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INTRODUCTION

This paper discusses rotation and deflection issues that must be addressed to properly design and construct
highly skewed steel bridges. The degree of skew, the differential deflections of the adjacent steel members at
intermediate crossframe locations and the displacement of the top flange relative to the bottom flange at the
bearings may significantly impact the final bridge geometry. The owner, designer, detailer, fabricator, erector
and contractor must each understand the impact of their decisions regarding deflection issues on the overall
project.

Some information contained herein is excerpted direct from the document AASHTO/NSBA Steel Bridge
Collaboration document G 12.1-2003 "Guidelines for Design for Constructibility” hereinafter the
"AASHTO/NSBA Constructibility Guide" and this information is shown in italics.

DEFINITIONS

e No-load fit: — members detailed for field assembly as though no dead load, including self weight, acts on
the structure, with the girder webs vertical when the crossframes are installed. The steel's self weight and
the deck weight may both subsequently distort the webs.

e Steel dead load fit or steel-load fit: — members detailed for field assembly with the girder webs vertical
when the crossframes are installed and the steel self-weight, but not the deck load, is acting on the girders.
The deck weight may subsequently distort the webs

e Full dead load fit: - members detailed for field assembly so the webs will become vertical after the full
non-composite dead load of steel and concrete is applied to the girders. Crossframes are installed with the
steel positioned to anticipate subsequent deflections, so girder webs will not be vertical at that time.

e Differential deflection — the difference in relative displacement between either end of a member (e.g.,
crossframe) or adjacent members (e.g., girders) at a common location in a structure (e.g., midspan). This
usually refers to vertical movement but could also include lateral or angular motion.

e End crossframes: — the crossframes or diaphragms at the supports of either simple span or continuous
span bridges. The application for continuous spans applies if the crossframes at the supports are skewed
parallel to the piers.

e Intermediate crossframes: - the crossframes or diaphragms at locations other than at the supports.

ISSUES

The principle issues involve the design, detailing, and erection of the intermediate and end crossframes on
skewed bridges with differential deflections within the spans and girder rotations at supports. As various dead
loads are applied, rotations may result in the girder flanges moving transversely and longitudinally.
Fundamentally, the designer must decide: should the members be detailed for the 1) no-load fit condition,
such that the girder webs are theoretically vertical as though no dead load has been applied, 2) steel dead-load
fit, such that the girder webs are theoretically vertical when the crossframes are installed, or 3) full dead-load
fit, such that the girder webs will become essentially vertical in their final condition after the non-composite
dead load is applied?
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GIRDER MOVEMENT AT SKEWED PIERS AND ABUTMENTS

General Considerations

Appendix A describes a model bridge that was constructed and tested to confirm the assumptions and
concepts relating to girder movements associated with end crossframes at skewed supports.

The anticipated movement of the top and bottom girder flanges at skewed supports must be addressed by the
designer, fabricator, erector, and contractor. End crossframe may significantly effect differential deflections
of the girders at the intermediate crossframes.

Per the AASHTO/NSBA Constructibility Guide: The problem for crossframes at skewed piers or abutments
is the rotation of the girders at those locations. In a square bridge, rotation of the girders at the bearings is in
the same plane as the girder web. If supports are skewed, girder rotation due to non-composite loads will be
normal to the piers or abutments. This rotation displaces the top flange transversely from the bottom flange
and causes the web to be out of plumb.

The source for the above movement is the end crossframe trying to maintain its original shape. If the end of
each girder rotates equally in the plane of its web, the end crossframe must change shape i.e - a rectangle must
become a parallelogram, but would remain planar. However, unless the end crossframes permit this distortion
due to their design details or unforeseen events, they will retain their initial geometry except for possible out-
of-plane (weak axis) twisting.

As noted in Appendix A, the model behavior confirms the assumption in the AASHTO/NSBA
Constructibility Guide that the rotation displaces the top flange transversely from the bottom flange and
causes the web to be out of plumb. Though it is not stated in the Guide, this is true for the general case where
the end crossframes are connected and bolts tightened prior to applying the dead load. This issue will be
addressed later in this document.

Additionally, the Guide also states If supports are skewed, girder rotation due to non-composite loads will be
normal to the piers or abutments. "Normal to the piers" does not exactly describe the rotation. This and
concerns relating to bearings will also be covered in this document.

The discussion is applicable to both simple span and continuous span bridges where the end crossframes (or
pier crossframes) are skewed parallel to the pier.

Girder Rotation Due to Dead-load Deflections

Note — Figures 1A, 1B, and 1C show a simple span girder with top and bottom flanges that are the same size,
and the neutral axis is mid depth of the web. Where the top and bottom flanges are different sizes, corrections
to the lengthening and shortening of the flanges as well as the transverse movements shown in Figures 1B and
1C should be calculated based on the actual flange dimensions. Also consider that girders continuous over
two or more spans would probably not have the same rotations at each support.

The movements of parallel girders at supports on a straight, non skewed bridge are predictably uniform.
Girders are usually fabricated with a camber such that after the total predicted dead-load deflection has
occurred, the bridge will assume its intended profile. Figure 1A shows this condition for a simple span bridge.
After the girders have deflected, the bottom flange will have lengthened by an amount based on the size of the
bottom flange and the top flange will have shortened by an amount based on the size of the top flange. The
ends of the girders (or the bearing locations on continuous bridges) will rotate to accommodate these length
changes. Calculations herein are based on the assumption that the bottom flange at the fixed bearings will
remain in its initial position while the bottom flange at the expansion bearings will move longitudinally by an
amount R (based on same size top and bottom flanges.) The top flange at the fixed bearing will move by
amount R while the top flange at the expansion bearing will remain in its initial condition. If the bearings are
floating, meaning that there is no fixed or expansion bearing, the assumed longitudinal movements of the
bottom flanges at each of bearings are be outward by an amount equal to 1/2 R and the assumed longitudinal
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movement of the top flanges at
each of the bearings will be
inward by an amount 1/2 R. These
are assumed possible movements
to show potential problems and
may vary depending on restraints
provided by the bearings.

For girders on skewed supports
the movement becomes more
complex. Refer to Figures 1A, 1B,
and 1C. In this paper, R is the to
computed longitudinal movement
of the top flange relative to the
bottom flange due to dead-load
deflections; RT is the transverse
movement due to movement R; [
is the compliment of the skew
angle; B1, B2, T1, and T2 are the
undeflected locations of the top
and bottom flanges; B1A, B2A,
T1A and T2A are the rotated or
deflected positions of the top and
bottom flanges.

The actual movement of the girder
top flange and bottom flange due
to the girder rotation from its
dead-load deflection becomes
somewhat complicated. As noted
above the AASHTO/NSBA
Constructibility Guide states that
the girder rotation will be normal
to the piers. This generalization is
true for certain conditions and
incorrect for others.

As previously stated, the end
crossframes will maintain their
axes of rotation along the actual
centerline of bearings
(intersecting each bearing's center
of rotation in the full dead load
condition). If the bearings at a
given support are at the same
elevation, the axis of rotation will
be horizontal and the rotation of

the end crossframes will be normal to the pier. The transverse movement of the top flange (RT) with respect
to the bottom flange is RT = R + Tan f.

If the girders are not at the same elevation, the axis of rotation will be in the plane including the actual
centerline or bearing, but slope to intersect the centers of rotation at adjacent bearings. For that situation,
theoretically the Tan § term in the above equation would need to be modified by adding or subtracting the



slope angle to the angle B depending on the direction of the slope [RT =R + Tan (B = 0) where 0 is the slope
of the bearing points]. In many cases this correction will not appreciably effect the actual movement and the
correction may be ignored. The worst case should however be checked to determine the potential for error.

If the slope between bearings is 2% (1.15°), for an angle  between 60° and 20°, the RT dimension will be in
error of 4% to 6.5% if the modification to the angle is not made. If the slope between bearings is 4% (2.3%),
for an angle B between 60° to 20°, the RT dimension will be in error of 7.5% to 12.5%.

Additionally, if the expansion bearing is restrained against transverse movements, the rotational axis will also
move longitudinally. Also, when relative elevation differences between adjacent bearings vary across the
structure due to changing deck cross slope, the adjustment will differ and effects may compound.

For a fixed bearing (no longitudinal or transverse movement), the bottom flange does not move and the top
flange moves normal to the centerline of the pier (See Figure 1B, Pier 2.) For a floating bearing (longitudinal
and transverse movement allowed), both flanges move normal to the pier (see Figure 1C, Piers 1 and 2). The
relative transverse movement of the top flange relative to the bottom flange in both cases is theoretically RT =
R + Tan B.

For an expansion bearing where transverse movement is prohibited, the bottom flange moves longitudinally
while the top flange moves transversely (see Figure 1B, Pier 1). The transverse movement of the top flange
relative to the bottom flange again is RT = R + Tan .

Note that in the two preceding paragraphs, no correction was made in the Tan [ term to account for
differences in elevation. Also note that the movements described above reflect how the members will try to
move within the bridge system; actual movements will vary since the members are framed together and some
distortions will result. Other factors such as the restraint provided by the deck forming materials, bearing
design and restraint, and other unknown factors likely cause a variance in any or all of the assumptions made
herein.

Addressing the Issues

The transverse movement of the top flange with respect to the bottom flange can significantly affect
construction and the out-of—plumb condition at the bearings needs to be addressed by the designer. This out-
of-plumb condition may complicate the situation at intermediate crossframes with differential deflections that
also to be considered.

If a 5' deep girder's top flange moves 1" due to end rotation and the skew angle is 60° (B = 30°), the transverse
movement of the top flange would be RT = 1 + Tan 30° or 1.73" or 1 3/4". The designer needs to determine
whether this out-of—plumb is acceptable and if not, how to deal with it. Additionally consider that the
situation at the bearings will affect the intermediate crossframes.

There are several potential approaches to deal with the issues. One would be to verify that the out-of-plumb of
the girders at the supports is acceptable and do permit it. This would entail detailing the end crossframes for
the No-load fit or the Steel dead-load fit, and allowing the girders at the bearings to be out-of-plumb after
final dead load is applied. The bearings must be able to accommodate the final transverse and longitudinal
slope of the bottom flange.

A second method would be to detail the girders and crossframes (end and intermediate) so that after the steel
and deck dead load is applied, the girders will be plumb. This requires the designer to accurately compute the
deflections and movements, including girder and end crossframe rotations, and internal stresses caused by the
temporary and final conditions, and show those on the design drawings so the contractor can detail the
member's configurations and connections and erect them accordingly. Intentionally fabricating a girder with a
specified twist is difficult and erecting a distorted structure may be expensive.

A third possibility is to not use end crossframes at such skewed piers. The stability of the bridge at all stages
of construction and loading needs to be investigated. One recently constructed bridge with a simple span of
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242" and a 64° skew was designed and constructed without end crossframes along the piers. The first
crossframe was normal to the girder at the bearing of the first interior girder connecting to the adjacent girder
20'+ into the span.

A fourth option would be to design the end and intermediate crossframes and their connections so that the
girders can rotate in the original plane of the web.

Other Issues

The movements described above need to be considered in the design and detailing of the bearings. The
transverse rotations at the bearings will tilt the flanges and the bearings must accommodate this. There also
may be transverse movement permitted at the bearings and the design details must accommodate it.
Additionally, if bearings restrain girders against longitudinal and/or transverse movements, the flange tilt may
cause problems with the bearing mechanism, especially for steel-on-steel rockers.

Another question for the designer: Will there be problems with deck joint expansion devices, particularly
where adjacent spans bear on a common pier and girder motion may be in opposite directions?

One former state highway official indicated that skewed bridges tend to "walk", i.e. permanently change
position on the substructure. This suggests the magnitude of forces associated with live and dead load
deflections in this situation, and the potential for damaging transverse movements after the bridge is
complete. The designer must consider the potential problems and incorporate features to resist them.

INTERMEDIATE CROSSFRAMES

Intermediate crossframes on skewed structures are thoroughly discussed AASHTO/NSBA Constructibility
Guide so this report will briefly summarize the recommendations in that document.

Without restraint, there will be natural differences in dead load deflections at opposite ends of crossframes
placed normal to girders on skewed structures. As the skew angle increases, those potential (unrestrained)
differences in relative deflections (differential deflections) increase and must be addressed by the designer,
the fabrication detailer and the erector. The magnitude and possible effects of differential deflection between
girders at crossframe locations needs to be quantified and decisions made as to whether the intermediate
crossframes are to be detailed and erected to meet the no-load fit, steel dead-load fit, or the full dead-load fit.
(See Figure 1.6.1.B)

The performance of thousands of steel bridges has demonstrated that differential deflections typically do not
cause problems (although out-of-plane bending on webs can cause fatigue problems if diaphragms are
attached to webs instead of flanges). Differential movement between adjacent members becomes a significant
concern in certain types of structures (small radius curves, high skews, cantilevers, etc.), and greater
deflections may occur with the use of smaller members in conjunction with new design code criteria.

In design, evaluate the effects of differential deflections and girder rotations (transverse and longitudinal)
that may result for skewed bridges, curved bridges, or staged construction. Consider such effects in bearing
design

Consider the need to show on the plans how members are to be detailed and fabricated, including the
condition under which the diaphragms should fit (for no-load fit, full dead-load fit, or some condition in
between, such as under the steel dead load but without the deck).

If the girders are required to be plumb under full dead load or steel dead load, address the expected rotations
anticipated under the applied dead load. Recognize, however, that the anticipated rotations are only a
prediction and that actual rotations will likely be different, and therefore girders will be somewhat out-of-
plumb.
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If the full dead-load fit is specified, address in the erection framing plans or erection procedures, the
magnitude of the rotations anticipated at crossframe installation and the temporary and final condition at the
bearings.
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Crossframes normal to girders may be placed in-line for girders that have similar differential deflections
between each pair of girders at the crossframe location, provided none of the crossframes with significant
differential deflections connect close to a bearing location

For straight bridges, place crossframes either parallel to the skew or normal to the girders

if the deflection between girders is constant at crossframe connections and the skew angle is equal to or less
than 20 °. Otherwise place crossframes normal to the girders.

Cooperate with the fabricator, detailer, and erector to ensure proper geometry is achieved, especially if
members are to be detailed in a condition other than ‘“no-load” or if the girders are required to be
plumb after erection.

ADDITIONAL COMMENT

AASHTO Specifications require that curved bridges have diaphragms or crossframes at the bearings.
Eliminating end crossframes for that condition would be in violation of the specification.

CONCLUSIONS

The results confirm the assumption made in the AASHTO/NSBA Constructibility Guide that the ends of the
girders on skewed supports do not rotate in a vertical plane parallel to the girder web. Though not stated in the
document, the statement is true for the general case where the end crossframes are connected and bolts
tightened prior to applying the dead load.

The ends of the girders will essentially rotate about an axis that runs through the centerlines of rotation at the
bearings. When the girders are at the same elevation, the axis of rotation will be horizontal and the movement
of the top flange with respect to the bottom flange will be in a vertical plane normal to the vertical plane
containing the axis of rotation. If the calculated movement of the top flange relative to the bottom flange due
to end rotation of the girder is R and the skew angle (the angle between the axis of rotation and a line normal
to the girders) is a then the compliment of that angle is B, and the transverse movement of the top flange (RT)
with respect to the bottom flange is RT = R + Tan  when the bearings are at the same elevation. See Figures
1A, 1B, and 1C. When the bearings are not at the same elevation, the axis of rotation becomes a sloping line
and the rotation is in a plane normal to that axis. In that case RT = R + Tan ( = 0) where 6 is the slope, but
small values of 8 may be ignored without significant error.

The transverse movement of the top flange relative to the bottom flange results in the ends of the girders
being out-of-plumb. This condition has a direct effect on the position (deflection, twist, etc.) of the girder
webs at intermediate crossframes where there is also differential deflection between adjacent girders due to
their relative locations in the span.

The designer must consider the issues relating to the movements caused by end crossframe rotations and
differential deflections during the design phase. The designer, detailer, fabricator, erector and contractor need
to understand the issues involved, and any action that may be required to address those issues.
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Appendix A

End Crossframe Testing, Rotations and Movements

TESTING

A model bridge was constructed using poster board for the girder and end diaphragm elements. The purpose
of the testing was to confirm concepts on how the ends of the girders move (translate and rotate) as a result of
deflections due to dead load, thus intermediate crossframes were not included. Photos 1,2 and 3 show the
model in various stages of girder end rotation.

To obtain measurable rotations by deflecting a beam of almost any size and/or material was very impractical
and not an option for this test. The solution to the problem was to build the girders out of poster board and
provide the girder end rotation by lowering one end of the bridge and keeping the other end at its original
elevation.

The AASHTO/NSBA Steel Bridge Collaboration G 12.1 — 2003 Guidelines for Design for Constructibility
reads - The problem for crossframes at skewed piers or abutments is the rotation of the girders at those
locations. In a square bridge, rotation of the girders at the bearings is in the same plane as the girder web. If
supports are skewed, girder rotation due to non-composite loads will be normal to the piers or abutments.
This rotation displaces the top flange transversely from the bottom flange and causes the web to be out of
plumb.

Justification for the above movement is based on the fact that the end crossframe will maintain its original
shape. If the end of the girder were to rotate in the plane of the web, the end crossframe would need to change
shape i.e. - a rectangle would need to become a parallelogram.

Testing Comments

1. Initially the girders at Pier 1(skewed pier) were at the same elevation as were the girders at Pier 2 (square
pier).

2. The bearings at Pier 1 are expansion bearings with only longitudinal movement allowed. The bearings at
Pier 2 are fixed with rotation possible, but not translation.

3. Several trials were necessary before the final three separate tests were conducted. The fragility of the
measuring stations was an issue on one test. Uplift on line 1 at Pier 1 and line 3 at Pier 2 initiated
unexpected results. The three sets of results shown in Tables 1, 2, and 3 are after the above problems were
corrected.

MODEL

Photos 1, 2, and 3 show the details of the model. Essentially, the model is a simple span skewed bridge with

the following characteristics:

e Pier 1 Skew Angle 45°; Pier 2 Skew Angle 90°

e Line 1 Girder 30" c/c bearings, Line 2 Girder 27" c/c bearings, Line 3 Girder 24" c/c bearings

e Girder spacing 3", Web depth 1 1/2 ", Top & Bottom Flanges 1/8" thick

e Total Depth of Girder 1 3/4", Distance from center line of rotation about the bearing to top of top flange 2
5/16"

TESTING PROCEDURES

The girders at Pier 1 and Pier 2 were initially at the same elevation. The girders at Pier 2 were subsequently
lowered in 3/4" increments at elevations of -3/4", -1 1/2", -2 1/4", and -3". Readings of the longitudinal and
transverse movements of the top and bottom flanges at Pier 1 were taken at each of the different elevations.
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Each test was conducted 3 times and the measurements are reported as Test Numbers I, II, and III in the
Tables.

RESULTS
See Tables 1, 2, and 3 for a tabulation of the results.

Thirty-six readings or the longitudinal and transverse movements were taken. The calculated longitudinal
movements ranged from 1/16" through 9/32". Of 36 measured longitudinal movements, 26 were within 1/64"
of calculated; 9 within 1/32" of calculated, and 1 at 3/64" of calculated.

The calculated transverse movements are the same as the calculated longitudinal movements; they ranged
from 1/16" through 9/32". Of 36 measured transverse movements, 28 were within 1/64" of calculated, 6
within 1/32" of calculated, and 2 within 3/64" of calculated.

Photo 1 Photo 2

g
/
/
i

Photo 3
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