Design and Field Monitoring of Horizontally
Curved Steel Plate Girder Bridge
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Bridge 207 is a two-span horizontally corved steel plate girder bridge near
Port Matilda, Pennsylvania. Although the curvature is not severe, the
curvature combined with the unequal span balance coused an unusual
distribution of force effects in the girders, A glohal twisting of the super-
strociure was cansed by the onequal vertical deflections in the two spans.
The computer program BSDI-31 was used to analyze the curved super-
structure. To account for the out-of-plumb condition of the girders in their
final condition, additional lateral fiange bending moments were calenlated,
The magnitude of the additional lateral moments was a function of the
vertical bending moments and the degree of twist in the girder. Field mon-
itoring of the strocture is foeusing on the effects of corvature doring con-
struction, This is being accomplished by developing a detailed time line
of superstructore erection and deck placement and throogh monitoring
of the bridge by using vibrating wire strain gauges and tiltmeters posi-
tiomed at critical locations on the girders and eross-lrames, Fidld data were
recorded hefore and aller critical construction cvents, such as pirder
erection, cross-frame and formwork placement, and the deck pour. This
information is being used to determine the effects of corvature on the
cross-frames during construction by using axial stresses and strains and
on the girders by nsing warping stresses and strains,

This paper presents issues raised during the design and construction
phases of a two-span curved steel plate girder bridge. The bridge was
designed in 2000 and was scheduled for completion in 2004, The
design used commercially available finite clement software and did not
contain unusual details, materials, or degree of curvature, However, the
combination of girder curvature with unegqual span lengths did create
a distribution of forces through the girder system that was not initially
intuitively ohvious. The resulting girder deflections and moments in
this curved steel bridge are reminders that engineering inmition gained
by experience in straight girder design is not always completely
applicable to curved-girder design.

This paper also describes a method For incorporating the second-
order lateral moment efTects in the steel girders caused by the out-of-
plumb position of the girders. Current software and analysis technigues
do not dircctly address the lateral component of the vertical bend-
ing moment in an out-of-plumb girder, To include this second-order
effect, a simple manoal caleulation method is described.

Field monitoring of the structure focused primarily on constraction,
including superstructure erection, placement of Tormwork, and re-
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inforced concrete deck placement. To most accurately assess the elTects
of curvature on the structure, vibrating wire strain gauges and k-
miclers were used W measure strains and rotations at eritical locations
on the girders and cross-frames. A preliminary three-dimensional finite
element model was used o determine instrument placement and antic-
ipated values, and a detailed tme line of the superstructore erection
process and deck placement procedure was documented. Although
the investigation is not complete, the following ohjectives will be
reached at the end of this study. The scope of this stody is limited to
the one bridge being wesied, and the objectives of the feld study are
as follows:

* To evaluate the effects of curvalure on warping stresses and
vertical and radial deformations during all phases of construction,

* Todetermine if a grillage model can accurately predict the effect
of eurvature on vertical bending and warping stresses and defonmations
durng construction of the study bridge, and

* To ¢xplore the basis for the limits set forth in AASHTO
Table 4.6.1.2.1-1 of the bridge design specifications () and deternmine
if these limits are appropriate for the siudy bridge,

Some preliminary data from the field study are presented.

PROJECT DESCRIPTION

The SR 0220, Section C11 project includes the design of a 2.6-mi
{4-km) section of PA-0220 {also known as 1-99) on new alignment in
Centre County, Pennsylvania. This new alignment will be a four-lane
divided limited-access Interstate highway, which will form a north-
western loop around the borough of Port Matlda, The estimated con-
struction cost was $75 million, and construction was scheduled to be
completed in 2004, The project includes 16 new brdges, of which
Bridge 207 is the only steel plate girder sirocture,

Bridge 207 is a two-span confinuous curved steel girder bridge.
The bridge will carry two lanes of traffic from easthound US5-322 10
northbound 1-59. The bridge is shown in Figure 1, and Figure 2 is the
bridge framing plan. Bridge details are as follows:

Span arrangement: Span | =209 118 in. (63.9 m); Span 2=271 1t | in.
(8262 m);

Bridge cross section: five steel plate girders spaced at 10 ft 8 in.
(3.25 m);

Radius of curvature: approximately 1,921 ft (585,48 m) to the center
girder;

Girder depth: 9 £t (2.74 m);

Girder material: ASTM AT09 Grade 50 steel;

Deck: 9-in. (229-mm) concrete composite deck; and

Cross-frames: K-frames of WT sections spaced at approximately 18 ft
(3.5 m).
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FIGURE 1 Elevation of Bridge 207 during construction.

A reinforced concrete two-column bent and reinforeed concrete stub
abulments on piles support the superstructure. Pol bearings were
used at each support location.

BRIDGE ANALYSIS AND DESIGN

Understanding of the general behavior of steel girders curved in plan
is crucial to the evaluation of the Bridge 207 analysis results,

Curved-Girder Behavior

Because the center of gravity of a single curved girder lies outside the
line drawn between its supports, a curved girder supporting ils own
self-weight has a tendency o rotate about its longitodinal axis and roll
toward its oulside (longer) edge. This lack of stability of a single
curved girder must be addressed during erection. A system of curved
airders, connected by cross-frames along their length, can be self-
supporting and stable if properly designed. The lendency of the carved
girders o roll is resisted by the cross-frame forces within a girder
system. Therefore, the cross-frames in a curved-girder bridge are con-
sidered to be main load-carrying members, critical to the overall sta-
bility of the structure. The forces in the cross-Trames impart lateral
bending moments into the girders, increasing the tip stiresses in the
flanges,

Method of Analysis

The finite clement program BSD1-20 (Bndge Software Development
International, Lid., Coopersburg, Pa.) was used to analyze and design
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the Bridge 207 superstructure (2). BSDI-3D is a commercially avail-
able bridge analysis and design software package. The BSDI-3D
miode] incorporates the depth of the girders and the actual cross-frame
peometry, providing a complete three-dimensional model of the bridge
superstructure. lterating through analysis and design refined the girder
plate sizes to create an optimal design. The shears, moments, and
deflections in the girders were output Tor each iteration. The girders
were designed by BSDI-30 by using the AASHTO load factor design
method (2).

Analysis Results

It is prudent to study the results of cach iteration of analysis to gain
asense for the correctness of the outpul. An engincer with structural
modeling experience and good engineering judgment can review
the relative magnitudes of forces and displacements in the girders 1o
determine if the computer madel is correctly quantifving the forces
and displacements throughout the actual structure, When reviewing
analysis output for curved-girder structures, an understanding of the
unique behavior of these types of struciures is essential. When the first
iteration of analysis for Bridge 207 was complete, some of the result-
ing output exhibited unexpected rends. However, the unique behay-
ior of curved-girder bridges explains the output trends and highlights
the differences between these structures and tangent ones.

Girder Deflections

Table 1 is the steel dead load camber table from the final Bridge 207
mode], Because the girders are curved in plan and the supports are
aligned radially to the girders, each girder has a slightly different span
length and deflection. The longer Span 2 exhibits the patern of relative
dellections that would be expected in most bridge superstruictures—
adirect positive relationship between span length and deflections,
The longest girder, G1, shows the largest dead load deflection at
midspan of Span 2, 4. 87 in. ( 124 mm). The shortest girder, G5, shows
the smallest dead load deflection at midspan of Span 2, 2.93 in.
(74 mm).

However, the dead load deflections in the shorter span, Span 1,
reveal the exact opposite trend. The longest girder, G 1, aciually had
apeak negative (upward) deflection in this span equal to —0.96 in.
{~24 mm]). Conversely, lhe shortest girder in Span 1, G5, had the largest
downward Span 1 dead load deflection, equal 10 055 in, (14 mm). This
counterintuitive result is caused by the unequal two-span curved-
airder layout. Because Span 2 is significantly larger than Span [, its
deflection behavior dominates the entire superstructure system. The
rolling elfect in Span 2 causes the opposite effect in Span 1, effectively
twisting the entire superstructure. The exaggerated downward deflec-
tions in G1, Span 2, reduce the downward deflections in G, Span 1.

SPAN2 —ZBUTMENT 2
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TABLE 1 Steel Desd Loed Cembers
Span I =21 4" 6" (65.38m)*
Girder Giirder Length Camber Unns 1.10 1.20 1.3 1.440 1.50 1.60 1.70 180 1.90
G5 475" 5 English {in.) 0.27 .46 0.55 0.52 (.38 0.1% =0.02 0.5 -0.15
(14491 m}) Metric {mumn}) 7 12 14 i3 10 5 -1 -4 -4
Gd 478717 English (in.} 0,20 .33 035 028 012 —L.08 .25 ={.32 —0,24
(145.72m) Metric {mm) ] 8 L] 7 3 -2 - -8 ~f
G3 4800 97 English (in.} 013 019 .15 003 -0.15 —-0.35 —ihA8 149 ~.34
(146.53m) Metric (mm) k! 5 4 1 —4 -9 ~12 -12 ~
G2 483" 5" English (in.} 0.05 (.04 =005 .22 =043 =0.62 -0.72 .66 =042
{147.35m} Metrie (mm) 1 1 -1 -5 -I1 =16 ~18 -17 -1
Gl 486" 1¥ English (in.) .02 .10 .26 —.47 -0.71 ~0.41 —0.96 —0.84 .51
{148.16m}) Wletric () -1 -3 =1 -12 -18 -23 =24 -21 -13
Span 2 = 266" 3* (81.15m)*
Girder Girder Length Camber Units 210 2.20 2.30 240 250 260 270 2,50 2.590
G5 475 5" Englizh {in.} 049 1.149 1.95 254 2 2,93 2.62 200 1.11
(14491 m) Meiric (mm) 12 30 ] 65 73 74 a7 51 25
G4 47817 lf-.]!gl'i.'ih {in.h 0.62 146 2.34 30 3.39 3.41 305 252 1.28
{145.72m) Metric {mm) 16 a7 59 76 il 87 ir 59 33
G3 450 97 English (in.} 0.7 1.73 2,73 3.47 1588 31.89 3.47 2.63 1.45
{146.53m) Metrie (mm) 19 44 ] i a9 09 83 57 7
G2 483 5% English (in.) (.90 201 312 393 437 4.36 388 204 1.62
{147.35m) Wletric {mm) 23 5l 70 100 111 111 94 75 41
Gl 4B5" 1" English {in.) 1.03 229 352 4,40 4.47 4.85 430 326 1,80
(148, 16m) Metric {rmm) 26 58 59 112 124 123 109 B3 44

*Span length measured along Girder G3.

Similarly, the smaller downward deflections in G35, Span 2, reduce
the downward dellections in G5, Span 1, by a lesser amount.

Omce understood, this behavior can be visualized as a global tor-
sional effect on the steel girder supersiructure, As the larger curved
span rotates outward toward the longer girder, the shorter span atiempts
to rotate in the opposite direction. The resulting deflections in the
shorter span display an inverse relationship between span length and
dead load deflection. When this behavior was ohserved in the indtial
Bridge 207 BSDI-30 output, it became obvious that the girder reac-
tions and moments woubd also vary from the typical results seen in tan-
gent girders and symmetric curved-girder span arrangemenis. These
specific results are described in the Tollowing.

Girder Resctions

The girder end reactions ai the abutmenis display a trend similar o that
seen in the deflections, Table 2 lists the reactions at each abutment. The
shutment reactions in Span 2, the longer span, are positively related
1o the girder span lengths. The longest girder in Span 2, GG1, has a
self-weight dead load reaction of 105 kips (467 N} at the abutment.
The shortest girder in Span 2, G3, has a corresponding reaction of only
50 kips (222 kN). This pattern is in agreement with the intuitive
netion that resctions should increase with increasing girder lengths.
In addition. the large disparity in G1 and G5 reactions highlights
the rolling behavior of the curved-girder system toward the outside
minders,

However, the abutment reactions in Span 1, the shorter of the two
spans, display the opposite trend. At this location, the G1 self-weight
reaction is 23 kips (102 kN, and the shorer G35 reaction is 27 kips
(120 kN). In the shorter curved span, Span [, the girder reactions are

inversely related to the span lengths of each girder, The tendency of
the larger span to roll ourward exaggerated the Span 2 reactions of the
longer girders and reduced the Span 2 reactions of the shorer girders.
Conversely, this created the opposite efTect on the Span 1 reactions, As
was seen in the girder deflections, the global twisting of the curved-
girder system generated a pattern of reactions at Abutment 1 that
differed from the expected trends.

Relative Moment Magnitudes
The pasitive moment distribution in the two spans displayed trends

similar to the end reactions. The magnitudes of the Span 2 positive
noments were directly related o the individual girder span lengihs.

TABLE 2 Girder Dead Load Resctions at Abutments

Girder Span 1 214767 Span 2 266" 3"
Ciirder Lenath (63.38m)* (31.15m)*
G5 475" 57 27 kaps 50 kips
(144.91m} (120 kM) (222 KNy
Gd 478" 17 26 kips 57 laps
{145, 72m) {116 kN) {254 kN)
G3 480 o 26 kips 61 kips
{146.53m) (116 kM) {271 kM)
G2 4837 5" 23 kips T kips
(147.35m) (102 kN) {338 kM)
Gl 486" 17 23 kips 105 kips
(148, 16m) (102 kN (467 kN

*Span length measured along Girder G3.
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The peak Span 2 steel self-weight positive moment was 17,600 kip-ft
(23800 kN-m) in G1 and 9,000 kip-ft (12,200 kN-m) in G5. However,
in the shorter Span 1, the peak steel self-weight positive moments
were 3,800 kip-ft (5,100 kMN-m) in both the innermost and outermost
girders. Again, the torsional twisting of the steel girder system was
responsible for these Span | positive moment patterns.

Locations of Points of Inflection

The twisting of the superstructure that has been revealed by the deflec-
lions, reactions, and moments also changes the locations of the points
ol inflection. In a tangent girder system or a corved-girder system with
equal spans, the ransverse lines connecting the points of inflection
withiin a span are radial 1o the girders (or nearly so) in plan. However,
the torsional behavior of Bridge 207 under steel sell-weight skews
the points of inflection from this radial geometry, The G1 point of
inflection is near (L35L of Span 1. The G35 point of inflection is al
0.63L of Span 1. This result has implications for setting the locations
of bolted field splices and deck pour limits,

GIRDER DESIGN
Lateral Bending Effects in Curved Girders

Most steel plate girder bridges are constructed with steel cross-frames
connecting the girders. These cross-frames help maintain the stability
of the girders during erection, help distribute traffic loads to adjacent
girders, and help the superstructure to resist lateral loads such as wind.
In curved or skewed superstructures, cross-frame loads create lateral
bending moments in the girders that are resisted primarily by the
girder Qanges. In typical curved-girder analysis, the total dp stress
in the girder Manges is the sum of the stresses caused by the vertical
bending moments and the lateral bending moments.

However, there can be a thitd source of stress in the girder Aanges
that is not captured by standard computerized analysis. Unless they
are specifically detailed to avoid this condition, most curved steel
girders are not vertical (plumby) in their final condition, Curved girders
that are fabricated 1o be erected plumb in the no-load or steel dead load
only condition will tend to rotate into a position in which their webs
are nol plumb in the final condition. IF the webs are very close to plumb
(which is the case for many girders with large radii or shorter spans
or both), this will have little effect on the girder stresses. But as the
magnitude of the web out-of-plumbness increases, the lateral com-
ponent of the vertical bending moment can become a significant com-
ponent of the givder stresses, possibly increasing the flange tip stress
by 5% or meore. This lateral component of the vertical bending moment
15 & secondary effect caused by the true deflected shape of the super-
structure and 15 nod coptured by typical curved-girder analysis meth-
ods. A separate method for guantifving the lateral component of
the vertical bending moment is needed, This is olten overlooked by
designers, but it is beginning to be recognized by some industry agen-
cies. The AASHTO-National Steel Bridge Alliance steel bridge col-
laboration document, CGuidelines for Design for Construciability (3),
directly addresses the additional stresses cansed by ont-of-plumhb
girders and directs the designer 1o evaluate them.

Consideration of Out-of-Plumb Effects

Given the girder depth and the vertical deflections of the five girders,
the global rodations of the superstructure were caleulated at tenth points
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along cach span, These rotations were used w calculate lateral bend.
ing factors, which quantified the lateral components of the positive
vertical bending moments. In effect, the spreadsheet resolves the
plumb vertical bending moment into g tateral component and a com-
ponent aligned with the out-of-plumb weh, See Table 3 for an exam-
ple spreadsheet and Figure 3 for a sketch explaining the caleulations,
Only the steel dead load and noncomposite deck conditions were
included in the calculations, since the additional Tange stresses induced
on the composite section are minimal.

The products of the lateral hending factors and the vertical bending
moments from BSDI-3D were the additional laeral bending momenis
cansed by the out-of-plumb nature of the girder webs, A second spread-
sheet incorporated these additional lateral moments into the girder
stress checks and calculated new performance ratios for critical
lecations along each girder, As seen in Table 4, additional Nange tip
stresses as high as 1.61 ksi (1110 MPa) were scen, which cansed g
4.6% increase in the girder stresses caleulated by BSDI-3D. An opii-
mized girder design will not typically have sulficient reserve capacity
o accommodate a siress increase of this magnitude,

The proposed approach for incorporating the additional lateral Aange
moments caused by the out-of-plumb webs ensures that the girder
stress checks include all relevant stresses. The spreadsheet method will
increase the Ginal girder literal Qange bending moments, reducing the
factor of safety at cach checked location along the girders. A designer
wlo uses a program like BSDI-3D to perform girder stress checks must

TABLE 3 Calculation of Leteral Bending Factors

Steel Dead Lowd Only

Vertical Difference
Deflection (in.} in Vertical Lateral

Location Deflectons Bemling
Along Span Gl G5 {in.} Factor
Span 1

.0 (1060 0.00 (.00 LRI
o1 002 Q.27 0.19 0.00057
02 (.10 (.46 0.56 100109
0.3 26 -{.55 0.31 000158
0.4 .47 -0.52 .99 000193
0.5 .71 —.38 1.0 (00213
0o 091 ~-{.18 1.09 (L0213
0.7 1596 0.02 0.94 (00184
0.8 154 .15 0.6 (LK 135
09 .51 015 036 (000
1.0 .0 (100 .00 UL EY
Span 2

0.0 (100 (00 000 (OO
0.1 -1.03 —{.49 —1.54 (L0105
02 -2.29 =1.19 =1.10 (L0215
0.3 -3.52 -1.95 -1.57 (.00307
(1.4 —d,40 -2.54 -1.86 (00363
0.5 -457 ~2.89 =198 {LOKIEET
0.4 -4 .85 -2.93 -1.92 (L0375
07 —4,30 -2.62 —1.68 (L5325
0.8 =326 =200} -1.26 (.01 2446
09 -1.80 -1.11 =69 (LMK 35
1.0 (.CH [I3E1] .04 [ R
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remember to allow some additional conservatism in the BSDI-3D
girder design.

PENMNSYLVANIA STATE UNIVERSITY
MONITORING PLAN

Research is being conducted at the Pennsylvania State University into
the behavior of curved-girder bridges during construction. Itis the
goal of the research to provide insight into the actual behavior of
these structures during construction to make it possible 1o develop
more aceurate and effective construction procedures in the future.
This will be accomplished through instrumentation and monitoring
of Bradge 207 during all phases of construction, including girder ship-
ment, superstruciune erection, and concrete deck placement. The work
focuses on axial stresses in specific cross-frames, warping stresses of
the girder Hanges, and global deformations and rotations of the steel
?jill"fel'b"['l'l.l.cl'lth.

Tao achicve the objectives of the research, the following tasks were
completed:

e A prelinnary analvsis of the structure was performed with finite
clement models.

= Instrument locations were selected, and vibrating wire instraments
were installed at critical locatons on the girders and cross-frames.

* The structure was closely monitored dunng all constraction activ-
ities, and & detailed construction time line was documented. A time
line was necessary to fully understand the condition of the structure
and loading scenarios prasent al any given point in time,
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* A photogrammetry study of the bridge was conducted to mon-
itor changes in the geometry of the structure through construction
activities, )

® Grillage models were developed considering actual geometry,
crection sequence, and deck placement procedures for comparison
with field data.

Constructibility Problems

Mozt problems with the construction of curved-girder bridges ocour
during superstructure erection {4). Girder and cross-frame fit-up prob-
lems occur for several reasons. Frequently, proper consideration is nog
given 1o the girder deflections and rolaions al each stage of erection,
Current AASHTO puide specifications now require consideration
of the effects of curvature during fabrication, shipment, erection,
and deck placement but provide little guidance for the designer or
contractor to do so (3. As a resolt, lemporary supports and lateral
bracing necessary for the construction of bridges curved in plan are
often inadequate. This leads 1o givder and cross-frame fit-up prob-
lems and difTiculties achieving desired final geometry, Nomerons
studies have indicated that three-dimensional finite element models
can accurately predict the behavior of these structures, vet grillage
analogies are often used by contractors 1o develop erection sequences
because they are simpler to construct and require significantly less
compuoting power. The ability of these models w predict the effect
of curvature on stresses and deformations during construction is
addressed in this research.

A second problem common with these structures 15 inconsistent
detailing of cross-frames (6). The web of a curved girder cannot be
plumb in the no-load, dead load, and final conditions because of rota-
tiom of the cross-section during constroction, When the bridge designer
fails to recognize this crucial fact, inconsistent detailing can occur,
For cxample, if a bridge is designed for the girder webs to be plumb
under the sell-weight of the superstructure, the cross-frames cannot
be detailed for plumb webs in the no-load condition, These errors
can lead o ft-up problems and geometnic discrepancies,

Preliminary Analysis

T assist with instrument placement, three-dimensional finite element
models were generated by using SAP2000, a commercially availahle
struciural analysis software package, The models were used 1o deter-
mine the magnitwde and locations of maximum positive and negative

TABLE 4 Additional Lateral Bending Stresses Coused By Out-of-Plumbness

Top Flange Bottom Flange
Percentage Percenlage
Increase in Increase in
Maximum Lateral Maxiemim Lateral
Location Additional Lateral Bending Additional Lateral BEending
Along Span Bending Stress Stress Bending Stress Stress
Girder (3, Span 1 (4L (.58 ksi (4.00 MPa) 1.9 0.47 ksi (3.24 MPa) 1.4
Giirder G3, Span 2 4L L.61 ksi (11,10 bPa) 4.4 0,87 ksi (6,00 MPa) 1.9
Citrder G, Span 1 0.7 (.38 ksi (6.07 MPa) 1.8 0.28 kst {1.93 MPa) 0.8
Girder G1, Span 2 4L 1.51 ksi (10,41 MPa) 33 0.1 ksi (5.58 MPa) 1.6

More: Addational stresses in Table 4 are listed for steel dead load plus noncomposite deck condition.
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vertical bending in both spans. Changes in conerete deck propertics
caused by staged deck placement were considercd in the model by
modifying the material properties of the concrete. For wet concrete
during deck placement, material properties [or the deck were given
the unit weight of concrete but negligible stiffness to prevent com-
posite behavior. Values for the modulus of elasticity were cstimaled
and changed as applicable for different stages of deck placement.
Deck placement was assumed to be accomplished in three stages {see
Figure 1 for span locations}, which included the positive moment region
in Span 1, the positive moment region in Span 2, and the negative
moment region,

The model was used to ohtain defiections and flange stresses caused
by the self-weight of the steel superstruciure and the combined weight
of the steel superstructure and concrete deck along the length of all
five girders. Results were used to determine optimal locations for
vibrating wire strain gauges and tilumeters.

Instrumentation Plan

A total of 65 vibrating wire strain gauges and lour vibrating wire tilt-
meters were used to monitor the study bridze during construction, The
vibrating wire instruments were placed at anticipated points of max-
imum positive bending in Span 1 and Span 2, the point of maximum
negative bending at the pier, and Abuiment 2. More vibrating wire
instruments were placed on the exterior girders and cross-frames since
these are the critical elements within a curved-girder system.
MNormal sirains were measured at the anticipated points of maximum
positive and negative bending, Geokon Model VE-4100 vibrating
wire sirain gauges, shown in Figure 4, were used for this purpose. The
instruments have a gauge length of 2 in. (51 mum), a range of 2500 pe,
and a sensitivity of 0.5 to 1.0 pe. The gauges were welded 1 the top
and bottom flanges of the girders, | in. {23 mm) from the Aange tips.
To measure warping stresses, gauges were needed at both ange tips.
Rotation instrumenis were used to measure longitudinal rotations
at Abutment 2 amd radial rotation of the entire superstrocture near the
point of anticipated maximum positive bending in Span 2. Geokon
Madel 6350 vibrating wire tilimeters were used. These instuments
have a range of 2107 and a resolution of 10 arc seconds, The tilimeters

FIGUFE 4 Geokon Model VE-4100 vibrating wire strain gauges,
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were affixed 10 the girders with a bracket bolied 1o the web near the
noncomposite neutral axis.

Installation and Maonitoring Plan

Vibrating wire instruments were installed on the girders at both the
{abrication yard and the project site. Data were acquired manually
in the fabrication vard and during girder erection by using a portable
vibrating wire readout box. On completion of girder erection, a 64-
channel data logger and comtrol module was installed that acquired data
continuously throughout remaining construction activities. These
instruments were hardwired on installation of the metal decking but
before placement of any temporary forms for deck placement.

The girders were hlocked to their vertical curvature and camber in
the fabrication yard, and strain gauges in the positive moment region
of Span 2 were installed. Benchmark readings were taken with the
portable readout box, These instruments were menitored before and
after pirder shipment and during girder erection. These ganges were
the primary instruments used for the superstructure crection study,
The data from these instruments during girder ercction will be used
to report the effect curvature has on girder warping stresses during
constroction and assess the ability of a grillage model 1o predict these
effects.

Remaining top fange strain gauges were installed while the girders
were blocked to curvature and camber at the project site, Since the
bottom flange was not accessible at this time, bottom flange strain
gauges in Span | and at Pier 1 were installed once the girders were
in place. Because of time restraints, tltmeters and cross-lrame strain
mauges also were not installed until completion of girder erection,
These instruments were primarily used For the deck placement study
along with previously installed gauges.

The structure was closely monitored during ercction of the super-
structure, Readings were taken by using the portable readout box at the
end of each working day, and a detailed time line of the actual erection
procedure was recorded, This was completed 1o evaluate the effect
of curvamure on the partially crected supersinucture as components were
added to the structural system. The contractor used a single ginder
erection procedure, working from the interior girder, G5, to the exte-
rior girder, G1. The shorter span, Span 1, was erected in its entircty
before Span 2 was constructed. The contractor used several temporary
shoring towers, temporary tie-downs, and lateral wind bracing during
girder erection and deck placement 1o stabilize the system.

Another set of benchmark readings was taken with the portable
readout box on completion ol girder erection and placement of deck
pans to distinguish strains caused by the erection sequence from sirams
caused by deck placement procedures. AL this lime the data-logger
was installed. Readings were taken at half-hour intervals through
placement of deck steel and forms and S-min intervals during place-
ment of the concrete deck to filter out the effects of vibrations [Tom
construction cquipment on the gauge readings. Again, a detailed dme
line of the actual deck placement procedure was recorded. The deck
was placed in three siages, as anticipated. The positive moment region
in the shorter span was placed first, followed by the positive moment
region in the longer span 3 days alier the previous pour, The negative
moment region was the last section 10 be placed 1o minimize cracking
of the deck caused by its self-weight. This occurred 3 days afller the
second pour, Each pour took approximately & h, and bulkheads were
oriented radially near the anticipated dead load inflection points.
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Photogrammetry Study

Greenman-Pederson, Inc,, conducted phologranmmetry scans by using
Cyrax Laser Technology. Scans were completed at three critical stages
during construction of the structure, including completion of girder
erection, placement of deck steel, and placement of the concrete deck.
Each scan produced a three-dimensional grid of the entire structure
and will be used to determine rranslatons and rotations along the entire
length of all five girders and the global twisting effect of the un-
balanced spans. It will be possible to measure oul-of-plumbmess of
the girder webs by using these data. These data will also be used to
determine if the as-built geometry of the bridge relates well with the
design geometry. All this will be compared with grillage analogics
of the structure w determine if the models can accurately predict
deflections of Bridge 207 during construction,

PRELIMINARY MOMITORING RESULTS

Drata from the curved-girder study are stll being collected and assessed.
The vibrating wire strain gauges and tltmeters worked well Tor mon-
itoring the curved-girder structure over an extended period, and data
acquisition and reduction were relatively simple. Fomre field studies
should focus on monitoring the girders along an unbraced length rather
than at critical locations only to evaluate the effect of curvature and

21=]

construction on the distribution of Nange warping stresses as well as
magnitudes at critical locations,

Preliminary comparisons of grillage models and field data have been
conducted for flange vertical bending stresses and vertical deflections
during construction, but flange warping and lateral bending stresses
have not been evaluated, T was determined that curvature had a mea-
surable effect on vertical bending of the girders, and the grillage model
in SAP200 predicted vertical bending stresses throughoot girder
erection and deck placement reasonably well. Vertical deflection
comparisons alse showed reasonable agreement; however, grillage
madel predictions were consistently nonconservative when com-
pared to deflections measured in the ficld for all five girders. Figures 5
through 8 show comparisons of leld data and the grillage model
predictions.

CONCLUSIONS

Curved steel plate girder bridges are complicated three-dimensional
systems. The girder curvature canses deflections and internal forces
that sometimes differ from what would be seen in a tangent structure
of similar size. An asymmetrical curved span arrangement can exhibit
even more complex behavior, An understanding of the rolling behav-
101 of curved girders 1s crocial for engineers who analyze and design
these structures, The additional lateral flange bending moments gen-
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