus the weight of the concrete

deck, but not including the weight of barrier rails, sidewalks, etc. The later of these definitions is
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the preferred definition for most bridges (NSBA 2015). This definition is employed in this
research. Future wearing surface loads and their effects generally are not considered as a part of
the TDL. No-Load Fit (NLF) corresponds to detailing of the cross-frames so that they fit-up with
the girders in their No-Load (NL) undeflected geometry. In this case, the girder webs will not be

plumb once the bridge is subjected to its dead loads, except at non-skewed bearing lines.

There are two key sets of values used by detailers in calculating the geometry of the cross-

frames for SDLF or TDLF detailing:

(1) The vertical Total Dead Load (TDL) and/or Steel Dead Load (SDL) deflections provided
on the design plans (Both TDL and SDL deflections are required for SDLF detailing while
only the TDL deflections are required for TDLF detailing), and

(2) The associated major-axis bending rotations at the girder connection plates under the

targeted load condition.

The girder camber profiles provided on the engineering plans are commonly set as the negative
of the TDL vertical deflections. These camber values are referred to herein as the TDL camber.
Although not actually applied to the girders, the corresponding negative of the SDL vertical
deflections is referred to in this work as the girder SDL camber. These values are used along with

the TDL camber in setting the geometry of the cross-frames for SDLF detailing.

In the fourth task of NCHRP 20-07 Task 355, the three main types of cross-frame detailing,
No-Load Fit (NLF), Steel Dead Load Fit (SDLF) and Total Dead Load Fit (TDLF), are varied and

applied to the 21 base designs and their framing variations.

It is necessary to study NLF detailing for all the cases since this is the base case from which
the SDLF and TDLF effects are measured. It should be noted that SDLF and TDLF detailing of
the cross-frames produces an intentional lack-of-fit between the cross-frames and the girders in
their undeformed No-Load condition, and generally results in significant changes to the dead load
cross-frame internal forces as well as the dead load flange lateral bending stresses in the girders.
The project team did not conduct any full redesign of the base bridges and their framing variations
to account for the modified internal forces from the detailing of the cross-frames. In all cases, it is
emphasized that the base bridges were analyzed for design, and for setting the girder cambers,
using the current customary practice within the bridge design industry, which is to analyze the

bridge structural system dead load effects by simply “turning gravity on,” without considering the

38



locked-in force effects associated with the cross-frame detailing (i.e., assuming NLF detailing).
The simulation studies conducted in this research include the initial lack-of-fit effects associated

with SDLF and TDLF detailing directly and rigorously in the corresponding structural analysis.

It is important to note that for the straight skewed bridges studied in this research, the cambers
used for SDLF or TDLF detailing are calculated both from a line girder analysis (LGA) as well as
from 3D FEA. However, for the curved bridges with and without skew, 3D FEA is used for
calculation of the cambers in all cases. In straight skewed bridges, the use of cambers from LGA
gives the closest match to the ideal zero girder layovers and internal stresses under the targeted
dead load conditions. The use of cambers from an accurate 2D Grid or 3D FEA gives non-zero
girder layovers and flange lateral bending stresses. However, these layovers and stresses are small
compared to the overall dead load responses under the targeted conditions. The ultimate
recommendation from the NCHRP 20-07 Task 355 research is that the engineer should not mix
the methods of analysis being applied for a given bridge. That is, if a refined analysis is employed
for the overall bridge design (i.e., grid analysis or 3D FEA), the cambers also should be calculated
based on the refined analysis. The influence of camber calculations (accurate refined analysis

versus LGA) in straight skewed bridges is discussed in Sections 3.4 and 3.7.

The specific procedures used for LGA and 3D FEA, including the incorporation of the effects
of the detailing methods considered in this research in the structural analysis simulations, are

discussed in Section 2.6.
2.5 Select Erection Schemes

In Task 5 of the research, erection schemes were selected for the 21 bridges listed in Section
2.2. Appendices A to U show the details of the erection stages for the selected erection schemes.
The research analyzed the erection stages for both the base design and alternate framing
arrangements. For the existing bridges, the erection schemes followed the as-built scheme, if
available. This allowed for an evaluation of the as-built scheme fit-up difficulty and comparison
with available field observations for bridge cases such as (E) EICCR11, (M1) EICSS2, and (U1)
EICCS28. For existing bridges whose erection schemes were unavailable and for the parametric
bridges, the erection schemes were devised so that the fit-up forces were manageable. These
erection schemes are not necessarily the “optimum” schemes, but they provide for a feasible and

practical erection of the bridge.
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Detailed erection plans with numerous stages were developed for all 21 bridges. These plans
are provided in Part 1 of the appendix corresponding to each bridge. When developing the erection
plans, the locations of the field splices, the segment lengths that can be lifted in the field, and girder
stability during erection (particularly important for curved girders) were considered. The research
team then selected what were expected to be the most critical erection stages, i.e., stages that were

expected to experience potential fit-up difficulty, for detailed simulation.

For straight skewed bridges, when erecting girder by girder, the later stages have a higher skew
index. As a result, the collateral effects due to the skew are more substantial during the later stages.
For curved bridges, substantial vertical support from shoring towers and/or cranes is often
necessary in the early stages. The later stages often involve less vertical support from shoring
towers and/or cranes, and thus have higher fit-up forces. Due to these characteristics, the critical

erection stages are often the last few stages for both straight and curved bridges.

For continuous-span bridges, or simple-span bridges with long span lengths, a sufficient
number of stages were selected to illustrate the bridge behavior as the erection progresses. For a
number of curved bridges, two erection methods were selected to investigate the effects of erecting

from the inside to the outside of the curve and vice versa.

Support uplift often is more apt to occur during erection. In all cases, the analyses conducted

allowed the girders to uplift at any support locations that did not have a tie-down.

Unless noted otherwise, the shoring and crane elevations are modeled at the no-load elevations
for all the curved radially-supported and curved and skewed bridges studied in this research. This
idealization of the shoring and crane elevations is applied regardless of the cross-frame detailing
method. For straight skewed bridges, the shoring and crane elevations are modeled at the steel
dead load elevations (i.e., the steel dead load elevations in the completed bridge system) in all

cases, unless noted otherwise. The rationale for these assumptions is as follows:
e The girder fabricated geometries are of course the no-load geometry.
e In addition, the girder splices are commonly detailed for the no-load geometry.

e In cases where the girders can be installed sequentially along the length of the bridge,
without the need for any drop-in segments, the field section that is being installed can be

knifed-in to the splice with the previous field section, as long as attention is paid to the
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orientation of the splice and vertical clearances between the field section that is being
installed and permanent support locations. However, for cases involving drop-in segments,
the completion of the second girder splice of the drop-in segment can be greatly facilitated

by having the steel on both sides of the splice in the approximate no-load geometry.

The cross-frame fit-up forces in horizontally curved bridge units tend to be minimized, as
an approximate target, by hold points and temporary supports that are located at the no-

load elevations.

For straight skewed bridges, the fit-up of the cross-frames often can be achieved most
easily by allowing the girders to deflect under their self-weight. Particularly when Steel
Dead Load Fit (SDLF) detailing is employed, the resulting girder elevations will be very
close to their Steel Dead Load (SDL) elevations in the completed bridge. This condition is
of course achieved approximately by locating the girder hold and temporary support points

at the final SDL elevations of the completed bridge.

Erection simulations for straight skewed bridges with NLF detailing were not considered in

this research. This is because the sharp skews associated with the bridges considered in this work

would cause high girder layovers and large rotation demands on the bearings if NLF detailing was

used.

2.6 Perform Analytical Parametric Studies

In its sixth task, the project team performed structural analyses of the steel and total dead load

configurations as well as the erection sequences. This task involved detailed 3D FEA test

simulation studies of all 21 bridge cases and their framing variations. Data from these studies were

collected, synthesized, and analyzed to quantify the influence of the various parameters on the

three primary factors investigated in this research:

Ease of fit-up during erection of the steel,
Achievement of the targeted constructed geometry, and

Generation of locked-in stresses in the cross-frames and girders.

The results from these studies are compiled and presented in various ways to facilitate the

interpretation and understanding of the data by bridge professionals. This includes the
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development of force summary tables for each analysis case, and tabulation and plotting of the

summary results for:
e Cross-frame fit-up forces,
e Girder splice fit-up forces,
e Girder vertical displacements,
e Girder elevation profiles,
e Girder layovers,
e Cross-frame forces.
e Girder major-axis bending stresses,
e Girder flange lateral bending stresses, and
e Bearing reactions.

Various graphs and plots of the data are provided to allow effective visualization of the
responses. The tables, graphs and plots were generated automatically to the maximum extent
possible via advanced programming tools utilized within the NCHRP Report 725 research plus

some additional refinements to these tools developed in the current research.

At the present time (2015), simulation of many types of physical responses can be readily
performed using 3D Finite Element Analysis (FEA). The availability of these tools provides
substantial promise for detailed analytical studies to address the outstanding questions in this
research. However, the accuracy of results from 3D FEA simulations depends on the accuracy of

the capture of the following attributes:

e Geometry details,

¢ Boundary conditions — loads and displacements,

e Assumed initial conditions, e.g., any lack-of-fit between components in the No-Load (NL)
condition,

e The interconnection between various components (e.g., dimensional tolerances in girder
splice and cross-frame to girder connections, and the composite interaction between the

steel girders and the concrete slab).
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In this research, 3D FEA is used to calculate all the bridge responses. All of the 3D FEA studies

are conducted using the ABAQUS 6.12 platform (Dassault Systemes 2014). The research utilizes

an input file generator that allows accelerated generation of the 3D FEA models. The following

are modeling specifics selected in ABAQUS for this research:

The girder webs are modeled using the S4R shell elements throughout the depths between
the mid-thicknesses of the girder flanges. The S4R element is a 4-node quadrilateral
displacement-based shell element with reduced integration and a large-strain formulation.
This research utilizes the FEA mesh density recommended by the NCHRP Report 725
research, which demonstrated that 12 S4R shell elements through the web depth is suffi-
cient for the types of studies conducted in this research. The number of the S4R elements
is selected along the girder lengths such that an element aspect ratio close to 1.0 is achieved.
A 2-node shear-deformable beam element, B31, which is compatible with the S4R shell
element, is used to model the flanges, stiffeners, and chords of V or inverted-V cross-
frames to which the diagonals are connected. The cross-frame chords in this case are
modeled as being moment connected to the girder connection plates. All of the flange
plates, etc. are modeled at their correct depths in the physical structure.

A truss element, T3D2, is used to model the cross-frame members except in the case of the
chords mentioned above. The cross-frame elements are connected to their exact physical
work points on the girder webs. The connections of the cross-frames at the girder webs are
modeled using multi-point constraints. This eliminates the need to adjust the FEA
discretization through the depth of the girder webs to place the nodes at the work points.
The axial stiffness of single-angle and flange-connected tee cross-frame members is taken
as 0.65 of the nominal EA/L of these members. This modeling practice accounts for the
additional flexibility associated with the eccentric one-sided connections to gusset plates
or girder connection plates at the member ends, as specified in Article 4.6.3.3.4 of the 7%
Edition AASHTO LRFD Specifications. This modeling of the reduced stiffness of single-
angle and flange-connected tee cross-frame members was not employed in the NCHRP
Report 725 research.

Separate line girder analyses (LGA) are conducted in this research to obtain LGA cambers
for straight skewed bridges. These analyses are conducted by running the corresponding

3D FEA model with the cross-frame elements removed and the girder lateral displacements
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restrained. The LGA cambers also can be obtained by analyzing the girders using ordinary
beam elements. The LGA cambers obtained from the above 3D FEA model and from a
beam element model are the same for all practical purposes. The use of the 3D FEA model
to conduct the LGA solutions is simply a matter of convenience in this research, since the
same girder models employed in the 3D FEA system simulations could be easily re-used
to obtain the LGA solutions.

Grid-analysis is conducted in this research to illustrate the incorporation of cross-frame
detailing method effects via initial fixed-end forces, as discussed in Section 3.9. For this
portion of the research, the girders are modeled using a separate grid analysis capability
developed in this research. The girder section properties are specified including the use of
the equivalent St. Venant torsion constant for the I-girders from the NCHRP Report 725
research, which accounts approximately for the contribution of warping to the torsional
stiffness. An Euler-Bernoulli frame element is used in this software to model the girders.
The cross-frames are modeled using equivalent beam elements based on two methods:
Euler-Bernoulli beam elements with the cross-section properties determined by the flexural
analogy, as discussed in Section3.2.3 of the NCHRP Report 725, and the Timoshenko beam
approach recommended by NCHRP Report 725. The equivalent beam cross-frame
properties are calculated for each of these two beam elements using the methods
recommended in NCHRP Report 725. The Timoshenko beam element formulation is
explained in (McGuire, et. al. 2000). It is found that for the bridge cases studied in Section
3.9, the responses are essentially the same with the cross-frames modeled based on Euler-
Bernoulli beam with the flexural analogy and Timoshenko beam. This is largely because
the cross-frames are effectively rigid relative to the stiffness of the girders in the example
bridges studied in this section.

In this research, the lack-of-fit due to SDLF and TDLF detailing is accounted for directly
in the 3D FEA simulations via cross-frame initial strains. These initial strains are calculated
in ABAQUS by imposing the vertical deflections associated with the girder dead load
cambers (i.e., the corresponding vertical lack-of-fit of the cross-frames in the bridge
reference no-load geometry is equal to the TDL camber for TDLF and it is equal to the
SDL camber for SDLF; the cross-frames are detailed to fit to the girder elevations after the

SDL displacements have occurred, for SDLF, and after the TDL displacements have
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occurred, for TDLF). As noted in Section 2.4, the TDL camber is taken simply as the
negative of the TDL girder vertical deflections; similarly, the term “SDL camber” is used
in this research to refer to the negative of the SDL deflections used in the calculation of the
cross-frame initial strains for SDLF detailing. Special-purpose tools were developed and
used to facilitate the calculation of initial strains in the 3D FEA software and for including
these initial strains in the bridge 3D FEA simulations.

As noted previously, the cambers used for SDLF or TDLF detailing are calculated both
from a LGA and from 3D FEA for the straight skewed bridges. For the curved and curved
and skewed bridges, the girder cambers are calculated in all cases using the 3D FEA
models. When TDLF detailing is used on a straight skewed bridge, the TDL cambers used
for fabrication of the girders are calculated, neglecting any contribution of the bridge deck
to the resistance of vertical displacements. When SDLF detailing is employed based on
LGA cambers, the correct total cambers to be fabricated into the girders are calculated as
the SDL camber from an LGA for SDL plus the Concrete Dead Load (CDL) camber, taken
as the negative of the CDL girder displacements in the bridge system as calculated from
3D FEA (neglecting the contribution of the bridge deck to the resistance). For the unusual
case of NLF detailing on a sharply skewed straight I-girder bridge, the TDL girder cambers
used for fabricating the girders are determined directly from 3D FEA.

In all cases, the girder cambers are calculated by the common practice of building a model
of the structure (or girder) and then simply “turning gravity on.” The influence of the SDLF
or TDLF detailing effects on the girder vertical displacements is not considered in
calculating the girder cambers.

The girder cambers are accounted for explicitly in the structural analysis simulations by
modeling the no-load geometry of the steel girders using their cambered no-load profiles.
Given the specified cambers, from whatever the source and method that they may be
determined, the 3D FEA procedures provide a unified rigorous approach for determining
the locked-in force effects associated with the SDLF or TDLF detailing.

Superelevation, cross-slope, grade and vertical curve are neglected in this research. The
effects of these attributes on the gravity load responses is usually assumed negligible in
bridge design practice, based on the assumption that the angles with the horizontal

associated with these attributes of the geometry are small.
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The weight of steel is modeled using a weight density of 490 pcf applied to the flange, web,
connection plate, transverse stiffener and cross-frame member areas and lengths between
work points, etc. specified in the 3D FEA model. No additional allowance for
miscellaneous steel is included. This means that the weights of the cross-frames in the 3D
FEA model are somewhat underestimated relative to the corresponding physical cross-
frames. This under-estimate is of a minor consequence at most for the purposes of this
study. In the above LGA calculations, the weight of the cross-frames (based on the cross-
frame member areas times their lengths between the connection work points) is included
by adding vertical concentrated loads at the connection work points on the girder webs.
The concrete deck weight is modeled on the noncomposite I-girders as distributed line
loads applied at the centerlines of the top flanges. This weight is calculated based on the
tributary widths between the girders and from the deck overhangs. In addition, the weight
of the concrete in the girder haunches is included. The eccentricity of the deck overhang
weights with respect to the fascia girders is modeled as equal and opposite uniformly
distributed lateral loads at the level of the fascia girder flanges, representing the effect of
overhang bracket loadings on the girders.

Construction equipment loads are not considered in the direct calculations considered in
this research.

The influence of staged concrete deck placement is neglected in this research. Where TDL
responses are evaluated, the calculations are performed using the idealization that the entire
concrete deck is placed prior to any participation of the deck in resisting load. This results
in an upper-bound estimate of the TDL deflections and the corresponding fit-condition and
fit-up effects.

The bridges are assumed to float on the bearings to minimize the impact of bearing
restraints on the system responses in all cases. This is a common recommended approach
for highly skewed and/or curved I-girder bridges (NHI 2011). The bridge is restrained
laterally only by small stiffnesses from the bridge bearings, thus avoiding undesirable
restraint in the in-plan directions. The physical bearing details are designed to restrain

large movements during potential extreme events.
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e The bridges are analyzed using a geometrically nonlinear elastic analysis in all cases. This
allows for the capture of second-order amplification of the physical response in any
situations where these effects may be important.

e All of the test simulation models are based on the assumption of linear elastic material

behavior in this research.
2.7 Refine Existing Guidelines and Propose New Guidelines

Task 7 of the NCHRP 20-07 Task 355 research involved performing a final assessment of the
results from Tasks 1 and 6 and recommending modifications to a guidelines document developed
by an affiliated NSBA Steel Bridge Collaboration Task Group on Skewed and/or Curved Steel I-
Girder Bridge Fit (2015). These guidelines address the three primary factors investigated in this
research: ease of fit-up during erection of the steel, achievement of the targeted constructed
geometry, and generation of locked-in stresses in the cross-frames and girders. The effects of
variations in geometric parameters (span length, degree of curvature, severity of skew, etc.) are
considered in these recommendations. The recommendations address the implications of different

framing arrangements, cross-frame detailing methods, and erection procedures.
2.8 Identify Best Inspection Practices

In some instances, steel [-girder bridges have deviated measurably from the targeted geometry
at the completion of the steel erection or at completion of the concrete deck placement. When this
occurs, the engineer is faced with a very difficult inverse problem in that there are a plethora of
different factors that may have contributed to the bridge geometry being out-of-tolerance. The
studies in Task 6 provide an improved understanding of the sensitivity of the final constructed

geometry of the bridge to these factors.

Task 8 of the NCHRP 20-07 Task 355 research focuses on the identification of best practices
for construction inspection of the erected geometry of skewed and/or curved I-girder bridges to
ensure that the erected geometry sufficiently meets the specified fit conditions. The recommenda-
tions developed from this task were informed by the experiences of erectors and bridge
construction inspection engineers, as well as the implications from the various results developed
in Task 6 of the project. One important focus of Task 8 is a clear identification of the potential
consequences of different magnitudes of web out-of-plumbness at supports as well as within the

span of I-girder bridges.
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3. FINDINGS AND APPLICATIONS

3.1 Behavior of Curved and/or Skewed I-Girder Bridges

An understanding the basic behavior of straight skewed, curved, and curved and skewed I-
girder bridges is important to understanding the implications of various framing arrangements,
cross-frame detailing methods, and erection procedures on the ease of fit-up, achievement of the
targeted constructed geometry, and generation of locked-in stresses in the cross-frame and girders
of these structures. The key pertinent behavior of each of these bridge types is summarized in the

following sections.

3.1.1 Behavior of Straight Skewed I-Girder Bridges

In straight skewed bridges, the girders deflect only vertically under their self-weight, as long
as the cross-frames are not connected to the girders in a manner such that they are engaged and
can transfer internal shears and moments. This is illustrated by Figure 33, but with the cross-frames
not shown. If all the girders are theoretically placed on their vertical supports, just the top chords
of all the cross-frames are attached to the girders (such that there is no shear and moment transfer
via the cross-frames), and the girders are allowed to deflect under the full steel self-weight, the
resulting girder vertical deflections are exactly equal to the Steel Dead Load (SDL) deflections
obtained from a Line Girder Analysis (LGA).

If the SDL cambers are set based on the above deflections, and then the cross-frames are de-
tailed for Steel Dead Load Fit (SDLF) using these cambers, the cross-frames will theoretically fit
exactly to the girders in the above SDL geometry without any forcing. That is, the SDLF detailing
creates locked-in internal forces that cancel out the dead load cross-frame forces that would exist
if the cross-frames were detailed for No-Load Fit (NLF). These statements apply to all straight I-
girder bridges with either parallel skew or non-parallel skew. However, they do not apply to curved
I-girder bridges, as explained in Section 3.1.2. Section 3.7 provides a detailed explanation of this

behavior in straight skewed bridges.

After the cross-frames are connected to the girders, the interconnected girders deflect as a 3D
system under all subsequent loads. The cross-frames brace the girders, but they also serve as an

additional transverse load path in the system. As a result, the girders deflect vertically and
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simultaneously twist under the dead loads. This is illustrated using a simple two-girder system in

Figure 34.
Top View

Isometric View

Elevation View

Figure 33. Magnified girder deflections for two straight I-girders, simply-supported at their ends
on skewed bearing lines, and subjected to the self-weight of the structural steel prior to
interconnecting the girders by the cross-frames (cross-frames not shown).

Top View

e

Isometric View

Elevation View

Figure 34. Magnified girder deflections for two straight I-girders, simply-supported on skewed
bearing lines at their ends, and subjected to vertical load after interconnecting the girders by
cross-frames.

This behavior is different from the behavior of a straight non-skewed bridge. In a straight non-
skewed bridge, the girders deflect predominantly in a vertical fashion. This is because there are no
significant differential vertical deflections between the girders and there is no significant
interaction between the girders and the cross-frames (aside from aspects such as eccentric

overhang bracket loads during the concrete deck placement). However, in a straight skewed bridge,
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there are significant differential vertical deflections between the girders at each of the intermediate
cross-frames, since these cross-frames connect to different positions within the span of each of the
girders. In addition, to maintain compatibility between the cross-frames and the girders at sharply-

skewed abutment bearing lines, the girders have to twist substantially at the skewed abutments.

3.1.2 Behavior of Curved Radially-Supported Bridges

The fundamental behavior of horizontally curved radially-supported I-girder bridges is
substantially different from that of straight skewed I-girder bridges. Figure 35 shows the magnified
deflections under vertical load in a simply-supported bridge of this type after all of the steelwork
has been completed. By comparing to Figure 34, one can immediately observe that the deflections
are entirely different in a curved radially-supported bridge. Essential behavior differences

compared to straight skewed bridges are discussed below.

Top View

Figure 35. Magnified girder deflections in a representative horizontally curved I-girder bridge,
simply-supported on radial bearing lines at its ends, and subjected to vertical load after
interconnecting all the girders by cross-frames.

The bridge cross-section in horizontally curved bridges is subjected to substantial internal
torsional moments due to the fact that the resultant of the bridge vertical loads within the spans
has an eccentricity relative to a straight chord between the supports. In a straight bridge, the total
internal torsion tends to be relatively small and the twisting of the girders is induced predominantly
by the compatibility of deformations between the girders and the cross-frames. That is, if the
girders are not interconnected by the cross-frames, there is no tendency for them to twist under the

primary vertical loads. In a curved bridge, the total internal torsion is due to the eccentricity of the
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resultant of the vertical loads. This torsion is independent of the interconnection of the girders by

the cross-frames.

The predominant resistance to the above internal torsion in horizontally curved I-girder bridges
is developed by interconnecting the girders by the cross-frames across the entire bridge width. If
the girders in Figure 35 were connected together only by the cross-frames at the ends of the span,
the individual girder twist rotations and the coupled vertical displacements would be excessive.
Curved I-girders, and curved I-girder bridge units, generally cannot be erected without providing
some type of intermediate vertical support within the spans, typically via holding cranes or
temporary shoring at critical stages of the erection. The individual girders as well as the partially
completed bridge cross-sections tend to “torsionally over-rotate” during the steel erection

compared to their behavior within the completed steel superstructure.

In a straight skewed bridge detailed for SDLF (using Line Girder Analysis cambers), the
girders inherently do not transfer load to the cross-frames under the SDL condition since the cross-
frames are not needed to restrain the girders from twisting. Horizontally curved bridges are
different. Regardless of the detailing method used (NLF, SDLF, TDLF, etc.), vertical forces (“V-
loads”) are applied to the girders by the cross-frames, producing a shift in the internal vertical
loads toward the girders on the outside of the horizontal curve. Associated radial forces are applied
to the girders from the cross-frames that restrain the tendency of the girders to twist excessively
on their own. The cross-frames provide these restoring forces to the individual girders via the

system behavior of the bridge, thus preventing excessive individual girder out-of-plane rotations.

Due to the above behavioral effects, the locked-in internal forces due to SDLF and TDLF
detailing of the cross-frames tend to be additive with the other internal dead load force effects.
This behavior can be explained conceptually by considering the actions at a contiguous cross-
frame line near mid-span in the representative curved radially-supported bridge shown in Figure
35. Figure 36 illustrates the behavior at the highlighted cross-frame line in the curved bridge from
Figure 35. If the cross-frames in this bridge are detailed for NLF, then the girders are plumb and
the cross-frames fit between the girders without any forcing in the fully-cambered no-load
geometry. Therefore, once the TDL is applied to this bridge, the overall bridge cross-section twists
and the girders will be “laid over” within the bridge span. These layovers are not a structural

concern, generally, as long as overall global stability of the bridge system is ensured, since they
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are within the span and do not have any significant influence on the bearings or the overall roadway
alignment. For simplicity, the sketch in Figure 36 shows the girders in a configuration without any
superelevation or cross-slope at the completion of the bridge and under the TDL, assuming NLF
detailing of the cross-frames (see the middle sketch in Figure 36). The girder at the left of Figure
36 is on the outside of the curve and is subjected to larger dead load deflection because of the
behavior resulting for horizontal curvature. Therefore it has larger vertical camber than the

adjacent interior girder and is at a higher elevation in the no-load condition.

If TDLF detailing of the cross-frames is used on a curved radially-supported bridge such as in
the above example, the cross-frames are built in a geometry such that they twist the girders
substantially in the direction opposite from the direction which they want to roll under dead loads.
This is illustrated by the sketch at the bottom of Figure 36. In this case, this additional “pulling”
(or “twisting”) of the girders in the direction opposite from that which they want to roll tends to

increase the internal forces in the cross-frames.

TDLF detailing also twists the girders substantially in the direction opposite from that which
they roll under dead loads in a straight skewed bridge. However, in this case, the detailing relieves
the TDL effects in the cross-frames. This is because the TDL twist rotations in a straight skewed
bridge are imposed on the girders via the compatibility of deformations with the cross-frames.
Conversely, in a curved radially-supported bridge, the intermediate cross-frames restrain or resist
the tendency of the curved girders to twist and deflect excessively, which would occur if they were
restrained from twisting only at the bearing lines. The intermediate cross-frames tie the girders
into the overall structural system, and force the girders to work together to resist torsion via
differential major-axis bending of the girders across the bridge cross-section. Therefore, the
additional pulling or twisting of the girders in the opposite direction from that which they want to
roll adds to the other dead load cross-frame forces in a curved radially-supported bridge, since the
other dead load forces and the additional forces associated with the TDLF detailing are both

restraining or resisting the tendency of the individual girders to twist and deflect excessively.
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Figure 36. The behavior at the highlighted cross-frame line in the curved radially-supported
bridge from Figure 35.

It should be noted that Figure 35 does not show the initial vertical camber that is fabricated
into the girders. If the initial vertical camber were included in this figure, the bridge would
essentially be in a flat geometry under the TDL when NLF detailing is used, as shown in the center
sketch of Figure 36. Figure 35 shows the magnified displacements on the bridge geometry,

neglecting the influence of the vertical camber.

When TDLF detailing is used, the girders are twisted in the direction opposite from the
direction they tend to roll under dead loads. Because twist rotations and vertical deflections are
coupled in curved bridges, the final girder elevations are somewhat higher when TDLF detailing

1s used.
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3.1.3 Behavior of Curved and Skewed Bridges

Horizontally curved I-girder bridges with skewed supports generally include a combination of
all of the effects discussed in the above sections. The curvature and the skew can induce responses
that are either additive or subtractive with one another, depending on the overall bridge geometry.
A skewed abutment, combined with the framing arrangement of the cross-frames, can cause girder
twist rotations that are in the same direction as the twist due to the horizontal curvature. However,
a similar skewed abutment with a skew angle that is the negative of the above case, in combination
with the framing of the cross-frames, can induce girder twist rotations that are in the opposite
direction from those due to the horizontal curvature. Therefore, it is imperative that curved and

skewed bridges be considered on a case-by-case basis.

3.2 Cross-Frame Fit-Up

Cross-frame fit-up forces are the forces required to physically bring a cross-frame and a girder
that the cross-frame is being connected to together and complete the connection during the erection
of the steel. These forces are influenced by the bridge type (straight skewed, curved radially-
supported, or curved and skewed), bridge parameters such as span length and radius of curvature,
detailing methods, framing arrangements, and erection procedures.

A major focus of the NCHRP 20-07 Task 355 research is on the ease of fit-up of the cross-
frames during erection. In this work, cross-frame fit-up is estimated by calculating the forces
induced at the cross-frame top and bottom connections, for the second girder that the cross-frame
is connected to, as the cross-frame is installed. The first and second connections made to a given
girder are denoted as connections A and B. In cases involving V or inverted-V type cross-frames,
the first connection is assumed to be made to the joint where the diagonal attaches to the girder.
In cases involving X-type cross-frames, it is assumed that the first connection is made at the top
chord in these studies. The connection forces are zero prior to making a given connection, and
they assume a non-zero value as a function of the geometry and boundary conditions at a given
stage once the connection is completed. This non-zero force attained when the connection is
completed is taken as the fit-up force. In this research, extensive parametric analyses are conducted
to evaluate the cross-frame fit-up forces by sequentially installing cross-frames at selected critical

stages.
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The fit-up force calculations performed in this research are accurate to the extent that the
nominal assumptions generally employed in bridge design are satisfied. That is, the simulations
to determine fit-up forces are based on the following assumptions:

(1) No yielding of the steel occurs during erection,

(2) No incidental restraint from friction, etc. at temporary or permanent supports,

(3) The girder geometries, support elevations, etc. are as specified in the bridge plans, and

(4) Negligible play in the connections between the various bridge components.

There are various factors that can influence the actual bridge erection but cannot be accounted

for in any detailed way within a practical engineering erection analysis, such as:

e Tolerances and the associated “play” at bolted connections,
e Adjustments of the crane and support elevations by the erector,
e Tolerances on support elevations, and

e Changes in the geometry of the steel due to thermal movements, etc.

These factors can cause differences between the actual fit-up forces encountered in the field
compared to the erection analysis estimates. Connection tolerances and adjustment of crane and
temporary support elevations can indeed make the fit-up forces somewhat smaller than the
calculated estimates, as discussed subsequently in Section 3.6.2.1. However, the calculated fit-up
forces determined in this research are believed to be reasonable engineering estimates associated

with the nominal design representation of the structures.

As noted in Section 2.5, for the curved radially-supported and curved and skewed bridges
studied in this research, the shoring and crane holding elevations are modeled at the no-load
elevations. Conversely, for the straight skewed bridges, the final steel dead load elevations are
used for the shoring and crane holding elevations. These elevations have been observed to be good

targets that tend to facilitate the fit-up of the cross-frames.

This research focuses primarily on determining the maximum of the cross-frame fit-up forces
to make the connections at selected critical stages. Discussions of how the critical stages were
selected in this research are provided in Section 3.6. All the cross-frame connections within the
selected critical stages are parametrically evaluated to determine the maximum fit-up forces. The
sub-sections below provide some discussion of whether the fit-up forces are large for a significant

number of cross-frames or only for a small number of cross-frames. However, the key fit-up force
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estimate is assumed to be the maximum one. The distribution of the final steel and total dead load
cross-frame forces in the completed bridges is discussed in Section 3.4. The cross-frame fit-up

forces are of course indirectly related to the final cross-frame dead load forces.

3.2.1 Cross-Frame Fit-Up in Curved Radially-Supported Bridges

For the evaluation of the fit-up forces, all three detailing methods — No-Load Fit (NLF), Steel
Dead Load Fit (SDLF) and Total Dead Load Fit (TDLF) — are considered for the curved radially-
supported bridges. NLF detailing tends to provide the lowest fit-up forces for these bridge types.
This is because, as explained in Section 3.1.2, SDLF and TDLF detailing effects tend to be additive
with the internal force effects in these bridge types. Evaluating the SDLF and TDLF fit-up forces
(i.e., the required fit-up forces when the cross-frames are detailed for SDLF and TDLF) for the
study bridges provides insight into when SDLF and TDLF fit-up may become prohibitive.

The following are trends in the values of the cross-frame fit-up forces in the curved radially-

supported bridge cases studied in this research:

e The cross-frame fit-up forces for NLF detailing are generally very low for radial bearing-
line cross-frames. This is because the girder deflections, girder differential deflections, and
girder layovers are all practically zero at these locations. However, SDLF and TDLF
detailing tend to give a minor increase in the fit-up forces for these radial bearing-line
cross-frames. This is due to the deformation in the system caused by force-fitting the cross-
frames at the other locations and due to the lack-of-fit from the differential major-axis

rotations of the girders (note that the differential vertical deflections are still zero).

e For all the detailing methods, the cross-frame fit-up forces are generally largest near mid-
span where the differential deflections and the differences in the girder layovers are also
largest. The specific cross-frame connections with the largest fit-up forces are not

necessarily the same for each of the detailing methods.

e  The latter stages where the holding cranes often have been released often have larger cross-
frame fit-up forces due to the bridge cross-section rotations and deflections and the

increasing stiffness of the partially completed bridge system as more girders are installed.

Table 3 provides a synthesis of the maximum fit-up forces during the steel erection, calculated

for all the curved radially-supported bridges studied in this research. In parallel to the presentation
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of the bridges in Chapter 2, the simple-span bridges are shown first followed by continuous-span
bridges. They are presented in the order of increasing maximum span length within each of these
sub-groups. One can observe several basic trends in this data. However, some of the values require
detailed inspection of the bridge geometry, framing arrangement, and erection procedure to fully
understand their origins. The base overall bridge geometry parameters shown in Table 1 are also

listed in Table 3 to assist the reader in inspecting the results.

Erectors commonly use come-alongs and other local equipment, as necessary, to make the
connections between the cross-frames and the girders. A typical come-along capacity is taken as
20 kip (some erectors indicate that 12 kip is more typical). A calculated fit-up force significantly
more than 40 kip is considered difficult and is highlighted by dark shading in Table 3. The
selection of this value is based on the judgment of the project team, considering the fact that various
factors in the field, including connection tolerances as well as manipulation of crane, temporary
tower, or support elevations, can typically result in some reduction in these forces. Maximum fit-

up forces between 30 and 40 kip are shown by light shading in Table 3.

The most significant trends shown in Table 3 are as follows (exceptions are discussed further

below):

(1) In most cases, the fit-up forces for NLF detailing are small and manageable.

(2) In general, because of the additive SDLF and TDLF detailing effects on the internal dead
load forces in curved radially-supported bridges, SDLF and TDLF detailing tend to
increase the maximum fit-up forces in these bridges. However, the fit-up force increase
caused by SDLF detailing typically is not prohibitive.

(3) In most cases, the fit-up forces for TDLF detailing are significantly larger. This supports
the recommendation from NSBA (2014) that TDLF should be avoided on curved radially-
supported bridges. This recommendation is discussed further in Section 4.1.

(4) For the curved radially-supported bridges, the largest of the maximum fit-up forces
correspond to cases with a combination of longer spans with a narrow bridge cross-section

(large Ls/wg) and a tight curve (large Ls/R).
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Table 3. Maximum cross-frame fit-up forces of the curved radially-supported bridges studied in this research (Fit-up forces below
30 kip are unshaded, between 30 and 40 kip are shown by light shading, and above 40 kip are highlighted by dark shading).

Differential Cross-Frame Fit-Up
. Framing Shoring L Wg R Deflections Force
Bridge Plan Towers (ft) (ft) (ft) ng | LJR Ll we (in.) (in.)
SDL TDL NLF SDLF TDLF
(A) EISCR1 Figure 1 0 90 17.5 200 3 0.45 5.1 042 | 1.67 | 33 7.4 22.3
(B)NISCR2, | 1 ire 2 0 150 | 24.0 438 4| 034 62 | 0.68 | 1.83 28.7
Scheme 1
(B) NISCRz’ [ [ [ [ 13 [ (13 (13 (19 19
Scheme 2A
(B) NISCR27 173 173 173 [13 [13 13 [13 3 (13 (13
Scheme 2B
(C) NISCR7 Figure 3 0 150 74.0 280 9 0.54 2.0 0.42 | 1.19
(D) NISCR10 | Figure 4 1 225 74.0 705 9 0.32 3.0 0.47 | 0.78
3 322,417 % 0, 8.0,
(E) EICCR11 Figure 5 (in curved 3’22 > | 404 0, 4 0, 10.3, 3.10 | 541
span) 411 0.80 8.1
350,350 0.39, 4.7,
(F) NICCRI12 | Figure 6 3 > 74.0 909 9 0.39, 4.7, 0.96 | 1.72
280
0.31 3.8
219,260, 0.20,0.24, | 6.0,7.1,
(G) EICCR4 Figure 7 2 211,162, | 36.7 968’936%})0108’ 4 1 0.19,0.15, | 5.7,44, | 0.35 | 1.09
256,190 ’ 0.26,0 7.0,5.2
Notes:

(1) Bridge (B) NISCR2 Schemes 2A and 2B involved erection from the inside to the outside of the curve.
(2) Bridge cases (E) EICCR11 and (G) EICCR4 involved drop-in segments.
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(5) Higher differential deflections tend to lead to higher fit-up forces. The fit-up forces are
significantly reduced when temporary supports such as shoring towers or holding cranes
are used. (Note that the differential deflections reported in the table are the maximum
values between the individual cross-frame ends in the completed bridge system, obtained

from 3D FEA assuming No-Load Fit (NLF) detailing of the cross-frames.)

A few of the bridge cases do not follow the above trends. The critical erection stages for TDLF
detailing are shown for each of the bridge cases in the subsequent figures in this section. In many
cases, the critical stages are the same stages for NLF, SDLF, and TDLF detailing. As shown in
Figure 37, Bridge (D) NISCR10 uses a shoring tower during its construction to allow the girder
splices to be made in the air, resulting in a significant reduction in the displacements during the
erection. Correspondingly, the fit-up forces are reduced for this bridge. Bridge (B) NISCR2, with
Erection Scheme 2A (shown in Figure 38), has high maximum fit-up forces regardless of the
method of cross-frame detailing. This is due to the specific erection procedure used for this bridge
— erection of the girders from the inside to the outside of the curve — and the fact that this bridge
has a relatively large Ls/wg of 6.2 and a tight horizontal curve (Ls/R = 0.34). The large fit-up forces
for this bridge occur in spite of its relatively short span length (Ls = 150 ft). The large forces shown
for Scheme 2A indicate that this is not a feasible erection scheme. It is necessary to add additional
vertical support on the outside girder of the partially completed bridge cross-section, to reduce its
vertical deflections. Erection Scheme 2B (Figure 38) does this by placing an additional holding
crane on the outside girder of the partially completed bridge cross-section. The NLF and TDLF
fit-up forces for NISCR2 Scheme 2B are reduced to 40.4 kip and 50.5 kip, respectively, which are
close to the 40 kip threshold where fit-up is considered to become difficult.

The SDLF fit-up forces for all the curved radially-supported bridges except for Bridge (E)
EICCRI11 (Figure 39), which is the most extreme case considered in this research, involving a
highly curved large span and a relatively narrow bridge cross-section, and Bridge (B) NISCR2
Scheme 2A (Figure 38) are below 40 kip and thus are considered manageable. Bridge (E)
EICCRI11 is discussed further in Section 3.3.
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Figure 37. Critical erection stage of Bridge (D) NISCR10 for TDLF detailing. The darker lines
show portions of the bridge that are already completed. The two triangles are the pick points of
the lifting crane.
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Figure 38. Critical erection stages of Erection Schemes 1 (outside to inside, one holding crane),
24 (inside to outside, one holding crane) and 2B (inside to outside, two holding cranes) of
Bridge (B) NISCR? for TDLF detailing. The darker lines show portions of the bridge that are
already completed. The triangles denote the pick points of the lifting crane and of the holding
crane.
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In all the cases in Table 3, except for Bridge (B) NISCR2 with Erection Schemes 2A and 2B
and Bridge (E) EICCR11, the fit-up forces for the NLF cases are small and manageable. The
maximum TDLF fit-up forces for bridges (A) EISCRI1, (D) NISCR10, and (G) EICCR4 (i.e., the

maximum calculated fit-up forces when TDLF detailing is used) are below 40 kip. These results

are discussed further below:

Bridge (A) EISCRI1 (Figure 40) is a short span and its maximum girder differential
deflection under SDL is low (0.42 inches).

Bridge (D) NISCR10 (Figure 37) has a longer span of 225 ft, but its span to radius ratio
Ls/R is smaller (0.32). Furthermore, the erection of Bridge (D) NISCR10 involved the use
of a shoring tower within the span.

The Bridge (G) EICCR4 (Figure 41) maximum span length is 350 ft, but its maximum Ls/R
is relatively low (0.26). In addition, the erection of Bridge (G) EICCR4 used shoring

towers, which helped reduce the fit-up forces.

The maximum TDLF fit-up forces for bridges (B) NISCR2 Schemes 1, 2A, and 2B, (C)
NISCR7 (Figure 42), (E) EICCR11, and (F) NICCR12 (Figure 43) are significantly larger than 40

kip. Specific explanations of the TDLF fit-up forces for these bridges are as follows:

For Bridge (B) NISCR?2, its Ls/R is reasonably high (0.34).

For Bridge (C) NISCR?7, its Ls/R (0.54) is even larger than Bridge (B) NISCR2, leading to
larger TDLF fit-up forces than Bridge (B) NISCR2 Schemes 1 and 2B.

Both Bridge (B) NISCR2 Scheme 1 and Bridge (C) NISCR7 did not use shoring towers.
Bridge (E) EICCR11 is a large bridge with long spans, a narrow bridge cross-section, and
the highest Ls/R (0.78) of all bridge cases studied. The site conditions limited the locations
of the shoring towers in this bridge. In addition the use of drop-in segments was required
on this bridge. For Bridge (E) EICCR11, not only is the TDLF fit-up unmanageable, but
SDLF fit-up also is prohibitive.

Bridge (F) NICCR12 has the longest span of all bridge cases considered (350 ft). However,
a single shoring tower is provided at the mid-spans of this bridge, which leads to some
reduction in the calculated maximum fit-up forces. In addition, the maximum Ls/R is

relatively high (0.39) for this structure.
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Figure 39. Critical erection stage of Bridge (E) EICCRI1 for TDLF detailing. The darker lines show portions of the bridge that are
already completed. The triangles denote the pick points of the lifting crane and of the holding crane. The four circles are the pier
brackets.

Figure 40. Critical erection stage of Bridge (4) EISCRI for TDLF detailing. The darker lines show portions of the bridge that are
already completed. The triangles denote the pick points of the lifting crane and of the holding crane.
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Figure 41. Critical erection stage of Bridge (G) EICCR4 for TDLF detailing (see Span 1 between bearing lines 1 and 2). The two
triangles denote the pick points of the lifting crane. All the girders have been placed at this stage, a cross-frame is being inserted next

to the second pick point, and two additional cross-frames have not yet been inserted between the second pick point and Field Splice 1
(F.S. 1).
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Figure 42. Critical erection stage of Bridge (C) NISCR7 for TDLF detailing. The darker lines show portions of the bridge that are
already completed. The triangles denote the pick points of the lifting crane and of the holding crane.
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Figure 43. Critical erection stage of Bridge (F) NICCRI12 for TDLF detailing. The darker lines show portions of the bridge that are
already completed. The triangles denote the pick points of the lifting crane and of the holding crane.
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3.2.2

Cross-Frame Fit-Up in Straight Skewed Bridges

For straight skewed bridges, only cases with SDLF and TDLF detailing were considered for

the evaluation of the fit-up forces. This is for the following reasons:

SDLF detailing provides the lowest fit-up forces for straight skewed bridges

Studying the fit-up forces with TDLF detailing provides insights into when TDLF detailing
could become prohibitive.

The cases with NLF detailing were not studied for the evaluation of fit-up forces in straight
skewed bridges because NLF fit-up can be more difficult than SDLF in straight skewed
bridges.

Furthermore, more importantly, the bearing rotation demands and girder layovers under
TDL can be excessive if a straight skewed bridge with sharp skew is detailed using a NLF.
(The studies on curved radially-supported bridges and bridges having both skew and
horizontal curvature consider NLF detailing in addition to SDLF and TDLF detailing.)

In contrast, the results of all three detailing methods are provided for all the bridge cases in the

evaluation of the bridge responses in the final SDL and TDL conditions. This is because the current

common practice in design is to analyze the bridge neglecting any internal forces induced by the

detailing method, i.e., bridges are commonly analyzed assuming NLF detailing is used.

The following are trends in the values of cross-frame fit-up forces in the straight skewed bridge

cases studied in this research (these trends are distinctly different from the trends in curved

radially-supported bridges):

The cross-frame fit-up forces for all the detailing methods are generally largest near the
skewed bearing line and along the transverse load path between the obtuse corners in
bridges with parallel skew. For non-parallel skew bridges, the cross-frame fit-up forces
tend to be largest near the skewed bearing line and between the interior girders. These
observations show some correlation with the distribution of the cross-frame forces in the

completed structure in straight skewed bridges discussed in Section 3.4.

For erection stages where the splice connection has not been made (i.e., the steel is not yet
at the SDL elevation profile), the cross-frame fit-up forces for SDLF and TDLF detailing

are generally larger at the crane and shoring tower locations which can have temporary
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lateral bracing. In these cases, the cross-frame fit-up forces for TDLF detailing tend to be
larger than those for SDLF detailing since the crane and shoring tower elevations are set at
the SDL elevations for the straight skewed bridges in this research. The partially-erected
bridge system is deflecting under its self-weight, but the total dead loads are of course not

yet in place.

e The specific cross-frame connections with the largest fit-up forces are not necessarily the

same for SDLF and TDLF detailing.

e In straight skewed bridges, holding cranes do not have as significant of an effect on the
bridge deflection as in curved bridges. Holding cranes are often only needed for stability
during the installation of the first few girders. In parallel skew bridges, each of their girders
and cross-frames are installed in the same sequence for most of the bridge cases. As such,
the latter erection stages where the holding cranes often have been released generally have
the same range of cross-frame fit-up forces as in the other erection stages. In non-parallel
straight skewed bridges, the erection stages with the longer girders often have higher cross-

frame fit-up forces due to higher differential deflections at these stages.

Table 4 provides a synthesis of the maximum fit-up forces during the steel erection, calculated
for all the straight skewed bridges studied by the project. As indicated in Chapter 2, the simple-
span bridges are shown first followed by continuous-span bridges. The bridges are presented in
the order of increasing maximum span length within each of these sub-groups. Some of the values
require detailed inspection of the bridge geometry, framing arrangement, and erection scheme to
fully understand their origins and significance. The base overall bridge geometry parameters
shown in Table 1 are also listed in Table 4 to assist the reader in inspecting the results. A calculated
fit-up force significantly more than 40 kip is considered difficult and is highlighted by dark shading
in Table 4. Maximum fit-up forces between 30 and 40 kip are shown by light shading.
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Table 4. Maximum cross-frame fit-up forces of the straight skewed bridges studied in this research (Fit-up forces below 30 kip are
unshaded, between 30 and 40 kip are shown by light shading, and above 40 kip are highlighted by dark shading).

Differential Max fit-up
. Framing Shoring Lumax Lumin Wg 0 ) Deflections .
Bridge Plan Towers (ft) (ft) (ft) | (deg.) fe L Lmas/we | Luin/te (in.) forces (kip)
SDL TDL SDLF TDLF
(H1) EISSS57 | Figure 8 0 211 63 61 632 71077 | 35 10 | 1.00 | 295 | 5.0 | 15.0
(H2) EISSS57 | Figure 22 “ “ “ «“ “ “ «“ “ «“ 1.09 | 3.19 5.0 14.2
(I1) NISSS14 Figure 9 0 150 150 74 70 9 1.36 2.0 2.0 0.97 | 4.33 3.6 15.3
(I2) NISSS14 | Figure 23 “ “ “ “ “ “ «“ «“ «“ 0.98 | 4.37 2.5 7.5
(J1) NISSS54 | Figure 10 1 300 300 74 70 9 | 0.68 4.1 4.1 2.07 | 4.56 9.2
(J2) NISSS54 | Figure 24 «“ “ «“ “ «“ “ “ “ «“ 1.98 | 4.49 8.4
. 150, 150, 0.47, 3.7, 3.7,
(K1) EICSS12 | Figure 11 0 139 139 41 59.6 6 0.50 34 34 0.38 | 1.67 0.6 6.3
(K2) EICSS12 | Figure 25 “ “ “ «“ “ “ «“ «“ «“ 0.36 | 1.62 0.4 7.7
(K3) EICSS12 | Figure 26 “ “ “ “ “ “ «“ «“ «“ 0.36 | 1.60 1.2 17.0
120, 120, 1.69, 1.6, 1.6,
(L) NICSS16 Figure 12 0 150, 150, 74 70 9 | 136, 2.0, 2.0, 0.53 | 2.81 0.8 36.9
150 150 1.36 2.0 2.0
259, 241, 58, 0.48, 3.9, 3.6,
(M1) EICSS2 | Figure 13 0 255, 183 66.6 | 61.8, 8 | 0.49, 3.8, 2.7, 0.77 | 2.39 4.9
220 ,220 38,38 0.23 33 3.3
(M2) EICSS2 | Figure 27 “ “ “ «“ “ “ «“ «“ «“ 0.74 | 2.49 0.8
Notes:

(1) Bridge cases (M1) and (M2) EICSS2 involved phased construction.
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The most significant trends shown in Table 4 are as follows:

(1) The maximum fit-up forces are generally low when SDLF detailing is used. These forces
are only a fraction of the forces encountered when TDLF detailing is used. However,
TDLF detailing is never prohibitive on the straight skewed bridges considered in the
NCHRP 20-07 Task 355 research until the spans become relatively long (larger than
about 200 ft).

(2) The maximum fit-up forces tend to be larger for longer span bridges with sharper skew of
the bearing lines.

(3) Higher differential deflections tend to lead to higher fit-up forces. For the same order of
differential deflections, the fit-up forces tend to be higher for curved radially-supported
bridges than for straight skewed bridges (see Table 3). (Note that the differential
deflections reported in the table are the maximum values obtained between the individual
cross-frame ends in the completed bridge system, obtained from 3D FEA assuming No-

Load Fit (NLF) detailing of the cross-frames.)

As noted above, for the straight skewed bridges in Table 3, the SDLF fit-up forces are low and
are only a fraction of the TDLF fit-up forces. This is because the cross-frame internal forces are
minimal under SDL for SDLF detailing. The locked-in forces due to SDLF detailing
approximately cancel with the SDL internal force effects determined via 3D FEA. Stated
alternately, the SDLF cross-frame geometries are such that the cross-frames fit up with the girders,
with negligible to small forcing, in the deflected (stressed) condition of the girders under the self-

weight of the partially and fully erected steel.

The fit-up forces are evaluated for both the base and alternate framing arrangements of the
straight skewed bridges. The alternate framing plans stagger the cross-frames in a way that tends
to alleviate the nuisance transverse stiffness effects. The erection schemes (installation order of
girders and cross-frame and support requirements) are the same for the base and the alternate
framing arrangements for each of the bridge cases. The figures shown below illustrate the erection
schemes using the base framing arrangement. The following are further details regarding the
behavior of the fit-up forces in for the straight skewed bridges from Table 4 (The critical erection
stages for TDLF detailing are shown for each of the bridge cases in the subsequent figures in this

section. In many cases, the critical stages are the same stages for SDLF and TDLF detailing):

69



e For Bridge (H1) EISSS57 (Figure 44), a non-parallel straight skewed simple-span bridge,
the alternate framing arrangement (H2) only slightly decreases the TDLF fit-up forces.

e For bridges (I1) NISSS14 (Figure 45) and (J1) NISSS54 (Figure 46), which are parallel
skew simple-span bridges, the alternate framing arrangements (12) and (J2) significantly
decrease the TDLF fit-up forces. However, for Bridge (J2) NISSS54, the TDLF fit-up force
remains high due to its 300 ft span and high skew index.

T

TN

<

Figure 44. Critical erection stage of Bridge (H1) EISSS57 for TDLF detailing. The darker lines
show portions of the bridge that are already completed. The two triangles denote the pick points
of the lifting crane.

~T T T

Figure 45. Critical erection stage of Bridge (I1) NISSS14 for TDLF detailing. The darker lines
show portions of the bridge that are already completed. The two triangles denote the pick points

of the lifting crane.
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Figure 46. Critical erection stage of Bridge (J1) NISSS54 for TDLF detailing (the cross-frame
connection with the largest fit-up force is the last connection installed in this bridge).
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Bridge (K1) EICSS12 (Figure 47) employs a lean-on system (Helwig and Yura 2012). The
alternate framing arrangement (K2) employs a staggered cross-frame system plus larger
offsets of the intermediate cross-frames from the bearing lines. The arrangement (K3)
employs a staggered cross-frame system with no bearing line cross-frames at the interior
pier location and cross-frames connected directly into the bearing positions. Bridge (K1)
with the lean-on framing arrangement has the smallest TDLF fit-up forces compared to
bridge cases (K2) and (K3).However, it is important to note that the difference in TDLF
fit-up forces between Bridge case (K1) (6.3 kip) and (K2) (7.7 kip) is small. Bridge (K3),
with cross-frames connected directly into the bearing locations (and no cross-frames along
the bearing line), has the highest TDLF fit-up forces. Framing cross-frames directly into
the bearing locations results in an increased displacement incompatibility between the
adjacent girders at the interior bearing line. For these cross-frames, the girder vertical
displacement is zero on the side connected to the bearing and non-zero on the other side.
Section 3.5.4 provides additional discussion of the effects of lean-on versus staggered
cross-frame framing arrangements on the completed bridge responses.

Bridge cases (M1) and (M2) EICSS2 (Figure 48) involved phased construction. With the
exception of the cross-frames within the closure region between the phases, the SDLF fit-
up forces are low.

The TDLF fit-up forces are high for Bridge (M1) EICSS2, due to the high transverse
stiffness caused by the contiguous cross-frame arrangement and the framing of the cross-
frames into the girders close into the bearing locations (i.e., small offsets). The closure
cross-frames are installed after the decks of the two phases are placed. This means the
closure cross-frames are installed under TDL conditions. As a result, the closure fit-up
forces are significant if these cross-frames are detailed for SDLF. Conversely, the TDLF
closure fit-up forces are relatively low. An alternate fit-up option for this bridge would be
to detail the main bridge cross-frames for SDLF, and detail the closure region cross-frames
to fit to the geometry under TDL. However, the girders are not plumb under TDL for SDLF
detailing of the main bridge cross-frames. Detailing the closure region cross-frames to fit
to this TDL geometry would involve additional detailed calculations that are different than
the routine calculations commonly conducted for TDLF. A suggested option for the cross-

frames in the closure region, to facilitate ease of fit-up, is to use chords without diagonals
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between the phases during the deck placement, where needed, and to then field weld or
field drill bolt holes to fit the cross-frame diagonals to the completed geometry.

e The fit-up forces on Bridge (M2) EICSS2 are reduced substantially due to the
modifications in the framing arrangement. In general, the fit-up forces in the closure region
for these bridges can be high, depending on the attributes of the framing plans. These

forces are not shown in Table 4.

3.2.3 Cross-Frame Fit-Up in Curved and Skewed Bridges

For the evaluation of the fit-up forces, all three main detailing methods were considered for
the curved and skewed bridges examined in this research. For curved radially-supported bridges,
NLF detailing generally provides the lowest fit-up forces. This is because SDLF and TDLF
detailing effects tend to be additive with the internal force effects in these bridge types. For straight
skewed bridges, SDLF detailing provides the lowest fit-up forces, while TDLF detailing makes
the fit-up during steel erection difficult in some longer-span cases with a high skew index. For

curved and skewed bridges, there is a complex combination of effects from the skew and curvature.

The following are trends in the values of cross-frame fit-up forces in the curved and skewed
bridge cases studied in this research (these trends are of course related to the trends observed for

the curved radially-supported bridges and straight skewed bridges):

e The cross-frame fit-up forces for NLF detailing are generally very low for radial bearing-
line cross-frames. This is because the girder deflections, girder differential deflections, and
girder layovers are practically zero at these locations. However, SDLF and TDLF detailing
tend to give a minor increase in the fit-up forces for these radial bearing-line cross-frames.
This is due to the deformation in the system caused by force-fitting the cross-frames at the
other locations and due to the lack-of-fit from the differential major-axis rotations of the

girders (note that the differential deflections are still zero).
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Figure 47. Critical erection stage of Bridge (K1) EICSS12 for TDLF detailing. The darker lines show portions of the bridge that are

already completed.
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Figure 48. Critical erection stage of Bridge (M1) EICSS?2 for TDLF detailing. The darker lines show portions of the bridge that are
already completed.
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e The cross-frame fit-up forces are generally slightly higher at the skewed bearing lines than
at the radial bearing lines. However, the cross-frame fit-up forces for all the detailing
methods tend to be largest near mid-span where the differential deflections and the

difference in girder layovers are also largest.

e The latter stages where the holding cranes often have been released often have larger cross-

frame fit-up forces due to larger bridge cross-section rotations and deflections.

e The orientation of the skew can make one fascia girder substantially longer than the other
fascia girder. In these cases, the cross-frame fit-up forces tend to be substantially larger for

the erection stages involving the longer girders in the bridge.

Table 5 provides a synthesis of the maximum fit-up forces during the steel erection, calculated
for all the curved and skewed bridges studied in this project. As indicated in Chapter 2, the simple-
span bridges are shown first followed by continuous-span bridges. They are presented in the order
of increasing maximum span length within each of these sub-groups. Some of the values require
detailed inspection of the bridge geometry, framing arrangement, and erection scheme to fully
understand their origins and significance. The base overall bridge geometry parameters shown in
Table 1 are also listed in Table 5 to assist the reader in inspecting the results. A calculated fit-up
force significantly more than 40 kip is considered difficult and is highlighted by dark shading in
the table. Maximum fit-up forces between 30 and 40 kip are shown by light shading.

It can be observed from Table 5 that there is no simple general trend for curved and skewed
bridges. The tendencies related to the skew and the horizontal curvature combine and/or offset
each other in complex ways in these types of structures. Other than this fact, the most important

points shown in Table 5 are as follows:

(1) The fit-up forces are highly dependent on the erection method. In tightly curved and sharply
skewed bridges, the use of shoring towers is advisable to reduce the deflections and help

reduce the fit-up forces due to the extreme geometries.
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Table 5. Maximum cross-frame fit-up forces of the curved and skewed bridges studied in this research (Fit-up forces below 30 kip
are unshaded, between 30 and 40 kip are shown by light shading, and above 40 kip are highlighted by dark shading).

Differential Maximum fit-up forces
. Framing Shoring L Wg R 0 Deflections (kip)
Bridge Plan Towers | (ft) | (fo) | (fo) | (deg) | LR | EMe | & (in.)
SDL TDL NLF SDLF TDLF
(N) NISCS14 Figure 14 0 150 74 280 53.7,0 | 0.54 2.0 0.53 0.49 1.52 353 349 | 348
(OLYNISCSIS | oo e 15 0 150 | 74 | 280 | -350 | 0.54 2.0 027 | 1.04 | 2.23
Scheme 1
(Ol) NISCSlS < 13 13 113 13 1 [ c € 13 [13
Scheme 2A
(Ol) NISCSlS < 13 13 113 13 1 [ c € 13 [13
Scheme 3
(Ol) NISCSlS < 13 13 113 13 1 [ c € 13 [13
Scheme 4
(02) NISCS15 . « « « « « « «
Scheme 2A Figure 28 0 0.66 1.40 141.0 1471
(02) NISCS 1 5 < 13 13 113 13 1 [ c € 13 [13
Scheme 2B 88.1 58.7
(02) NISCS 1 5 < 13 13 113 13 1 [ c € 13 [13
Seheme 2C 61.1 51.0
(02) NISCS 1 5 < 13 113 13 1 [ c € 13 [13
Scheme 4 ! ) 40.0

Notes:

(1) For bridge cases (O1) and (02) NISCS15, Scheme 1 uses one holding crane until 3 outside girders are installed. Scheme 2A uses two holding
cranes until 4 outside girders are installed. Scheme 2B is similar to Scheme 2A, but the holding cranes are retained until all girders are
installed. Scheme 2C is similar to Scheme 2B, but the cross-frames are installed sequentially in the opposite direction along the span. The
erection is from the inside to the outside of the curve for Scheme 3. Two holding cranes are used for Scheme 3. Scheme 4 uses one shoring
tower.
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Table 5 (Continued). Maximum cross-frame fit-up forces of the curved and skewed bridges studied in this research. (Fit-up forces
below 30 kip are unshaded, between 30 and 40 kip are shown by light shading, and above 40 kip are highlighted by dark shading).

Differential Maximum fit-up
. Framing Shoring Ly Wg R 0 Deflections forces (kip)
Bridge Plan Towers | (ft) | (ft) | (f) | (deg) | =R | LMe | K (in.)
SDL TDL NLF SDLF TDLF
(P) EISCS3 Figure 16 0 153 | 31 | 279 | 5240 | o055 | 50 | 024 | 0.40 | 0.83 | 23.4 | 149 | 168
Scheme 1
(P) EISCS3 « 0 « « « « « “ « “ “ AN 33.0 | 205
Scheme 2
(Q1) NISCS38 Figure 17 2 300 74 730 62.6,0 0.41 4.1 0.39 1.06 2.26 22.4 21.6 26.2
(Q2) NISCS38 Figure 29 2 «“ « « « « « « 1.00 | 2.15 | 20.1 | 185 | 15.7
(R1) NISCS39 Figure 18 2 300 74 730 -35,0 0.41 4.1 0.15 1.84 3.25 16.9 61.2 103.9
(R2) NISCS39 Figure 30 NA «“ « « « “ “ « 1.67 | 2.85 | NA NA NA
160, 0.60 0.23, 4.8, 0.31,
(S) XICCS7 Figure 19 1 210, | 33 700 €0.0 0.30, 6.4, 027, | 0.39 | 1.60 | 5.7 5.0 5.5
160 ’ 0.23 4.8 0.30
279, 531504 | 011, 35, 0.48,
(T1) EICCS27 Figure 20 4 224, | 799 | 2546 | o ) 5 | 0.09, 2.8, 0.70, | 1.67 | 5.90 | 15.2 | 14.2 LW
236 T 0.09 3.0 0.94
(T2) EICCS27 Figure 31 4 « « «“ « «“ « « 1.65 | 5.85 9.0 9.6 28.8
326, 0, 0.26, 6.3, 0.28,
(U1) EICCS28 Figure 21 NA 160, | 52 | 1255 54.5, 0.13, 3.1, 044, | 1.82 | 325 | NA | NA | NA
235 47,0 0.19 4.5 0.15
(U2) EICCS28 Figure 32 5 «“ « «“ « «“ «“ « 2.09 | 3.75 6.1 19.6 | 33.0
Notes:

(2) Bridge (P) EISCS3 erection is from the inside to the outside of the curve.
(3) Bridge cases (R2) NISCS39 and (U1) EICCS28 are not feasible for construction.
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(2) For bridges that are highly curved but not sharply skewed, the fit-up forces tend to follow
the trend for curved radially-supported bridges. For bridges that are sharply skewed but
not tightly curved, the fit-up forces tend to follow the trend for straight skewed bridges.

(3) The skew orientation has a significant influence on the fit-up forces in the highly curved
bridges. When the skew orientation makes the girder on the inside of the curve longer, the
effects of the skew tend to relieve the effects of the curvature. The fit-up forces for all three
detailing methods are lower in these cases. When the skew orientation makes the girder on
the outside of the curve longer, the effects of the skew tend to be additive with the effects
of the curvature. The fit-up forces for all three detailing methods are higher in these cases.

(4) The maximum fit-up forces tend to be larger for cases involving a combination of longer
maximum fascia girder span length with a tighter curve (larger Ls/R).

(5) Higher differential deflections tend to lead to higher fit-up forces. The fit-up forces are
significantly decreased when shoring towers are used. (Note that the differential deflections
reported in the table are the maximum values obtained between the individual cross-frame
ends in the completed bridge system, obtained from 3D FEA assuming No-Load Fit (NLF)

detailing of the cross-frames.)

The fit-up forces were evaluated for both the base and alternate framing arrangements of the
curved and skewed bridges, except for Bridge (R2) NISCS39 which experiences significant uplift
at the girder on the inside of the curve at the skewed bearing line, and Bridge (T1) EICCS28 which
experienced high cross-frame forces and significant uplift at one of its interior skewed bearing
lines. The alternate framing plans typically stagger the cross-frames near skewed bearing lines for
the base contiguous framing arrangements and make these cross-frame lines contiguous for cases
where the base bridge designs used staggered framing arrangements in these regions. The goal was
to study the effects of different framing arrangements on bridges with different combinations of
skew and curvature. The erection schemes (installation order of the girders and cross-frame and
support requirements) are the same for the base and the alternate framing arrangements for each
of the bridge cases, except Bridge (R2) and Bridge (T1). The following are further details of the
fit-up forces reported in Table 5 (The critical erection stages for TDLF detailing are shown for
each of the bridge cases in the subsequent figures in this section. In many cases, the critical stages

are the same stages for NLF, SDLF, and TDLF detailing):
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Bridge (N) NISCS14 (Figure 49) has a span length of 150 ft. The skew effects relieve the
curvature effects in this bridge; the maximum fit-up forces for this bridge are slightly below
the 40 kip threshold.

Bridge cases (O1) and (02) NISCS15 (Figures 50 and 51) also have a span length of 150
ft, but the skew effects are additive with the curvature effects. It can be seen from Table 4
that for all the cases except Erection Scheme 4 for bridge cases (O1) and (02), the fit-up
forces varied from relatively large to very large. For this bridge, Erection Scheme 1
involves erection from the outside to the inside of the curve with one holding crane on the
outside girder until the next two adjacent girders of the bridge cross-section are installed.
Erection Scheme 2A is similar to Erection Scheme 1 but has two holding cranes on the
outside girder until the next three adjacent girders of the bridge cross-section are installed.
Erection Scheme 2B is similar to Scheme 2A but holding cranes are retained until all
girders of the bridge cross-section are installed. For Erection Schemes 1, 2A, and 2B, the
cross-frames are installed sequentially from the skewed bearing line to the radial bearing
line. Erection Scheme 2C is similar to Erection Scheme 2B but the cross-frames are
installed sequentially from the radial bearing line to the skewed bearing line.

As shown by Table 5, for the same framing arrangement, generally the maximum fit-up
forces are reduced the most by the scheme that has more vertical support (i.e., the scheme
that has more holding cranes and in which the holding cranes are left in place until a larger
number of girders and cross-frames are installed). For Bridge (O1) NISCS15, Erection
Scheme 3 - erecting from the inside to the outside of the curve - significantly increases the
maximum fit-up forces. For bridge cases (O1) and (O2) NISCS15, Erection Scheme 4 uses
a shoring tower across the full width of the bridge cross-section until all the girders are
erected. As a result, the maximum fit-up forces for bridge cases (O1) and (O2) NISCS15
Erection Scheme 4 are significantly smaller than for the other erection schemes.

For Bridge (P) EISCS3 (Figure 52), the skew effects relieve the curvature effects. For
Erection Scheme 1 on this bridge, where the girders are erected from the outside to the
inside, the maximum fit-up forces are relatively low. Bridge (P) EISCS3 and Bridge (N)
NISCS14 (Figure 49) have a skew index of 0.24 and 0.53, respectively. The maximum fit-
up forces are lower for Bridge (P) than for Bridge (N). For Erection Scheme 2 on Bridge
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(P), where the girders are erected from the inside to the outside, the maximum NLF fit-up

force is slightly above the 40-kip threshold.

Figure 49. Critical erection stage of Bridge (N) NISCS14. The darker lines show portions of the
bridge that are already completed. The triangles denote the pick points of the lifting.

The holding crane is
maintained on the outside
girder until three outside
girders and CFs are
installed. One holding
crane.

SCHEME 1

The holding crane is
maintained on the outside
girder until four outside
girders and CFs are
installed. Two holding
cranes.

SCHEME 2A

Figure 50. Critical erection stages of erection schemes 1 and 24 of bridge cases (O1) and (O2)
NISCS15 for TDLF detailing. The darker lines show portions of the bridge that are already
completed. The triangles denote the pick points of the lifting and holding cranes.
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The two holding cranes are
maintained on the outside
girder until all girders and CFs
are installed.

1 Y 1]
SCHEME 2B
— Similar to Scheme 2B but the
CFs are installed in the
opposite direction, from the
= right to left bearings.
SCHEME 2C
- Inside to outside erection.
r~— The two holding cranes are
L1 ! on the inside girder adjacent
" ) to the girder being installed.
SCHEME 3
Shoring Tower

The shoring tower is retained
until all girders and CFs are
installed.

SCHEME 4

Figure 51. Critical erection stages of erection schemes 2B, 2C, 3 and 4 of bridge cases (O1) and
(O2) NISCS15 for TDLF detailing. The darker lines show portions of the bridge that are already
completed. The triangles denote the pick points of the lifting and holding cranes.
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SCHEME 1
::Ffl I
s 1
Sy \
SCHEME 2

Figure 52. Critical erection stages of erection schemes 1 and 2 of Bridge (P) EISCS3 for TDLF
detailing. The darker lines show portions of the bridge that are already completed. The two

triangles denote the pick points of the lifting and holding cranes.

For bridge cases (Q1) and (Q2) NISCS38 (Figure 53), the skew effects again relieve the
curvature effects. However, the span length is 300 ft at the centerline of this bridge, and
the maximum fascia girder span length is 365 ft. Two shoring towers are used to erect this
bridge. By using this approach, the maximum fit-up forces are manageable. Phased
construction was initially considered for the bridge case (Q1). However, the studies showed
that phased construction was not feasible for this case. Phased construction was not

considered for bridge case (Q2).
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Figure 53. Critical erection stage of Bridge (Q1) NISCS38. The two triangles are the pick points
of the lifting crane.

Bridge (R1) NISCS39 (Figure 54) also has a span length of 300 ft but its skew effects are

additive to its curvature effects. Two shoring towers are used to erect this bridge.
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Figure 54. Critical erection stage of Bridge (R1) NISCS39 for TDLF detailing. The
darker lines show portions of the bridge that are already completed. The two triangles

denote the pick points of the lifting and holding cranes.

e Bridge (R2) NISCS39 uses a contiguous framing arrangement. This bridge experiences

significant uplift at the obtuse corner associated with its skewed bearing line. The required
capacity of tie-downs and the magnitude of counter-weights to resist the uplift are
impractical. As such, the results for this framing arrangement are studied only for the final
constructed geometry. This bridge is effectively unbuildable, unless it is substantially

shored during the construction, and even then, the uplift at the obtuse corner is impractical
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in the bridge’s final constructed condition. Erection studies are not conducted and the fit-
up forces are not provided for this bridge case.

e Bridge (S) XICCS7 (Figure 55) has a relatively low Ls/R ratio. The use of a shoring tower
and skewed bearing line cross-frames at the interior piers, combined with offsetting the
intermediate cross-frames from the bearing lines, help to make the fit-up forces for this

bridge the lowest of all the curved and skewed bridge cases studied.

CL BEARING LINE 1 CL BEARING LINE 4

F.8.4

F.8.3

Figure 55. Critical erection stage of Bridge (S) XICCS7. The darker lines show portions of the
bridge that are already completed. The two triangles denote the pick points of the lifting and
holding cranes.

e Bridge cases (T1) and (T2) EICCS27 (Figure 56) have the lowest Ls/R ratio of the curved
and skewed bridges studied in this research. This bridge behaves much like a straight
skewed bridge. The SDLF fit-up force is the lowest for bridge case (T1) and is only slightly
larger than the NLF fit-up force for bridge case (T2). The TDLF fit-up forces for bridge
case (T1) are relatively large because of the contiguous cross-frames and intermediate
cross-frames framing into the bearing locations. The maximum fit-up forces for bridge case
(T2) are significantly reduced because the cross-frames are staggered throughout the spans
and the intermediate cross-frames framing into the bearing locations are eliminated. Four
shoring towers are used for the erection of cases (T1) and (T2), all positioned at the no-
load elevations. The spans in this bridge have multiple field splices. Span 1 has three field
sections and two shoring towers are selected for that span. Span 3 has two field sections,
and one shoring tower is selected for that span. Span 2 involves the use of a drop-in
segment and needs one shoring tower to limit its deflections. After making the field splices
within the spans of this bridge, the shoring towers in the corresponding spans could be
moved toward the middle of the span to reduce the number of shoring towers. However,

it is felt that it is more efficient to maintain the towers at their original locations throughout
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the erection. Two lifting cranes with a spreader beam and holding cranes are used for this
bridge.

Bridge case (U1) EICCS28 experiences high cross-frame forces and significant uplift at an
interior bearing location due to the use of contiguous cross-frame framing arrangement in
all spans with intermediate cross-frames framing into the interior bearing locations, poor
span balance, long spans, tight curvature and sharp skew. As such, the results for this
framing arrangement are studied only for the final constructed geometry. Erection studies
are not conducted and the fit-up forces are not provided for this case.

For bridge case (U2) EICCS28 (Figure 57), the cross-frames are staggered near the skewed
bearing lines and skewed bearing line cross-frames are used along with offsetting of the
intermediate cross-frames from the bearing lines. Due to the large span lengths and large
number of field sections, five shoring towers are selected to facilitate the installation of the
girders and cross-frames. Using this approach, the maximum fit-up forces for this case are

relatively low.
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Figure 56. Critical erection stage of Bridge (T1) EICCS27for TDLF detailing. The darker lines show portions of the bridge that is
already completed. The triangles denote the pick points of the lifting crane.
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Figure 57. Critical erection stage of Bridge (U2) EICCS2S8 for TDLF detailing. The darker lines show portions of the bridge that is
already completed. The two triangles denote the pick points of the lifting crane.
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3.3 Girder Splice Fit-Up

Girder splice fit-up forces are the forces required to physically bring two adjacent field sections

together and complete the splice connection during the erection of the steel. In the NCHRP 20-07

Task 355 research, girder splice fit-up is examined by calculating the following quantities (induced

at the splice connections as the girder field sections are installed):

The major axis bending moments,
The equivalent flange forces from the major-axis bending moments, and

The flange lateral bending moments.

The following are important considerations regarding fit-up and girder splices:

For the cases where the girder field sections are installed sequentially from one end of the
bridge to the other, typically the erector can simply knife the field sections in at the splice
to the portion of the structure that is already erected. That is, the erector typically can adjust
the position and orientation of the field section being erected, so that it will fit properly
with the previously erected field section to which the new section is being spliced.

The erector needs to ensure that the girder end at the splice, in the portion of the structure
that is already erected, is at an orientation and/or elevation such that there is no interference
of the field section being knifed in with the abutments or piers.

When interference of the field section and the abutments or piers occurs, the erector can
increase the elevations at shoring towers and/or cranes, remove a bearing, etc., to resolve
the interference.

In addition, the erector can avoid the interference by adjusting the locations and/or heights
of the shoring towers (either in the back spans or in the cantilever spans) such that the
cantilever tips deflect to higher elevations and/or the slope at the tips are positive to the

horizontal line.

Curved girders are also likely to be twisted at the cantilevered end due to the effects of the
horizontal curvature. Lifting to adjust the orientation of the web is more problematic for
curved bridges since the girders typically are interconnected by cross-frames and are
working together as a structural system; therefore, relatively large forces may be required

to increase the bridge elevations.
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Erecting the girders in the above fashion is not always feasible due to reasons such as site

constraints. An example case of this is Bridge (E) EICCR11, where the erection site constraint was

a waterway. The following describes the erection stages for the actual field section installation in

this bridge:

Girder field sections were installed from the right abutment (Support 4 in Figure 58) and
the second pier (Support 3 in Figure 58).

The field section between Field Splices F.S.8 and F.S.9 was then dropped in. The first
splice connection at F.S.8 could be knifed in with relative ease. However, the second splice

connection at F.S.9 was difficult.

Table 6 shows the predicted major-axis bending moments, flange lateral bending moments,

and equivalent flange forces developed at the second splice at the time that this connection is made

(for girders 2, 4, and 1). Stages 12, 15, and 16 involved the installation of the drop-in field sections

between F.S.8 and F.S.9 for girders 2, 4, and 1, respectively. The following are observations from

Table 6:

Stage 12 (shown only the curved span in Figure 59) is the critical stage for Bridge (E)
EICCRI11.

The cross-frames of this bridge were designed and fabricated approximately for SDLF.
This led to delays and fit-up difficulty as observed in the field. It is evident from Table 5
that NLF detailing would have substantially alleviated the problems that occurred in
erecting this bridge.

The SDLF and TDLF detailing effects tend to increase the predicted major-axis bending
moments, flange lateral bending moments, and equivalent flange forces developed at the
second splice connection. This is consistent with the field observations that the field splice
fit-up was very difficult for the approximation of the SDLF detailing condition used in this
bridge.

It should be reiterated that Bridge (E) EICCR11 is an extreme case involving longer-spans
and significantly larger Ls/R and Ls/wg than the other bridges studied in this research.

The major-axis and flange lateral bending moments and the equivalent flange forces for
NLF detailing are relatively low, but they are not ideally zero. This is due to the deflections
of the bridge system in spite of the shoring towers, cranes, and pier brackets which were

all set at the no-load elevations.
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Figure 58. Erection stages involving field splice connections of drop-in segments in Bridge (E) EICCRI 1.
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Figure 59. Critical stage of Bridge (E) EICCRI1, involving field splice connection of drop-in
segments of girder line 2 (showing only the curved span).

Table 6. Predicted major-axis bending moments, equivalent flange forces, and flange lateral
bending moments and at the second field splice connections at F.S.9 for G2, G4, and G1 for
Bridge (E) EICCRI 1.

Detaili M Equivalent Top Flange Bottom Flange
Stage Ni iiluzig (kip*ft) Flange: M, M,
i Force (kip) | (kip*ft) (kip*ft)

NLF 315 23 4.8 4.8

12 SDLF 7566 540 435 9.5
TDLF 11267 805 103.1 17.2

NLF 212 15 5.3 5.4

15 SDLF 2694 192 34.3 2.8
TDLF 1454 104 32.4 13.0

NLF 639 46 0.2 1.8

16 SDLF 8986 642 103.9 12.3
TDLF 12443 889 161.0 15.7
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The curved and skewed bridge cases (T1) and (T2) EICCS27 (shown in Figure 60 for Bridge
(T1)) also involved the use of drop-in segments. From Table 7, one can observe that values of the
predicted major-axis bending moments, flange lateral bending moments, and equivalent flange
forces at the second field splice connection of the inside girder are much lower for both bridge
cases (T1) and (T2) than bridge case (E). This is because bridge cases (T1) and (T2) have the
smallest Ls/R ratio of the bridges studied and four shoring towers are used for the erection of cases
(T1) and (T2), all positioned at the no-load elevations. The values for bridge case (T2) are
significantly reduced because the cross-frames are staggered throughout the spans and the
intermediate cross-frames framing into the bearing locations are eliminated. The SDLF and TDLF
detailing effects tend to increase the predicted major-axis bending moments, flange lateral bending
moments, and equivalent flange forces developed at the second splice connection for bridge cases

(T1) and (T2).

Shoring towers and holding and lifting cranes should be set at the no-load elevations to
facilitate girder splice fit-up of drop-in segments. This is because the girders, and the girder splices,
are detailed for NLF by customary practice. For straight skewed bridges, shoring towers and
holding and lifting cranes should be set at the SDL elevations to facilitate cross-frame fit-up. For
straight skewed bridge cases that involve drop-in segments, the elevations can be adjusted

temporarily to higher elevations to facilitate the girder splice fit-up.

Table 7. Predicted major-axis bending moments, equivalent flange forces, and flange lateral
bending moments and at the second field splice connection of the inside girder for bridge cases

(T1) and (T2) EICCS27.
Equivalent
Bridge Detailing .M Flanec Top Flange Bottom Flange
Case Method (kip*ft) s ; M. M,
Force (kip) (kip*ft) (kip*ft)
NLF 31 0.3 0.1 0.2
(T1) 2
BICCS2T SDLF 113 . 1.1 1.2
TDLF 508 5.6 4.8 42
(T2) NLF 6 0.1 0.4 0.3
EICCS27 | SDLF 20 0.2 1.1 0.8
TDLF 61 0.7 3.5 2.5
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Figure 60. Erection stage involving field splice connections of drop-in segments in Bridge (T1) EICCS27.
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3.4 Influence of Detailing Methods on Completed Bridge Responses

Cross-frame detailing methods can have a significant influence on the responses in completed
bridge systems. This section provides a major synthesis of the broad effects of different types of
detailing on the responses for the three major bridge types considered in this research — curved
radially-supported, straight skewed and curved and skewed. Data from the parametric studies
conducted in this research is summarized and analyzed to explain the trends, and recommendations

for simplified handling of the effects of the different cross-frame detailing methods are provided.

It can be argued that, ultimately, the simplest way of handling the effects of SDLF or TDLF
cross-frame detailing on bridge responses is to directly model the corresponding fabricated lack-
of-fit between the cross-frames and the girders. This approach gives the most accurate calculation
of the reductions in cross-frame forces and girder flange lateral bending stresses in cases where
the detailing results in a reduction of these forces and stresses, and it gives the most accurate
calculation of increases in these responses in cases where increases occur. The basic structural
analysis methods for handling lack-of-fit are fundamental, and are taught in common
undergraduate Strength of Materials and Structural Analysis courses. The handling of lack-of-fit

is very similar to the handling of the effects of temperature change within the structural system.

Nevertheless, within a design production environment, it is essential that the lack-of-fit
calculations be handled in an automated or semi-automated fashion to avoid undue manual and
potentially error prone calculation burdens on the design engineer. Although the direct lack-of-fit
calculations are relatively basic and straightforward, they require a detailed understanding and,
manually, they can become somewhat tedious. Section 3.9 aims to provide the necessary details
of the processes for handling the lack-of-fit due to SDLF and TDLF detailing of the cross-frames.
It is hoped that bridge engineers and software providers will recognize the value of these calcula-
tions, and that handling of lack-of-fit from the detailing of the cross-frames in curved and/or
skewed I-girder bridges will eventually become as common place as other important considera-
tions such as handling of temperature effects and staged deck placement or general staged
construction effects. Until this milestone is reached, and even then, for certain design situations,
simplified methods are needed to account for these effects in design, where they are important. In
addition, the influences of SDLF and TDLF detailing generally need to be better understood by

bridge professionals. This section aims to address these needs in a thorough fashion.
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Abbreviations and definitions of terms central to discussion of the influence of detailing
methods on completed bridge responses are summarized in Section 3.4.1. Section 3.4.2 provides
a synthesis of the wide range of facts and attributes pertaining to curved and/or skewed I-girder
bridge fit. It is important to understand these facts and attributes to facilitate a complete
understanding of the considerations and the data summarized from related analytical studies.
Recommended procedures for including the results from a dead load fit refined analysis (DLF RA)
in LRFD load combinations (i.e., the locked-in stresses and forces obtained from a refined analysis
that includes the lack-of-fit associated with SDLF or TDLF detailing of the cross-frames) are
discussed in Section 3.4.3. This is followed by Section 3.4.4 which summarizes key questions
pertaining to the influence of the fit decision on completed bridge responses. These questions are
addressed in Sections 3.4.5 to 3.4.10. The specific influences of SDLF and TDLF detailing on the
bridge responses is summarized in these sections. In addition, these sections provide recommenda-
tions for handling DLF detailing effects using simple approximate scale factors on the dead load
results from a No-Load Fit Refined Analysis (NLF RA), i.e., a refined analysis that does not
include the lack-of-fit effects from DLF detailing of the cross-frames. These sections address the
following six specific combinations of bridge types and methods of setting the cambers and

detailing of the cross-frames:
e Curved radially-supported bridges with cambers set based on NLF RA,
e Straight bridges with parallel skew and cambers set based on Line Girder Analysis (LGA),
e Straight bridges with parallel skew and cambers set based on NLF RA,
e Straight bridges with non-parallel skew and cambers set based on LGA,
e Straight bridges with non-parallel skew and cambers set based on NLF RA, and
e Curved and skewed bridges with cambers set based on NLF RA.

In each of these sections, key results and data from the studies conducted in this research are
presented first, followed by a summary of the influences of SDLF and TDLF on the different
bridge responses and recommendations for the use and simplified handling of the SDLF and TDLF
detailing effects.
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3.4.1 Abbreviations and Definitions

The area of skewed and curved I-girder bridge fit is littered with numerous subtle and
ambiguous definitions and terms. Therefore, it is essential to provide clear definitions of all the

terms to be able engage in any rigorous evaluation and discussion of the procedures.

3.4.1.1 Abbreviations

The following abbreviations are used in the discussions below to help make the discussions as

concise as possible:

CDL = Concrete Dead Load

CF = Cross-Frame

DL = Dead Load

LGA = Line Girder Analysis

NL = No Load, i.e., zero load

NLF = No-Load Fit

RA = Refined Analysis

SDL = Steel Dead Load, i.e., self-weight of all the structural steel including the
girders and the CFs

SDLF = Steel Dead Load Fit

TDL = Total Dead Load, taken as the weight of the structural steel plus the

weight of the concrete bridge deck, but not including any additional

DC2 and DW loads

TDLF = Total Dead Load Fit
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3.4.1.2 Definitions

The following terms are used in the discussions below:

CF detailing

CF drop

Determination of the cross-frame (CF) fabricated geometry such that the
CF connection work points match with corresponding work points on
the girders in a particular assumed undeflected or deflected geometry,
with the girders assumed to be plumb and without any forcing or

deformation of the CFs. Also referred to as fit.

The difference in the vertical elevation between the top of the girder
webs on each side of a CF, considered under NL or under a targeted DL
condition. For SDLF and TDLF detailing, the detailer calculates the
drops by subtracting the vertical DL deflections (i.e., the girder SDL or
TDL cambers) provided on the design plans from the girder fully-
cambered NL geometry. Alternatively, some detailers start from the
targeted TDL elevations and add the appropriate deflections (the TDL
minus the SDL deflections for SDLF, or the TDL deflections for NLF)
to determine the geometry in the targeted fit condition. The goal is for
the CF connection work points to match with the corresponding work
points on the girders in the targeted fit condition. It is important to note
that, generally, there are two major contributors to the detailing of the
CFs. The CF drops are one contributor. The other contributor,
particularly at skewed CF lines, is the corresponding girder connection

plate rotated positions in the targeted DL geometry.

CF initial lack-of-fit forces = The CF member forces required to theoretically resolve the lack-of-

fit in the undeformed NL geometry due to SDLF or SDLF detailing, if
the girders were held artificially in their fully-cambered NL geometry
and the CFs were then deformed (subjected to their initial strains) such
that their connection work points are matched with the corresponding
work points on the girders. The actual CF locked-in forces due to the
lack-of-fit are generally much smaller than the CF initial lack-of-fit

forces, since deformations are induced in the girders and the rest of the
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CF initial strains

structure when the CF lack-of-fit is resolved by enforcing compatibility
at the CF-to-girder connections. As such, although the locked-in forces
due to SDLF or TDLF detailing are directly related to the CF lack-of-
fit, the CF lack-of-fit on its own is not sufficient to estimate the locked-
in forces. The locked-in forces also depend on the compliance of the
structure in resisting the removal of the lack-of-fit displacements by

enforcing compatibility at the CF-to-girder connections.

The strains induced in the CF members by theoretically resolving the
lack-of-fit in the undeformed NL geometry due to SDLF or TDLF
detailing, if the girders were held artificially in their fully-cambered NL
geometry and the CFs were then deformed such that the CF connection
work points are matched with the corresponding work points on the

girders.

CF initial fixed-end forces = The forces induced in an equivalent beam representation of the CFs

CF lack-of-fit

by theoretically resolving the lack-of-fit in the undeformed NL
geometry due to SDLF or TDLF detailing, if the girders were held
artificially in their fully-cambered NL geometry and the CFs were then
deformed such that the CF connection work points are matched with the

corresponding work points on the girders.

The difference in the position between the work points of the CF
connections and the corresponding work points on the girders in the
undeformed geometry of the structure under zero load, typically
measured/calculated as the displacement incompatibility between the
CF and the girder on one side of the CFs with the CF connection work
points attached to the girder work points on other side of the CFs. This
is also referred to as the “CF initial lack-of-fit.” It should be noted that
for CFs that are not normal (perpendicular) to the girders, there are
generally two contributions to the initial lack-of-fit: (1) the difference
in the vertical elevation between the work points on the connected

girders, typically referred to as the CF drop, and (2) the major-axis
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Dead Load Fit (DLF)

DL condition =

DLF detailing

bending rotational orientation of the connection plates at the girder work
points (see Section 3.9.1). The NL geometry defines the reference state
of the corresponding conservative elastic system at which the strain
energy is equal to zero. Hence, the NL configuration serves as the most
appropriate basis for calculation of the lack-of-fit and its effects on the

structure.
Dead Load Fit (DLF) detailing.

The fit condition under a given DL, typically either the SDL condition
or the TDL condition.

A method of detailing in which the CF fabricated geometry is set such
that the CF connection work points match with corresponding work
points on the girders in a particular dead load (DL) deflected position,
with the girders assumed to be plumb and without any forcing or

deformation of the CFs.

DLF Refined Analysis (RA) = A refined analysis (RA) that includes initial strains in the CF

DLF RA Cambers =

Fit =

members (for 3D FEA) or initial fixed-end forces in the CF elements
(using accurate grid analysis methods) to account for any fabricated
lack-of-fit between the CFs and the girders in the undeformed geometry

of the structure.

Girder cambers calculated using a DLF Refined Analysis (RA). This
calculation of the girder cambers would generally require an iterative
solution, since DLF detailing generally has some influence on the girder
vertical displacements, and in turn, the girder displacements influence
the DLF RA cambers and the DLF RA cambers influence the girder
vertical displacements. This process is neither recommended nor

required for sufficiency of DLF detailing.

In curved and/or skewed I-girder bridges, the process of determining the

geometry in which the CFs are detailed to attach to the girders.
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Fit-up

Fit-up forces

Fit condition

Fit choice
Fit decision
Lack-of-fit

Lack-of-fit analysis

Layover

The process of assembling the structural steel during the bridge erection.
It is desirable that the fit-up of the structural steel should be manageable,

without the need for excessive jacking or pulling forces from the erector.

The forces required to physically bring the components together and
complete a connection during the erection of the steel. These forces are
influenced by initial lack-of-fit effects from SDLF or TDLF detailing of
the CFs, but generally, they are distinctly different from the forces
associated with the initial lack-of-fit between the girders and the CFs in

the initial fabricated NL geometry.

The undeflected or deflected geometry of the girders that the CFs are
detailed to attach to without any forcing or deformation of the CFs. The
fit condition is selected to offset, or compensate for (to different
extents), the tendency of the I-girders to twist in curved and/or skewed
bridges (with due consideration of the impact on the bridge
constructability and the impact on the internal forces in the structure).
The selected fit condition corresponds to a specific targeted outcome of

when the girder webs will be approximately plumb in the field.
Fit decision.

The selection of a fit condition; also referred to as the fit choice.
CF lack-of-fit.

A structural analysis in which locked-in forces are determined based on
the initial lack-of-fit between the connection points within the structure.
The designer can conduct a lack-of-fit analysis without any applied DL
on the structure to calculate the specific locked-in forces in the structure,
or the SDL or TDL may be included in the analysis to determine the
total force effects in the structure for the selected SDL or TDL

condition.

The lateral deflection of the girder top flange relative to its bottom

flange associated with twisting.
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LGA cambers

Locked-in forces

NL condition

No-Load Fit (NLF)

NLF detailing

Camber profiles determined based on a Line Girder Analysis (LGA).
LGA cambers are applicable only for straight skewed bridges.
Furthermore, it is explained in this research that Refined Analysis (RA)

cambers are the preferred cambers for use in design.

The internal forces induced into the structural system by the CF lack-
of-fit. These internal forces would remain if the structure’s DL were
theoretically removed. In straight skewed bridges, the locked-in forces
in the CFs due to SDLF or TLDF detailing are predominantly opposite
in sign to the corresponding DL effects. In curved radially-supported
bridges, the locked-in forces in the CFs due to SDLF or TDLF detailing
are predominantly additive with the corresponding DL effects. The
locked-in forces are never “removed” by the corresponding SDL or
TDL forces; however, when they are opposite in sign to these forces,
they reduce these forces. In addition, it should be noted that the locked-
in forces in the CFs generally are substantially smaller than the
corresponding CF initial lack-of-fit forces. This is due to the overall
compliance of the structural system that is invoked when resolving the
lack-of-fit (i.e., when the CFs are forced to connect to the girders at the
connection work points, the structure deforms under the associated
loads). Therefore, just the lack-of-fit itself is not a good indicator of the

magnitude of the locked-in forces in a bridge structure.

The undeformed plumb geometry of the girders under No Load; also

referred to as the fully-cambered condition.

The process of conducting NLF detailing; also referred to as “fully-

cambered fit.”

A method of detailing in which the CF fabricated geometry is set such
that the CF connection work points match with corresponding work
points on the girders, without any forcing or deformation of the CFs and

with the girders assumed erected in their undeformed fully-cambered
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(plumb) geometry under zero load (i.e., under NL); also referred to as

“fully-cambered fit.”

NLF Refined Analysis (RA) = A refined analysis that does not include any accounting for DLF.

NLF RA Cambers =

Girder cambers calculated using a NLF Refined Analysis (RA). NLF

RA cambers are the recommended standard camber calculation.

Nuisance transverse stiffness = Undesired transverse stiffness associated with a combination of

Refined Analysis (RA)

the bridge skew and CF framing arrangement that can result in
excessively large CF forces, and potentially difficult CF installation,
particularly near skewed support lines. Nuisance transverse stiffness
effects can be reduced, when CFs are provided along a skewed support
line, by offsetting the first intermediate CF placed perpendicular to the
girders adjacent to that support, where practicable, by a distance greater
than or equal to the minimum indicated in AASHTO LRFD Article
C6.7.4.2, and by providing discontinuous (staggered) CF lines in the
vicinity of the skewed supports.

= A structural analysis in which the 3D actions of the interconnected
bridge system are accounted for. In all the discussions provided in this
study, it is assumed that the RA is an accurate RA. That is, it is assumed
that the analysis provides an accurate calculation of the true 3D bridge
system responses. NCHRP Report 725 provides guidelines for when
simplified methods of analysis, such as grid methods, may be
considered to be sufficiently accurate. In this research, refined 3D FEA
models, as described in Section 2.6, are employed to represent the “gold

standard” RA.

Refined Analysis (RA) cambers = Girder cambers (SDL or TDL) determined using an accurate

SDL camber =

refined analysis of the interconnected 3D bridge system in which the
bridge model is fully assembled and then the gravity loads are simply

“turned on.”

The negative of the girder SDL deflections.
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SDL condition =

The hypothetical geometry in which the girders are assumed to be plumb
but subjected to the Steel Dead Load (SDL) vertical deflections; also

referred to as the “erected condition.”

Steel Dead Load Fit (SDLF) = The process of conducting SDLF detailing; also referred to as

SDLF detailing =

Targeted DL condition

Targeted DL geometry

Targeted fit condition =

“erected fit.”

A method of detailing in which the CF fabricated geometry is set such
that the CF connection work points match with corresponding work
points on the girders, without any forcing or deformation of the CFs and
with the girders deformed into the plumb hypothetical position obtained
by subtracting the SDL vertical deflections calculated at the completion
of the steel erection, and the associated girder major-axis rotations, from
the fully-cambered geometry of the girders; also referred to as “erected
fit.” Detailers work with the girder SDL cambers or SDL deflections
specified on the engineering drawings to set the CF drops associated
with this method of detailing. They also consider the relative major-axis
bending rotational orientation of the girder connection plates associated
with the CF drops. The girders are assumed to be displaced from their
initially fabricated fully-cambered and plumb position to the targeted
plumb SDL position. Any twisting of the girders associated with their
3D interactions with the CFs and the overall structural system are not

considered in these calculations.

= The DL condition for which the CFs are detailed and in which it is
desired for the girders to be approximately plumb, selected considering
the impact on constructability and on the internal forces generated in the
structure, i.e., the SDL condition for SDLF and the TDL condition for
TDLF; also referred to as the targeted fit condition and the targeted DL
geometry.

= Targeted DL condition.

Targeted DL condition.
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Targeted elevation

Targeted TDL elevation

TDL camber =

TDL condition

Total camber =

The desired final elevation of the girders under the TDL, taken as a flat
horizontal plane in the absence of considering the superelevation, cross-
slope, vertical curve and grade; also referred to as the targeted TDL

elevation.
= Targeted elevation.

The negative of the girder TDL deflections; also referred to as the total
camber. This is the nominal camber used for fabrication of the girders.
The actual fabricated girder camber is typically larger than the nominal
camber since the AWS D1.5 Specification (AWS 2010) has a zero

tolerance for under-camber.

The hypothetical geometry in which the girders are assumed to be plumb
but subjected to the total deal load (TDL) vertical deflections; also

referred to as the “final condition.”

TDL camber.

Total Dead Load Fit (TDLF) = The process of conducting TDLF detailing; also referred to as

TDLF detailing =

“final fit.”

A method of detailing in which the CF fabricated geometry is set such
that the CF connection work points match with the corresponding work
points on the girders, without any forcing or deformation of the CFs and
with the girders deformed into the plumb hypothetical position obtained
by subtracting the TDL vertical deflections calculated at the completion
of the concrete deck placement, and the associated major-axis rotations,
from the fully-cambered geometry of the girders (or put alternately, with
the girders deflected into their final targeted elevations); also referred to
as “final fit.” Detailers work solely with the girder total cambers or the
TDL deflections specified on the engineering drawings to set the CF
drops associated with this method of detailing. They also consider the
relative major-axis bending rotational orientation of the girder

connection plates associated with the CF drops. The girders are assumed
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to be displaced from their initially fabricated (cambered and plumb)
position to the targeted plumb TDL position. Any twisting of the girders
associated with their 3D interactions with the CFs, slab, and overall

structural system are not considered in these calculations.

3.4.2 Facts and Attributes of Curved and/or Skewed I-Girder Bridge Fit

There are numerous facts and attributes associated with skewed and/or curved I-girder bridge
fit. It is important to clearly understand these facts and attributes as a starting point for any rigorous

assessment of the procedures.

3.4.2.1 General

The following are general facts and attributes about curved and/or skewed I-girder bridge fit:

e SDLF and TDLF detailing give approximately plumb webs in the targeted DL condition.

e Except in unusual cases involving substantial global displacement amplification of a slender I-
girder bridge unit in its noncomposite condition during the deck placement, due to stability
effects as discussed in AASHTO LRFD Article 6.10.3.4.2, deviation from the ideal plumb
condition due to the deflection of the structure is typically taken to have a negligible influence
on the structural resistance.

e Twisting of the girders and of the structural system in skewed and/or curved I-girder bridges
is not necessarily indicative of a structural problem or deficiency; it is a natural, predictable,
and controllable response to gravity loading in these types of structures. If this were not the
case, essentially all of these bridges would be deficient under the design live loads (since they
twist under live load).

e Since the structural displacements in skewed and/or curved bridges involve twisting of the
girders and of the bridge system, the girders can be plumb only under one loading condition.
In fact, generally speaking, due to the elastic deformation of the CFs and the elastic torsional
deformation of the girders, all the girders being perfectly plumb at all locations is physically
impossible except in certain very specific cases.

e The magnitude of the TDLF detailing effects on the responses is generally larger than the
magnitude of the SDLF detailing effects. For SDLF or TDLF detailing, the pattern of the

effects on the responses typically is similar under the respective targeted SDL and TDL
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conditions. There are slight differences in some cases due to geometric nonlinearity of the
bridge system.

e The locked-in forces in the bridge structural system due to SDLF or TDLF depend generally
on both the lack-of-fit in the NL fully-cambered geometry associated with the DLF detailing
as well as the overall compliance of the structural system in resisting the removal of the lack-

of-fit displacements, when compatibility is enforced at the CF-to-girder connections.

3.4.2.2 Straight skewed bridges with the CFs detailed based on Line Girder Analysis
(LGA) cambers

The following are specific facts and attributes about straight skewed bridge fit where the CFs
are detailed based on LGA:

¢ In straight skewed bridges, SDLF using LGA cambers results theoretically in zero CF forces,
zero flange lateral bending stresses, and perfectly plumb girders in the SDL condition. This is
accomplished by detailing the CFs to fit between the girders in their theoretical deflected
position under the self-weight of the structural steel, but with the CFs conceptually disengaged
such that they do not transfer any internal forces. If the girders are allowed to deflect
conceptually under the SDL with the CFs disengaged, the girder vertical deflections, major-
axis bending stresses, and reactions are theoretically identical to the values determined from
LGA for the SDL. In turn, for SDLF, the CF connection work points match with the
corresponding work points on the SDL deflected geometry of the girders.

e The above result, i.e., girder responses identical to the values determined from LGA for the
SDL, is accomplished in the 3D bridge system via the lack-of-fit introduced between the CFs
and the girders in their undeformed (NL) geometry by the SDLF detailing of the CFs.

¢ Based on the assumptions that:

1) All the bridge components stay elastic,
2) Any play in the CF-to-girder and girder splice connections has a negligible influence
on the bridge response, and
3) There is no incidental restraint (friction forces, etc.) at the bridge supports,
the bridge is a conservative elastic structural system. As such, the bridge responses in the
completed condition and at any stage of erection are unique and independent of the prior

sequence of the erection. These are the assumptions commonly made by the design engineer
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when analyzing a bridge. This fact explains why the above two different conceptual models

for SDLF (i.e., disengaging the CFs from the girders and then connecting them once the girders

are deflected to their SDL profiles, versus forcing the girders and CFs to fit together under zero
load, then applying the SDL) produce the same end result. This does not mean that the erector
can neglect the influence of play in the structural connections on the bridge geometry.

In straight skewed bridges, TDLF using LGA cambers results in theoretically zero CF forces,

zero flange lateral bending stresses, and perfectly plumb girders in the TDL condition, based

on the idealization that the deck forms and the bridge deck in its early condition during concrete
placement do not provide any interconnection between the girders in resisting the TDL.

Similar to the above behavior for SDLF detailing, TDLF detailing of the CFs based on LGA

cambers theoretically produces zero CF forces, and girder responses identical to the values

determined from LGA, for the TDL condition in straight skewed bridges.

The above behavior for SDLF and TDLF is the same regardless of whether the bridge has

parallel or non-parallel skew of its bearing lines. SDLF and TDLF detailing of the CFs causes

the complete behavior of the individual girders to be theoretically exactly equal to the behavior
from the LGA under the targeted DL condition. Of course, the behavior of the interconnected
3D bridge system clearly can be very different for parallel skew versus non-parallel skew.

Generally, the physical straight skewed bridge responses do not match up exactly with the

above theoretical results for various reasons including:

1) For TDLF, the additional torsional loading on the fascia girders from eccentric overhang
bracket loads. These torsional loads may be calculated separately from the other TDL
effects; however, they are included in the DLF RA results presented in this research.

2) For SDLF and TDLF, minute lack-of-symmetry of the girders associated with one-sided
web stiffeners and connection plates, etc., such that the girders exhibit some minor lateral
deflections when they are conceptually disengaged from the CFs and subjected to the DL.

3) For SDLF and TDLF, secondary bending of the CF members due to any rotational
continuity between the CF members and the girders, as well as secondary bending of the
CF members due to connection eccentricities for single angle and flange-connected tees.

4) Asdiscussed in Section 2.6, in the DLF RA (3D FEA simulation) studies conducted in this
research, the CF chord to which the diagonals are connected in V and inverted-V CFs is

modeled as being moment connected to the girder connection plates. Although one would

105



5)

6)

7)

expect that this assumption results in some secondary bending within the 3D FEA bridge
models, it is apparent from the research results that this assumption also has a measurable
effect on the axial forces in the CF members in cases where the CF member axial forces
are relatively small due to improved CF framing arrangements.

As discussed in Section 2.6, the influence of secondary bending within single angle and
flange-connected tee-section members on the member axial stiffnesses is included in the
3D FEA analyses conducted in this research by reducing the member axial stiffnesses by
0.65 as specified in Article 4.6.3.3.4 of the 7™ Edition AASHTO LRFD Specifications.
For SDLF and TDLF, specific lateral constraint conditions at guided and fixed bearings.
As discussed at length in NHI (2011), it is common to obtain large lateral forces at bearing
locations in 3D FEA models, particularly when rigid constraints are assumed in the
directions of bearing fixity. As discussed in Section 2.6, the bridges in this research are
assumed to be “floated” on the bearings in the lateral directions to eliminate these
potentially large lateral forces. As such, the lateral forces at the bearings are negligible in
the 3D FEA studies conducted in this research.

Various attributes of the physical bridge behavior, including incidental contributions from
deck forms and early concrete deck stiffness (for TLDF), incidental lateral or rotational
restraint at bearings, play in the CF and girder splice connections within connection
tolerances, over-camber of the girders within camber tolerances, variations in the concrete
deck thickness within construction tolerances, factors that affect the specific geometry of
the steel, such as field temperature, deviations from ideal support elevations within
construction tolerances, etc. For engineering design, bridges are commonly analyzed

without directly accounting for these factors.

It is desirable to understand the potential impact of the above effects on the deviation from the

1deal theoretical results.

It is important to note that the LGA calculations give a theoretically “exact” determination of

the girder responses ONLY in straight skewed bridges and ONLY in the targeted DL condition.

It is desirable to understand the magnitude of the errors produced by using LGA calculations

for other DL conditions.
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In straight skewed bridges detailed for SDLF based on LGA cambers, the TDL responses are
theoretically equal to the LGA responses under the SDL plus the CDL responses obtained from
a NLF RA. Alternatively, the TDL responses may be calculated directly from a DLF RA.
In straight skewed bridges detailed for TDLF based on LGA cambers, the SDL responses are
theoretically equal to the LGA responses under the TDL minus the CDL responses obtained
from a NLF RA. Alternatively, the SDL responses may be calculated directly from a DLF RA.
Based on the above, for straight skewed bridges, theoretically the most accurate girder TDL
cambers that should be fabricated into the girders to achieve the targeted elevations under the
TDL (when the CFs are detailed based on the LGA cambers) are:
1) For TDLF, the negative of the girder TDL vertical deflections obtained from the LGA.
2) For SDLF, the negative of the girder SDL vertical deflections obtained from the LGA plus
the negative of the CDL vertical deflections obtained from a NLF RA.
Although TDLF and SDLF detailing based on the above LGA deflections (or the correspond-
ing girder cambers) is theoretically the most accurate approach, this is not recommended for
reasons discussed in the next section, which addresses the use of RA cambers in straight
skewed bridges.
It is important to note that since the girder LGA vertical displacements generally differ
substantially from the girder NLF RA displacements, the bridge responses from a NLF RA
generally will differ substantially from the theoretical (and actual) bridge responses associated
with SDLF or TDLF detailing based on the LGA cambers. Detailing for SDLF or TLDF based
on LGA cambers results in the girder responses in the targeted DL condition theoretically being
exactly the responses from the corresponding LGA (LGA girder vertical deflections, zero
flange lateral bending, LGA major-axis bending stresses and LGA girder vertical reactions).
Detailing based on a different set of displacements from RA cannot possibly produce the same
ideal (theoretical) results.
It is desirable to understand the errors associated with applying a NLF RA to predict the
responses in straight skewed bridges detailed for SDLF or TDLF using LGA cambers. These
errors are due to neglecting the lack-of-fit associated with the DLF detailing in the structural
analysis, and are expected to vary as a function of the “nuisance transverse stiffness” effects
in a given bridge. That is, a bridge that has substantial transverse stiffness, compared to the

vertical stiffnesses of the girders in their longitudinal direction, will tend to have larger
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deviation of the NLF RA responses from the correct theoretical (and actual) results that include
the influence of the SDLF or TDLF detailing. These errors are different from the errors
associated with attempts to apply LGA to predict bridge responses in DL conditions other than
the targeted condition; however, they can be of comparable significance.

It should be noted that, given the specified girder SDL or TDL cambers arrived at by any
method, including fabrication over-camber, etc., DLF RA produces the correct responses by
properly accounting for the lack-of-fit in the initial undeformed (NL) geometry associated with

the SDLF or TLDF detailing.

3.4.2.3 Straight skewed bridges with the CFs detailed based on Refined Analysis (RA)

cambers

The following are specific facts and attributes about straight skewed bridge fit where the CFs

are detailed based on Refined Analysis (RA):

In straight skewed bridges, if SDLF and TDLF detailing are conducted using RA cambers,
which can be dramatically different from the LGA cambers because of the 3D action of the
interconnected bridge system, the CF lack-of-fit can be dramatically different from that
associated with the LGA cambers.

In straight skewed bridges, SDLF and TDLF detailing based on RA cambers still gives
approximately plumb webs, small flange lateral bending stresses, and small CF forces in the
targeted DL condition; however, these responses are no longer theoretically zero. This is due
to the overall elastic deformations of the CFs and the elastic torsional deformations of the
girders in the structural system. There is only one set of cambers and corresponding CF drops
that gives theoretically exactly plumb webs, zero flange lateral bending stresses and zero CF
forces in the targeted DL condition for straight skewed bridges — the LGA cambers. If the CF
members truly have zero force and the girder flanges truly have zero lateral bending, then the
girders can only respond in the manner assumed in the LGA.

In straight skewed bridges, SDLF and TDLF detailing based on RA cambers tends to have
only a small impact on the girder vertical displacements, as opposed to SDLF and TDLF
detailing based on LGA cambers, in which the girder vertical displacements are actually
modified from the values obtained from a NLF RA to those associated with LGA (via the initial

lack-of-fit and the resulting locked-in forces). Since DLF detailing based on RA cambers has
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a small effect on the girder vertical displacements, the change in the girder major-axis bending
stresses and reactions from the values obtained from a NLF RA tends to be relatively small.
The relatively small changes in the vertical displacements in straight skewed bridges, when
DLF detailing based on RA cambers is employed, is because the resulting targeted DL
elevations are essentially the “natural” deflected elevations of the girders under the targeted
DL in the 3D structural system. As such, the girders are subjected predominantly just to twist
rotations to move them from their deflected out-of-plumb geometry in the 3D system to their
approximately plumb targeted DL geometry, via the DLF detailing effects. The girder twisting
is accomplished with relative ease when the straight girders are in this “natural” deflected
geometry.

It is desirable to understand the potential impact of SDLF and TDLF detailing based on RA
cambers on the magnitude of the small girder layovers, CF forces, and girder flange lateral
bending stresses in straight skewed bridges. Stated alternately, what are the consequences of
using a NLF RA (which neglects the lack-of-fit associated with the CF detailing) to calculate
the girder layovers, CF forces and girder flange lateral bending stresses, when the CFs are
detailed for SDLF or TDLF based on RA cambers?

It is desirable to understand the potential impact of SDLF and TDLF detailing based on RA
cambers on the SDL and TDL girder major-axis bending stresses and vertical reactions, which
are generally more substantial non-zero values.

It is important to note that the girder layovers, the CF forces and the girder flange lateral
bending stresses associated with SDLF or TLDF detailing based on the RA cambers are
substantially reduced relative to the values obtained from a NLF RA. For instance, in certain
cases with severe nuisance transverse stiffness effects, some of the CF forces can be
tremendous in a NLF RA. In addition, in a bridge with sharply skewed abutments, the twist
rotations of the girders at the abutment bearings can be several times larger than the
corresponding girder major-axis bending rotations. The SDLF or TDLF detailing effects can
reduce these forces and rotations to only a small fraction of their NLF based values.

In parallel with the above facts, it should be emphasized that a NLF RA will tend to
significantly over-predict the CF forces, girder flange lateral bending stresses, and girder twist

rotations in a straight skewed bridge.
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It is desirable to understand the reductions in the girder layovers, CF forces and girder flange

lateral bending stresses due to SDLF and TDLF detailing based on RA cambers.

The overall behavior of straight bridges with non-parallel skew can be significantly different

from that of straight bridges with parallel skew. Although the overall aspects of the behavior

for SDLF and TDLF detailing using LGA cambers are the same regardless of the parallel or
non-parallel nature of the skews, additional elastic system deformations come into play when

a straight bridge with non-parallel skew is detailed using RA cambers.

It is desirable to understand the behavior for SDLF and TDLF using RA cambers in straight

bridges with non-parallel skew.

An important question that may be asked is the following: Is it better to perform SDLF or

TDLF detailing of straight skewed bridges using LGA cambers, or is it better to use RA

cambers? Some of the considerations in answering this question are as follows:

1) LGA cambers give the theoretical result of zero girder layover, zero CF forces, and zero
girder flange lateral bending stress in the targeted DL condition.

2) RA cambers result generally in larger DL displacements on some of the girders in the
bridge cross-section (typically the fascia girders in straight bridges with parallel skew or
the longer fascia girder in bridges with non-parallel skew, due to additional vertical loads
distributed to those girders), and smaller displacements on other girders (e.g., the innermost
girders in bridges with parallel skew, due to the transverse stiffness developed by the CFs
in the short direction between the obtuse corners of the bridge plan); however, these
displacements are offset by the calculated RA girder cambers, and therefore the final
targeted elevations can be achieved with good accuracy.

3) Similarly, if LGA cambers are employed, the vertical displacements are offset by the
calculated cambers, and therefore the final targeted elevations can be achieved with good
accuracy with that approach as well (theoretically, this approach gives the best accuracy);
however, a “mixture” of SDL LGA deflections and RA CDL deflections must be
considered in this case to achieve the best results, as discussed in Section 3.4.2.2.

4) The RA cambers tend to be smaller in many of the girders in a multi-girder bridge, since
they are associated with the smaller girder vertical displacements of the interconnected 3D
structural system. In some bridges with extreme nuisance transverse stiffness effects, the

differential RA cambers between the interior and the fascia girders can be large.
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5)

6)

7)

8)

The RA cambers match with the displacements obtained from ordinary NLF RA models in
which a model of the bridge is built, gravity is simply “turned on,” and the lack-of-fit
associated with SDLF or TDLF detailing is neglected.

SDLF or TDLF detailing with RA cambers does not require any “mixing and matching”
of separate solutions from LGA and RA to achieve the best accuracy; however, a DLF RA
gives a correct rigorous solution for the effect of the lack-of-fit associated with the detailing
of the CFs, regardless of what this lack-of-fit is and regardless of what method or
assumptions are used to detail the CFs.

RA better accommodates the consideration of staged concrete deck placement, its influence
on the CDL deflections and the resulting appropriate cambers, in cases where the
consideration of staged concrete deck placement may be important.

In the limit that TDLF based on LGA cambers is applied to bridges where the skew is close
to zero, the application of the dead load to each girder based on the tributary deck widths
(which is the recommended practice for sharply skewed bridges (NHI 2011)), combined
with TDLF detailing, results in each of the individual girders behaving essentially as
assumed in the LGA within the targeted TDL condition. Therefore, for instance, if a fascia
girder is subjected to unusually heavy loads that are included in the TDL (due to a large
overhang, a heavy wall placed at or near the fascia girder, etc.), the fascia girder will be
designed to support this load entirely on its own without any help from the remainder of
the girders in the bridge cross-section. Furthermore, the cross-frames between this girder
and the remainder of the bridge cross-section will be detailed with an initial lack-of-fit such
that they do not transfer any of these large dead loads to the rest of the bridge, aside from
the restraint of any eccentric torsion applied to the fascia girder. (The loads from eccentric
torsion on the fascia girder are calculated separately from the basic LGA solution.) The
vertical deflection of this fascia girder will tend to be substantially larger than the other
bridge girders; however, this girder’s camber will also be substantially larger, such that
theoretically, the girder elevations will be as targeted. Although it can be argued that this
is correct and acceptable design behavior (assuming that the concrete deck does not provide
a significant path for the heavy load to be transferred to the rest of the bridge system), the
response of the bridge designed in this way is not as efficient as it would be if TDLF RA

cambers are used, in which case the entire bridge structural system is engaged in resisting
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the heavy load on the fascia girder. Also, one can question whether this degree of
differential vertical deflection between the fascia girder and the interior girders is desirable.
9) RA is generally required for tightly curved bridge geometries; therefore, the use of RA
cambers for straight skewed bridges results in calculations that are consistent and more
uniform across all types of I-girder bridges.
The use of LGA for setting the girder cambers in sharply skewed straight bridges is generally
discouraged based on the above considerations.
It is desirable to understand the consequences of using LGA versus RA cambers more
quantitatively.
It should be noted that large DC2 loads, such as heavy walls, planters, etc. are not commonly

included in the TDL considered for TDLF detailing.

3.4.2.4 Curved bridge geometries, with and without skew

The following are specific facts and attributes about horizontally curved bridge fit, for bridges

with and without skew:

For all curved and curved and skewed bridge geometries, generally the CF forces and the girder
flange lateral bending stresses are significant due to the horizontal curvature. They never
approach theoretical zero values as a function of the DLF detailing, as in straight skewed
bridges, except in the limit that the radius of curvature becomes infinite and when LGA
cambers are employed. In curved and skewed bridges, the magnitudes of these bridge
responses can be increased or decreased compared to a similar curved radially-supported
bridge depending on the skew orientation.

For bridges having significant horizontal curvature, with or without skew, the design analysis
typically should be an accurate RA. NCHRP Report 725 provides guidance regarding various
simplifications, such as the use of grid analysis methods, and when these simplifications are
sufficient. An accurate RA should always be used to calculate the girder cambers on a highly
curved bridge.

For curved geometries, with and without skew, SDLF and TDLF detailing result in
approximately plumb webs in the targeted DL condition. However, the webs will never be
perfectly plumb. This is due to the overall elastic deformations of the CFs and the elastic

torsional deformations of the girders in the structural system.
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e [t is desirable to understand the magnitude of the girder layovers in typical curved I-girder

bridge systems resulting from the above elastic deformations.

3.4.2.5 Curved radially-supported bridges

The following are specific facts and attributes about curved radially-supported bridges and fit:

e For curved radially-supported geometries, both SDLF and TDLF detailing tend to increase the
CF forces and the girder flange lateral bending stresses. This is due to the fact that horizontally
curved girders tend to twist and deflect excessively if they are restrained only at their ends
(whereas straight girders conceptually do not twist at all if they are not engaged with the CFs).

e Due to the above fact, a NLF RA generally tends to under-predict the CF forces and girder
flange lateral bending stresses in curved radially-supported bridges.

e It is desirable to understand the typical increases in the CF forces and the girder flange lateral
bending stresses from the values obtained from a NLF RA due to SDLF and TDLF detailing
effects. Stated alternately, it desirable to determine if any simple scale factors should be (or
can be) applied to the results of a NLF RA to account in a simple way for SDLF and TDLF
detailing effects on the CF forces and the girder flange lateral bending stresses in curved
radially-supported bridges.

e The girder displacements are generally reduced and the resulting elevations of the girders are
increased in curved radially-supported bridges due to SDLF and TDLF detailing effects. This
behavior is due to the coupling between the twisting and the vertical deflections in curved
girders and bridge units. For example, a curved I-girder cannot be twisted about a chord
through its ends without also changing its vertical displacements and vertical elevations within
the span.

e [tis desirable to understand the impact of the above elevation changes due to SDLF and TDLF
detailing in horizontally curved bridges. Stated alternately, it is desirable to determine if any
simple scale factors should be (or can be) applied to the results of NLF RA to account in a
simple way for SDLF and TDLF detailing effects on the girder vertical displacements.

e In curved radially-supported bridges, the impact of SDLF and TDLF detailing on the girder
major-axis bending stresses and the support vertical reactions tends to be relatively small.
However, there is some minor effect. The girder major-axis bending stresses and vertical

reactions on the girder at the outside of the curve generally tend to be increased by the DLF
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detailing, since the major-axis bending of the girders is in effect used as a reaction to twist the
girders back in the direction opposite to the one that that they want to roll.

e [t is desirable to understand the impact of SDLF and TDLF detailing on the girder major-axis
bending stresses and support vertical reactions in curved radially-supported bridges. Stated
alternately, it is desirable to determine if simple scale factors can be applied to the results of
NLF RA to account in a simple way for SDLF and TDLF detailing effects on the girder major-

axis bending stresses and support vertical reactions.

3.4.2.6 Curved and skewed bridges

The following are specific facts and attributes about fit in curved and skewed bridges:

e In curved and skewed bridges, the separate effects of DLF detailing on the bridge responses
discussed above (the DLF effects associated with skew and the DLF effects associated with
horizontal curvature) are observed, generally, in the limit that the horizontal curvature or the
skew become small respectively.

e In curved and skewed bridges where both the curvature and the skew are significant, the
separate DLF detailing effects associated with the skew and the curvature interact in complex
ways:

1) In simply-supported spans where the skew tends to make the girder on the outside of the
curve longer, a number of the DLF detailing effects associated with the horizontal
curvature tend to be amplified by the effects associated with the skew.

2) In simply-supported spans where the skew tends to make the girder on the inside of the
curve longer, a number of the DLF detailing effects associated with the horizontal
curvature tend to be offset by the effects associated with the skew.

e The above results parallel the dramatically different overall behavior of straight skewed versus
curved radially-supported bridges, and the combinations of these dramatically different
behavior attributes when the bridge is curved and skewed.

e [t is desirable to determine when a NLF RA gives sufficient predictions of the responses in
curved and skewed I-girder bridges, and whether simple scale factors can be applied to the

responses in cases where NLF RA may under-predict the magnitude of the responses.
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3.4.3 Recommended Application of DLF RA to Curved and/or Skewed I-Girder Bridges

In bridges with large skew and tight curvature, where the effects of SDLF and TDLF are

significant and cannot be captured accurately by a simplified methods, it is recommended that a

DLF RA be performed to determine the bridge responses. In these cases, recommendations for the

application of DLF RA are provided in the bold italicized text below (the recommendations in the

subsequent sections are also highlighted in bold italics):

When a DLF RA is employed for curved and/or skewed I-girder bridges with the CFs
detailed for SDLF based on NLF RA cambers, it is recommended that the locked-in force
effects from the lack-of-fit be determined by a separate structural analysis and that the EL
(miscellaneous locked-in force) load factor of 1.0 be applied to these effects for combination
with other loadings. Per AASHTO LRFD recommendations, the resulting net factored DL
to be considered for construction is 1.4 DC + 1.0 EL and the resulting net factored DL for
STRENGH Iis 1.25 DC + 1.0 EL.

When a DLF RA is employed for curved and/or skewed I-girder bridges with the CFs
detailed for TDLF based on NLF RA cambers, it is recommended that the locked-in force
effects from the lack-of-fit be determined by a separate structural analysis. When the locked-
in force effects are additive to the effects of the DC loads, it is recommended that the EL
(miscellaneous locked-in force) load factor of 1.0 be applied to these effects for combination
with other loadings. When the locked-in force effects are of opposite sign to the DC loads, it
is recommended that the EL (miscellaneous locked-in force) load factor of 0.85 be applied
to these effects for combination with other loadings. Per AASHTO LRFD recommendations,
the resulting net factored DL is 1.4 DC + 1.0 EL for construction load combinations and
1.25 DC + 1.0 EL for STRENGH I when the locked-in force effects are additive with the
effects of the DC loads, and the resulting net factored DL is 1.4 DC + 0.85 EL for
construction load combinations and 1.25 DC + 0.85 EL when the locked-in force effects are
of opposite sign to the effects of the DC loads.

The EL load factor of 1.0 is considered justified when a DLF RA is employed for SDLF and
for TLDF where the effects are additive to the DC load effects because the lack-of-fit of the
CFs in the NL geometry of the bridge is directly accounted for in the structural analysis.
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The EL load factor of 0.85 is intended to account for additional uncertainties and variabilities
associated with TDLF, such as incidental participation of deck forms and early concrete
stiffness in the structural resistance, and larger potential play in the CF connections due to the
larger CF forces associated with TDLF. It is suggested that a value between 0.85 and 1.0 may
be used if considered justified based on the judgment of the engineer of record.

Although the girder deflections are changed slightly from the NLF RA values when a DLF RA
1s conducted in some cases, it is sufficient to use the vertical deflections from the NLF RA for
setting the girder cambers (and the CF drops) in curved and/or skewed I-girder bridges. Use of
the DLF RA deflections for setting the girder cambers would require an iterative approach, for
instance, starting with a NLF RA, then modifying the girder cambers based on the results from
the subsequent DLF RA, then feeding these results back into another DLF RA, etc. Although
this type of iterative process results in girder layovers that are closer to zero (Ozgur 2011), any
improvements achieved by this process are unjustified. The sufficiency of this approach is
discussed in the following summaries of the Elevation results for the different bridge

geometries.

3.4.4 Summary of Questions Pertaining to the Influence of the Fit Decision on Dead Load

Responses in Completed Curved and/or Skewed I-Girder Bridge Systems

In lieu of accounting for the SDLF and TDLF detailing effects directly within a structural

analysis, one can use the results from a NLF RA with simple approximate adjustment factors in

certain curved and/or skewed bridges. As mentioned in the above discussions, for the development

of these adjustment factors, the following questions need to be answered:

1)

2)

3)

What is the influence of various incidental effects on the deviation of the responses from the
ideal theoretical results in straight skewed bridges detailed for SDLF or TLDF using LGA
cambers?

What magnitude of errors are produced by applying LGA for the calculation of all the
responses in straight skewed bridges detailed for SDLF or TDLF using LGA cambers?

What magnitude of errors are produced by applying a NLF RA to predict the responses in
straight skewed bridges detailed for SLDF or TDLF using LGA cambers?
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4)

5)

6)

7)

8)

9)

What is the impact of SDLF and TDLF detailing based on RA cambers on the magnitude of
the supposedly small girder layovers, CF forces and girder flange lateral bending stresses in
straight skewed bridges?

What is the impact of SDLF and TDLF detailing based on RA cambers on the major-axis
bending stresses and vertical reactions in straight skewed bridges?

Given that the reductions are not generally to zero values, to what extent are the girder layovers,
CF forces and girder flange lateral bending stresses in straight skewed bridges reduced due to
SDLF and TDLF detailing based on RA cambers?

What effects do the RA cambers have in straight bridges with non-parallel skew? Are there
any significant differences in the effects compared to those in straight bridges with parallel
skew? How do the RA camber effects compare to the LGA camber effects in straight bridges
with non-parallel skew?

What are the quantitative consequences of SDLF or TDLF detailing based on LGA cambers
versus RA cambers in straight skewed bridges?

Given that the reductions are not generally to zero values, to what extent are the girder layovers

reduced in curved radially-supported bridges by SLDF and TDLF detailing?

10) By what extent are the worst-case CF forces, girder flange lateral bending stresses, girder

elevations, major-axis bending stresses, and support vertical reactions increased in curved

radially-supported bridges by the effects of SDLF and TDLF detailing?

11) Given that the reductions are not generally to zero values, to what extent are the girder layovers

reduced in curved and skewed bridges by SLDF and TDLF detailing?

12) What is the largest magnitude of the deviations from the targeted elevations due to SDLF and

TDLF detailing in curved and skewed I-girder bridges?

13) By what extent are the worst-case CF forces, girder flange lateral bending stresses, girder

elevations, major-axis bending stresses, and support vertical reactions increased in curved and

skewed bridges by the effects of SDLF and TDLF detailing?

The following sections provide various answers to these questions.
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3.4.5 Curved Radially-Supported Bridges with Cambers Set Based on NLF RA

Section 3.4.5.1 provides quantitative results on the influence of SDLF and TDLF detailing on
bridge responses in curved radially-supported bridges with cambers set based on NLF RA. The
influence of SDLF and TDLF is discussed on the responses in the following order: girder vertical
displacements, girder elevations, girder layovers, CF forces, girder stresses, and vertical reactions.
Section 3.4.5.2 then summarizes the influences on the key bridge responses and provides
recommendations for handling of these effects. The recommendations are highlighted in bold

italicized text.
3.4.5.1 Quantitative Results
3.4.5.1.1 Girder Vertical Displacements

For curved radially-supported bridges, SDLF and TDLF detailing tend to reduce the vertical
displacements of all the girders, thus resulting in an overall tendency for higher final elevations of
the steel within the spans. The twisting of the girders induced by SDLF and TDLF detailing,
combined with the overall three-dimensional action of the curved spans, causes an upward
movement of all of the girders. This effect is illustrated in Figure 61 which shows the vertical
displacements of the girder on the outside of the curve for Bridge (C) NISCR7 under TDL. The
horizontal axis of this plot is the normalized position along the girder length, x¢/Lg, where x; is the
position along the curved axis of the girder and Lg is the total distance from bearing-to-bearing

along the length of the girder.

Table 8 shows the maximum vertical displacements and the changes in the vertical
displacements relative to those associated with NLF detailing for the curved radially-supported
bridges studied in this research. One should note that Table 8 reports the absolute maximum
downward displacement in the bridges. As such, the data in this table is useful for understanding
the overall trends in the behavior of the bridges, but not necessarily the specific changes that occur
at different positions in the individual girders. In some of the cases for the bridges considered in
this research, the location of the maximum displacement can change as a function of the CF

detailing method.
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Figure 61. Bridge (C) NISCR7 vertical displacements under TDL for the girder on the outside of

Table 8. Maximum vertical displacement under TDL with NLF, SDLF and TDLF detailing,
and corresponding change in the maximum vertical displacement relative to the results from
NLF RA, for the curved radially-supported bridges studied in this research (excluding Bridge
(E), the largest changes due to SDLF and TDLF are highlighted by dark shading).

NLF SDLF TDLF
Bridge Disp. Disp. [ Change Disp. | Change
(in.) (in.) (in.) (in.) (in.)
(A) EISCR1 -4.7 -4.5 0.2 -3.9 0.8
(B) NISCR2 -7.1 -6.6 0.5 -5.9 1.2
(C) NISCR7 -8.1 -7.9 0.2 -7.7 0.4
(D) NISCR10 -11.7 -11.4 0.3 -11.3 0.4
(E) EICCRI11 -19.4 -16.8 2.6 -15.5 3.9
(F)NICCR12 | -180 | -16.8 1.2 X
(G) EICCR4 -9.6 -9.5 0.1 9.3 0.3
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From Table 8, it can be observed that SDLF and TDLF detailing reduce the maximum vertical
displacements in all of the cases. The largest decreases in the maximum TDL vertical displacement
are 2.6 inches for SDLF detailing and 3.9 inches for TDLF detailing. These decreases occur in
Bridge (E) EICCRI11, which is significantly more extreme than the other bridges considered. In
all other cases, the largest decreases in the maximum TDL vertical displacement are 1.2 inches for

SDLF detailing and 2.0 inches for TDLF detailing.




3.4.5.1.2 Girder Elevations

The girder cambers for the curved radially-supported bridges are based on NLF RA in this
research. The total girder cambers are taken as the negative of the vertical deflections obtained
from the NLF RA for the corresponding TDL, using the common engineering practice of building
a model of the bridge and “turning gravity on.” That is, any changes in the deflections due to SDLF
or TDLF detailing effects are not included in the calculation of the cambers. The vertical elevations

under TDL for NLF detailing are zero (assuming no superelevation, etc., as a simplification).

As discussed in Sections 2.4, 2.6 and 3.4.2, the negative of the SDL deflections is used in a
similar fashion to the TDL cambers in setting the drops between each side of the CFs when SDLF
detailing is employed. As such, the phrase “SDL camber” is used in this research to refer to the
negative of the SDL deflections. These deflections, in addition to the TDL cambers, affect the final
girder elevations when SDLF detailing is employed. Similar to the calculation of the TDL cambers,
for the curved radially-supported bridges, the SDL cambers are calculated without considering the

influence of the SDLF detailing effects on the girder vertical displacements.

Since the SDLF and TDLF detailing effects tend to reduce the vertical displacements as
discussed above, the vertical elevations of the girders are somewhat higher than the targeted
elevations (i.e., the “zero” elevation level) when SDLF or TDLF detailing is employed. The
deviation from the targeted vertical elevations, when the bridge is detailed for SDLF or TDLF
detailing, is equal to the displacement caused by the SDLF and TDLF detailing effects alone.
Figure 62 shows the vertical elevations of the girder on the outside of the curve for Bridge (C)
NISCR7 under TDL. The maximum vertical elevation for this bridge, under TDL for TDLF
detailing, is 0.44 inches.

Considering the complete set of curved radially-supported bridges studied in this research, the
largest deviation from the targeted elevation under TDL for TDLF detailing, is 6.7 inches for
Bridge (E) EICCR11 and the smallest is 0.4 inches for Bridge (G) EICCR4 (see Table 9). It is
apparent that the geometry parameters for Bridge (E) are so different from the other bridges (Ls =
329 ft, Ls/R = 0.80 and Ls/wg = 8.1 on its curved span) that this bridge should be considered as an
outlier. Bridge (F) NICCR12 has the second largest deviation, 2.1 inches, from the targeted
elevation under TDL for TDLF. This bridge has the longest curved spans considered (350 ft) of
all the bridges studied. It is apparent that for tightly curved bridges with Ls values larger than
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about 250 ft, and if TDLF detailing were to be used (which is not recommended), consideration
should be given to these deviations from the targeted elevations. For extreme cases where SDLF
is employed, consideration should be given to specifying a somewhat thicker concrete haunch than

might normally be specified to compensate for these increases in the overall girder elevations.
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Figure 62. Bridge (C) NISCR7 TDL vertical elevation of the girder on the outside of the curve

Table 9. Maximum final elevation deviation from the targeted elevation line, for the curved
radially-supported bridges studied in this research (excluding Bridge (E), the largest final girder
elevations with SDLF and TDLF detailing under TDL are highlighted by dark shading).

Bridge NLF Sl.)LF Tl.)LF

(