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SUMMARY

An experimental and analytical study was perforneedetermine the stability
behavior of prestressed concrete beams. Two gygiilenomenons were investigated:
(1) lateral-torsional buckling and (2) rollover.n&mphasis was placed on the effects of
initial imperfections on the stability behaviorgteffect elastomeric bearing pads and
support rotational stiffness was investigated. @&kgerimental study consisted of testing
six 40-in. (1016 mm) deep, 4-in. (102 mm) wide,fBZ9.75 m) long rectangular
prestressed concrete beams with varying prestgegsioe and prestressing strand
eccentricity and testing one 100-ft. (30.5 m) |61@| BT-54 bridge girder. Elastic and
nonlinear analyses were performed on the sevelspesimens, on a hypothetical
rectangular beam with a series of varying initnaperfections and a PCI BT-72 with

varying imperfections.

The first set of experiments was performed orstheectangular beams. The
beams were designed to fail by lateral-torsionakbog. The results showed that the
prestressing strands did not restrain the beams linackling out-of-plane or destabilize
the beam like in the case of a beam-column. Thenkeéuckled after flexural cracking
had occurred and did so at a load much less tha elastic lateral-torsional buckling
theory predicted. Initial imperfections were showrdecrease the inelastic lateral-
torsional buckling load due to a rotated neutras,axdditional torsion on the cross-
section and progressive rotation that led to aelacgmponent of flexure about the weak-

axis (P-delta effect).
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A material and geometric nonlinear, incrementatllanalysis was performed on
the six rectangular beams. The nonlinear analysgshed the experimental load versus
lateral displacement and load versus rotation hehaand the analysis predicted the

experimental maximum load within an error of 2%.

The nonlinear analysis was extrapolated to seffarent initial imperfection
conditions to parametrically study the effect afial lateral displacement and initial
rotation on the inelastic lateral-torsional bucglinad. A simplified expression for
lateral-torsional stability of beams with initi@mhperfections was developed based on an
elastic stability expression (Goodier, 1941 and2)94he data from the parametric
study were used to develop reduction parametersditr initial sweep and initial

rotation.

The first experiment with the PCI BT-54 was a sgtod the deformation of the
girder due to solar radiation. Solar radiatiortlomtop and side of the girder, wind
speed, internal strain, air temperature, interer@derature and surface temperature were
recorded to determine additional sweep or rotatiahe girder due to non-uniform
heating. The research showed that the initial pveé¢he 101-ft. (30.8 m) PCl BT-54
girder increased up to 40% due to the effect addrs@diation on the girder, an additional
sweep of 0.0515-in. (1.31 mm) per 10-ft. (3.05 Mngicder length. However, only
0.000212 radians of additional rotation was devetbgue to the non-uniform heating of

the girder.

The PCI BT-54 was tested under midspan point toakamine its rollover

behavior. For the stability experiment, full tansal restraint was not provided at the
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supports. Instead, torsional restraint was onbyioled by the couple created by the
bottom flange and the elastomeric bearing pad® I3&d versus lateral displacement and
load versus rotation response corresponded well tivé prediction from the nonlinear
incremental analysis that included a bearing padehoA rollover failure occurred well
before an inelastic lateral-torsional buckling medes anticipated. In fact, the girder
never cracked during the testing. The nonlinearemental analysis did not predict the
rollover failure because of assumptions made iretastomeric bearing pad model.
Imperfect bearing conditions were not modeled amdinear bearing stiffness behavior
at large rotations was most likely inaccurate. fdilver methodology proposed by

Mast (1993) predicted the rollover limit state vergll.

From the research, it was apparent that rollovéne controlling stability
phenomenon for prestressed concrete bridge girdédrs.nonlinear lateral-torsional
stability failure is unlikely because prestressedatete bridge girders are designed to not
crack under self-weight alone. Therefore, theastt lateral-torsional buckling
simplified equation initial imperfection reductiparameters do not apply to bridge
girders. Instead, the elastic lateral-torsionaldting predictions should be used.

However, the elastic lateral-torsional bucklingdsavere found to be greater than the

rollover limit for girders with no end support laa¢bracing.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

The spans of precast prestressed concrete bridigrghave become longer to
provide more economical and safer transportatiarcgires. Increases in concrete
strength, strand diameter and manufacturing presdsave enabled lengthening of
girders. As the spans have increased, so hasfith df the girders which in turn have
increased the slenderness of the girders. Slees®in a beam or girder would increase
the likelihood that a stability failure would occutability failures could pose a danger
to construction personnel due to the sudden natumdich a stability failure would
occur. Furthermore, stability failures of pressex$ concrete girders during construction
would cause a detrimental economic impact duedatsts associated with the failure of
the girder, the ensuing construction delays, dan@genstruction equipment and

potential closures to highways over which the beiggs being constructed.

The collapse of 150 ft. (45.7 m) long, 90-in. (Bh3deep, precast prestressed
concrete bridge girders in Pennsylvania in theda2004, depicted in Figures 1.1 and
1.2, resonated the need to understand the behahsoich girders, particularly with
respect to their stability. Mr. Brian ThompsonnRgylvania Assistant State Bridge
Engineer, suspected that additional sweep (latexf@rmations) could have occurred due
to the sun heating one side of the girder and ngusie girder to bow. Additional sweep
in the girders would have increased the possihilits stability failure because

eccentricity of the gravity load would apply tonsito these girders.



Figure 1.1 - Stability failure of 90 in. (2.3 m)ejeprecast prestressed concrete girders on
[-80 in Pennsylvania (Zureick, Kahn and Will, 2005)

Figure 1.2 - Stability failure of precast prestezbsoncrete girders on 1-80 in
Pennsylvania (Zureick, Kahn and Will, 2005)



More recently in the summer of 2007, during thestarction of the Red
Mountain Freeway near Power Road in Mesa, Arizairee girders collapsed, as shown
in Figure 1.3. The Arizona Department of Transgiioh hired CTLGroup to investigate
the collapse. The investigation by the CTLGroupgterle et al., 2007) concluded that
the collapse probably was due to lateral instghdftone girder which caused a
progressive collapse of the adjacent eight gird@ssterle et al. (2007) believed several
factors caused the instability including “bearirgentricity, initial sweep, thermal

sweep, creep sweep, and support slope in botmahsvierse and longitudinal directions.

Figure 1.3 — Stability failure of AASHTO Type V Hdge girders in Arizona (Oesterle et
al., 2007)

Investigating the effect of girder sweep and eawatyt is of utmost importance
due to the potential for a decrease in lateralilgiabaused by the imperfections. There

are several causes of accidental eccentricityecgst prestressed concrete girders such



as imperfections during fabrication, eccentricityoestressing strands in the girder,
cracking and permanent deformations from handlmdjteansportation of the girder and
lastly, the eccentricity caused by solar radiaheating the girder on one side, only.
Additionally, bearing support conditions can alslversely affect the stability of bridge
girders. Therefore, understanding the stabilityaw#or of precast prestressed bridge
girders including reasonable magnitudes of gireher support imperfections and their
affect on stability behavior are paramount in eimgusafety during erection of such

girders.

1.1.1 Problem Definition

Understanding the stability of precast prestressete girders would require the
consideration of two different stability phenomesdhat could have been the cause of
the collapse of the aforementioned bridge girdef@annsylvania and Arizona. The first
of the potential causes essentially would be @vel failure of the girder. A rollover
failure in this case would be where the girder aghale tips over since there were no
physical restraints to prevent this from occurrizsfhen the girder was placed, the girder
was expected to stay in place simply by usingatbweight. However, if the girder’'s
self-weight was off-center at all, an overturningment would have been created that

would try to tip the girder over if it became lardglkean the resisting moment.

There could be several causes of overturning manigme first possible cause
would be the eccentricity effect from imperfectiahging fabrication, eccentricity of
prestressing strands in the girder, cracking amchgeent deformations from handling

and transportation of the girder and the eccetyr@aused by solar radiation



inconsistently heating the girder. If the girdedran initial out-of-straightness there
would be an overturning moment created that woeld function of the self-weight of

the girder and the initial lateral deformation lo¢ tgirder which could be generalized as:

W, (x) e (x)dx (1.1)
0
where:
Wp(x) = girder self-weight as it varies along thedgr length
ex) = eccentricity of girder center of gravityiasaries along the girder
length
L = length of the girder

The effect of the eccentricity induced overturnmgment in Equation 1.1 would be
amplified by considering that the girder was ngtdi The initial imperfections in the
girder included rotation; therefore, a componenhefself-weight load of the girder
would act about the weak-axis of the girder cauireggirder to both deform and rotate
more. The additional deformation and rotation wioadid to the overturning moment
which in turn would cause the girder to deform amtdte more, and so on.
Mathematically it would become an iterative procassl the system converged to

equilibrium, or becomes unstable.

Overturning moment could also be created dueddatipport conditions. The
bearing pads on which the girders rest may not paveided a level surface. If the

bearing pad had a lateral slope, the girder woaltethad an initial rotation at the ends of



the girder which would have caused an overturniogient. Furthermore, many bridges
have used elastomeric bearing pads, including g#teNRountain Freeway Bridge in
Arizona (Oesterle et al., 2007). Elastomeric bepgads would have had the capacity to
deform under load. As the overturning moment iasegl, more of the load would be
transferred from one corner of the bottom of threlgi into the bearing pad as illustrated
in Figure 1.4. Due to the load concentration on side of the bearing pad, the bearing
pad would deform more on that side further incregs$he slope of the bearing, and once

again it would become an iterative process untiildgium was met.

Bridge Bridge
Girder Girder
Elastomeric Elastomeric Laterally
Bearing Pad Bearing Pad\ Sloped
Support

ttetit

Figure 1.4 - Elastomeric bearing pad deformatiash land condition for the perfect case
and for the laterally sloped support case

The second possible stability phenomenon that coale caused the bridge
girders to collapse in Pennsylvania was lateraitoral buckling. Elastic lateral-
torsional buckling was a topic that had been reteat extensively for steel, timber and
polymer composite beams due to the susceptibditgteral-torsional buckling for
typical beam cross-sections which used these m#terMost formulae on the subject
could be traced back to the original developmentinyoshenko (1905) and expanded by

Goodier (1941, 1942) and reported by TimoshenkoGack (1988); however, Chen and



Lui (1987) included the equations for many loadamgl support condition cases. The

generalized case for a simply-supported elastectisn subjected to strong-axis flexure

was:
M, = Cl'ip\/a *GJ 1+P;EG(3W (1.2)
where:
Mp = buckling moment
Co = moment gradient coefficient
E =  elastic modulus

[ = moment of inertia

G = shear modulus
J = torsion constant
Cw =  warping constant

Additionally, effects of load height were discussedrahair (1993), and depending on
the properties of the beam, the load height coglaificantly affect the critical load. The
critical load was most affected in the case of @rdreams with a high modulus of

elasticity, large warping constant and a low tanaicstiffness.

Other cases that were important to consider inclubde simplified case of a thin
rectangular beam in which the warping constantzeas; Equation 1.2 could thus be

modified accordingly. Furthermore, Kirby and Netiad (1979) gave one possible



approximate solution for the case where the in@eflection would have an effect on

the critical load as:

strong-axis moment of inertia

weak-axis moment of inertia

(1.3)

The use of Equations 1.2 and 1.3 for analyzingfoeted and prestressed

concrete beams would result in extremely non-caagiee results. In fact, an engineer

would be hard-pressed to conceive of a reinforegutestressed concrete cross-section

that resembles anything that could be put to prakctise where Equations 1.2 and 1.3

would result in a critical buckling load less thae flexural ultimate load of the cross-

section. The reason for this is that the flangdah@girders and the relatively large web

thicknesses create cross-section properties thdbararge to cause stability concern.

The possibility for a lateral-torsional bucklingléae in a reinforced concrete or

prestressed concrete girder lies in the fact tiqatEons 1.2 and 1.3 were for elastic

cross-sections and would not compensate for thénsam behavior, including cracking,

of reinforced or prestressed concrete beams.



Lateral-torsional buckling equations for a prestegsconcrete beam would need
to consider the nonlinear material properties afatete when the compression zone of
the concrete has been stressed significantly serteke equations would be
unconservative. Furthermore, during loading, threccete in the tensile zone would
crack and reduce the flexural and torsional rigedit Prestressed concrete beams would
involve additional complications to the analysiatttiffer from reinforced concrete
beams. The addition of the steel prestressingdsravould add a compressive stress to
the cross-section as well as a bending stress aoenpd the strands were eccentric. A
prestressing force in the beam would pose additiquestions about the behavior.
Would the prestressing force act as an axial ldadih a beam-column, would the fact
that the strands are embedded in the concreteecaattraint to lateral deformation
since the strands would want to resist being defteout-of-plane, or would there be no

effect and the behavior would be the same as neiefoconcrete?

Initial imperfections and imperfections due to sakdiation were suspect during
the collapse of the bridge girders in Pennsylvamnic Arizona; therefore, the analytical
model would need to represent the realistic impgidas of a bridge girder. In theory,
the elastic buckling load for an imperfect beam Wd@pproach the same load as a
perfect one; however, there would no bifurcatiompm an imperfect beam. Increased
lateral deformations would occur immediately upoading, and substantial deformation
would occur at a load less than that of the cilificad. For an elastic beam with a
constant end moment applied, Chen and Lui (198iyetkthe equations for the lateral
deflection and rotation given by Equations 1.4 ar&] respectively. The analysis was

based on an initial lateral deflection and rotatioren by Equations 1.6 and 1.7.



where:

Mo

Uo

u= 1 d, sinp—LZ (1.4)

1- (M, /M,
1 . pz
b= sin— 15
1- (M m) o= (1)
u, = d, sinp—LZ (1.6)
by =g, sinp—LZ (1.7)

lateral deflection

applied end moment

initial lateral displacement at midspan

coordinate axis along centroidal axis of gindéh origin at end
initial rotation at midspan

initial lateral deflection

initial rotation

Equations 1.4 and 1.5 were for an elastic beamghewy the equations would need to be

altered to consider the complexities of concrétarthermore, deformations in a

reinforced or prestressed concrete beam would lydmlassociated with cracking of the

beam which would reduce the stiffness and conselyusauce the critical buckling load

as well. More discussion on the elastic behavioluding initial imperfections was

included in Bleich (1952) and Trahair et al (2001).
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To accurately analyze a precast prestressed bgidder with respect to lateral-
torsional buckling, an analytical equation or metkauld need to consider the nonlinear
behavior of concrete, the effect of prestressimgdapand the effect of initial
imperfections. Within the category of initial intfections, fabrication error would
already be limited by code, and, therefore, maxinmperfections could be predicted;
however, the additional imperfections due to slopearings, creep sweep and solar
radiation would need to be quantified so that tbeyld be considered. Currently, these

issues are not considered in the design of precastressed bridge girders.

The PCI Bridge Design Manual (2003) addressesatieeal stability of
prestressed concrete bridge girders for two cg&gsvhen the girder is hanging from a
lifting device and (2) when the girder is restimgftexible supports (specifically referring
to the case of the girder being transported). HGeBridge Design Manual (2003)
provides an explicit procedure to determining thety against instability for those two
cases which were based on Mast (1989) with respechanging girder and Mast (1993)
with respect to a girder in transit. However, B@l Bridge Design Manual (2003) does
not provide methods or recommendations for presticbgirders in their erected position.
There is an attempt to stress in the PCI Bridgaddeglanual (2003) the danger of
unbraced girders in their erected state when stggdny elastomeric bearing pads due to
the highly nonlinear behavior of the bearing pattipularly when the bearing reaction

leaves the confines of the bearing pad’s kern.

There are several construction tolerances spedifyatie Precast Prestressed
Concrete Institute. The PCI Bridge Design Man@8l03) specifies that the flatness of

the support is limited to a 1/16 in. (1.6 mm) talece as shown in Figure 1.5 and a sweep
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tolerance of 1/8 in. (3.2 mm) per 10 ft. (3 m) ofdgr length. Additionally, the PCI
Tolerance Manual for Precast Prestressed Concretst@ction (2000) limits the
centerline of the bottom of the girder1al in. (25.4 mm) relative to the centerline of the

elastomeric bearing pad as shown in Figure 1.6.

Support

Surface
!

Toleranm

Figure 1.5 — Support flatness tolerance

|
\

| Bridge

| Girder
Elastomeric }
\
|
|

Bearing Pad\

Figure 1.6 — Offset of girder and bearing pad adinetolerance

The AASHTO LRFD Bridge Design Specifications (20@Agd AASHTO LRFD
Bridge Construction Specifications (2004) do nwotiliconstruction tolerances in any
way as a direct result of stability consideratiofifie AASHTO LRFD Bridge

Construction Specifications (2004) stipulates iotle@ 8.13.6 that “the contractor shall
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be responsible for the safety of precast membaeaiaglall stages of construction.” Itis
apparent that the governing design codes lackcserfti guidance on the subject of
stability of precast prestressed bridge girderpprAaches from Mast (1993) were
applied by Oesterle et al. (2007); however, itnknown if that is accurate or even
conservative for the case of a girder in its ekg@sition. Furthermore, it is unknown if
the girders that collapsed in Pennsylvania andokidzwere due to a rollover failure or a

lateral-torsional buckling mechanism.

Rollover behavior as well as lateral-torsional debr of precast prestressed
bridge girders needs to be understood to ensurgefie¢y of the placement of such
girders. Furthermore, to fully understand the t&naf the behavior, the flexural and
torsional rigidities need to be accurately con®dewrhile also considering the maximum
girder imperfections that can occur in practicetipalarly with regards to the unknown

sweep from solar radiation.

1.2 Scope

The research addressed several of the deficiemclaswledge, as well as the
lack of verification in current analytical techne&giwith respect to the lateral-torsional
buckling of precast prestressed concrete bridgieggrand the rollover of prestressed
concrete bridge girders. This broad objective s@i into several smaller objectives.
The first objective was to quantify the magnitudedditional sweep that could occur
due to solar radiation. The study on girder deftrans due to solar radiation was not
intended to be an extensive study, but insteath\astigation into the possibility of solar

radiation causing non-negligible geometric impetitets. The second objective was to
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perform a series of lateral-torsional buckling expents on prestressed beams to
determine the effect of the prestressing forceheir stability. Additionally, a validation
of the existing analytical techniques was perforraed proved the need for a better
analytical approach; therefore, both a calculatnb@nsive analytical approach and a
simplified equation were developed to predict titerdal-torsional buckling behavior of
prestressed concrete flexural members. Lastlydih@ver behavior and the effect of the
bearing pad on rollover were investigated by areexpent on a PCl BT-54 bridge
girder. An emphasis was placed on the magnitutidseanitial imperfections and the

effect the initial imperfections had on the stapibf the girders.

All of the experimental work was performed on gebbeam specimens. The first
six specimens were rectangular prestressed cormeatas. The beams had a length of
32 ft. (9.75 m), a width of 4 in. (10.2 cm) andeagdht of 40 in. (102 cm). The seventh
specimen was a 101 ft. (30.8 m) PCI BT-54 bridgdegi The BT-54 was prestressed
with 40 — 0.6 in. diameter prestressing strandh e@ch strand having a jacking force of
43,943 Ibs. (195.47 kKN). The details of the setesh specimens are described in Chapter

2.

The six rectangular test specimens were usedateeal-torsional buckling
experimental program. Two experiments were peréalion the BT-54 test girder. The
first experiment for the BT-54 involved obtainirgriperature variations in the girder,
thermal strains in the girder, solar radiation datad data, and for certain days due to
experimental limitations, sweep and camber datae Aon-destructive nature of the first
experimental allowed for a stability experimenttba BT-54 as well. Details of the field

BT-54 experimental study are presented in ChapteZl@apter 4 presents the
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experimental setup for the seven stability expenitsie The results of the rectangular

beam experiments are presented in Chapter 5.

Chapter 5 also presents a comparison betweernxpegimental results and the
analytical results utilizing the methodologies oéyous researchers. Chapter 6 presents
the analytical developments to predict the latewedional buckling behavior of
prestressed concrete flexural members. The fieshadology predicted the load vs.
lateral displacement and load vs. rotation behawowever, the rigorous and time
consuming nature of the methodology could posdikelyinattractive to the practicing
engineering. Therefore, a simplified equation degeloped that expedited the
analytical work and provided a prediction on thelding load. Both analytical
procedures included the material characteristiaatrete and the effect of initial
imperfections. The stability results for the BT-@idder and a comparison to analytical
procedures is presented in Chapter 7. Chapten\8das a commentary on the behavior
of prestressed concrete bridge girders with respdeteral-torsional buckling and
rollover. Lastly, conclusions and recommendati@mf this research are presented in the

final chapter.

1.3 Background
1.3.1 Lateral-Torsional Buckling

1.3.1.1 Reinforced Concrete Beams

Classical theory had dealt with the behavior of#dinelastic, isotropic materials;
however, reinforced concrete members needed so&utiat incorporated the

complexities of concrete behavior. The elastic atasl could not be considered constant
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because the stress-strain behavior would be na@mlinéurthermore, after cracking, both

the flexural and torsional rigidities of the membeyuld be reduced.

Hansell and Winter (1959) approached the problélateral-torsional buckling
of reinforced concrete beams by performing a sekperiments. Ten different beams
were built with the same cross-section and longmaideinforcing and were loaded at
guarter-points for five different spans. Each bdwud the same dimensions; 13 in. (33
cm) deep, 2.5 in. (6.4 cm) wide and included o® . (19 mm) diameter deformed bar
centered 11.25 in. (28.6 cm) from the extreme cesgon fiber as shown in Figure 1.7.

The additional details of the specimens are showiable 1.1.

13 11.25

O_"_

0.75" DIA
Deformed Bar

Figure 1.7 — Test beam geometry from Hansell anatt&¥i(1959)
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Table 1.1 - Test beam data from Hansell and Wi{it@59)

Stirrup Cylinder
Beam Span, L/b Spacing, Strength,
Mark ft. (m) Ratio in. (cm) | fc', psi (MPa)
B6 6 (1.83) 28.8 5.5(13.97) 4310 (29.72)
B9 9 (2.74) 43.2 5.5(13.97) 4310 (29.72)
B12 12 (3.66) 57.6 7 (22.96 4350 (29.9D)
B15 15 (4.57) 72.0 7 (22.96 4215 (29.0p)
B18 18 (5.49) 86.4 7 (22.96 4260 (29.3]7)

The test set-up was such that a 1.5 in. (38 mmnmelier ball attached to a roller
assembly was used at the load points so that tra bes free to rotate and displace
laterally to simulate gravity load. Additional tieg) was done (Hansell, 1959) to find
that the maximum lateral restraining force provitgdhe loading apparatus was 0.1% of
the vertical loads. The end conditions were singpigported with the additional use of

vertical rollers so that the beams were restraagainst torsion at the ends.

The results of the tests are shown in Table 1.@te khat there was two of each
beam type and were differentiated by a suffix tiexi 1 or 2. All ten of the beams failed
in a flexural tension mode in good agreement witimate strength theory. The extreme
slenderness of these test specimens not only diduokle, but there was no reduction in
capacity at all. Hansell and Winter (1959) bele:t#eat one potential influence on the
results was the large web reinforcement ratio phalbably contributed a significant
amount of torsional restraint. Furthermore, TdabRincludes the amount of initial

imperfections in each beam as well as the finaéokesi lateral and vertical
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displacements of the beams. Although not discusgguficantly by Hansell and Winter

(1959), the test specimens with larger initial imipetions correlated to larger final

lateral displacements.

Table 1.2 - Test results from Hansell and Wint&5d)

Beam B6 BO B12 B15 B18 | Suffi
L/b Ratio 28.8 43.2 57.6 72.0 86.4 1,2
%fneer‘r’]f?vﬁe'g[“ate 216 (24.4) 201 (22.7)| 193 (21.8) 192 (21.7) 190 (21.5) 1
iouin, (kNm) 199 (22.5) 205 (23.2)| 199 (22.5) 198 (22.4)196 (21.1} 2
Sf’t‘i'fn”;f‘;el\‘jlomem 196.7 | 1967 197 1959 | 1962 | .,
Moalo Kipin. (22.2) | (22.27) | (22.26) | (22.13) | (22.17)
1.10 1.02 0.98 0.98 0.97 1
Mtest/Mcalc 1.01 1.04 1.01 1.01 1.00 2
Midspan Deflections at Yield Point, 0.001 in. ((6@2nm)
. 192 330 460 825 1015 1
Vertical 188 330 495 1005 1080 2
53 33 43 1260 72 1
Lateral - Top 78 18 515 97 500 2
66 56 14 1090 150 1
Lateral - Bottom 82 25 620 228 430 2
Initial Sweep, 4 8 8 25 13 1
0.01in. (0.254 mm) 6 6 11 12 17 2
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Although the experiments gave no results with resfeelateral-torsional
buckling behavior, Hansell and Winter (1959) praggban approximate buckling
analysis for a reinforced concrete beam by taliegclassical lateral-torsional buckling
equation for an elastic rectangular cross-sectitim @gual applied end moments that was

given by:

M, :g ElLGJ (1.8)
and modifying it to give:
i :—z(ihin), % I,d (1.9)
where:
=  Poisson’s ratio
Ew = modified modulus of elasticity from Hanselldawinter (1959)

Both cross-sectional propertiegahnd J, were to be calculated by the use of
standard formulas except that the height of the@ewas to be taken as the depth of the
compression block and reinforcement was to be oegle The only way in which the
longitudinal reinforcement was implicitly considdr@as by the effect it had on the depth

of the neutral axis.

The reduced modulus was to be derived by usirgstablished stress-strain

relation for concrete such as the modification tiasSi's flexural theory reported by
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Hognestad (1955) to obtain the secant modulusraiuspoints along the load history of

the beam corresponding to the strain at the extimgression fiber of the beam.

Hansell and Winter (1959) did not have any tesa tla confirm their method
besides the fact that their method also predidtattheir test specimens would not
buckle. Furthermore, the approximations that weagle with respect to the cross-
section properties, although conservative, potiynti@glected a significant amount of
stiffness in the beams provided by other mechangmh as the effect of the reinforcing
steel and aggregate interlock, and, therefore, weedy conservative. A reduced
modulus concept was a good method to represemelestic modulus of elasticity of the
cross-section; however, the modulus at a speacéd point was based on the extreme
compression fiber and, therefore, did not accuyatgresent the elastic modulus at other
locations in the depth of the cross-section or glive length, once again providing for

conservative results.

Sant and Bletzacker (1961) also performed a sktstdé on slender reinforced
concrete beams. There were 11 beam specimentin Every beam was 20 ft. (6.1 m)
long, 2.5 in. (63.5 mm) wide and the average cdraempressive strength was 5860 psi

(40.4 MPa). Table 1.3 shows the results of theeis.
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Table 1.3 - Test results from Sant and Bletzack861()

Theoretical
Beam d/b Test Moment| Flexural Moment M M Failure
Specimen| Ratio | kip-in. (KNm) Capacity theory Mrest Mode
Kip-in. (KNm)
B36-1 12.45 1620 (183) 3483.75 (393.6) 2.155 InBtab
B36-2 12.45 1845 (208) 3483.75 (393.6) 1.890 Inktab
B36-3 12.45 1350 (153) 3483.75 (393.6) 2.580 InBtab
B30-1 10.20 2040 (230) 2250.8 (254.3 1.105 Intitgibi
B30-2 10.20 2160 (244) 2250.8 (254.3 1.041 In§itgbi
B30-3 10.20 1402 (158) 2250.8 (254.3 1.600 Intitgibi
B24-1 8.13 1260 (142) 1492.5 (168.6 1.185 Insiigbil
B24-2 8.13 1350 (153) 1492.5 (168.6 1.105 Insitgbil
B24-3 8.13 1440 (163) 1492.5 (168.6 1.037 Insiigbil
B12-1 3.78 300 (34) 330.0 (37.3) - Flexure
B12-2 3.78 210 (24) 330.0 (37.3) - Flexure

All of the beams failed by lateral buckling excémtthe two beams with the

lowest d/b ratio. Sant and Bletzacker (1961) shibthat it was possible to have

reinforced concrete beams fail by lateral-torsidnatkling. The reason Sant and

Bletzacker’s (1961) specimens were able to buckidgenHansell and Winter’s (1959)

specimens did not buckle was due to the differencet and d/b ratios. In Sant and

Bletzacker’s (1961) tests, the L/b ratios all af tteams were 96 while the beams with

the highest L/b ratio in Hansell and Winter’s (198%ts was 86.4, slightly less slender.
Additionally, the transition between a stabilitylfiae and a flexural failure in Sant and
Bletzacker’s (1961) tests occurred between a dib 648.13 and 3.78 which is
consistent with the fact that all of the beams anktll and Winter's (1959) test had a d/b

ratio of 5.2.

Sant and Bletzacker (1961) took the same appras¢tansell and Winter (1959)

with respect to the analysis of the beams. Therebda not within the compression block
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was neglected when the section properties wereledéée. The difference in approach
between the two was with respect to the moduliedasticity. Sant and Bletzacker

(1961) chose to use the reduced modulus given bwtiem 3.3.

E = 4E B (1.19
WE RS
where:
Ec = modulus of elasticity of concrete
Ean =  tangent modulus of elasticity
E =  reduced modulus of elasticity

The analytical method used by Sant and Bletzad@81) was in fact a
conservative approach. All of the specimens thakled did so at a 4% to 116% higher
load than predicted according to Sant and Bletza@@61). The variability of the
experimental results was somewhat suspect thowaghgyarly with respect to the B30
series and B36 series. The variability could Haeen attributed to the inherent
variability of concrete, varying amounts of resttgprovided by the test setup on a test-

by-test basis, or a combination of reasons.

Massey (1967) performed small-scale experimentgedis The specimens used
were 0.5 in. (12.7 mm) wide, 3 in. (76.2 mm) der@ Ao coarse aggregate was used in
the “concrete” mix as shown in Figure 1.8. Thaulssfrom the experiments are shown

in Table 1.4.
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Figure 1.8 — Dimensions and reinforcement for speais from Massey (1967)

Table 1.4 - Test results from Massey (1967)

Specimen Reinforcement (S:?rr(]e%rgettr? Span Mf.a” Failure
Pattern P (in.) (Ib-in.) Mode
¢ (psi)
1 Single 4500 48 5760 Buckling
2 Single 3750 48 5260 Buckling
3 Single 2740 36 5060 Buckling
4 Single 3400 24 5260 Flexure
5 Single 3620 60 4860 Buckling
6 Single 4430 72 4460 Buckling
7 Double 3340 48 7060 Buckling
8 Double 3520 48 6860 Buckling
9 Double 3140 36 7320 Buckling
10 Double 2680 24 7460 Buckling
11 Double 2950 72 5360 Buckling
12 Double 3800 72 5460 Buckling
13 Double 3740 60 5460 Buckling
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The analytical portion of Massey’s (1967) work exged on the previous
researchers’ work. The following equation was\detito approximately solve the

differential equation which considered warpinglod section:

4p2C
Mb=%\/BC 1+ /(J;LZW (1.11)
where:
B = weak-axis flexural stiffness
C = torsional stiffness

The lateral flexural rigidity proposed by Masse9@T) was similar to previous
researchers except that Massey (1967) used thetsaodulus of elasticity and included

the effect of longitudinal steel as shown by:

ch?

B=E wetEs |y (1.12)
where:
C =  depth of neutral axis
b =  breadth of cross-section
Esec =  secant modulus of elasticity
Es =  steel modulus of elasticity

= moment of inertia of individual longitudinal steaeinforcing bar
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Massey (1967) suggested that the longitudinal steeld have an effect on the
torsional rigidity and that there was experimeetatience to suggest that the torsional
rigidity should be based on the gross concretasecfFurthermore, Massey (1967)
stated that the torsional rigidity would be reduedten major-axis bending was

increased, and, therefore, the shear modulus slheuhdodified as (Batdorf, 1949):

G.' =G.E../E. (1.13)
where:
Gc =  concrete shear modulus
G = modified concrete shear modulus

Based on the thin-membrane analogy (Plunkett, 198&3¥sey (1967) considered the

torsional rigidity to be:

C=b bdG'+4%(G,-G,') b’d (1.14)
where:
T =  parameter based on ratio d/b (Timoshenko ayati@®r, 1951)
d; = depth of area enclosed by steel reinforcieg ti
bs = lateral distance between longitudinal steelfogting bars
dy =  diameter of steel reinforcing bar

Furthermore, Massey (1967) added the stipulati@edan Cowan (1953) that vertical

ties would increase the torsional rigidity by:
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C - mlzdlp\ Es

. > on (1.15)
where:

G =  torsional stiffness from steel reinforcing bar

b, = breadth of area enclosed by steel reinfortiag)

A = area of individual steel reinforcing bar in feirting tie

p =  pitch of steel reinforcing ties

Massey (1967) also considered warping rigidity viftl analysis, and it was
suggested that neglecting the warping rigidity wesurate for singly-reinforced beams

but not for doubly reinforced beams. The derivagorived at the following equation:

C,=Ed? Al (1.16)
l 1 + l 2
where:
d = distance between top and bottom longituldiamforcing steel

moment of inertia of top longitudinal reinfarg steel

=
1

moment of inertia of bottom longitudinal reinéorg steel

N
1l

More recently Revathi and Menon (2006) proposed gtgiations for the
flexural and torsional rigidities which were bassdprevious research and experiments

which they performed. Revathi and Menon (2006)satered the flexural rigidity by
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modifying an equation originally proposed by Bram¢Billai and Menon, 2002) to
calculate flexural deflection in a reinforced cagterbeam. Revathi and Menon’s (2006)
equation once again neglected the concrete nbeicampressed region. The steel was
thought to contribute to the rigidity but only imet case that the beam in question was
over-reinforced. The reason for this consideratuas that in under-reinforced beams, it
was suspected the steel was close to yield, aackftre, incapable of providing any
rigidity. Furthermore, Revathi and Menon (2006nsidered the compression

reinforcement ineffective for flexural rigidity teueaving the lateral flexural rigidity as:

M, = b°h M, = b E
B=E —F% — + 1- R Lty =, (1.17
08M, 12 0.8M, 12 E.
where:

Mr = cracking moment of cross-section

My = ultimate flexural moment capacity of crosstgec

h =  height of cross-section

Cu = depth of neutral axis at ultimate load

= Oforg & (under-reinforced beam);

1 for ¢, > @, (over-reinforced beam)
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With respect to the torsional rigidity, Revathi aviédnon (2006) used Tavio and
Teng’s (2004) torsional rigidity equation which saaters the concrete cracking as well as

the affect of longitudinal reinforcing and sheamraps. The equation was as follows:

AnE A,

2 i+i

0
rl rt

C= (1.18)

where:
= rigidity multiplier (1.2 for under-reinforcemhd 0.8 for over-
reinforced)

Ao = area enclosed by centerline of longitudinaifogcing steel

Ag =  gross area of concrete

Po =  perimeter of centerline of longitudinal reinforg steel
= longitudinal reinforcing steel reinforcementioat

t = transverse reinforcing steel reinforcement ratio

Revathi and Menon (2006) performed experimentsesers beam specimens in
an attempt to validate their rigidity equationsheTspecifics of the beams tested shown in
Table 1.5 and the failure loads of said beamslaoe/s in Table 1.6. A comparative
study that was included in Revathi and Menon (209@)so included in Table 1.6.

Revathi and Menon (2006) took the comparison oeg &irther by comparing their
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proposed formulation to the test beams used in &ahBletzacker (1961) and Massey

(1967). These comparisons have been includedbte$d.7 and 1.8.

Table 1.5 - Test beam data from Revathi and Me2600§)

Beam Dimensions 2L 6 mm Max Lateral
Label b x h x Ljn. (mm) L/b d/b Stlr_rup Spacing, Im_perfectlon,
in. (mm) in. (mm)
3.93x17.71 x 196.84
Bla | "(100x 450 x 5000) | P 4.0 7.87 (200) 0.47 (12)
B1b 3.93 x 21.65 x 196.84 50 5.0 5.90 (150) 047 (12)

(100 x 550 x 5000)

3.93 x 25.50 x 196.84
BIC | °100 x 650 x 5000) | 2 6.0 3.93 (100) 0.31 (8)

3.93 x 17.71 x 236.21
B2a | (100 x 450 x 6000) | ©° 4.0 9.84 (250) 0.39 (10)

3.93 x 21.65 x 236.21
B2b (100 x 550 x 6000) 60 5.0 9.84 (250) 0.51 (13)

3.14 x 11.81 x 236.21
B3a | (80 x 300 x 6000) 75 3.1 7.87 (200) 0.43 (11)

3.14 x 15.74 x 236.21
B3b (80 x 400 x 6000) 5 4.3 9.84 (250) 0.35 (9)

The various analytical methods proposed to deterrmiitical buckling loads for
reinforced concrete beams, were similar exceptiferway in which the rigidity
properties were calculated. A summary of the psepaexpressions for the rigidity

properties from different researchers is includedable 1.9.
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Table 1.6 — Experimental results from Revathi arehtyh (2006) with comparative study
for under-reinforced beams

. Calculated Buckling Loads, kips (kN)
Flexural Failure Revathi

Beam Capacit Load, | Failure | Ptest/| Hansell & | Sant & Masse Py
Label kipg (kNg’ kips Mode Pu Winter | Bletzacker (1967)y Menon
(kN) (1959) | (1961) 12000
22.86 | 20.88 . 38.03 | 11836 | 8036 | 20.29
Bla | (1017 | (92.02)|BUCKIng| 0909 1695 | (526.5) | (357.5) | (90.27)
3219 | 27.11 . 4957 | 14502 | 9592 | 2661
BIb | 1432y | (120.6) | BUCKING| 0834 x50 5y | (ea5.1) | (426.7) | (118.4)
1o | 5022 | 3922 g oo | o 5008 | 172.99 | 11258 | 38.66
(223.4) | (174.5) g0 (262.6) | (769.5) | (500.8) | (172.0)
19.48 | 15.07 . 3817 | 11431 | 7881 | 13.87
B2a | (ge.68) | (67.04)| BUKING| 07651 1598y | (5085) | (350.6)| (61.7)
2762 | 19.31 . 4795 | 14122 | 93.63 | 17.42
B2b 1127 89) | (85.90) | BUCKIING| 0693|153 | (628.2) | (a16.5)| (77.5)
629 | 558 . 1121 | 37.88 | 29.69 | 487
B3a | (57.89) | (2a.85)|BUKING| 08371 y9gey | (1685 | (132.1)| (21.7)
1206 | 817 . 1814 | 5053 | 38.73 | 7.22
B3b | (5767) | (36.37)| BUCKING| 0647\ 5571y | (224.8) | (172.3) | (32.15)
186 to 14+to

Percentage Error (Rangeb0 to 153 | 340 to 658 431 126

Table 1.7 — Comparison of results for Sant andzBlgter’'s (1961) over- reinforced test
beams (Revathi and Menon, 2006)

Calculated\y,
Beam | b,in. | h,in. L,in. | Asin? TestMs, Kip-in (kNm) _
Kip-in Sant & Revathi &
ID (mm) | (mm) (mm) (mn) (KNm) Bletzacker Menon
(1961) (2006)
B24 2.5 24 240 1.9 1359 976 1435
(63.5) | (610) | (6096) | (1264) | (152.5) (110.4) (162.2)
B30 2.5 30 240 2.4 1868 1161 1987
(63.5) | (762) | (6096) | (1584) | (211.1) (131.3) (224.6)
B36 2.5 36 240 2.9 1604 1327 1678
(63.5) | (915) | (6096) | (1931) | (181.3) (150.0) (189.7)
Percentage Error (Range) 17 to 27 4.6106.3
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Table 1.8 — Comparison of results for Massey’s Qd%ver-reinforced test beams
(Revathi and Menon, 2006)

Calculated\,

Beam| b,in. | h,in. | L,in. | Asin?| A, in? TE.Sth’ Kip-in (kNm) _
ID | (mm) | (mm) | (mm) | (mm) | (mn?) 'P-in Massey Revathi &
(kNm) (1967) Menon
(2006)
B1 0.5 3.0 48 0.1 i 6.03 6.03 5.69
(12.5)| (75) | (1219)| (69.0) (0.682) | (0.682) (0.643)
B2 0.5 3.0 48 0.1 i 5.07 5.58 5.30
(12.5)| (75) | (1219)| (69.0) (0.573) | (0.631) (0.599)
B5 0.5 3.0 60 0.1 i 4.68 5.03 4.37
(12.5)| (75) | (1524)| (69.0) (0.529) | (0.569) (0.491)
B6 0.5 3.0 72 0.1 i 4.30 4.71 3.83
(12.5)| (75) | (1828)| (69.0) (0.486) | (0.533) (0.433)
B7 0.5 3.0 48 0.1 0.05 6.80 7.47 6.14
(12.5)| (75) | (1219)| (69.0) | (30.6) | (0.769) | (0.845) (0.694)
B8 0.5 3.0 48 0.1 0.05 6.61 7.02 6.03
(12.5)| (75) | (1219)| (69.0) | (30.6) | (0.747) | (0.794) (0.682)
B9 0.5 3.0 36 0.1 0.05 7.05 8.07 7.05
(12.5)| (75) | (914) | (69.0) | (30.6) | (0.797) | (0.913) (0.797)
B10 0.5 3.0 24 0.1 0.05 7.18 8.36 7.72
(12.5)| (75) | (609) | (69.0) | (30.6) | (0.812) | (0.945) (0.873)
B11 0.5 3.0 72 0.1 0.05 5.16 6.24 4.72
(12.5)| (75) | (1828)| (69.0) | (30.6) | (0.584) | (0.706) (0.534)
B12 0.5 3.0 72 0.1 0.05 5.26 6.17 4.75
(12.5)| (75) | (1828)| (69.0) | (30.6) | (0.595) | (0.698) (0.537)
B13 0.5 3.0 60 0.1 0.05 5.26 5.90 5.00
(12.5)| (75) | (1524)| (69.0) | (30.6) | (0.595) | (0.667) (0.565)
Percentage Error (Range).2to 20| 2.5to0 10
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Table 1.9 — Summary of flexural and torsional niyigxpressions

Author Flexural Rigidity B = (EI).; Torsional Rigidity C =(GJ),,
Hansell & 3 3 2
Winter =g, 2°¢ C= _ s DCy (35D

3
B = Er H
12
Sant & 3
4E_E E bd
Bletzacker E, = A = “
(1961) (VE. +JE) 2o1+n,) 3
Etan = EC
C=bb%d,G, '+¥%(G,- G') bSld,
L P AE,
2/2p
Massey B = ﬁ E +E | Gc = Gc Esec/ Ec
(1967) - 12 sec s sy
E E
G, = < ;G = s
©2t+n) T 21+n,)
2 |1|2
C,=Eh?—2_
Il I2
M, ph
Revathi & 08M, 12 c= AMEAA
Menon B=E, , 1.1
M bsc E Po ——+—
(2006) ) R T rer,
08M, 12 E,. ¥
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1.3.1.2 Prestressed Concrete

For prestressed concrete flexural members, the samplexities as reinforced
concrete members needed to be considered. Fudherthe behavior of the member
with respect to the prestressing axial load ne¢dé@ considered. Several questions
have been raised about the effect of the prestiggésice. Would the prestressing cause
a lower critical load like in the case of a steghim-column or will the strands actually
increase the critical load due to a restraint teréd deformation from the strands?

Would the prestressing force have any effect orfléxairal and torsional rigidities?

Several authors such as Magnel (1950), Billig 8)9&nd Leonhardt (1955) had
come to the conclusion that a prestressed conlseat® where the strands were bonded
to the concrete cannot buckle. Billig (1953) dateat the prestressing force would only
lead to a stability concern if the strands wereamu®d over long distances. The
reasoning behind not needing to perform stabiltigalations was due to the member
being in equilibrium from the lateral reaction bétstrand. Both Billig (1953) and
Leondhardt (1955) cite Magnel (1944), in which Makm(1950) book on prestressed
concrete incorporated the results published irrésearcher’s 1944 journal article
(Magnel, 1944). Magnel (1950) used an examplentdydically prove his theory.
Magnel (1950) considered a beam with a prestregsimipn running through a duct
sufficiently larger than the tendon where the tend@s rigidly attached only at the

center by way of a cross-plate as depicted in EigL®.
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=z
n=z

Figure 1.9 - System forces by Magnel (1950)

Yo p
From equilibrium in Figure 1.9, the transverse Idadas found to bel

The second-order differential equation was theerdahed to be:

El 3;’ = Py+% % X (1.19)
where:
P =  prestressing force
y =  coordinate axis perpendicular to centroidas af girder (lateral)
N = lateral restoring force

Solving the differential equation by using the bdary conditiony’ =0 atx =0

andy = 0 atx = L/2 gave the critical buckling load as:

_ 4EIp?
R (1.20)
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The critical buckling load was four times the Eudeickling load. Additional
calculations would show that for n number of cohfamnts between the tendon and the
concrete would givedtimes the Euler buckling load for the critical doaTherefore
Magnel (1950) claimed that it was impossible tokbei@ prestressed member if the

tendon was continuously in contact with the corecret

Tests were done by Magnel (1950) to try to prdnese theories. The first of the
relevant tests was performed on two concrete mesribat were 9.84 ft. (3 m) long with
cross-sectional dimensions of 2 in. (5 cm) by 4110. cm) including a 5/8 in. (16 mm)
longitudinal hole through the member. The compvesstrength of the concrete was
found to be 6000 psi (422 kg/érat the time when the prestressed members wegsltes
The first of the two members was tested with nsfpessing wires and buckled at a load
of 10,600 Ibs. (4850 kg). The achieved bucklinedavas very close to the theoretical
Euler buckling load for the member. The secondaispen was prestressed with four 0.2
in. (5 mm) wires and loaded to 19,000 Ibs. (8600viagh no signs of instability or failure

of the concrete at that load.

The second relevant test was performed on a cenerember with a length of 20
ft. (6.10 m) with a cross-section that was 4 i ¢in) by 4 in. (10 cm). A 1.5in. (4 cm)
longitudinal hole was provided for a cable congedmf 16 - 0.2 in. (5 mm) wires. The
compressive strength of the concrete at the tinteetests was found to be 3840 psi
(270 kg/cm). These dimensions and material properties wgivid a buckling load of
14,100 Ibs. (6300 kg) according to the Belgium fagjons to which Magnel (1950)
referred. The prestressing wires were stressedtwdime until the load was 49,400 Ibs.

(22 metric tons). This load would produce a stiegbe concrete of 3740 psi (262
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kg/cnf). No sign of instability or of concrete crushings initially noticeable but after
five minutes, the concrete failed in compressidhe prestressed member had a
slenderness ratio of 185 but had the failure |tad would normally be representative of
a member with a slenderness ratio of 14. Magr#8@)L believed that these test results
confirmed the theory that a member with prestrgsgndons continuously in contact

with the concrete would not buckle.

Molke (1956) discussed a specific case studylogh school auditorium in
Springfield, Missouri that was framed with 146(#4.5 m) prestressed roof girders. The
prestressed roof girders needed special invesiigafi their stability while being lifted
and placed before there was bracing from the radfss In literature, it was well
established that with straight or curved concretarans, there was no concern with
respect to stability failure as long as the presirg strands were located at the centroid
of the section according to Molke (1956). Any begdnoment created by the
prestressing force in the strands would then bateved by an equal and opposite
restoring force. Molke (1956) believed this hatenfbeen misconstrued to mean there
was never any stability concern in prestressedrebmenembers. Any externally applied
loads on the member could produce the same typaakding failures as considered if
the member had not been prestressed. Furthertherbuckling load could actually be
considered to be less than typical because thé&r@sssg force would reduce the elastic
modulus of the concrete. The girders in questarritfe auditorium roof had sufficient
factor of safety when utilizing traditional formslé#or lateral buckling of beams. Molke
(1956) believed that proof of a minimum factor afety for buckling in concrete

structures should be calculated based on elagtaryrand should be a code requirement.
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The concept that Molke (1956) discussed in whiehdffiect of the prestessing in
the strands would not cause instability, but exdalyrapplied loads could potentially
cause a buckling issue was repeated by Muller (19BRiller (1962) stated that stability
has become a concern due to the long spans ofé¢lbagt beams and referred to handling
and placing as the critical conditions for stapifailure of the precast beams. The
mechanics provided by Muller (1962) were obtainednf LeBelle (1959). Essentially,
the derivations by LeBelle (1959) included the iogdhot being at the shear center, the
cross section not being thin-walled and rectangalaad the case of unsymmetrical
flanges. These derivations were the same as whalthvioe found in classical theory.
Lebelle (1959) developed in-depth derivations fanmdifferent cases but no
consideration was given to the prestressing farcanges in modulus of elasticity or the

cracking of the concrete.

Additional research by Stratford, Burgoyne and ®ay1999) and Stratford and
Burgoyne (1999) used classical stability theory assimed no inelastic behavior or
cracking of the concrete. The cases considerestiayford, Burgoyne and Taylor (1999)
and Stratford and Burgoyne (1999) were beams oplsisupports with torsional
restraint at the ends and restrained rotation athewveak-axis, and beams on simple
supports with torsional restraint at the ends aed fotation about the weak-axis.
Furthermore, Stratford, Burgoyne and Taylor (1989 Stratford and Burgoyne (1999)
considered toppling of hanging girders and was edpd on by Stratford and Burgoyne
(2000) to include a more detailed consideratiotoppling of hanging girders. Stratford,
Burgoyne and Taylor (1999) refer to a future pajpin respect rollover (Burgoyne and

Stratford, 2001) which is discussed in Section2lLdh rollover stability. Muller (1962)
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also considered toppling of a hanging girder ad asexpanding on the classical theory
presented in LeBelle (1959) for the case of eldstisional restraint at the ends. An
elastic torsional restraint was representativdnefdase of a girder in transport or on
supports. The torsional stiffness was that praviolg the truck trailer or elastomeric

bearing pad.

An energy of deformations approach was used byr3aB88) to derive a
specific classical solution for stability of presgsed girders. Saber (1998) did, however,
include the prestressing force, but it was donkystveating the prestressing force as an
axial load at the end of the girder, or essentia#gting the member as a beam-column.
The girder was loaded by a prestressing force,Hitghwhad an eccentricity, e, a uniform
self-weight of the girder, \y and a uniform load from the deck 4WThe theory of
stationary potential energy was used to find theegaung differential equations. The
shear center was used as the location of the cehtetation. Some of the assumptions
made during the analysis included that the plansszsections warp but their geometric
shape did not change during buckling, the conatei® not cracked and the loads

remained parallel with their initial orientations.

For example, Figure 1.10 shows a plot of the maxineffective prestressing
force versus the unbraced length for an AASHTO Tipgirder with various concrete
compressive strengths and strand eccentricitié® deck weight was based on a deck
thickness of 8 in. (20 cm) and a girder spacingloft. (3.35 m) to envelope all deck
cases. Varying the deck dimensions and, therefioeanagnitude of the uniform deck
load, did not significantly change the resultsagpeared the reasoning for the

insignificant effect of the deck weight was thag thstability failure was controlled
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mainly by the prestressing force in the memberesihwas large with respect to the deck
weight. From this plot, it is also apparent theg eccentricity of the strands has little

effect on the results, especially as the spansmedarge.

Girder Unsupported Span (m)
9.14 14.14 19.14 24.14 29.14
3500 . . . .

+ 15

—a— F'c 6ksi Ecc -18.27"
——F'c6ksiEcc-9.45" | 1o
—— F'c 9ksi Ecc -18.27"
F'c 9ksi Ecc -9.45"
—x— F'c 14ksi Ecc -18.27" 1 9
—+— F'c 14ksi Ecc -9.45"

3000+

2500+

2000+

Max. Effective Prestressing Force (ki
Max Effective Prestressing Force (V

1500+
t6
1000+
13
5001
0 T T T : T T T 0
30 40 50 60 70 80 90 100 110

Girder Unsupported Span (ft.)

Figure 1.11 - Prestressing force for girder latetability for AASHTO Type Il from
Saber (1998)

It was evident to the author that the results f #imalysis by Saber (1998) were
not correct. For instance, the fabrication drawifagy a Georgia Department of
Transportation bridge, specifically Ramp 7 (NB Cdygr I-75 NB in Bibb County,
Georgia, called for AASHTO Type Il girders on tterd span of the bridge. The length
of these girders was specified to be 75 ft. 1448.9 m), the compressive strength of the
concrete at prestressing strand release was sgkaii 5000 psi (352 kg/érand 5500
psi (387 kg/crf) at 28 days. Thirty prestressing stressing sgamgssed at 33,818 Ibs.

(15,340 kg) each were used to prestress the gidieh gives a total prestressing force
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of 1,014,540 Ibs. (460,195 kg). From looking ajufe 1.10, the analysis results
concluded that the girder would buckle after timarsls were released as the deck load
had little effect, and, therefore, the maximum tangf the girder should be less than 59
ft. (18 m). There were several instances of brigiggers of all types being fabricated,
but according to the analysis results reportedaine® (1998), the girders should have
buckled. Therefore, the girders would not behaeally as an isotropic beam-column as

the analysis assumes.

Malangone (1977) used another mechanics approastive the problem but
attempted to include the effect of the prestresinge. The effect of the prestressing
force was included by utilizing the work done bg 8econd order forces in finding
equilibrium of the system which gives an effectioesional rigidity that was dependent

on the prestressing force and location. The vianaidf the work was still equal to zero

such that:
d(L, +w)=0 (1.21)
where:
L,* = second-order work of the system
W =  work of elastic system

The L, term was the second order work of the system asifaund as follows:

L L

L, = s,e2dAdz+ Pe?E dz (1.22)

r a4
0A 0
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where:

z longitudinal stress

22(2) second-order strain

After substituting the appropriate values for tlerts in Equation 1.22 and plugging the
second order work term into the equilibrium equatihe governing differential equation

was found to be:

v [ |x+|y a2 _ a2 Pl —
| X ™' x X .
C b Cb" +P A +e b, +e b, -e-¢e b =0 (123

where:
C =  warping stiffness (Ef}
& = individual strand eccentricity from x-axis
e = individual strand eccentricity from y-axis
. 1 3 2
X =  section property— x°dA+ xy°dA
l y A A
. 1 3 2
y =  section propertyl— y°dA+ x“ydA
X A A

An effective torsional rigidityC’, could be found by subtracting the prestressinggfo

stiffness term from the standard torsional rigidifythe section such that:
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|
Co=P —2L+eb, teb, -¢€-¢€ (1.24)

C =C-C, (1.25)

which gave the governing differential equation as:

c/V-Ccj"=0 (1.26)
where:
Co = prestressing force torsional stiffness effect
C* = effective torsional stiffness

Note that for the case of several prestressingdsran the sectiorCp became:

[, +1 n
—+eb, teb, - El F’i(efi +e§i) (1.27)

A, N i

From Equation 1.26, several solutions could be doian different cases and

boundary conditions. The critical uniform transestoad for the case of perfect torsional

restraint at each end was found to be:

28911 p? C,
W, == [El C* 1+ o (1.28)
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The results were essentially the same as clagbeaty for a uniformly loaded
beam considering warping except that the torsiagality term was replaced by the
effective torsional rigidity taking into accoungtimagnitude and location of the
prestressing force. Some examples were providéthiangone (1977) which displayed
the relatively small effect of the effective tonsad rigidity. The first example gave a
result of the critical uniform load to be 1268.8/lh. (18.87 kg/cm) while the results if
the standard torsional rigidity was used gave 12#3&/ft. (18.56 kg/cm), a difference of
1.6%. Notice that the effective torsional rigidagtually increased the critical buckling
load. The torsional rigidity could be increasediecreased depending on the magnitude
of the prestressing force, the eccentricity andsttion properties of the cross section.
Generally, the effect was within a couple percent would not change the results
extensively. The minimal effect of consider thew®d-order work is why the effect of
second-order behavior is neglected in most lateraional buckling analyses (Trahair

and Teh, 2000).

Analysis and experimental results were complebeghdst-tensioned concrete
struts by Godden (1960) which was the basis fobWilL963). Godden (1960) referred
to Billig (1952) and Magnel (1950) stating thatragiressed member would not buckle if
the tendons were in contact with the concrete hatldtability calculations should be
performed based on a reinforced concrete columlysiaa Godden (1960) also
expressed the opinion that further research shmeildone considering flexural torsional
buckling of slender prestressed beams since tkepgesformed only considered axially
loaded members. Godden (1960) was unsure whepressressed strut would buckle if

the tendons were in contact with the concreteheaélection of struts for the
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experiments used tendons with ducts such thatwioeyd buckle, and when the tendons

came into contact with the side of the duct, thiealvéor could be observed.

The theoretical analysis from Godden (1960) abergid three cases. The first

case was that of a pinned ended strut with an &aal as depicted in Figure 1.11.

Figure 1.11 - Axial strut with pin jointed endsiinadGodden (1960)

The results of the first case gave the criticahbiarce equal to the Euler buckling load,
which was to be expected. Seldom have actual tiondiallowed for perfect loading
with no error which was the cause for the derivatbthe second case. The conditions
were the same except that the axial load was apptieentrically as depicted in Figure

1.12.

Figure 1.12 - Eccentrically loaded axial Strut wgih jointed ends from Godden (1960)
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The deflection of the strut was found by first seftthe internal moment equal to

the externally applied moment:

d’y
El =-P 1.29
™ y (1.29)
by simplifying and substituting = B :
y
9 ey =0 1.30
——+k’y= (1.30)

dx

The solution to the differential equation was & thrm:

y = Asin(kx) + Bcogkx) (1.31)

Using the boundary condition that when x = 0, y; whkere e is the eccentricity at each
end, gave the constant B = e. The boundary camwhen x = L/2, y’ = O resulted in A

= e[tan(kL/2)]. After substituting and simplifyirtge final deflection was found to be:

y = dtan(kL/2)] sin(kx) + fcogkx)] (1.32)

and at the midspan of the strut the deflection fwaad to be:

45



PL2
4E

y(L/2)=e sec% =e sec (1.33)

For a known value of the prestressing force, thHkedigon could be found at any
point along the strut using Equation 1.32. Howetaguation 1.32 only pertained to the
case where the tendon did not come into contatt tivét duct. If the tendon comes into
contact with the duct, an entirely new set of ctods would arise. The new conditions
warranted the derivation for the third case whieestrut had deformed enough such that

the tendon and duct were in contact as shown hyr&ig.13.

ni=z
ni=z

P * P X
f TENDON

L

Figure 1.13 - Tendon in contact with duct from Gexld1960)

For the third case, the termwas introduced as the deflection of the tendon.
Essentially, was the deflection of the strut after the tendame into contact with the

duct. By making the assumption that after the é@nahd duct came into contact, no
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additional bending moment was developed at midspdme strut, Godden (1960) was
able to solve for the restoring force, N, by edpidking it with the moment caused by the
prestressing force multiplied by the tendon deitectvhich gave the restoring force to

be:

N = 4£(P) (1.34)

The internal moment had to equal the externalljiagpmoment, therefore:

d’y N L 2X
El =-Py+— —-x =-Py-D1- — 1.35
Y dx? Y 2 2 y L ( )
After substitutingk = g into Equation 1.35, the solution to the governing

y

differential equation became:

y = Asin(kx) + Bcogkx)+ D 1- == (1.36)

Using the first boundary condition, when x = 00, resulted in A = 2/kL and the

second boundary condition, when x = L/2, y = Oultesl in Equation 1.37.
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-kZI_D sin(kL/2)
B=—— W2 (1.37)

Note that the origin of the x-axis was set at maahspf the strut. Substituting into

Equation 1.36 resulted in the deflection at anypalong the length of the strut to be:

2sin(kL) 2/kLsin(kL/2)cos(kx)+1_ 2x

kL codkL/2) L (1.38)

y=>D

The maximum deflection which occurred at midspathefstrut became:

- _ 2 ant [P
y(0)=D 1- L\/Wtan 2ED (1.39)

Furthermore, the maximum deflection at midspan tasleflection of the tendon, in
addition to the deflection before contact betwdentendon and the duct. The deflection
before contact between the tendon and the ducjusathe clearance between the tendon

and the duct; therefore, y(0) = + clearance.

The important assumption made by the analysighithird case was that when
the tendon came into contact with the duct, a cotnated restoring force was applied at

the point of contact between the tendon and thé dlitze magnitude of the restoring
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force was determined by assuming that the reacfrons the restoring force produced a
moment equivalent to the moment produced by thsty@sing force multiplied by the

deflection of the tendon.

Six struts were tested by Godden (1960), but tmge tests produced load versus
deflection plots that were included due to varieyperimental issues. The struts that
had recorded load versus deflection plots wereetllesignated by Godden as Beam I,

Beam Ill and Beam VI. Figure 1.14 shows the specibf each of the struts.

@_|

IS

& e

NC 1 NC g1 S—w1r
B B B~
LENGTH = 16 LENGTH = 16 LENGTH = 16
Jo DIA LEE-MCCALL BARS & DIA LEE-MCCALL BARS 17 DIA LEE-MCCALL BARS
BEAM II BEAM Ill BEAM VI

Figure 1.14 - Strut details from Godden (1960)

The load was applied to the struts but runninghineaded Lee-McCall bars
through the duct and turning the end nuts so tieend nut would apply a compressive

force to the end of the strut. A diagram of thd eandition is shown in Figure 1.15.
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Figure 1.15 — End condition for struts from God{£@60)

Strut

Godden (1960) stated that the experimental redeltsonstrated that the end
fixities of the beams were sufficiently close te idealized assumption that end
conditions were pinned. The end fixity was detewdi by plotting the stress on both
sides of the strut at each of the ends. In thabtlye ends were completely free to rotate
then the stress on either side of the beam woulehbersalent and the only induced stress
would be from the axially induced stress. An exbgf one of these plots is shown as
Figure 1.16. The stresses were difference on gidehand it was apparent that there
were some end fixity issues to consider. Soméaeptots that were included in Godden
(1960) did show a good representation of a freecemdlition but this only occurred in

approximately half of the end conditions of therbhea
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Stress (ksi)
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Figure 1.16 - Beam lll load vs. stress at ends féamdden (1960)

For Beam | alone, Godden (1960) attached two sgages at each location at
both the top and the bottom of each side so tlasttesses at these locations were
compared. The comparison showed that the strebe &p and bottom of the side of the
strut were the same; so, it was concluded thad¢fiection at the top and bottom was the
same and, therefore, there was no rotation ofttiaé sTable 1.10 shows the material
properties for each of the tested struts, whilaifég 1.17, 1.18 and 1.19 show the lateral

deflection versus the load for Beam Il, Beam lid@eam VI, respectively.
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Table 1.10 - Strut material properties from GodE60)

Cube Strength | Modulus of Rupture| Tensile Strength Modul'u's of
Beam | i (kglend) osi (kg/cnd) osi (kg/cnd) Elasticity
psi (kg/cnf)
I 6640 (466.85) 467 (32.83) 498 (35.01 4230 (2Bj4
Il 5250 (369.12) 378 (26.58) 462 (32.48) 3630 (2852
11 6500 (457.00) 378 (26.58) 466 (32.76) 4075 @286)
\Y/ 5070 (356.46) 409 (29.76) 429 (30.16) 3780 (&7
VI 5356 (376.57) 428 (30.09) 498 (35.01) 5920 (2H2
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Figure 1.17 - Beam Il experimental deflection verkad from Godden (1960)
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Figure 1.18 - Beam Il experimental deflection wer$oad from Godden (1960)
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Figure 1.19 - Beam VI experimental deflection verkad from Godden (1960)
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Godden (1960) considered each of the deflectiosugeload plots to be bilinear
with a transition zone between each of the linegngents. The thought was that the
transition zone where the deflection begins toaaee at a higher rate was when the
tendon came into contact with the duct and beganawee with the strut. This was
different then what Godden'’s cited references dtatevhich they believed there would
be a restraining effect when the tendon and duuedato contact. Furthermore, the
predicted behavior using the deflection formulatdfiEquation 1.39 was not accurate
either, which is apparent in Table 1.11 becauseathgal experimental deflections do not
match the theoretical deflection that was baseBaumation 1.39. The comparison of the
theoretical deflection and the actual experimetiédllection was especially different in

the case of Beam VI.

Table 1.11 - Experimental and theoretical resutimmfGodden (1960)

Load Actual Deflection Theoret.ical Euler Buckling
Beam kips (Kg) in. (mm) [_)eflectlon _Load
in. (mm) kips (kg)
Il 24.64 (11176.7) 1.05 (26.67) 1.33 (33.78) 8.3967.5)
Nl | 24.64 (11176.7) 0.37 (9.40) 0.27 (6.86) 9.8253.9)
VI 24.64 (11176.7) 1.16 (29.46) 0.537 (13.64) 14@470.5)

which Godden (1960) believed was due to the temdtating due to a couple at the end.

Notice that the transition region was at a deftectjreater than the clearance

The couple induced in the tendon was quite probsiblee the end plate connection

between the strut and tendon was very rigid anddvoot allow complete freedom of

rotation of the strut without having an effect b post-tensioned bar. The author
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further calculated the Euler buckling load, whicasibelieved by Godden (1960) to be
the load of instability if the tendon had yet toare®into contact with the tendon. The
Euler buckling loads were such that the strut sthdalve buckled before the transition
zone. The author believed that there was somty fatithe ends of the strut which would
result in a larger buckling load. These considenstlead the author to believe that when
buckling was reached, the tendon came into comtaietthe duct, and then they moved
together at a higher rate of deformation. Furtleenthere was obviously eccentricity
and/or out of straightness errors in the strut@bse the lateral deflections increased at a
high rate upon immediate loading. Godden (1960 )it include any measured

eccentricities or fabrication errors within his sfe

Similar tests were performed by Wilby (1963) wheoth the struts and
experimental set-up were extremely similar. Thalyical method developed by Wilby
(1963) was the same as Godden (1960) except thaesoring force provided in the
formulation was considered as a uniform load aliregength in which the tendon had
come into contact with duct. The results of thetggerformed by Wilby (1963) are not
presented here due to a lack of information thetasts’ dimensions, material properties
and errors. Furthermore, the data were not provid@ sufficient manner and were very

incomplete.

To the author’s knowledge, no lateral-torsionatidimg tests were performed on
prestressed concrete beams in the United StateSermany however, a set of tests on
reinforced concrete and prestressed concrete b&anesperformed by Konig and Pauli
(1990). The six test specimens fabricated fotéisés had the dimensions and

reinforcement shown in Tables 1.12 and 1.13.
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Table 1.12 — List of principle parameters from Kgpand Pauli (1990)

Test Bottom Top Flange Top
Cross-Section Static System Flange op 9 Flange
No. , Reinforcement .
Reinforcement Width
1
5 4 -12mm DIA| 25cm
3 6-25mmDia| 4 8MMPIA e
4 4 - 25mm DIA
4 - 8mm DIA
: Ly 14 -12.5mm | 4 - 12mmDIA| 2> "
&3 | Prestressed| 2-12.5mm
6 24 -12.5mm | 4 - 12mm DIA 35 cm
Prestressed | 4 - 83mm DIA
Note: 1in. = 25.4 mm
Table 1.13 — Cross-section dimensions from KonidyRauli (1990)
. Specimen
units = 7 3 4 5 6
b in. 10.4 10.2 | 14.2 | 10.2 | 10.2 | 14.2/12.2
top(/bottom)| (cm) | (26.5) | (26) (36) | (26) (26) (36/31)
b web in. 5.3 5.2 5.1 5.1 5.1 5.9
(cm) | (13.5) | (13.3)| (13) | (13) (13) (15)
d in. 51.2 51.2 51.2 | 51.2 51.2 53.1
(cm) | (130) | (130) | (130) | (130) | (130) (135)
As 10 in.? 0.80 0.80 | 0.80 | 3.16 | 0.80 0.80
P (cm?) | (5.16) | (5.16) | (5.16) | (20.4)| (5.16) | (5.16)
As bottom in.? 4.74 4.74 474 | 4.74 14 24
(cm?) | (30.6) | (30.6) | (30.6) | (30.6)| Strands| Strands
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The concrete material characteristics are showrabie 1.14, and the steel

characteristics are shown in Table 1.15. The aiaanaterial properties were

determined by casting six concrete cubes and sigrete cylinders for each specimen.

The tensile strength of the concrete was deterntaygaerforming a split cylinder test on

three of the six concrete cylinders.

Table 1.14 — Concrete material properties from lgamd Pauli (1990)

Test No. Units 1 2 3 4 5 6
Cube .
Compressive k:;:l , 8.27 8.27 8.25 8.88 8.34 6.38
Strength (MN/m?) | (57) (57) (56.9) | (61.2) | (57.5) (44)
cf%m?srive ksi | 7.99 | 851 | 7.27 | 7.56 | 7.8 | 595
Strength (MN/m?) | (55.1) | (58.7) | (50.1) | (52.1) | (49.5) (41)
Tensile ksi 0.55 0.52 0.42 0.39 0.42 0.39
Strength | (MN/m?) | (3.8) (3.6) (2.9) (2.7) (2.9) (2.7)
Corri:’rreessive ksi | 9.86 | 9.4 | 012 | 966 | 9.22 | 827
Strength (MN/m?) | (68) (63) (62.9) | (66.6) | (63.6) (57)
Elastic ksi 5221 5221 5076 5221 5076 4496
Modulus | (MN/m?) | (36000) | (36000) | (35000)| (36000) | (35000) | (31000)
Table 1.15 — Steel material properties from Koémd Bauli (1990)
fy 0 Es
ksi (MN/m?) sy (%) ksi (MN/m?)
Reinforcing Steel 83.4 (575) 2.9 29000 (200000
Prestressing Strand 227.7 (1570) 8.05 28300 (1950(¢
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All of the specimens underwent the same unstallleéamechanism. As the
transverse load increased, lateral deflectionsdidt a relatively small amount; however,
when the critical load was reached, lateral defbestincreased at a large magnitude, and
there was very little load increase after the caitioad was reached. The damage to the
beams after the tests included diagonal cracksinatloped on both the convex and
concave sides of the specimens, and the crackseoronvex side of the specimens were
perpendicular to those on the concave side. Vs of diagonal cracking is
representative of torsion cracking in reinforcedaete beams and is an indicator of
lateral-torsional buckling. Furthermore, it wagetbby Konig and Pauli (1990) that the
amount of cracking was less on the concave si@gvelto the convex side, particularly
in the case of the two prestressed beams. Thatsnatuitive sense because there was
compression on the concave side due to weak-arditg that acts to close the torsional
cracks on that side; however, on the convex sidgetwas tension from the weak-axis
bending that acts to amplify the torsional crackamgthat side. It is important to note
that weak-axis bending stresses and the torsitresises were developed in the
experiments by Kénig and Pauli (1990) due to thetresstraints. The end conditions that
they used were: torsional restraint, vertical tiainsn restraint, and horizontal translation
restraint while allowing free rotation about homntal axis and free rotation about vertical

axis.

The results shown in Table 1.16 indicate that attening the top flange and
adding additional compression reinforcement inadhe stability of the cross-section.
Furthermore, the prestressing force did not produmesignificant effect with respect to

the specimens’ stability because specimen 1 andrepa 5 were extremely similar with
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respect to geometry, and amount and location aforiing steel; however, specimen 5

was prestressed, and the critical loads for thedas® were very similar.

Table 1.16 — Test results from Kénig and Pauli ()99

Test No. Units 1 2 3 4 5 6
Failure kips 42.7 44.5 57.0 53.4 45.1 50.9

Load (KN) (190) (198) | (253.5) | (237.5) | (200.5) | (226.5)
Horizontal in. 6.38 3.27 5.55 1.85 7.24 8.66
Deformation| (mm) (162) (83) (141) (47) (184) (220)
Vertical in. 4.57 2.40 4.61 3.74 2.80 5.51
Deformation| (mm) (116) (61) (117) (95) (71) (140)
Load [TAme o4 0.5 0 1 0 0 0

A significant number of analytical procedures wals developed in Germany.
Deneke, Holz and Litzner (1985) summarized the gulaces available at the time by
putting them in groups. The groups were determinedtilizing methods and
characteristics employed by the various researchine groups in which Deneke, Holz

and Litzner (1985) divided the various procedumesas follows:

Group 1: Thin-walled straight girders made fronehn elastic materials. Large safety

factors were used for reinforced and prestressadrete.
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Group 2: Like Group 1, but instead of large safattors, the modulus of elasticity was

reduced.

Group 3: Linear elastic equations were used butighaities were reduced with a
dependence on the loading magnitude. The moddlelasticity was also reduced in

most methods.

Group 4: Instead of computational methods, thedaeress of the girders was limited.
In the case of ACI 318-83, the ratio of compresgiange width to unbraced length was

limited.

Group 5: The buckling problem was idealized asraression strut that has the
dimensions of the compressed region of the beararuhé total compressive force in the

beam, thereby allowing initial imperfections tornere easily accounted for.

Group 6: The girder was broken into segments whaoh segment had its own

stiffnesses based on the current load condition.
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Table 1.17 summarizes the analytical procedureske Holz and Litzner

(1985) considered available at the time by puttiveg in their procedural groups. Note

that the methods deemed the most important and asosatate by Deneke, Holz and

Litzner (1985) are in bold.

Table 1.17 — Available buckling procedures from Ble®y Holz and Litzner (1985)

Group 1 Group 2 Group 3 Group 4 Group 5 Group
Beck and | Hansell and Rafla CP 110 Mann Roéder and
Schack Winter (1969), (2972) (1976), Mehlhorn

(1972) (1959) (1973) ACI 318-83 (1985) (1981)
Lebelle Jeltsch (1983) Roder
(1959) (1971) (1982)
Petterson Nowak Kraus and
(1960) (1971) Kreuzinger
Stiglat Mehlhorn (1983)
(1971) (1974)
Streit and

Mang (1984)

The methods highlighted in bold by Deneke, Holz hitzher (1985) were

deemed important and reasonable methodologies¢ondi@e the lateral-torsional

buckling loads of prestressed concrete or reinfbamncrete girders. Of these

methodologies, Stiglat (1971) employed a relatiwgple approach to the stability

problem. Essentially, the elastic critical bucglimad was determined for the cross-

section and then the buckling load was reduced biptying the elastic critical

buckling load by a ratio of the secant modulush®elastic modulus. To employ the

technique used by Stiglat (1971), any approprigss-strain diagram could be used to

determine the secant modulus, but for the calanatperformed by Stiglat (1971), the
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stress-strain diagram published by Dilger (19663 wiized. The reduction of the

elastic critical buckling load by Stiglat (1971)ssown by Equation 1.40.

E
M = —s=¢ )\ (1.40)

b belastic
Ec

Rafla (1969) developed an approximate method basdibth utilizing the secant
modulus as well as reducing the weak-axis momeimesfia to take into account the
weakening of the beam due to cracking. The toadistiffness utilized the full
uncracked section of the beam which gives theotig equations for material

properties and moments of inertia:

E..=S./€. (1.41)
G, = 04E,,, (1.42)
|y=x%§ (1.43)
where:
c = extreme compression fiber stress
c =  extreme compression fiber strain

=  factor controlling depth of neutral axis (Rafl®69)

The factor represented the reduction based on the compreasiendepth that created

equilibrium between the applied buckling moment #ralinternal moment.
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Instead of using traditional methods of closedarf@olutions or iterative
approaches to determine the neutral axis deptlsaraht modulus, Rafla (1973)
constructed a series of diagrams to be used agrdasis. These diagrams utilized
several atypical parameters to associate concrefeqies, reinforcement ratios and load
height to the final rigidity properties to be sutged in the critical buckling moment
equation which was altered to accommodate suchmeeas. The critical buckling

moment equation was:

M, =bd?xE_A, (1.44)
where:
b; = effective width of cross-section (Rafla, 1973)
d =  effective depth of cross-section
AR =  geometric relationship that considers load he(Blafla, 1973)

Within Equation 1.44, the term kepresented an effective width of a rectangulassr
section that was based on the effective deptheo§éttion, weak-axis moment of inertia

and torsion constant and was given by:

b=—-./1J (1.45)
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The term A in Equation 1.44 was a factor that takes into antthe distance of the load
application point on the critical buckling load theas given by Equation 1.46 for a
uniformly distributed load and was given by Equatio47 for a midspan concentrated

load.

037b2 a

= 1- 0902 1.46

A m 3 (1.46)
0442 a

= 1- 1102 1.47

A m C (1.47)

The aforementioned factorwas a function of the reinforcement ratio, thermsgth ratio
between concrete and steel, and the strain aixthenee compression fiber. It was most

easily obtained by referring to Figure 6 in Rall&73).

Mann (1976) implemented a different technique whbe compression zone of
the beam was transformed into an equivalent coraaestrut that allowed for the effect
of initial imperfections to be taken into considesa. The first parameter utilized by
Mann (1976) was the-factor which was a function of the flexural andsional
stiffnesses based on the compression zone depthlbas the length and internal
moment arm of the compression zone. Tiactor could be obtained by utilizing Figure

5 from Mann (1976) or by using the following eqoati
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c= L |G (1.48)
Pz El,

internal moment arm between compressmre and tensile steel

where:

Zq
reinforcement

weak-axis moment of inertia of compressione

The idealized slenderness was based on the paramé&sguation 1.48 and was most

easily obtained by using Figure 6 in Mann (1976, dso could be obtained by using the

following equation:

/= (1.49)

L
0.28%,/05+ ¢,/C,

The slenderness parameter from Equation 1.49 ediline method by Kasparek and

Hailer (1973) to obtain a critical stress valuetfog derived equivalent compression strut.

The initial imperfections were taken into consatem by using both the initial
out-of-plane deformation in conjunction with thétied rotation to obtain an idealistic

compression strut imperfection which was as foll¢ikann, 1976):

eze 14— 2% ol oJ241- o2& (1.50)

° T C,ev2 e
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where:

out-of-plane eccentricity of bottom of beam

&
1

out-of-plane eccentricity of top of beam

&P
0

Furthermore, the equivalent compression strut reeaderameter that created an

equivalent load eccentricity to the strut. Thisgmaeter was given by Equation 1.51.

m =2€ (1.51)

where:

Idealistic compression strut imperfection

The area of the equivalent compression strut waplgigiven by the area of the
compression zone of the beam at a given load dondifThe critical stress of the
equivalent strut was determined by using the preshopderived characteristics and
employing them in Kasparek and Hailer (1973). Adébtaining the critical stress of the
equivalent compression strut, the compressive forcthe strut was the product of the
critical stress and the area of the compressian. sithe moment arm between the
compression and the tensile steel reinforcing adb¥or the critical moment in the beam
to be determined. The resulting critical momenstthen be compared to the moment of
the steel reinforcing acting about the compresstamt where the force in the steel was
determined by using strain compatibility for thé@ical moment. If the two values were

not equivalent, an iterative approach had to deetl until the two moments were equal
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(Mann, 1976). The previous methodology was furthgranded and employed to T-

shaped cross-sections by Mann (1985).

The last method considered important and viablBéyeke, Holz and Litzner
(1985) was a very detailed analysis technique byeRand Mehlhorn (1981). The
method utilized a computer program that calculéitedstresses and strains on a beam
that included initial deformations. The stresses strains were used to evaluate the
stiffness values for separate segments of the b&wmbining the segments of the beam
with varying stiffness properties, Roder and Mehth(1981) were able to calculate a

critical buckling load.

1.3.2 Rollover Stability

Rollover problems occur when an overturning monedeveloped due to
imperfections in the girder, imperfections in thgpgort conditions, nonlinear behavior of
the supports and in the case where cracking hasreckcin girder and/or nonlinearity in
the stiffness properties of the girder also occline solution to such a problem was not
done with a traditional stability analysis but el by considering the bending of the
girder and the subsequent equilibrium. Some Iméisearch was done on the topic by
Imper and Laszlo (1987), but this work was expanalety Mast (1989) for the case of a
hanging girder, and by Mast (1993) for the casa girder on elastic supports. The
works by Mast had become the standard method osgeteérmine rollover of bridge
girders while being transported and placed. Thee#&at Prestressed Concrete Design
Manual (2003) based its requirements on Mast'’s vaoik even included examples from

Mast (1989) and Mast (1993).
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A beam on elastic supports, such as that is showigure 1.20, gives the
equilibrium diagram (Mast, 1993) shown in Figurd1ldepicting the overturning

moment arm and the resisting moment arm.

Lateral Deflection of Bea

o

= Superelevation

Figure 1.20 — Beam on elastic supports

The overturning moment arm was given by Equati&2 &nd the resisting
moment arm was given by Equation 1.53 where théeangepresents the total rotation
of the beam from the vertical and the anglepresents the initial angle of the supports

before deformations in the beam or supports ocduiviast, 1993).
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i Z,+€= 27 SiNG+g

C.G. of
deflected beam

Roll Axis —\

M=K (- )=
Moment in spring
support

- = Angle at
spring support

€, =2,C09 +§ COF+ Y, Sing

Figure 1.21 — Equilibrium of beam on elastic supbtast, 1993)

C, = Z,, COSg + & c0sq + Y, Sing (1.52)
where:
C. = overturning moment arm
zg = lateral deflection of center of gravity adftbcted beam
& = eccentricity of girder center of gravity
Yeg = height of center of gravity above roll axis

= roll axis of beam with respect to vertical axis
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K
c, =—=L(g- a 1.53
W (9- a) (1.53)
where:
K = rotational spring constant of support

angle of support before deformations (superdienpa

To solve for the equilibrium angle, moments wenmmswed about the roll axis and

small angle approximation were made to give:

Wy|zoof + & + Vo@] = K, (g- @) (1.54)

A factor “r” was introduced (Mast, 1993) which wig quotient of the bearing rotational
stiffness and the weight of the beam. The factoin'gsical meaning was that it was the
height in which the weight of the beam could becpthsuch that the system was in

neutral equilibrium as shown in Figure 1.22.
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L

For Neutral Equilibrium
Wy(r )=M=M= (K)
r=K /Wb

M= (K)

Figure 1.22 — Definition of radius of stability (Igia 1993)

The factor (radius of stability) was given by Equation 1.550lving the moment

balance resulted in the equilibrium angle and wasrgby Equation 1.56.

=K (1.55)
Wb
+
g=—21"% (1.56)
r- ycg - cho

The factor of safety against overturning was defiag the ratio of the resisting moment

arm to the overturning moment arm (Mast, 1993) shaw/follows:
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Fs=CS o lg-2a) (1.57)
Ca choq+ ei + ycgq

At a certain angle, the beam would reach tensigsses in one of the top flanges
that would exceed the modulus of rupture of comgrgterefore resulting in decreased
stiffness properties. The angle in which craclaegurs was defined by Mast (1993) as

max The midspan biaxial stress state in a prestiessecrete girder is shown in Figure

1.23.

Figure 1.23 — Midspan biaxial stress state in atpessed concrete girder (Mast, 1993)
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Substituting the angle at the onset of cracking Edquation 1.57 resulted in the
factor of safety against cracking (Mast, 1993).sMd993) believed it was very
important to consider cracked conditions becaussyrbaams that had been shipped
without collapse had factors of safety againstldaragthat were below unity. If the angle
exceeded the cracking angle, Mast (1993) proposadfactive stiffness parameter
shown by Equation 1.58. Furthermore, Mast (19%#¢a the importance of considering
wind force on the girder because wind would caukht@nal lateral deflections as well

as additional overturning moment.

lg =1,/(1+ 25q) (1.58)

Burgoyne and Stratford (2001) also considered velldy using a similar
equilibrium methodology as Mast (1993). The priyndifference was the way in which
initial imperfections were considered. Mast (198®)Juded the initial imperfections
within the derivation of equilibrium equations; hewer, Burgoyne and Stratford (2001)
considered a perfect beam and then determinedrees glistribution due to the initial
sweep and the tensile stresses at critical locatiéys the tensile stresses were large
enough to induce cracking, it was said that thekwaeas flexural stiffness must be

reduced.

The method to consider beams with flexible torsioestraints at the ends by

Muller (1962) was based on classical stability tiyedl'he coefficient in the lateral-

73



torsional buckling expression that included theefof moment gradient, support
conditions and the constant,was reduced as a function of the torsional stgtn
provided by the bearing conditions. The phenomearpresented by the method was
still a lateral-torsional buckling mechanism and aoollover mechanism. Within the
analytical techniques for rollover by Mast (19985 &urgoyne and Stratford (2001), the
torsional stiffness, C, was considered to be itdiniHowever, in the analysis by Muller
(1962), infinite torsional stiffness, C, would résa an infinite buckling load.

Therefore, the failure mode consider was not thabltover because a torsionally stiff

member could still be “tipped” over.
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CHAPTER 2

SPECIMENS AND MATERIAL PROPERTIES

2.1 Rectangular Specimens

2.1.1 Specimen Descriptions

The first six specimens were rectangular prestekssacrete beams. The beams
had a nominal length of 32 ft. (9.75 m), a widtidah. (10.2 cm) and a height of 40 in.
(102 cm). The dimensions of these beams gaverdvgiolth ratio of 96 and a
depth/width ratio of 9.5. The reasons for the disiens initially resulted from the
selection of the width of the beams. The width selected to be as small as possible to
create a large slenderness. A width of 4 in. (£t was the smallest that could be
made by the precast plant and still guarantee ribgtq@ssing would be able to be
properly done, and to assure no damage duringahdling of the test beams. From the
width, the length was determined by the need afgel span/width ratio, and the specific
dimensional constraints allowed by the anchorind igrthe floor at the Georgia Institute
of Technology Structural Engineering LaboratorjheTepth was selected such that it
would create the largest possible depth/width ratiule being shallow enough that
cracking would not occur when being tipped up fribv@ir sides after fabrication. The
geometric ratios were compared with those of thdaeced concrete test specimens
from Revathi and Menon (2006), and both ratios vievad to be greater, and, therefore,
more slender than the beams tested by Revathi @ambiv(2006), in which all of their

test specimens buckled.
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All six of the rectangular beams had the same g#oodimensions. The reason
for not varying the geometries of the beams wahabeffect of the prestressing would
be isolated. The six rectangular beams were igpditthree pairs. Each pair had a
different prestressing strand pattern, but the sameunt of mild steel reinforcement and
approximate location of the mild steel reinforcemenhe three different prestressing
cases were: two strands located at the centrdideoross-section (C2), two strands
located at the bottom of the cross-section (B2)@melstrand located at the bottom of the
cross-section (B1). Either “A” or “B” was addedttee end of the specimen designation
to differentiate between the individual beams beam series. The strand patterns were
selected such that the effect of strand locaticndptricity) was determined from a
comparison of beams C2 and B2, because the prasgdsrce was approximately the
same, but strand location was not. Furthermoeeetfect of prestressing force was
determined from a comparison of beams B2 and Bdause the center of gravity of the
prestressing location was approximately the sammethie prestressing force was
significantly different. The detailed design drags of the three different layouts are
shown in Figures A.1, A.2 and A.3 of Appendix Aralwiings of the beam specimens
noting the important characteristics are shownigufe 2.1 and photographs of the

beams during fabrication are shown in Figures B@A3.
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Figure 2.1 — Beam specimen drawings
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Figure 2.2 — Reinforcement placement during faliooceof rectangular beams



Figure 2.3 — Finished rectangular beams

2.1.2 Initial Imperfections

Initial imperfections were measured for each $psicimen. The initial
horizontal, or weak axis displacement, was measaftréigle points along the length of
each of the test specimens at both the top andattem of the cross-section. To
measure the initial horizontal displacement, a lwgre was attached on either end of
the beam length such that the distance betweenitbeand the beam specimen on the
concave side of the beam was the initial horizoditgdlacement at that point. Knowing
the initial horizontal displacement at the top #mel bottom of the beam specimens
allowed for the calculation of the initial rotatiah each of the measurement points.
Figures A.4 through A.15 depicts the initial hontal displacements for each specimen
with a comparison with an ideal sine curve. Tdblesummarizes the maximum initial

imperfections for all of the specimens.

78



Table 2.1 — Summary of maximum initial imperfecgon

Beam Swegp Sweep Rotation
Top, in.| Bottom, :

ID . (radians)
(mm) | in. (mm)
-0.406 | -0.406

BIA | (103)| (103) | °©
-0.344 | -0.375

B1B (-8.7) (9.5) 0.00078
1.50 1.06

B2A 1 @8.1) | (27.0) | 9O
-0.484 | -0.547

B2B (12.3) | (-13.9) 0.00156
0.227 | 0.398

C2A (5.8) (10.1) 0.00430
-0.172 | -0.203

C2B (-2.4) (-4.0) 0.00078

2.1.3 Material Properties

In order to predict the stability behavior of tleetangular prestressed concrete
beams specimens, certain material properties veengred. The prestressed concrete
beams had three different materials to considerciaie, mild steel and prestressing
steel. To obtain the material properties for thearete in the beam specimens, several
concrete cylinders were cast according to ASTM 081-The material properties
necessary for the analytical study were the consprestrength using ASTM C39-05,
the initial modulus of elasticity using ASTM C4692;(and the Poisson’s Ratio using
ASTM C469-02. The concrete cylinder breaks ocauweéhin one week of the testing
of the specific beam. The cylinders were overar yéd, and, therefore, changes in
concrete material properties in a week would bdigiete. The measured concrete

material properties are summarized in Table 2.2.
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Table 2.2 — Material properties for the rectangbkeams specimens

Beam ID| # of Samples f(psi) E (ksi)
B1 3 10133 4713 0.19
B2 3 6015 4188 0.19
c2 3 11281 5156 0.20

The yield strength of the mild reinforcement giverthe mill certificates was
71.7 ksi. Additional testing of the mild reinforoent was unnecessary because the stress
in the mild reinforcement never reached levels tiearyield stress during the
experiments. Similarly, the stress level in thespressing steel never reached levels of
nonlinear stress-strain behavior during the expeniis either. However, the stress-strain
curve from the mill certificate for the prestregsstrands, which was implemented in the
analytical study, is shown in Figure A.16 of Append. Prestressing force was
important to monitor during the fabrication of theam specimens. The desired
prestressing force in each of the test specimessspecified in the design drawings
shown in Figures A.1 through A.3 of Appendix A. aeired values of the prestressing
force in each of the beam specimens are shownbte a3 and a photograph of the

prestressing force measurement is shown in Figdre 2

Table 2.3 — Measure prestressing force in eachagwathe test specimens

Beam ID Load LC1 (lbs) Load LC2 (Ibs)
Bl 32,773 -
B2 30,398 30,832
C2 28,752 29,828

Note: Load LC1 measured the strand closest to dktern of the beam.
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Figure 2.4 — Measurement of prestressing strarafor

2.2 PCI BT-54 Girder

2.2.1 Specimen Description

The seventh specimen was a 101 ft. (30.8 m) I&dIigBT-54 bridge girder. The
BT-54 was prestressed with 40 — 0.6 in. diametestpessing strands with each strand
having a jacking force of 43,940 Ibs. (195.47 kiF)gure A.17, of Appendix A, shows
the detailed design drawing of the BT-54, whileufgs 2.5 and 2.6 show photographs of
the BT-54 girder during fabrication and after coetgn, respectively. The specimen
length was selected without a detailed understandiithe stability behavior because the

planned thermal experiments needed to begin eathlye research. The thought was that
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additional initial imperfections could be introdualcer a portion of the top flange could be

cut off if it was determined that the girder woulot buckle at low enough load levels.

Figure 2.5 — BT-54 girder during fabrication
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Figure 2.6 — Completed fabrication of BT-54 girder

2.2.2 Initial Imperfections

Initial imperfections of the BT-54 where measurédhany different times. Many
of the measurement were during the thermal studlgeofjirder and are discussed in more
detail in Chapter 3. The three important measurgsnef initial imperfections were
immediately after the prestressing strands werghaiore testing the girder when the
girder was on level supports, and before testieggitder when the girder was on the
initially rotated supports. The maximum valuestfw initial imperfections and camber

at these three times are shown in Table 2.4. Eurtbre, initial horizontal displacement
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measurements at nine points along the girder wesuaored at the top and the bottom of
the girder while the girder was on level suppord while the girder was on the initially
rotated supports. These values are presentedumds A.18 through A.23 with a
comparison to an ideal sine curve. The same measunt technique as was described in

Section 2.1.2 for the rectangular test specimerssusad for the BT-54.

Table 2.4 — Maximum Initial Imperfections for BT-54

Sweep| Sweep :
Time Top Bottom Rotation| Camber

(in.) (in.) (radians)| (in.)

After Strands Cut  0.875 - 0.00037 3.62b

Level Support 1.944 1.484| 0.01674  4.359

Initially Rotated

2.456 1.969 | 0.06524  4.391
Support

For the BT-54 girder specimen, initial rotation vedso introduced at the end supports to
cause the girder to be more unstable. The measuitiadi rotations on the bearing pads

and on the bottom flange of the girder are shownhable 2.5.

Table 2.5 — End support initial rotations for BT-54

Bearing Pad Rotations (radians) Bottom Flange
Front Middle Back 1’ from Support
East Support 0.04817 0.04887 0.04887 0.04939
West Support 0.05131 0.05131 0.05079 0.05079
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2.2.3 Material Properties

The BT-54 only had two different materials to ddes. concrete and prestressing
steel. The only mild reinforcement used in thecgpen was the shear reinforcement.
To obtain the material properties for the concnetine beam specimens, several concrete
cylinders were cast according to ASTM C31-06. Teerial properties necessary for
the analytical study were the compressive streagiiig ASTM C39-05, the initial
modulus of elasticity using ASTM C469-02, and tlmesBon’s Ratio using ASTM C469-
02. The concrete cylinder breaks occurred withia tlays of the testing of the specific
beam. The cylinders were over a year old, andetbee, changes in concrete material
properties in a two day period would be negligiblégne measured concrete material

properties are summarized in Table 2.6.

Table 2.6 — Material properties for the BT-54 spean

# of Samples Jf(psi) E (ksi)
5 12188 4471 0.22

The stress level in the prestressing steel newaehedl levels of nonlinear stress-
strain behavior during the experiments, and, tloeegfthe nonlinear material properties
were not necessary. Prestressing force was ut@bke measured accurately due to the
immense number of strands. The design initialtpeesing force is specified in Figure

A.17 of Appendix A.
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CHAPTER 3

SOLAR DEFORMATION EXPERIMENTAL STUDY

A preliminary investigation on the deformation beloa of the BT-54 girder
specimen from the effects of solar radiation tedwetine if it was plausible that
significant additional initial imperfections coute caused due to non-uniform heating of
a bridge girder was performed. Subsequently, aerdetailed experimental and
analytical study was performed by another resea@h@eorgia Institute of Technology

(Lee, 2010).

3.1 Objectives

The solar deformation investigation was perforrmasithg the BT-54 girder
specimen at the precast plant in which the girdes fabricated. Fabrication error
resulted in an initial sweep in one direction, aherefore, the convex side of the girder
was directed towards the east such that the mosungvould heat the convex side
serving to amplify the initial sweep in that direct. The objective was to obtain
temperature variations in the girder, thermal sgan the girder, solar radiation data,

wind data, sweep and camber data.

3.2 Experimental Setup

The induced thermal strains were found with vilorgtivire strain gages
embedded in the girder during casting. The tempezaariations were found using
internal thermocouples, external thermocouplestaadhermistors that were included in

vibrating wire strain gages. Solar radiation dagge obtained using two Apogee
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pyranometers, one on the top of the girder, andattaehed to the side of the girder
directed horizontally to capture the magnitudeadhisradiation on the side of the girder
due to the morning sun. The wind speed was fownmbuan anemometer. Sweep and
camber data were found by hand measurements usaught-wire system, as shown in
Figures 3.1 and 3.2. Additional sweep and camlEasurements were taken on selected
days using string potentiometers to gain a begesgective on the displacements
throughout the day. The internal thermocouples\aloichting wire strain gage locations,
and external thermocouple locations, are depictddgure 3.3 and 3.4, respectively. A
photograph of the internal instrumentation is shawhigure 3.5. Additionally, Figure

3.6 shows the locations of the pyranometers, anestemand the string potentiometers.

Pulley Fixed Attachmen\

Mass

Figure 3.1 — Elevation view of taught wire systeandamber measurements
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Figure 3.2 — Plan view of taught wire system foespr measurements

BETWEEN TOP STRANDS (VW3
ABOVE TOP STRAND (TD ABOVE TOP STRAND (T2)

UNDER TOP STRAND VWD UNDER TOP STRAND (Vwed

AT MIDHEIGHT
Vw4

#
4’>
NORTH

BETWEEN lst &
end STRANDS

+ INDICATES INTERNAL VIBRATING WIRE STRAIN
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WILL BE APPLIED AFTER FABRICATION)

Figure 3.3 — BT-54 internal vibrating wire straiagg and thermocouple locations
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+ INDICATES EXTERNAL THERMOCOUPLE LOCATION
(T12 1S THE AIR TEMPERATURE)

Figure 3.4 — BT-54 external thermocouple locations

Figure 3.5 — Internal vibrating wire strain gagasd ghermocouples
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Figure 3.6 — BT-54 pyranometer, anemometer andgspotentiometer locations

3.3 Experimental Results

Results from the experimental data for solar defdgioms and temperature
gradients in the BT-54 showed that the findingsl@¢de condensed to data from three
days during the summer of 2008. The days presemteel deemed hot weather days,
where clear skies allowed a substantial amountlaf sadiation to affect the girder, and

cool evenings created large temperature differntigor all three days, the string
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potentiometer set-up was used to gather accuraepand camber data. The plots of
the solar radiation applied to the top of the giraied side of the girder (facing east) for

each of the three days is shown below in Figure3&and 3.9.
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Figure 3.7 — Solar radiation on BT-54 for July 2608
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Figure 3.8 — Solar radiation on BT-54 for July 2008

1400

Top

1200 )
— — Side

1000+
800
600

400

Solar Radiation (\N/ﬁ)]

200+

6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00
Time

Figure 3.9 — Solar radiation on BT-54 for July 2008
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The curves do not come out perfectly smooth duatmus disturbances and
shadows that could occur at the precast plant wiher8T-54 was being stored. For
example, the gantry cranes often pass by the BR#@d sometimes remain there for long

periods of time.

The wind data for the three days presented amrsioFigures 3.10, 3.11 and
3.12. The wind speed was averaged over 15 minatements. Gusting was deemed to
be unimportant and extremely large amounts of datad have to be collected to

represent the wind gusts.
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Figure 3.10 — Average wind speed at BT-54 on J6ly2D08

93



Average Wind Speed (mf

Average Wind Speed (1

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

O-O T T T T T T T

600 800 1000 1200 1400 1600 1800 2000
Time

Figure 3.11 — Average wind speed at BT-54 on Jély2D08
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Figure 3.12 — Average wind speed at BT-54 on Jaly2P08
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Internal and External temperature measurements mwade at 15 minute
increments throughout the presented days, at ttaiéms shown previously in Figure 3.4
and 3.5. Temperature contours present the ddkeeimost efficient way such that
temperature gradients at midspan can be compareatiatis times throughout the day in
question. Because MATLAB(2006) cannot plot contours for inconsistent gtiats
using the standard subroutines, a subroutine calledfit” (D’Errico, 2005) was used.
The subroutine takes the sparse or irregular dathconverts it to a smooth surface. The
smooth surface can then be plotted as a contoMAFLAB’s ® (2006) standard
subroutines. The subroutine has many optionscdrabe selected by the user, such as
the interpolation method; the triangular interpi@atmethod was chosen in this case.
Further details on the subroutine, the algorithseduand the efficiency of “gridfit”
(D’Errico, 2005) can be found within the text oéthubroutine, and in Keim and
Herrmann (1998). The temperature contours weriegol@t 9:00 am, 12:00 pm and 3:00

pm for each of the three days and are shown inr€#&8.13, 3.14 and 3.15.
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Figure 3.13 — BT-54 temperature contours at midgpeduly 16, 2008 at (a) 9:00 am (b)
12:00 pm (c) 3:00 pm

Degree
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: i
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Figure 3.14 — BT-54 temperature contours at midgpeduly 17, 2008 at (a) 9:00 am (b)
12:00 pm (c) 3:00 pm
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Figure 3.15 — BT-54 temperature contours at midgpeduly 22, 2008 at (a) 9:00 am (b)
12:00 pm (c) 3:00 pm

The string potentiometer measurements determireeddtitional sweep and
camber due to thermal effects throughout the daywaere taken at 5 minute increments.
The measured additional sweep and camber throughewtay from the differential
heating of the BT-54 is shown for July 16, 2008y AiY, 2008 and July 22, 2008 in

Figures 3.16, 3.17 and 3.18, respectively.
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Figure 3.16 — BT-54 camber and sweep for July 0682
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Figure 3.17 — BT-54 camber and sweep for July 0082
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Figure 3.18 — BT-54 camber and sweep for July PR32

The sweep data shown in Figures 3.16 through 3di8ated a maximum
additional sweep in the range of 0.4 in. to 0.§1® mm to 15 mm). The PCI Bridge
Design Manual (2003) tolerance for sweep is 1/§3r2 mm) per 10 ft. (3 m) of girder
length which gives for the 101-ft. long BT-54 a nmadm allowable girder sweep of
1.2625 in. (32 mm). The additional 0.6-in. sweeprfrthermal effects should not be
considered negligible. The additional sweep frberinal effects on the BT-54 tested
was in the range of 31% to 48% of the maximum adlole sweep in the girder. This
was significant because a girder that is approactia maximum allowable sweep could
significantly surpass the allowable maximum whem@e&rected at the bridge site, due to

neglect of consideration to the potential for addial thermal sweep.
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Furthermore, the sweep data presented in FigutéstBrough 3.18 showed that
the girder sweep went from its initial conditionaenaximum sweep in a time frame of
four hours for all cases. Additionally, the rapidrease was initiated as soon as the sun
began to rise. Therefore, any stability failurtilatited to the effect of thermal sweep

from solar radiation would most probably occur witthe first hours after sunrise.

The data also showed for this case, that the ootati the girder due to thermal
effects was minimal. The displacement of the tapde and bottom flange was shown in
Figures 3.16 through 3.18. The top and bottomgiadisplacements were about equal
throughout the mornings as the girder went fronmitsal conditions to the maximum
thermal sweep condition. It was only in the aftemn when the top and bottom flange
displacements began to differ. Even at that paitihe day, the difference in top and
bottom flange displacement resulted in rotationthefgirder that were less than 0.001

radians.
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CHAPTER 4

LATERAL-TORSIONAL BUCKLING EXPERIMENTAL SETUP

4.1 Objectives

To determine the behavior of prestressed concletaril members with respect
to lateral-torsional buckling, the six aforemengdrrectangular prestressed concrete
beams were tested to determine the behavior fonples geometry. Additionally, a BT-
54 bridge girder specimen was tested to studyateedl-torsional buckling behavior of
prestressed concrete flexural members with a nargtex geometry with realistic

bridge end support conditions.

4.2 Experimental Setup

Experimental methods were particularly importamtthee lateral-torsional
buckling experiments on prestressed concrete beantgpical beam flexure experiment
would involve supporting the beam on a pin-supparbne end and a roller-support on
the other. The vertical load would then be appliedh above via a hydraulic ram rigidly
attached to a frame. For lateral-torsional bugkkxperiments, or any sway-permitted
experiment, the load must be permitted to transigtie the specimen, remain vertical (in
the direction of gravity) and not provide restramtdeformation of the specimen. Failure
to properly apply the load might either restraimm@agnify lateral motions which would
lead to incorrect determination of buckling loadiscorrect experimental results would
result in poor calibration of analytical proceduassl result in poor design

recommendations.
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Different solutions to the load application problerare proposed throughout the
literature. The most accurate to method wouldobapiply actual gravity load using water
or sand. However, logistics and safety concerise at higher load levels. Another
potential loading methodology (Stoddard, 1997) wicag to constantly update or make
adjustment to the load frame during the experimieomvever, significant error could be
introduced during the procedure, and the time fa experiment would be dramatically
increased. Instead, Yarimici et al. (1967) desigaenechanism referred to as a “gravity
load simulator”. The gravity load simulator is @mstable mechanism that maintains a
vertical load when the specimen experienced lateaaklation. The gravity load
simulator mechanism was implemented effectivelgway-frame testing of three story
building frames (Yarimici et al., 1967), laterargmnal buckling of steel wide-flange
cross-sections (Yura and Phillips, 1992) and l&tergional buckling of polymer

composite I-shaped cross-sections (Stoddard, 1997).

4.2.1 Gravity Load Simulator

The initial geometry and the deformed geometrthefgravity load simulator in
Figure 4.1 and 4.2 shows the behavior of the gydodd simulator when a test specimen
would require the load point to translate with specimen. The gravity load simulator
consisted of two incline members, a base, a rigaghgular frame and a hydraulic ram.
All of the components were connected with pins Whiceated an unstable mechanism.
Therefore, the line of action of the load must alsvpass through the instantaneous
center of rotation for equilibrium to be maintain€bo utilize the gravity load simulator,
the test specimen must span above the gravitydwadlator such that the simulator

would pull down on the specimen via a load frame.
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Figure 4.1 — Gravity load simulator
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Figure 4.2 — Gravity load simulator in displacedfoguration
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A gravity load simulator was designed and fabriddteload the six rectangular
prestressed concrete beams and the BT-54 girdeinspe. The design was based on the
ability of the gravity load simulator to achievéoad of 300 kips (1334 kN) to ensure that
the BT-54 girder specimen would either buckle drifeflexure before reaching the
capacity of the gravity load simulator. Furthermdhe gravity load simulator was
designed to accommodate a sway of 12.875 in. (@8)7n. either direction. In theory,
the design of the gravity load simulator’'s geometas such that the center pin that
connected the hydraulic ram to the rigid triang@itame would maintain the same
elevation through the entire range of translatmmtiie gravity load simulator. However,
it was impossible to attain geometry such thatpinevould coincide exactly with a
horizontal line. Therefore, the line of actiontloé ram deviated from vertical as
presented in Figure 4.3. The selected design gepmeduced a maximum deviation
angle for the line of action equal to 0.006 radigh844 degrees) at the extreme limits of
the gravity load simulator. If the gravity loadmsilator was limited to a sway of 8 in.
(20.3 cm), the maximum deviation angle for the lmh@ction would be 0.00129 radians
(0.074 degrees). A photograph of the gravity Isimaulator used for the experiments is

shown in Figure 4.4. The detailed design is disedsand presented in Appendix B.
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Figure 4.4 — Gravity load simulator in displacedfoguration during an experiment
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4.2.1.1 Gravity Load Simulator Control Mechanism

The intended behavior of the gravity load simulatas to allow the hydraulic
ram to translate laterally while the hydraulic reemained vertically oriented. The
unstable mechanism that the gravity load simulats based on would inherently
provide that behavior given the assumption thas#ieweight of the components were
negligible. Due to the high capacity requiredtfue experiments, the self-weight of the
components were not negligible which caused theduwtt ram angle to sway slightly
from perfectly vertical until the angle was largeagh to counteract the horizontal
component of the self-weight of the gravity loashglator. The only position in which
the hydraulic ram remained perfectly vertical washie exactly undeformed position
when the self-weight of the gravity load simulatiaf not create a horizontal component
of force. Furthermore, at higher load levels,tiegnitude of the error in load angle
would reduce because the force being transferredigih the hydraulic ram would be
larger, and, therefore, the magnitude of the reguarror angle would decrease and still

result in the equilibrium horizontal component.

A control mechanism was design for the gravitylsanulator to remove the
error angle from the effect of the self-weight loé gravity load simulator. The control
mechanism caused the gravity load simulator to $taldle mechanism. Essentially, the
mechanism consisted of a threaded rod attachdgktoenter pin location where the base
of the hydraulic ram was attached via a lubricdtalll joint to allow free rotation of the
threaded rod. The threaded rod was also thredmledgh a nut that was attached
through structural components to the base plateeofravity load simulator resulting in

a self-reacting system. As the threaded rod waetl the center pin location would
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move allowing for the control of the gravity loaidhsilator’s position, and, thus, the
angle of the applied load. Detailed design drawiofgthe control mechanism are shown

in Figure B.17 through B.20 of Appendix B.

Because the addition of the control mechanism w@adhe automatic ability of
the gravity load simulator to apply vertical lodlde angle of load angle was monitored
during the experiments in real-time so the positbthe gravity load simulator was
updated while the specimens were being loadedac€omplish the acquisition of the
load application angle, a long, stiff member wasrazted to the top of the hydraulic ram
extending perpendicular to the angle of the appgbed. At the end of the extension
members, at 60 in. (152.4 cm), a Migatron RPS-4lftcentained ultrasonic position
transducer was attached. The ultrasonic positeomstiucer was used to measure the
distance from an arbitrary, rigid, smooth and lexgface because if there was a slight
change in angle from vertical of the hydraulic rahe ultrasonic position transducer
would detect it. Furthermore, such a sensor wa®ftty sensor capable of monitoring of
this type because as the gravity load simulatorsteded, the sensor translated as well,
while maintaining a measurement from the same eatsr datum. The string of a string
potentiometer would remain attached at a spe@fiation; therefore, when the gravity
load simulator translated, the string would becalagonal and the reference
displacement would no longer be the same. Figuérsidown previously labels the
control mechanism and the ultrasonic position tlaosr. The behavior of the ultrasonic

position transducer load angle measurement methddgicted in Figure 4.5.
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Figure 4.5 — Ultrasonic position transducer loaglameasurement method in (a)
vertical load configuration (b) angled load configtion

4.2.2 Rectangular Specimen Supports

To replicate classical theory, the end supportsired the construction of lateral
supports that restrain the beam in torsion, vdrtieaslation and lateral translation at the
ends, but allowed for rotation about the verticasa Furthermore, 1.5 in. (3.8 cm)
rollers were used at both bearing supports to alovaxial lengthening of the beam
specimens during the experiment and to provide sgtmnabout midspan. The rollers
provided the restraint to vertical translation wehal rigid frame was constructed and
placed on both sides of the beam, at both endsstdct horizontal translation. The rigid
frame was designed, constructed and used for {heriexents of Kalkan (2009). For free
rotation about the vertical axis, four 17 kip (7%&M) high-capacity casters were attached
to the rigid frame at equal spacing along the depthe test specimen. The caster
wheels were forged steel with tapered roller beginThe torsional restraint was

provided by the couple created by the casters lspaging along the depth of the beam
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on both sides. A photograph of the end supportth®rectangular tests is shown in

Figure 4.6.

Figure 4.6 — Rectangular setup end supports

Because the beam specimens must span longitudaizdlye the gravity load
simulator, the support conditions required theafdauilt-up pedestals to attain an
appropriate height that allowed for the proper fiorcof the gravity load simulator. The

built-up pedestal was constructed of steel andred@enembers that were remaining at
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the laboratory from previous research activitiésphotograph of the built-up pedestal is

shown in Figure 4.7.

Figure 4.7 — Rectangular setup build-up pedestal

4.2.2.1 Secondary Restraint System

A restraint system was implemented because ofafety concerns of a potential
sudden lateral stability failure. Due to the sty objective of unloading and
reloading the beam specimens to investigate thsilpbty of buckling load degradation,
restraint was required during post-buckling to prevexcessive damage to the beam
specimens. The system was composed of threadedtoothected to the beam specimen

and to a rigid column support. The length of tme&aded rods was controlled by the use
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of turnbuckles; therefore, the threaded rods wergicuously loosened so that there was
zero restraint before significant post-bucklingléetions occurred. A photograph of the
system is shown in Figure 4.8. Strain gauges emdts were calibrated so that the
maximum restraint load was maintained at less fitals. (44.5 N). The turnbuckles

were released to produce zero load at each displEmteload increment.

Figure 4.8 — Secondary restraint system

4.2.3 BT-54 Specimen Supports

For the stability experiment on the BT-54 girdeeamen, the support conditions
were different than for the rectangular experimemisactual bridge conditions, there are

not perfect pins located at the supports. In n@ases, state Department of
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Transportations use elastomeric bearing pads &stipports. In the case of the girder
collapse in Arizona, elastomeric bearing pads weesl at the bearings (Oesterle et al.,
2007). The use of elastomeric bearing pads atnidesupports added additional
variables to the experimental study. Instead efahd boundary conditions being ideally
rigid in the vertical direction, there was now iifsess of the bearing pad in the vertical
direction that needed to be considered. Furthezntbe torsional restraint at the ends of
the specimens that was provided by the couplingcefif the casters attached to a rigid
frame in the rectangular test setup was insteaaeth by utilizing the relatively large
width of the bottom flange of the BT-54 that prasatitorsional restraint. However, the
torsional restraint provided by the bottom flangeeswot perfectly rigid because of the
bearing pad stiffness; therefore, the bearing ptational stiffness was considered as
well. The bearing pads also had relatively loifretiss properties in shear in both the
longitudinal direction and transverse directiorhehear stiffness of the elastomeric
bearing pads were relatively low compared to th#icad because the internal steel shims
were not engaged during a shear or transversenigadihe minimal shear stiffness is
beneficial in bridge design because it allows feefdeformation in the longitudinal
direction when the bridge is in service so thatginders are not stressed due to thermal
strain behavior. In the case of the stability ekpents, the shear stiffness in the
transverse direction was also an important conataer because rotation of the girder

caused a lateral component of force on the beaaag

4.2.3.1 Bearing Pad Properties

The bearing pads used for the BT-54 girder spetiexperiment were 24 in.

(61.0 cm) long, 14 in. (35.6 cm) wide and 2 7/8(ih3 cm) thick steel reinforced
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elastomeric bearing pads with four internal stbahs. The nomenclature for describing

the axes of the bearing pad and the stiffness peteamis depicted in Figure 4.9.
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Figure 4.9 — Bearing pad axes

A bearing pad was tested to obtain the verticEhst$s of the bearing pad;KThe
experimental testing consisted of placing a 1/§3r2 mm) sheet of steel that was larger
in dimensions than the bearing pad on top of tlaibg pad. On top of the thin sheet of
steel, a stiffened wide flange stub with larger elrsions than the bearing pad was
placed. The wide flange stub acted to distribliéeldad from the Baldwin test machine
to the bearing pad so that the load was distributefbrmly. The thin sheet of steel was
used below the wide flange stub to remove the etiethe small holes that were in the
flanges of the wide flange stub. The displacenoétihe bearing pad in the axial

direction was measured by using four dial gageatéstat the four corners of the bearing
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pad. The total displacement was taken as the geerfthe displacements at the four
corners. The experimental setup was similar toukad in Consolazio et al. (2007). A
photograph of the test setup is shown in Figur8.4The resulting stress versus

displacement plot is shown in Figure 4.11.

Figure 4.10 — Bearing pad axial stiffness testing
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Figure 4.11 — Stress versus axial displacemeneafibg pad Z-order polynomial fit

The load versus axial displacement plot in Figue £hows a nonlinear
relationship because of the relatively low loadglenbearing pad. The nonlinearity
stemmed from the settling of the thin elastomeps &round the bearing pad edges that
serve as a gasket seal in actual bridge conditigmetlvent water from seeping under and
above the bearing pad. The bearing pad was osilgde¢o 160 kips (711.7 kN) because
160 kips (711.7 kN) would well exceed the allowalblad for the test setup. The
behavior of the bearing pad was approximated byrasgy a second-order polynomial fit
as shown by the trend line in Figure 4.11. A Ima&aproximation is shown in Figure

4.12 and considered the self-weight of the girdas W2 kips (320 kN) or 214 psi (1.48
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MPa); therefore, the bearing pad initially undering@® kips (160 kN) or 107psi (0.74

MPa) before testing began.

y = 26600x - 389.1 ¢
R = 0.9853

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
Displacement (in.)

Figure 4.12 — Load versus axial displacement ofibggad with linear fit

The axial stiffness values of the bearing padlteddrom the experimental
testing; however, the rotational stiffness paramsebad to be approximated analytically
by assuming a rigid plate on the top of the beapiad and applying a unit rotation which
resulted in a triangular stress distribution. aperoximation was determined to be
accurate by using the results from Yazdani et280Q) and applying the approximation.

Yazdani et al. (2000) used the equations from AABHT996) to determine the effective
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compressive modulus of the bearing pad based oshidyae factor of the bearing pad and
the shear modulus of the bearing pad. A finite eh@dhs created of the bearing pad
including the steel shim plates. The verticafséss, K, of the bearing pad from the
finite model was 5950 kip/in (1042 MN/m) and thé¢ateonal stiffness, K, was 287,000
kip-in/rad (32,400 kNm/rad). Applying the rigidgté rotation approximation to
determine the rotational stiffness, Kirom the axial stiffness, Kresulted in an
approximate rotational stiffnessKof 285,600 kip-in/rad (32,270 kNm/rad) which was
very close to the result given by the finite modi&dwever, the nonlinear vertical
stiffness at low loads meant that the true rotalitiffness of the bearing pad was
different. A more accurate prediction was impletedrin the analytical study which is

presented in Chapter 7 and 8.

Additional error in the prediction of axial stifes and rotational stiffness was
apparent due to the poor flatness of the bottong#éaof the BT-54. Figure 4.13
designates the orientation of the girder. Figui&l4hows the support at the east end of
the girder, and Figure 4.15 shows the supporteatviist end of the girder before testing.
The figures showed that the significant amountusfature of the bottom of the flange
caused a non-uniform bearing. The majority ofdbk-weight of the girder was resting
in the middle of the bearing pad; in the case efdhst support, the southern edge of the

bottom flange was not in contact with the beariad pt all.
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Figure 4.13 — BT-54 girder orientation
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Figure 4.14 — East bearing pad support conditions

Gap

Figure 4.15 — West bearing pad support conditions
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Initial testing of the BT-54 was performed to addevel of 29 kips (129 kN), and
there was a significantly higher rotation at eatthe supports than was anticipated due
to the roundness of the bottom flange. Therefaretrofit was performed on the bottom
flange at each of the supports before the entad i@as applied to the girder in an
attempt to remove the effect of the roundness®btbittom flange. The retrofit strategy
was to use a high-strength, high-modulus epoxyherbbttom flange to create a level
surface. The retrofitted bottom flange is showigure 4.16. The effects of the

roundness of the bottom flange are discussed aildetChapter 7.

Figure 4.16 — High-modulus epoxy leveling retrofit
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4.2.3.2 Secondary Torsional Restraint System

Ideally, the torsional restraint was to be prodidy the couple created by the
width of the bottom flange. Because of uncertamitn the bearing pad behavior due to
the non-uniform bearing, the lack of flatness ia biottom of the flange bearing on the
bearing pad, and the nonlinear stiffness propedid¢ise bearing pad at low loads, a
secondary torsional restraint system was designédnaplemented. The system
involved a column segment at each support, adjaoeghe BT-54 girder specimen. The
columns were located on the north side of the girethe side towards which the girder
was leaning due to the initial support rotatiortta8hed to the column segment was a
load cell device that was implemented so that wdmmact was made between the top
flange and the load cell device, torsional restraias provided and the restraint load was
known. The load cell device consisted of a byiltbwacket that held the cylindrical,
through-hole load cell in place and a threadedwitd both a threaded 1.5 in. (3.8 cm)
diameter steel ball and a nut. The girder’'s tapdle was to contact the steel ball, thus
putting the threaded rod in compression. The Imaitwas on the threaded rod restrained
the threaded rod from passing through the holberidgad cell, thus activating the load

cell. A diagram of the device is shown in Figuré7
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Figure 4.17 — Torsional restraint system load dellice

Initially, there was a gap between the top flaagd the steel ball so that the
behavior with only torsional restraint providedthg bottom flange was observed. If the
rotation at the ends was substantial, the torsimsfaint system was to be used. If the
rotation at the end was close to what was predithedrod was backed-off so that there
was always a gap between the top flange and teels#. Additionally, the torsional
restraint system provided additional safety totds setup. If the BT-54 girder specimen
were to overturn suddenly, it would come into cohtaith the torsional restraint system
which would provide some support. A photograptheftorsional restraint system is

shown in Figure 4.18.
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Figure 4.18 — Torsional restraint system

4.2.4 Load Application Details

It was required to apply the load provided bydh&vity load simulator to the top
of the beam specimen at midspan. Because thetgtasd simulator was located below
the beam specimen and applied the load to therspadby pulling down on specimen, it
was necessary to construct a frame that transféneebbad from the gravity load
simulator around the specimen, to the top of tleeispen. Furthermore, the frame had to
be constructed such that the geometry did not otistine specimen when the specimen

wanted to rotate during the experiment.
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To accomplish the load transfer, a rod from thevigydoad simulator was
connected through the center of a stiffened rectiangtructural tube that was
perpendicular to the specimen that was above.gA-bapacity threaded rod was
connected to each end of the rectangular struciubbal The high-capacity rods were
connected to a similar stiffened rectangular stnatttube that spanned perpendicular
and above the beam specimen. Essentially, a gpdemframe was created. In addition
to the high-capacity thread rods, 3x3x5/16 strudtangles were connected to the
rectangular structural tubes. The high-capacitgatied rods were sufficient for the
tensile load being transferred, but were not stibugh to restrain the frame from
racking; therefore, the structural angles were useadstrain the shear racking behavior
of the frame. The load was transferred from tigereztangular structural tube via a pin.
The pin was parallel to the specimen’s longituderas which allowed the specimen to
freely rotate about the load application point.edn’s length was small enough that the
assumption of a point load would be adequate; heweétvcould have been considered a
uniform load over a small distance. Figure 4.18 photograph of the rectangular load
transfer frame with the important components ladhel&dditionally, Figure 4.20 is a
photograph of the pin at the load application pamd Figure 4.21 is a diagram of the

behavior of the pin during loading.

125



Top Rectangular
Structural Tube

High-Capacity
Threaded Rod

N

N

Application Pin

/

Load

Bottom Rectangular
Structural Tube

N\

Racking Prevention
Angles

/

GLS Connector
Rod

Figure 4.19 — Load transfer frame
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Figure 4.20 — Load application pin
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Figure 4.21 — Behavior of load application pin dgrloading (a) undeformed
configuration (b) deformed configuration

127



4.2.5 Experimental Measurements

All of the data acquisition was done using Natldnatruments hardware and the
National Instrument’s data acquisition software \iatw. For all experiments, an
Interface 200 kip (890 kN) load cell was mountedtmtop member of the load transfer
frame, attached to the load application pin, tosneathe applied load on the specimens

as was shown in Figure 4.20.

Strain measurements were made by positioning 2 khear variable
displacement transducers (LVDTSs) on the surfacalafeven of the specimens at
midspan. The LVDTs were mounted with a gage leo§ttO in. (25.4 cm) so that the
strain could be calculated from the displacemeputu The ten LVDTs were positioned
five on either side of the cross-section so thedr interpolation through the cross-
section was made to determine the depth of the cessn zone, the angle of the neutral
axis and the extent of the biaxial behavior. Femtiore, the LVDTs were mounted on
the specimens at a small distance off of the acwidhce; therefore, interpolation was
required to determine the actual surface strao. the six rectangular beam specimens,
the LVDTs were mounted at 1.5 in. (3.8 cm), 10175 27.3 cm), 20 in. (50.8 cm), 29.75
in. (75.6 cm) and 38.5 in. (97.8 cm) from the bottof the beam cross-section. A
photograph of the mounted LVDTSs for the rectanghkaim specimens is shown in
Figure 4.22. The LVDTs were mounted in a sligltifferent configuration for the BT-
54 girder specimen. The LVDT locations for the B& girders specimens are presented

in Figure 4.23.
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Figure 4.22 — LVDT locations for rectangular speeins
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Figure 4.23 — LVDT locations for BT-54 girder spaein

4.2.5.1 Deflection and Rotation Measurements

The method to measure vertical displacements, tvatdt displacements and
rotation of the specimens during testing was exétgnmportant. Measuring the
displacements of the specimens using string pateriers or LVDTs with respect to a
reference datum would provide inaccurate resuktsilrge the specimens rotate and
translate during loading; therefore, the line df@acof the measuring devices would no
longer be perpendicular to the specimen and wadttad be measuring a diagonal
distance. To overcome this problem, past reseesfiervey, 1995; Turvey and Brooks,
1996) attempted to measure the displacements hy asi elaborate frame that
circumscribed the specimen and translated wittspgeimen. The measurement devices

then measured the horizontal and vertical displ@argsnof the frame with respect to a
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reference datum. In theory, the method providediiate measurements of the vertical
and horizontal displacements; although there wepemmental error issues that arose
when previous researchers used the method. Tha wigection to the method was that
the rotation was unable to be determined usingrtb#nod, and, therefore, an

independent measurement of rotation had to be dsing an inclinometer or theodolite.

For this research, due to the ease of implementasiring potentiometers were
used to measure horizontal and vertical displacésneh post-processing procedure that
was used by Stoddard (1997) was implemented inréisisarch to correct the measured
displacements. The details of the calculation @doce from Stoddard (1997) are
included because the methodology was expanded tmelguthor in Section 4.2.5.1.1 for
the case when the test specimens have initialioatand in Section 4.2.5.1.2 for the case
when the test specimens have unequal flange widttigal rotation and unequal flange

widths were not considered in the calculation pdoce by Stoddard (1997).

The correction method was based on the geometty@é string potentiometers
and the coupling of the data to arrive at the atrdésplacements and rotation solution.
The geometry and nomenclature used is shown in&ig24. All potentiometers were
attached rigidly to an independent frame to meathe@isplacements during testing.
Two vertical string potentiometers and five horitarstring potentiometers were used.
Although only one vertical and two horizontal stripotentiometers were necessary for
the post-processing procedure, the post-procegsotgdure was repeated for all the
string potentiometers to get accurate measureni@aich measurement location to
ensure that the specimens were rotating and ttarghaithout the cross-sectional

geometry changing significantly.
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Figure 4.24 — Potentiometer configuration to measertical displacement, lateral
displacement and rotation for rectangular specimens

The horizontal displacementyAand the vertical displacement; Awas
determined by utilizing the measurements from piodereters A and C (Stoddard,
1997). The initial string lengths for each of flmentiometers had to be recorded prior
to the experiments when the strings were stillagtimal. Pythagorean Theorem resulted

in the following two equations to solve for the twoknowns Ay and Ayy.
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Solving Equations 4.1 and 4.2 simultaneously resul two roots.

Root Set #1:
_ Kp +COLp
pX Np
- M p + AbLP
py
NP
Root Set #2:
_ Kp COLp
pPX
NP
A = M - AOLp
py N
p
where,

K, =-(A2A)+ A+ AC,? + AC,?

p

+2A.°C,? - 2A’Cc,2 +2C,*Cc,? - C,°
M, = AfZCo + A02C0 - CfZCo +C03

N, =da vc)
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The two possible solution sets presented weréntbeheoretically possible
displaced configurations of the displaced specimdawever, only one solution set
actually made sense for the experiment. Figurg gh®dws the two possible solutions
which is a similar representation of what was pnése in Stoddard (1997). The solution
sets mirrored each other about a diagonal lineipgdom potentiometer C to

potentiometer A.

Potentiometer .

True Solutiol

Alternative (Unrealistic)
Solution

Potentiometer

Figure 4.25 — Two possible solutions sets
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Once the appropriate solution set was selecteeétermine the horizontal and
vertical displacements, the torsional rotationwas determined using the data and
dimensions from potentiometers A and B. The heajlthe cross-section, h, or more
accurately, the distance between the two horizguuntiometers, was also necessary to
determine the rotation,, of the cross-section. Figure 4.26 shows theiredyparameters

and nomenclature for determining the rotation efd¢hoss-section.

Bo [I

.~ Potentiometer B

Initial
Position h (1-cos )

h cos

A

Apx

Figure 4.26 — Geometric parameters to determiraiont of cross-section
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The following equation was constructed in termghef parameters in Figure 4.25 in

terms of one unknown: the rotation,

[A - A, - hsinf]? +]A,, +h(- cosf)f =B,® (4.11)

The rotation, , was solved for resulting in two roots. Due te thlatively small rotation
angles measured in the experiment, the appropoatesolution for the rotation was as

follows.

Ro *4" 5ol (4.12)

p

f =2arctan

where,

R, =2A_h- 2Ah (4.13)
S,=2hB, - 2A h- A 2 +2AA, - A +B°- A2 (4.14)
T, =-2hB, - 2A h- A2 +2AA - AP +B,*- A°  (4.15)

U,=-A +2AA, - 40> +B.*- A °- A 2-4A h  (4.16)
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The displacement or coordinate location of anyipof the cross-section could
now be determined because the horizontal and aédisplacement of point A was

known and the rotation of the cross-section wasnmno

4.2.5.1.1 Initial Rotation Considerations

The post-processing methodology used by Stodd®@i7( to calculate the actual
displacements and rotation using the string patemgter data needed to be adapted to
the specific conditions of the experiments of tieisearch. The procedure presented by
Stoddard (1997) assumed that the initial rotatibthe cross-section was zero. In the
experiments of this research, that was not the. cke solution for the appropriate
horizontal and vertical displacements was exatigysame as previously presented. This
was because the reference point at the bottomeatrttss-section was unchanged by the
initial rotation, and, therefore, the coupled sitaneous equations that were solved for
the horizontal and vertical displacement was trecty the same. However, Equation
4.11 which was solved to determine the rotation eves1ged due to the initial rotation.

The altered geometric considerations are shownguar& 4.27.
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Figure 4.27 — Initial rotation geometric parameterdetermine rotation of cross-section

The following equation was constructed in termghef parameters in Figure 4.26

in terms of one unknown: the rotation,

(A, - A - hsinf[? + [Apy +h(cosg, - cosf)]? =B, (4.17)

The rotation, , was solve for resulting in two roots. Due to taktively small rotation
angles measured in the experiment, the appropoatesolution for the rotation was as

follows.
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f =2arctan

Re 4" ST, (4.18)

p

where,

R, =2Ah- 2A)h (4.19)

_ 2 2 2 2
S, =2hB, - 2A_h- A > +2A A, - A’ +B.°- A,

(4.20)
+(1- coszqi)h2
T, =-2hB; - 2A_h- Apx2 +2AA,, - AOZ + sz - Apy2 (4.21)
+{1- cog g, Jn’
—_ 2 2 2 ?
Up=- A +2AA, - dhicosq +B,"- A A o

- 4(1+cosg )A,h

It is important to note that the solution for thesional rotation was the increment
of additional rotation, in addition to the initiedtation; therefore, the change in rotation
during the experiment was found as the differeretevben the total rotation solved for

using Equation 4.18 and the initial rotation of thess-section.
4.2.5.1.2 Unequal Flange Considerations

For the BT-54 lateral-torsional buckling experimeahe effect of unequal flange
widths had to be considered in determining theemted rotations. The procedure that
was adapted from Stoddard (1997) was only apprepfaa rectangular cross-sections or
flanged cross-sections where the flanges had egd#is. Similar to the effect of initial

rotation on the post-processing procedure, thesenmeaeffect of the unequal flange
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widths on the computation of the horizontal andigal displacements of the reference
point. The unequal flange widths only affected ¢benputation of the true rotation of the
cross-section. The simplest method to accounth®unequal flange widths was to
create an equivalent rectangular section thatzatllian effective height and effective
initial rotation that was based on the actual distabetween the horizontal measurement
points, the initial rotation and the flange dimemsi. The parameters for the effective

section are shown in Figure 4.28.

I W = by - by [I
5 oy
L , Potentiometer B
I \eq.:
Initial 1| Fheg

Position! | h ;
I .
1
|
I

A

Apx

Figure 4.28 — Equivalent section height and initdhtion for unequal flange widths
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The calculation procedure was exactly the sambesdse of a rectangular cross-
section with an initial angle except that the eglewnt height, as calculated by Equation
4.23, was used instead of the actual height anddberalent initial rotation, as
calculated by Equation 4.24, was substituted inéocomputation procedure in place of

the actual initial rotation.

he =\/W2 +h? (4.23)

Qeq =G *+ arctanvﬁv (4.24)

4.2.5.2 BT-54 End Support Compliance Measurements

In addition to the load cell in each of the se@gydorsional restraint systems,
three string potentiometers were used at eachcenmbhitor the rotation at the ends and
the compliance of the bearing pad. The configaratif the string potentiometers was
one lateral string potentiometer measuring thelatgment of the top flange and two
string potentiometers measuring the displacemeedett edge of the bottom flange. The

two bottom flange string potentiometers are shawhigure 4.29.
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Figure 4.29 — String potentiometer layout at engpsuts beneath the girder

The three string potentiometers at each end weressary to monitor the rotation
and displacements at the ends due to the complrtbe bearing pad so that the
relative rotation and displacements at midspandbaldetermined. Furthermore, it was
important to investigate the deformation behavidha end supports to determine
experimentally if the bearing pad compliance hdarge effect on the overall behavior.
The two vertical string potentiometers would haeerbsufficient to determine both the
rotation at each end and the vertical displacerdeatto the compression of the bearing
pad; however, the bearing pads also had the atolit;wdergo shear deformation.
Therefore, the third, lateral, string potentiometas implemented such that the rotation,
vertical displacement due to the compression obt#aing pad and the horizontal

displacement due to the shear deformation of tlaemg pad could be determined.
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CHAPTER 5
RECTANGULAR BEAM LATERAL-TORSIONAL BUCKLING

EXPERIMENTAL RESULTS

The six rectangular prestressed concrete beamnspesiwere tested in lateral-
torsional buckling using the previously discussest setup with a concentrated load at
midspan. The load versus lateral displacemend, V@asus rotation and strain data were
found to best identify the stability behavior oétheams. Load versus lateral
displacement and load versus rotation data indiwhtmn the rate of increase in
deformation becomes substantial and, thereforeniline beam had become unstable.
Furthermore, the data presented the maximum ldaiéeed for the given geometric and
material properties with a given initial imperfextiprofile. By investigating the strain
data, the experimental neutral axis angle and deptk able to be determined. The
strain data showed whether the concrete mateiaglgrties were in the nonlinear region,
areas of the cross-section that were in tensiahwdrether the reinforcing steel had
yielded. For all of the beam specimens, the load applied until buckling occurred, and
then the load was removed slowly until there wasrg small amount of load left on the
beam. Then, the beam was reloaded. The procediseepeated two to three times so

that the effect of cracking and large initial imjgetions could be studied.
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5.1 Beam B2A

5.1.1 Beam B2A: Loading #1

The initial imperfections at midspan of the firsst were 1 1/2 in. (38.1 mm)
lateral sweep at the top of the beam, and 1 1/1Bi0 mm) lateral sweep at the bottom
of the beam, which resulted in an initial rotat@fr0.011 radians. The initial
imperfections of all beams at midspan are presant&dble 2.1 of Chapter 2 and the
detailed imperfections along the beams are predemt@ppendix A. The load versus
lateral displacement is shown in Figure 5.1. Tleeximum load reached was 35.26 kips
(156.8 kN) at a lateral deflection of 2.17 in (5&in) at the top of the beam, and 1.57 in.
(39.9 mm) at the bottom of the beam. The loadugerstation plot is shown in Figure
5.2. Additionally, the loads versus vertical deflen data for each beam test are
presented in Appendix C. When the maximum loadllexas reached, the restraint
system held the beam from excessive lateral deflext The turnbuckle, controlling the
restraint system, was then released graduallyaioded the beam to continue
deflecting laterally, with no additional pumpingtbe hydraulic jack, as shown in Figure
5.3. The restraining system was released untisyiseem was in equilibrium without the
restraining system. Equilibrium occurred at a l0&@7.6 kips (122.8 kN) at a lateral
deflection of 5.66 in. (143.8 mm) at the top of beam, and 3.91 in. (99.3 mm) at the

bottom.
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Figure 5.1 — Load vs. lateral deflection for Bea@ABloading #1
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Figure 5.2 — Load vs. rotation for Beam B2A, loag#i
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Figure 5.3 — Releasing restraint system duringitagp#tl of Beam B2A

The strain profile is plotted in Figure 5.4 for tload levels of 10 kips (44.5 kN),
20 kips (89.0 kN) and 30 kips (133.4 kN). Eachizmmtal gridline represents an LVDT
location. The nominal gage length for all beams W@ in. (254 mm); however the
measured LVDT gage lengths for all beam tests magepted in Appendix C. The
bottom LVDT did not work properly during the expegnt, and, therefore, was left out
of the data set. The strain values included timensation of the strain data points
collected, and the predicted initial strain in thess-section due to prestressing and self-
weight of the beam. The effect of the initial 8irdue to prestressing and self-weight of

the beam is depicted in Figure 5.5. The effed¢hefinitial strain was noticeable, but
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small enough that at higher loads, the differeretevben predicted initial strain, and
actual initial strains, would have a minimal effe€igure 5.4 shows a high correlation to
a linear strain distribution. It is also appardr@cause of the relatively low strains in the
bottom of the beam cross-section, that the stelehdi yield, and, furthermore, the
relatively small strains at the top of the beanssfsection correspond to a low enough
concrete stress at mid-thickness, that the concretlel be considered linear-elastic. The
initial strain in the prestressing strands was apipnately 0.00103. With a yield strain of
0.0088, the increase in strain at the levels ofthends would be 7770 microstrains for
the strands to have yielded. Similarly, strainsildaneed to be greater than 2100
microstrains for the non-prestressed reinforcieglsio yield. However, it is important to
note that these results were at mid-thickness, thedefore, do not consider the strains

due to out-of-plane behavior at the surface ofotbam.
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Figure 5.4 — Strain profile at mid-thickness atthtoad increments for Beam B2A,
loading #1
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Figure 5.5 — Strain profile at mid-thickness atgis (133.4 kN) for Beam B2A, loading
#1

To capture the strain due to the out-of-plane biginaf the prestressed concrete
beam, a linear interpolation from the locationsh&f LVDTSs to the surface of the
concrete was done. Figures 5.6, 5.7 and 5.8 shewurface strains for the concave and
convex side of the beam for the load levels of (b8 k44.5 kN), 20 kips (89.0 kN) and

30 kips (133.4 kN), respectively.
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Figure 5.6 — Surface strain profile at 10 kips §4KIN) for Beam B2A, loading #1
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Figure 5.7 — Surface strain profile at 20 kips (8€N) for Beam B2A, loading #1
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Figure 5.8 — Surface strain profile at 30 kips (#3a\) for Beam B2A, loading #1

The surface strain profiles in Figures 5.6 throGghshow that the concrete
remained linear-elastic in the compression zorguding at the top corner on the
concave side, where the highest biaxial compresdresses occurred. However, when
the buckling load was reached and larger displaog&yeccurred, large strains developed
in the biaxially compressed region, as shown inufgég.9. Because of the larger
compressive strains, the concrete could no longeonsidered linear-elastic, and a
reduced modulus should be used in that region finranalytical standpoint.
Furthermore, the biaxially tensioned region, orttheof the beam on the convex side,
developed tensile strains, and, therefore, it vassiple that cracking occurred over the
entire depth of the cross-section, at midspanherconvex side of the beam. The level

of cracking was not confirmed during the experimdunt to safety concerns. Based on a
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modulus of rupture of 7ﬂ5fc ' the tensile cracking strain would be about 139

microstrains.
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Figure 5.9 — Post-buckling surface strain profti@ akips (137.9 kN) for Beam B2A,
loading #1

5.1.2 Beam B2A: Loading #2

The initial imperfections of the second test werd16 in. (61.9 mm) lateral
sweep at the top of the beam, and 1 13/16 in. (@80} lateral sweep at the bottom of the
beam, which resulted in an initial rotation of ®BTadians. The load versus lateral

displacement is shown in Figure 5.10 and the leadus rotation is shown in Figure
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5.11. The maximum load reached was 28.62 kips.BL2¥) at a lateral deflection of
4.13in (104.9 mm) at the top of the beam, and |h8{72.9 mm) at the bottom of the
beam. Because of the larger initial imperfectionthe second loading, the restraining
system restrained the beam after minimal load mergs; consequently, data points were
reported only at points when the load was increaselthe restraint system was not

restraining deformation of the beam.
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Figure 5.10 — Load vs. lateral deflection for BeR&A, loading #2
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Figure 5.11 — Load vs. rotation for Beam B2A, |loapi2

The strain profile is plotted in Figure 5.12 foatblevels of 9.73 kips (43.3 kN),
19.47 kips (86.6 kN) and 28.19 kips (125.4 kN).eBfrain values included the
summation of the strain data points collected, thiedoredicted initial strain in the cross-
section due to prestressing and self-weight obdem. The effect of the initial strain
due to prestressing and self-weight of the beatiejscted in Figure 5.13. Figure 5.12
shows nonlinearity, particularly with respect te thottom LVDT. Therefore, the
behavior of the beam is creating a slightly nordingtrain distribution. Torsion on the
cross-section due to the initial imperfections dduhve caused a nonlinear strain
distribution. The nonlinear strain distributionedio torsion was not apparent in the first

loading due to the much smaller initial imperfengo It was also apparent, because of
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the relatively low strains in the bottom of the reeross-section, that the steel did not
yield, and, furthermore, the relatively small stisaat the top of the beam cross-section
corresponded to a low enough concrete stress atmuikhess, that the concrete could be
considered linear-elastic. However, it is impottannote that these results were at mid-
thickness, and, therefore, do not consider thénstidue to out-of-plane behavior.
Furthermore, in the second test of Beam B2A, tiexee initial residual strains from the
first test of the beam; therefore, it was moreiclifit to predict the initial stress and strain
conditions in the beam, and, thus, the concreté&lqmutentially have behaved

inelastically at the higher load levels.
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Figure 5.12 — Strain profile at mid-thickness ae#load increments for Beam B2A,
loading #2
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Figure 5.13 — Strain profile at mid-thickness at1®3kips (125.4 kN) for Beam B2A,
loading #2

To capture the strain due to the out-of-plane bieinaf the prestressed concrete
beam, a linear interpolation from the locationsh&f LVDTSs to the surface of the
concrete was done. Figures 5.14, 5.15, and 5.4 #ie surface strains for both the
concave and convex side of the girder for loadltewe€9.73 kips (43.3 kN), 19.47 kips

(86.6 kN) and 28.19 kips (125.4 kN), respectively.
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Figure 5.16 — Surface strain profile at 28.19 Kiji25.4 kN) for Beam B2A, loading #2

The surface strain profiles in Figures 5.14 throGdlté show that the concrete
remained linear-elastic in the compression zorauding at the top corner on the
concave side, where the highest biaxial compresiiresses occurred. However, at the
maximum load attained, tensile strains began teldgvat the top of the beam cross-
section on the convex side. The tensile straindcbave been slightly higher due to
residual strains from the first test. Note thattfee second test of Beam B2A, the beam
was not loaded into the post-buckling range. ARgures 5.14 through 5.16 show the

reason for the lower than expected values for tiin strain at mid-thickness of the
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cross-section from Figure 5.12. The LVDT locatedize convex side near the bottom of

the beam was reading significantly lower strairentbxpected.

5.1.3 Beam B2A: Loading #3

The initial imperfections of the third test wer®&/3 in. (66.7 mm) lateral sweep at
the top of the beam, and 1 7/8 in. (47.6 mm) lheseep at the bottom of the beam,
which resulted in an initial rotation of 0.0187 iaus. The load versus lateral
displacement is shown in Figure 5.17 and the leadus rotation is shown in Figure
5.18. The maximum load reached was 25.00 kips.214N) at a lateral deflection of
4.94 in (125.5 mm) at the top of the beam, and 8 15@1.2 mm) at the bottom of the
beam. Figure 5.19 is a photograph showing apprataiy the maximum sweep and
rotation of the third loading for Beam B2A. Whéretmaximum load level was reached,
increased jacking pressure significantly addedhéolateral displacement with little, to no
additional load increase. Furthermore, additiahatk was provided in the restraint
system for this loading, and all remaining tesigrovide for more deformation before

having to release the restraint system.
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Figure 5.19 — End view of sweep and rotation fadiog #3 of Beam B2A

The strain profile is plotted in Figure 5.20 foetlvad levels of 10 kips (44.5 kN),
20 kips (89.0 kN) and 24 kips (106.8 kN). Theistralues included the summation of
the strain data points collected, and the predictigidl strain in the cross-section due to
prestressing and self-weight of the beam. Theceéethe initial strain due to
prestressing and self-weight of the beam is degicté-igure 5.21. Figure 5.20 shows a
nonlinear strain distribution that appeared to lbeeanore linear at higher loads. The
reason for the nonlinear strain distribution caoddcracking and damage from previous
testing, effects of torsion, as well as non-unifogsidual strains. Additionally, the

bottom LVDT on the convex side was reading smaiitsin values than was to be
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expected. It was also apparent, because of tagually low strains in the bottom of the
beam cross-section, that the steel did not yield, aurthermore, the relatively small
strains at the top of the beam cross-section qooreted to a low enough concrete stress
at mid-thickness, that the concrete could be cemsdlilinear-elastic. However, it is
important to note that these results were at migkttess, and, therefore, do not consider

the strains due to out-of-plane behavior.
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Figure 5.20 — Strain profile at mid-thickness ae#load increments for Beam B2A,
loading #3

161



1.50

10.75

ZZ{ 0 I

Depth from Top (in.

2925 -~ === Mid-Thickness
=—¢ = Including Initial Strain

38.50 | | |
-800 -600 -400 -200 0 200 400 600 800

Strain (microstrain)

Figure 5.21 — Strain profile at mid-thickness at02dips (106.8 kN) for Beam B2A,
loading #3

To capture the strain due to the out-of-plane bieinaf the prestressed concrete
beam, a linear interpolation from the locationshe&f LVDTS, to the surface of the
concrete was done. Figures 5.22, 5.23, and 5.@# #ie surface strains, for both the
concave and convex side of the beam, for load $eviel 0 kips (44.5 kN), 20 kips (89.0

kN) and 24 kips (106.8 kN), respectively.
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The surface strain profiles in Figures 5.22 throGgt show that the concrete

remained linear-elastic in the compression zorauding at the top corner, on the

concave side, where the highest biaxial compresiiresses occurred. However, due to

residual strains from the previous two tests, i wassible that the concrete became

inelastic. Also, at the maximum load attainedsiienstrains developed at the top of the

beam cross-section on the convex side. The testsdan could have been slightly higher

due to residual strains from the first two tedtkte that for the third test of Beam B2A,

the beam was not loaded into the post-buckling.path
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Unlike the first two tests, cracking was investeghbriefly. After the maximum
load was reached, the load was reduced to 17 K6 kN) and the crack pattern was
quickly observed. The concave side, or compressia# showed no cracking. The
convex, or tension side of the beam, had a sigmfiamount of diagonal cracking on the
order of 0.010 in. to 0.030 in. (0.25 mm to 0.75)wnwde. The crack pattern on the

convex side of the beam is shown in Figure 5.25.

Loac

]

Spacing at 12"
to 15”

Figure 5.25 — Crack pattern on convex side of baah¥ kips (75.6 kN) during

unloading for Beam B2A, loading #3

5.1.4 Beam B2A: Hysteresis

All three loadings were performed on the same bdamwith a large amount of
time between loadings. The load versus laterdédidn of all three loadings was

combined into a hysteresis, shown in Figure 52Bhough, there was a large amount of
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time between loadings, the hysteresis was usefahistigate the effect of initial

imperfections visually, such that a degradatiobwfkling capacity was apparent.
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Figure 5.26 — Hysteresis of all three loadings earf B2A

Because of the large amount of time between téstse was some loss of
residual deformations from one test to anotheris Was particularly apparent between
loadings 1 and 2 in Figure 5.26. Furthermore, FEgu26 shows that the increase in

initial imperfections and increase in initial dareagpused the nonlinear load-deflection

curves to be shallower.
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5.2 Beam B1A

Beam B1A was loaded to its critical buckling loadlanto its post-buckling path
to a significant lateral displacement. After tleain was unloaded, the beam was
immediately loaded again to a critical load whergé displacements began again with
little, to no additional load. The load versu®tat displacement is shown in Figure 5.27
and the load versus rotation is shown in Figur&5.Phe maximum load reached was
36.87 kips (163.9 kN) at a lateral deflection &f&in (87.9 mm) at the top of the beam,

and 2.92 in. (74.2 mm) at the bottom of the beam.

40

Dl — Linear Approximation

Load (kips)
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Figure 5.27 — Load vs. lateral deflection for BeaftA

167



Load (kips)

N
o

w
(31
!

w
o
L

N
(€]
!

N
o
!

(=Y
(€]
I

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.043500

Rotation (radians)

Figure 5.28 — Load vs. rotation for Beam B1A

Figure 5.27 shows that during the second loading®beam, the maximum load

for the second load was lower than the criticatildaring the first loading. Specifically,

the second loading reached a load of 29.45 kip8.91dN). A linear approximation of

the post-buckling path for the first loading wasd®aas shown in Figure 5.27; it

appeared that the reloading brought the maximutheanitial load-deflection curve. A

similar trend is noticeable the load versus rotaptot in Figure 5.28.

The strain profile is plotted in Figure 5.29 foetload levels of 10 kips (44.5 kN),

20 kips (89.0 kN) and 30 kips (133.3 kN). The mednLVDTs at the midspan of the

beam are shown in Figure 5.30. The strain valnelsided the summation of the strain

data points collected, and the predicted initiistin the cross-section due to
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prestressing and self-weight of the beam. Theceéikthe initial strain due to
prestressing and self-weight of the beam is degicté-igure 5.31. Figure 5.29 shows
good linearity, particularly with respect to th@ tmur LVDTs. Once again, one of the
bottom LVDTs was reading a lower strain value tbapected, and, therefore, the mid-
thickness strain values presented were affectatidiower than expected reading. It
was also apparent, because of the relatively loawst in the bottom of the beam cross-
section, that the steel did not yield, and, funith@re, the relatively small strains at the top
of the beam cross-section corresponded to a lowgmooncrete stress at mid-thickness,
that the concrete could be considered linear-elasiowever, it is important to note that
these results were at mid-thickness, and, thereflar@ot consider the strains due to out-

of-plane behavior.
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Figure 5.29 — Strain profile at mid-thickness ae#load increments for Beam B1A
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Figure 5.30 — Pho

to of mounted LVDTs at midspan
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Figure 5.31 — Strain profile at mid-thickness atkgs (133.3 kN) for Beam B1A
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To capture the strain due to the out-of-plane biginaf the prestressed concrete
beam, a linear interpolation from the locationsh&f LVDTSs to the surface of the
concrete was done. Figures 5.32, 5.33, and 5.@4 #ie surface strains for both the
concave and convex side of the beam, for load $ev#e10 kips (44.5 kN), 20 kips (89.0

kN) and 35 kips (155.6 kN), respectively.
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Figure 5.32 — Surface strain profile 10 kips (44N for Beam B1A

171



1.50

10.75

20.00

Depth from Top (in.)

| - _ === Convex Side- - - - - - -
—& = Concave Side

29.25

38.50

-600 -400 -200 0 200 400 600 800

Strain (microstrain)

Figure 5.33 — Surface strain profile 20 kips (8&N\) for Beam B1A
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The surface strain profiles in Figures 5.31 thro6d@# shows that the concrete
remained linear-elastic in the compression zorguding at the top corner, on the
concave side, where the highest biaxial compresdresses occurred. Also, the strain
distribution for 35 kips (155.6 kN), as shown iméie 5.34, shows that tensile strains did
not develop at the top of the beam cross-sectioih®wconvex side for this beam, but did
for a significant percentage of the depth of thessrsection on the convex side of the
beam. Additionally, it was apparent in Figures3aBd 5.34 that there was an error in
the strain reading from the LVDT at the bottom'ué tonvex side. After the experiment,

it was found that the LVDT in that position was kea.

5.3 Beam C2A

Beam C2A was loaded to its critical buckling loamtl anto its post-buckling path
to a significant lateral displacement. After tleain was unloaded, the beam was
immediately loaded again to a load where largelatgments began with little, to no
additional load. The load versus lateral displaseiis shown in Figure 5.35 and the
load versus rotation is shown in Figure 5.36. maximum load reached was 33.68 kips
(149.7 kN) at a lateral deflection of 3.88 in (9&fn) at the top of the beam, and 3.37 in.
(85.6 mm) at the bottom of the beam. Additionafigure 5.37 is a photo of Beam C2A

after buckling occurred showing the gravity loaghsiator with a shifted geometry.
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Figure 5.35 — Load vs. lateral deflection for Be@gA
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Figure 5.36 — Load vs. rotation for Beam C2A
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Figure 5.37 — Photo of shifted gravity load simaotfat

Figure 5.35 shows that during the second loadingebeam, the maximum load
was lower than the critical load during the figading. Specifically, the second loading
reached a load of 27.23 kips (120.0 kN). A lingaproximation of the post-buckling
path for the first loading was made, like was dfmiéBeam B1A, as shown in Figure
5.35, it appeared that reloading brought the marintmthe initial load-deflection curve.

A similar trend is noticeable the load versus fotaplot in Figure 5.36. Therefore, the
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trend that the critical load of subsequent loadiia)s on the initial load-deflection curve

was reaffirmed during the testing of Beam C2A.

The strain profile is plotted in Figure 5.38 foatblevels of 10 kips (44.5 kN), 20
kips (89.0 kN) and 30 kips (133.3 kN). The stnaatues included the summation of the
strain data points collected, and the predictethirstrain in the cross-section due to
prestressing and self-weight of the beam. Theceéikthe initial strain due to
prestressing and self-weight of the beam is degicté-igure 5.39. Figure 5.38 shows a
slight nonlinearity in the strain distribution tlugh the cross-section particularly at
higher loads most likely due to strains developee t torsion on the cross-section.
Furthermore, the higher tensile strain than expkatéhe bottom LVDT could be due to
a crack developing within the gage length. It wpparent, considering the relatively low
strains at the bottom of the beam cross-secti@,the steel did not yield, and,
furthermore, the relatively small strains at the &b the beam cross-section corresponded
to a low enough concrete stress at mid-thicknéss the concrete could be considered
linear-elastic. However, it is important to natattthese results were at mid-thickness,

and, therefore, do not consider the strains duweitepf-plane behavior.
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To capture the strain due to the out-of-plane biginaf the prestressed concrete
beam, a linear interpolation from the locationsh&f LVDTSs to the surface of the
concrete was done. Figures 5.40, 5.41, and 5d® #ie surface strains for both the
concave and convex side of the beam, for load $ev#e10 kips (44.5 kN), 20 kips (89.0

kN) and 32 kips (142.2 kN), respectively.
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The surface strain profiles in Figures 5.40 throGgt?2 show that the concrete
remained linear-elastic in the compression zorauding at the top corner, on the
concave side, where the highest biaxial compresdresses occurred. Also, the strain
distribution for 32 kips (142.2 kN), as shown igéiie 5.42, shows that tensile strains
developed through most of the depth of the croseseon the convex side for this
beam. Note that the load level of 32 kips (1422 was only slightly less than the
maximum load attained, 33.68 kips (149.7 kN). Aiddially, linearity of the strain
distributions throughout the loading of Beam C2@8nfirmed that the occurrence of
strain values that were unexpected in the previesis were due to a faulty LVDT, and

not due to the beams behavior.

5.4 Beam B1B

Beam B1B was loaded to its critical buckling loaml anto its post-buckling path
to a significant lateral displacement. After tleain was unloaded, the beam was
immediately loaded again to a load where largelaegments began with little, to no
additional load. The load versus lateral displaseinns shown in Figure 5.43 and the
load versus rotation is shown in Figure 5.44. fifaximum load reached was 33.92 kips
(150.8 kN) at a lateral deflection of 3.59 in (9intn) at the top of the beam, and 3.19 in.
(81.0 mm) at the bottom of the beam. Additionafigure 5.45 shows an end view of

the buckled deflected shape of Beam B1B.
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Figure 5.44 — Load vs. rotation for Beam B1B
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Figure 5.45 —End view of Beam B1B in buckled paositi

Figure 5.43 shows that during the second loading®beam, the maximum load
during the second load was lower than the critmadl during the first loading.
Specifically, the second loading reached a loa2Po42 kips (130.8 kN). A linear
approximation of the post-buckling path for thefiloading was made, like was done for
Beam B1A, as shown in Figure 5.43, and the relgadnought the maximum load to the
initial load-deflection curve. A similar trendm®ticeable in the load versus rotation plot
in Figure 5.44. Therefore, the trend that theaaitioad of subsequent loadings falls on
an initial load-deflection curve for the first Iaad was reaffirmed during the testing of

Beam B1B.
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The strain profile is plotted in Figure 5.46 foatblevels of 10 kips (44.5 kN), 20
kips (89.0 kN) and 30 kips (133.3 kN). The stnaatues included the summation of the
strain data points collected, and the predictethirstrain in the cross-section due to
prestressing and self-weight of the beam. Theceéikthe initial strain due to
prestressing and self-weight of the beam is degicté-igure 5.47. Figure 5.46 shows a
nonlinear strain distribution through the crosstisecstrains from torsion at higher loads
and the possibility of cracking occurring througle gage length. It was apparent,
considering the relatively low strains in the battof the beam cross-section, that the
steel did not yield, and, furthermore, the reldtnamall strains at the top of the beam
cross-section corresponded to a low enough constetss at mid-thickness, that the
concrete could be considered linear-elastic. Hawngvis important to note that these
results were at mid-thickness, and, therefore,alcansider the strains due to out-of-

plane behavior.
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To capture the strain due to the out-of-plane biginaf the prestressed concrete
beam, a linear interpolation from the locationsha&f LVDTSs, to the surface of the
concrete was done. Figures 5.48, 5.49, and 5.&@ #ie surface strains for both the
concave and convex side of the girder, for loa@lewof 10 kips (44.5 kN), 20 kips (89.0

kN) and 32 kips (142.2 kN), respectively.
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Figure 5.48 — Surface strain profile 10 kips (44N for Beam B1B
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The surface strain profiles in Figures 5.48 throGdf0 show that the concrete
remained linear-elastic in the compression zorauding at the top corner, on the
concave side, where the highest biaxial compresdresses occurred. Also, the strain
distribution for 32 kips (142.2 kN), as shown igéiie 5.50, shows that tensile strains
developed through most of the depth of the croseseon the convex side for this
beam. Note that the load level of 32 kips (1422 was only slightly less than the
maximum load attained, 33.92 kips (150.8 kN). Fegb.50 also shows a larger than
expected strain value at the mid-depth LVDT ondbwevex side of the beam. The
unexpected strain value at that location was mioslyldue to a crack forming through
the LVDT mount at that location. At the load of I8Bs (142.2 kN), significant cracking
already occurred in the beam. Significant flexaralcking was observed at 20 kips (88.9
kN) and significant diagonal cracking was obserae@9 kips (128.9 kN). Figure 5.51
shows the vertical flexural cracking in the midspagion, as well as the flexural
cracking that transformed into flexural-shear ceagk the load became closer to the
buckling load. Furthermore, the cracking becaneglpminantly diagonal in the support
region. Also, the vertical flexural cracks canseen in the region of the LVDTs, which
could have been the reason for the mid-depth LMiilthe convex side, recording

unexpected strain values at high loads.
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Figure 5.51 — Photo of cracking pattern after bunckbf Beam B1B

5.5 Beam B2B

Beam B2B was loaded to its critical buckling loamd anto its post-buckling path
to a significant lateral displacement. After tleain was unloaded, the beam was
immediately loaded again to a load where largelatgments began with little, to no
additional load. The load versus lateral displaseinis shown in Figure 5.52 and the
load versus rotation is shown in Figure 5.53. Maximum load reached was 34.69 kips
(154.2 kN) at a lateral deflection of 3.08 in (7&) at the top of the beam, and 2.82 in.

(71.6 mm) at the bottom of the beam.
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Figure 5.52 shows that during the second loading®beam, the maximum load
of the reloading was lower than the critical loadtidg the first loading. Specifically, the
second loading reached a load of 29.62 kips (184)7 A linear approximation of the
post-buckling path for the first loading was mades was done for Beam B1A, as
shown in Figure 5.52, and it appeared that theatkhg reaching the initial load-
deflection curve. A similar trend is noticeable thad versus rotation plot in Figure
5.53. Therefore, the trend that the critical loAdubsequent loadings falls on the load-

deflection curve of the first loading was reaffimnguring the testing of Beam B2B.

The strain profile is plotted in Figure 5.54 foetload levels of 10 kips (44.5 kN),
20 kips (89.0 kN) and 30 kips (133.3 kN). Theistralues included the summation of
the strain data points collected, and the predictidl strain in the cross-section due to
prestressing and self-weight of the beam. Theceékthe initial strain due to
prestressing and self-weight of the beam is degicté-igure 5.55. Figure 5.54 shows a
slight nonlinearity in the strain distribution tlugh the cross-section due to the effect of
torsion on the strain distribution. It was app&reonsidering the relatively low strains in
the bottom of the beam cross-section, that the digeot yield, and, furthermore, the
relatively small strains at the top of the beanssfsection corresponded to a low enough
concrete stress at mid-thickness, that the concretlel be considered linear-elastic.
However, it is important to note that these reswise at mid-thickness, and, therefore,

do not consider the strains due to out-of-planeaisiein.
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To capture the strain due to the out-of-plane biginaf the prestressed concrete
beam, a linear interpolation from the locationshaf LVDTS, to the surface of the
concrete was done. Figures 5.56, 5.57, and 5.&8 #ie surface strains for both the
concave and convex side of the girder, for loa@lewof 10 kips (44.5 kN), 20 kips (89.0

kN) and 34 kips (151.1 kN), respectively.
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Figure 5.56 — Surface strain profile 10 kips (4N for Beam B2B
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The surface strain profiles in Figures 5.56 throGdF8 show that the concrete
remained linear-elastic in the compression zorauding at the top corner, on the
concave side, where the highest biaxial compresdresses occurred. Also, the strain
distribution for 34 kips (151.1 kN), as shown igéiie 5.58, shows that tensile strains
developed through most of the depth of the croseseon the convex side for this
beam. Note that the load level of 34 kips (151N} was only slightly less than the
maximum load attained, 34.69 kips (154.2 kN). Btss (133.3 kN), cracking was
investigated; flexural cracking was present, ad agh large amount of diagonal
cracking. Figure 5.59 shows the large amount @afainal cracking, particularly around
the end supports. Notice that most of the diagoraadks extend the complete depth of

the beam.

Figure 5.59 — Photo of diagonal cracking at suppafter buckling of Beam B2B
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5.6 Beam C2B

Beam C2B was loaded to its critical buckling load &nto its post-buckling path
to a significant lateral displacement. After tleain was unloaded, the beam was
immediately loaded again to a load where largelaegments began with little, to no
additional load. The load versus lateral displaseiis shown in Figure 5.60 and the
load versus rotation is shown in Figure 5.61. aximum load reached was 39.55 kips
(175.8 kN) at a lateral deflection of 3.63 in (91#h) at the top of the beam, and 4.10 in.

(91.2 mm) at the bottom of the beam.
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Figure 5.60 — Load vs. lateral deflection for Be@aB
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Figure 5.61 — Load vs. rotation for Beam C2B

Figure 5.60 shows that during the second loading®beam, the maximum load
during the reloading was lower than the criticaldaluring the first loading.
Specifically, the second loading reached a loaB5049 kips (157.7 kN). A linear
approximation of the post-buckling path for thefiloading was made, like was done for
Beam B1A, as shown in Figure 5.60, it appearedttie@ateloading reached the initial
load-deflection curve and then unstable behavigahe A similar trend is noticeable in
the load versus rotation plot in Figure 5.61. Efere, the trend that the critical load of

subsequent loadings falls on the load-deflectianewof the first loading was reaffirmed

during the testing of Beam C2B.

The strain profile is plotted in Figure 5.62 foatblevels of 10 kips (44.5 kN), 25

kips (111.1 kN) and 38 kips (168.9 kN). The stnaafues included the summation of the
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strain data points collected, and the predictethirstrain in the cross-section due to
prestressing and self-weight of the beam. Theceikthe initial strain due to
prestressing and self-weight of the beam is degicté-igure 5.63. Figure 5.62 shows a
slight nonlinearity in the strain distribution tlugh the cross-section due to the effects of
torsion on the strain distribution. It was app#reonsidering the relatively low strains at
the bottom of the beam cross-section, that the digeot yield, and, furthermore, the
relatively small strains at the top of the beanssfsection corresponded to a low enough
concrete stress at mid-thickness, that the concretlel be considered linear-elastic.
However, it is important to note that these reswise at mid-thickness, and, therefore,

do not consider the strains due to out-of-planeaisiein.
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Figure 5.62 — Strain profile at mid-thickness ae#hload increments for Beam C2B
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Figure 5.63 — Strain profile at mid-thickness atkiis (111.1 kN) for Beam C2B

To capture the strain due to the out-of-plane bieinaf the prestressed concrete

beam, a linear interpolation from the locationsha&f LVDTS, to the surface of the

concrete was done. Figures 5.64, 5.65, and 5.6& #ie surface strains for both the

concave and convex side of the beam, for load $eve10 kips (44.5 kN), 25 kips (111.1

kN) and 38 kips (168.9 kN), respectively.
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Figure 5.66 — Surface strain profile 38 kips (188\) for Beam C2B

The surface strain profiles in Figures 5.64 throGdit show that the concrete

remained linear-elastic in the compression zorauding at the top corner, on the

concave side, where the highest biaxial compresdresses occurred. Also, the strain

distribution for 38 kips (168.9 kN), as shown igiiie 5.66, shows that tensile strains

developed though most of the depth of the crosseseon the convex side for this beam.

Note that the load level of 38 kips (168.9 kN) wasy slightly less than the maximum

load attained, 39.55 kips (175.8 kN). Flexurakkrag was the most prominent during

this test and only around the critical load didgdiaal cracking occur. Figure 5.67 shows

the predominant flexural cracking before the caitibad was reached and Figure 6.68

shows the transition to diagonal cracking whenctiitecal load was reached. Beam C2B
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had the smallest initial imperfections, particutaslith respect to the initial rotation.
Because of the relatively small initial imperfects in-plane flexural behavior
dominated until much higher loads than in the otases, thus causing flexural cracking
only until just before buckling when enough torsaeveloped to cause the flexural

cracks to become flexural-shear cracks.

Figure 5.67 — Photo flexural cracking before buulof Beam C2B

201



Figure 5.68 — Photo of diagonal cracking at thekbag load for Beam C2B

5.7 Additional Error Source

After the first experiment, it was deemed thatdhavity load simulator did not
remain perfectly vertical due to the self-weighttod gravity load simulator being so
large. The gravity load simulator would rotateatposition where the horizontal force
component was developed to equal the self-weighydarce of the gravity load
simulator. To keep the load vertical at all tim@snechanism was devised to control the
displacement of the gravity load simulator. Thglarof the gravity load simulator was
kept vertical by monitoring the angle of the bottorass-bar of the load frame.

However, after all testing on the rectangular beamie completed, it was found that the

bottom cross-bar and hydraulic ram had not beefeqity perpendicular. The error
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stemmed from a machined threaded rod coupler tratected the hydraulic ram threads
with the threaded rod that connected with the mottooss-bar of the load frame. The
magnitude of the error was 0.012217 radians. Toecbthe error for future experiments,
a new threaded rod coupler was fabricated thatigeova much better accuracy and the
initial load application angle was zeroed by memsguthe angle of the hydraulic ram as
opposed to the bottom cross-bar. The error was easgted for in the discussion of
results and the conclusions drawn from the resitgthermore, the error was taken into

account during the analytical validation.

5.8 Results Summary and Discussion

5.8.1 Summary of Results

Several comparisons, observations and qualitagilionships were found from
the analysis of the summary of results in Table SNbte that positive values of
displacement represent displacement away frometaetion wall, while negative
displacements were those that were towards the ashown in Figure 5.69.
Additionally, Table 5.2 shows the depth of the coasgion zone and the applicable
section properties that were based on the compregsne depth and shape. The
compression zone depth values were found experathebty using the strain values
obtained at the surface of the beams and lineatdypolating to find the location of zero
strain. Table 5.2 shows that the compression n@®enot rectangular and the neutral

axis had a significant angle. Table 5.2 will bgaortant for later discussion.
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Table 5.1 — Summary of experimental results

Initial Imperfections Pouckle Pouckle
Beam | Sweep| Sweep | o . .| Eo ksi| Pouckie Sweep Sweep
ID Top, in. | Bottom, (radians) (GPa)| kips (kN) | Top, in. Bottom, in.
(mm) | in. (mm) (mm) (mm)
ol | 0406 | 0406 | | 4713 3687 3.46 2.92
(-10.3) | (-10.3) (32.5)| (163.9) | (87.9) (74.2)
0.344 | -0.375 4713 | 33.92 3.59 3.19
BIB | 87y | (95 |000078) 355)| (150.8) | (91.2) (81.0)
150 | 1.06 4188 | 35.26 217 157
B2A 1 38.1) | 27.0) | 9O | 28.9)| (156.8) | (55.1) (39.9)
0484 | -0.547 4188 | 34.69 3.08 2.82
B2B | ((123) | (13.9) | 000196 og0)| (154.2) | (78.2) (71.6)
0.227 | 0.398 5156 | 33.68 3.88 3.37
CoA | 58 | @0.1) | 999430 355)| (1497) | (98.6) (85.6)
0172 | -0.203 5156 | 39.55 4.10 3.59
C2B | (24) | (40) | 000078 355y (175.8) | (104.1) (91.2)

The results from Beam B2A were left out of thiscdission for several reasons.

Beam B2A was the first beam tested, and, therdfe@rgravity load simulator’s angle

was not consistently controlled as was discusseedtion 5.1.7 Additional Error. The

data for Beam B2A did not reflect many of the appatrends, and the author believes

this was due to a failure to maintain the loachie direction of gravity nearly as well as

in the subsequent tests. Furthermore, observatmuisl have been made even though

the load was not in the direction of gravity; howe\t was unknown what the actual

applied load angle was.
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Table 5.2 — Experimental compression zone depthsaation properties

Compression Zone Depth

Beam Load, | Beam in. (mm) phi, lx, _th
ID (kklﬂs) Figgﬁgﬁg' Convex | Concave| ~ . radians| in* (cn’) (é?nzt)
Side Side
(41(.)5) 0.00023 %gég ??ég %gég 1.08 (51;7131414) (515514)
B (829(.)0) 0.00133 %3%6815 %fé%? :(Le?ég 1.06 (61(;15)554;5) (32%2)
(1§§_3) 0.00472 (82'2857) :(Lz?é%l :(Le?éi()s 1.20 (61;193252) (32?)5)
Lo L ot L )
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(13?2.3) 0.01195 (391.2) %jé(z)z)a %21825 1.33 (61415;97100) (22?7)
(41(.)5) 0.00217 %36%? ?sli%? %6?575? 1.25 (61;58253) (5153?9)
S (829(.)0) 0.00530 %%98? ?526%%? :(Lfé?)? 1.23 (51;4278181) (3??4)
(1§§_3) 0.01059 (82'82) %533%? :(L;%?)? 1.27 (61f27(;)658) (3836)
oy o] e o | e o
g [ [omwor] o5 | i | ot oo | i) &
(13?(3).3) 0.00786 (E:)LZSZ) %572? %?sé? 1.34 (61f27.2()3?5) (2237)
o o o e
é (séc.)o) 0.00614 (82;12) %gége)s %Zéé? 1.35 (51;225f8) (3?29)
B o o [ e &
(41(.)5) 0.00059 %gégs)a ?%é%? %%gf)s 0.78 (614?14204?6) (6145453)
S (1%?.2) 0.00428 (82'3% %gé?s :(Lfig? 1.34 (51;5259) (3330)
(123.0) 0.01788 (?i'gf) ?gég? :(Lgéi? 1.38 (61044501325) (22?9)
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Figure 5.69 — Test setup with positive and negatigplacement convention noted
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The first observation was made by comparing theergents of Beams B1A and
B1B, and the experiments of Beams C2A and C2B.eNwt many of the beams had
sweep in the negative direction which was not thection of buckling. Therefore, a
lower magnitude of negative sweep caused the bedra more prone to buckling, and,
furthermore, as the loading increased, the negatixeep would become positive due to
the angle of the load from the error in the sepuphing the beams in the positive
displacement direction. When making the compagstre effect of the concrete’s
modulus of elasticity, prestressing strand patégreh prestressing force was eliminated,
and, therefore, the only difference between beaasstiwe initial imperfections. In the
case of the B1 beam series, B1A had slightly lasgexep measurements than Beam
B1B, but in both cases the sweep was in the negdtrection, and, furthermore, Beam
B1B had twice the initial rotation of Beam B1A. tAdeams of the series B1 had
rotations that opposed the sweep direction, bukledan the positive direction, or the
direction that was favored by the rotation, andthetsweep. That would suggest that the
direction of buckling was governed by the directadrihe rotation, and not necessarily
by the direction of the sweep; however, it canr@tbtermined from these experiments
due to the error in the applied load angle. Bedm,Bhe beam with the larger initial
rotation, buckled at a load approximately 8% lésstbeam B1A, which suggested that
an increased initial rotation reduced the buckloay. Figure 5.70 shows a plot of the
buckling loads versus initial rotation for both & and C2 series. Figure 5.70 makes
the effect of rotation more apparent. Note thatrthtation plotted in Figure 5.70 was the
initial rotation not including the error in load@zation angle because that was a

constant throughout the testing. Furthermore, féigu71 shows a plot of the buckling
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loads versus initial sweep at mid-depth for botBi and C2 series. From Figures 5.70
and 5.71, the trend was that a larger positivéainmotation combined with a larger initial
sweep (in the positive direction) resulted in lowackling loads. In the case of the C2
beam series, Beam C2A had a larger sweep (in thiéy@odirection) and larger initial
rotation than Beam C2B. Beam C2A, the beam wighldinger initial rotation, buckled at

a load that was approximately 15% less than beabB C2
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Figure 5.70 — Buckling load versus initial rotation
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Figure 5.71 — Buckling load versus initial sweep

The effect of the prestressing strand locationfanck as well as the initial
concrete modulus of elasticity cannot be inferredatly from the experimental data.
Because of the variability of the concrete moduwliislasticity between series, it was
difficult to determine whether the difference inckling loads was due to the modulus of
elasticity or the influence of prestressing striy@htion and force. To determine the
effect of the prestressing force and strand looatize buckling load was normalized by
the initial concrete modulus of elasticity becatiseclassical lateral-torsional buckling
formulation was a linear function of the modulusetssticity. By normalizing the
buckling load with respect the modulus of elasgidibe effect of the modulus of
elasticity was removed from consideration. Thewadized results are shown in the last

column of Table 5.3.
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Table 5.3 — Normalized buckling load with respecinitial concrete modulus

Initial Imperfections
Beam| Sweep| Sweep , f Ec Pouckte | Pouckidfc' | Pouckid Ec
ID | Top | Bottom | RPN iy | (ksi) | (kips) | (ind) (in%)
(in.) (in.) (radians)

B1A | -0.406 -0.406 0 10.133 4713 | 36.87 3.46 7.82E-03
B1B | -0.344 | -0.375 | 0.00078| 10.133| 4713 | 33.92 3.59 7.20E-03
B2A 1.500 1.060 0.01100 6.01p 4188 35.26 2.17 802K
B2B | -0.484 -0.547| 0.00156 6.015 4188 34.69 3.08 8123
C2A 0.227 0.398 0.00430 11.2815156 | 33.68 3.88 6.53E-08
C2B | -0.172 | -0.203 | 0.00156| 11.281| 5156 | 39.55 4.10 7.67E-03

From Table 5.3, Beam C2B had a larger normalizexling load than Beam

B1B even though Beam C2B had twice the initial iotaand an initial sweep that was

more favorable to buckling than the initial sweepBeam B1B. Therefore, two

prestressing strands located at the center ofrtss<section created a more stabilizing

effect than one strand located near the bottorhettoss-section. That conclusion was

consistent with concept that a larger compressiore zvould create a higher buckling

load. Beam B2B also had a larger normalized bogKhbad than Beam B1B and had a

larger initial rotation. Although the initial sweevas more favorable to buckling in the

case of Beam B1B, because the normalized buckbiag for Beam B2B was 15% larger

and the initial sweep was twice as large as BeaB) Bie conclusion that a larger

compression zone creates a higher buckling loadfuvter verified.

5.8.2 Current Analytical Techniques vs. ExperimenthResults

in Chapter 1, applied to all of the beams tesedhown in Table 5.4. Additionally,

Table 5.4 shows a summary of the experimental lngkbads for all of the tested
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rectangular beams, with a comparison between thergarental and analytical results.

The percent difference was calculated by using Egu®.1; therefore, a positive percent

difference was conservative.

Table 5.4 — Comparison of analytical methods toeeixpental results

Beam Specimen ID

B1A B1B B2A B2B | C2A C2B
Bi’éf(ﬁgénﬁggﬂ 36.87 | 33.92 | 3526 | 34.69 | 33.68 | 39.55
s () (163.9) | (150.8) | (156.7) | (154.2)| (149.7) | (175.8)
Elastic 153.13 | 153.13 | 133.47 | 133.47 | 167.06 | 167.06
kips (kN) (680.6) | (680.6) | (593.3) | (593.3)| (742.6) | (742.6)
% Difference -315.32] -351.44 -278.53 -284)75 -396(0-322.40
Hans(el'g‘é‘g\;v'“ter 47.04 | 47.04 | 3953 | 3953 | 50.68 | 50.68
No Prestressing Force (209-1) | (209.1) | (175.7) | (175.7) | (225.3) | (225.3)
% Difference -27.58 -38.68 -12.11 -13.95 -50.48 .128
Hansell & Winter 5712 | 57.12 | 4565 | 4565 | 63.33 | 63.33
(1959) (253.9) | (253.9) | (202.9) | (202.9)| (281.5) | (281.5)
% Difference 5492| -68.400 29047 -31.89 -88.03 .180
Sant & Bletzacker 71.41 71.41 62.07 62.07 80.81 80.81
(1961) (317.4) | (317.4) | (275.9) | (275.9)| (359.2) | (359.2)
% Difference 93.68| -1105%2 -76.04 -7893 -139/93104.32
Massey (1964) 68.44 | 68.44 | 56.69 | 56.69 | 69.96 | 69.96
(304.2) | (304.2) | (252.0) | (252.0)| (311.0) | (311.0)
% Difference 85.63| -101.77 -60.78 6342 -107/7276.89
Rafla (1969) 90.481 | 90.48 | 61.49 | 61.49 | 101.44 | 101.44
(402.2) | (402.2) | (273.3) | (273.3)| (450.9) | (450.9)
% Difference 14541 -166.75 7439 -77.26 -201]1956.49
Stiglat (1971) 9592 | 9592 | 61.43 | 61.43 | 105.78 | 105.78
(426.3) | (426.3) | (273.0) | (273.0)| (470.2) | (470.2)
% Difference 160.16 -182.78 -74.22 -77.08 -214|07167.46
Malangone (1077) | 15821 | 158.21 | 14055 | 140.55 | 166.03 | 166.03
(703.2) | (703.2) | (624.7) | (624.7)| (737.0) | (737.0)
% Difference 329.100 -366.42 -298.1 -305/16 -362/9-319.80
Revathi & Menon | 20.12 | 20.12 | 24.63 | 2463 | 21.81 | 21.81
(2006) (89.4) | (89.4) | (109.5) | (109.5)| (96.9) | (96.9)
% Difference 4543 | 4068] 30.15 29.00 3574 44
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(Experimeral - Analytical)
Experimendal

% Difference= (5.1)

The primary observation that was taken from Tabdevgas the extremely large
scatter in predicted results for all of the anabitimethods presented. From Table 5.4, it
was apparent that the analytical methods by HaaséllWinter (1959) and Revathi and
Menon (2006) were the most accurate analyticalagres. Essentially, the analytical
procedure of Hansell and Winter (1959) used clas$ateral-torsional buckling
equations, but used the secant modulus of elastarithe modulus of elasticity, and
calculated both the moments of inertia, and torsmmstant, based on the depth of the
compression zone. The analytical procedure of Reaad Menon (2006) used a
flexural rigidity formula originally proposed by Bnson (Pillai and Menon, 2002), with a
modification where 80% of the ultimate flexural memh was used instead of the entire
ultimate flexural moment capacity to determineftegural rigidity. For the torsional
rigidity, Revathi and Menon (2006) used Tavio amh@d’s (2004) torsional rigidity
equation which was based on torsionally crackimgfoeced concrete member. The

details of these methods were presented in Chapter

Table 5.4 includes two rows for Hansell and Wir{i€59); the first row included
the effect of the area of steel of the prestressirands, but not the prestressing force,
while the second row included the effect of thespesssing force on the compression

zone of the cross-section. The predicted buckbags for the case where the effect of
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the prestressing force was considered were lahgerthe predicted buckling loads when
the effect of the prestressing force was neglecidtht was because the prestressing
force caused a larger compression zone depthilaerfore, the rigidity properties

calculated were larger based on the method by HarskWinter (1959).

For both cases of predicted buckling loads deteechby using the method by
Hansell and Winter (1959), the buckling load wasrepredicted, and, therefore,
unconservative. There were some possibilities tikymethod was over-predicting the
results. First, the torsion constant was baseith®@eompression zone depth, but the
coefficient k in the equation for the torsion constant, showBEguaation 5.2 from
Timoshenko and Goodier (1970), was calculated usiagentire depth of the beam
instead of the compression zone depth. Usingntieeedepth of the cross-section would
result in a larger & and, thus, a larger torsion constant than ifdédyeth of the

compression zone was used in the equation.

J= klcb3 (5.2)
where:

¥
kl = E 1- @ %tanh @
3 P°d 21350 2b

Secondly, the moments of inertia and the torsiarstant were based on a

rectangular compression zone with the dimensionkeawidth of the beam and the depth
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of the compression zone. However, unless the lveasrnitially perfect, the
compression zone would not be rectangular, bueatst trapezoid. The compression
zone depth on each side of the beams, the assbaiatral axis angle, and moments of
inertia based on the compression zone depth wasgrsimoTable 5.2. Table 5.2 shows
that the compression zone was in fact a trapezaddize angle of the neutral axis was
substantial. To visualize the actual shape ottmapression zone, the surface strain
profiles for Beam C2B at 10 kips (44.5 kN) and 38k(168.9 kN) are presented in
Figures 5.72 and 5.73, respectively. In the cagethe compression zone was
rectangular, the lines representing the surfa@énstvould intersect the ordinate at the
same value. Beam C2B had relatively minimal ihiigperfections; however, at a
loading of 10 kips (44.5 kN), the lines representine surface strains did not intersect
the ordinate at the same value, as shown in Figiz Furthermore, at a loading of 38
kips (168.9 kN), the lines representing the surfgtcains intersect the ordinate at
significantly different values. The compressiomeshapes at the two presented load
values are shown in Figure 5.74. As the load msed, the compression zone shape

changed from a rectangle, to a trapezoid, anditregproached a triangle.

214



Depth from Top (in.)

Depth from Top (in.)

1.50 i
1075 F----—-—-—- 07\7 77777777777777777777777777777777777777777777777
N
240 100 I i R M
2925 - —A—ConvexSidefﬂfx"" fffffffffffffffffffffffff
—& = Concave Side
\
\
38.50 ‘ : ‘ » ‘ \
-200 -150 -100 -50 0 50 100

Strain (microstrain)

Figure 5.72 — Surface strain profile 10 kips (44N for Beam C2B
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Figure 5.73 — Surface strain profile 38 kips (188\) for Beam C2B
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Figure 5.74 — Compression zones for Beam C2B datq&jips (44.5 kN) (b) 38 kips
(168.9 kN)

Lastly, none of the aforementioned analytical pduces considered initial
imperfections. Initial imperfections would sereereduce the buckling load, and,
therefore, any analytical procedure should takiainmperfections into account or the
buckling load would be less than what was predictédure 5.75 shows a plot of the
normalized buckling moment to ultimate flexural mamhratio versus the slenderness
ratio for the experimental data from the currentigt Hansell and Winter (1959), Sant
and Bletzacker (1961) and Kalkan (2009). AlsoiguFe 5.75 is the predicted buckling
moment to ultimate flexural moment ratio versusiderness ratio for the analytical
method by Hansell and Winter (1959). Note thab@stant value for the reinforcing bar
yield strength, when calculating the ultimate fledwstrength in all cases was used so

that the data were comparable. Figure 5.75 slaogeneral trend that Hansell and
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Winter (1959) over predicts the buckling load; hoer not all data points show that
trend. The experimental data of Hansell and Wi(669) matches very well with the
analytical procedure by Hansell and Winter (1959)ause the test beams failed in
flexure and not by stability. More apparent waes dlrerall variability in the

experimental results. The parameters not coreidey Hansell and Winter (1959) that
could be causes for the variability in results wikinitial imperfections of the test
beams, the experimental error and the differentexperimental setups. Furthermore,
the data presentation method of Figure 5.75 iscartenethod to investigate general
behavior but cannot be used quantitatively dué¢écatssumption that the ultimate
moment and buckling moment differ by the same ra¢éipending on amount and location

of reinforcement, which was not necessarily theecas

12 —— Hansell & Winter (1959) Pre(l.
© O Hansell & Winter (1959) Ex
1+---- 0-8 . g.g- Q- A Current Study Exp.
X Kalkan (2009) Exp.
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Figure 5.75 — Buckling moment to ultimate flexurament ratio versus slenderness
ratio for test data compared with Hansell and Wi(t859) analysis
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The analytical procedure by Revathi and Menon (2006ler-predicted the
experimental buckling loads by a non-negligible anto That would be good from a
safety standpoint, but would not be good for desigpnomy or from the theoretical
standpoint of understanding the actual behaviarthérmore, the analytical procedure
by Revathi and Menon (2006) did not consider ihitigperfections; therefore, any
modification to their method that included the effef initial imperfections would
decrease the accuracy of the prediction. A sinplar to the one in Figure 5.75 is shown
in Figure 5.76 except that the experimental dateewempared with the analytical
procedure by Revathi and Menon (2006). Figure Shgvs that all the experimental
results were higher than what was predicted by ®eaad Menon (2006), and,
therefore, does not represent the actual behantbmnauld potentially be too

conservative.

1.2 —— Revathi & Menon (2006) Prg
O Hansell & Winter (1959) Exp
A Current Study Exp.
| o 8
1 8 8 8 X Kalkan (2009) Exp.
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Figure 5.76 — Buckling moment to ultimate flexuradment ratio versus slenderness
ratio for test data compared with Revathi and Mef{20©6) analysis
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5.8.3 Discussion of Secondary Loading

For every test beam, the beam was initially loagietdl buckling occurred, and

lateral deflections were increased into the posklwg range; then the load was

removed, and each beam was reloaded until buckbogrred a second time. The results

of the secondary tests are summarized in Table 5.5.

Table 5.5 — Results of secondary loading of beasgispens

Residual Imperfections

Residual + Initial

Imperfections E Poua
Cs UCKIe
Beam ID Sweep| Sweep ' Sweep| Sweep ' Ksi Kips

Top, | Bottom, | Rotation| Top, | Bottom, | Rotation
. . . . . on| o) (kN)

in. in. (radians)| in. in. (radians)

(mm) | (mm) (mm) | (mm)

*% *% *% *% *% 4713 29'45
40B1A NA (32.5)| (130.9)
1.861| 1.550 2174 | 1.925 4713 | 29.42
40BIB | 47.3)| (39.4) | O00778| (55.2) | (a8.9) | ©99023| 32.5)| (130.8)
*40B2A | 0.938 | 0.750 2438 | 1.810 4713 | 28.62
#2 | (23.8)] (19.1) | 99949 (61.0) | (46.0) | OO0 (325)| (127.3)
*40B2A | 1.125 | 0.810 2625 | 1.870 4188 | 25.00
#3 | 286)| 20.6) | 99978% 66.7) | (a7.5) | O01888| 25 9| (111.2)
1407 | 1.122 1.891 | 1.669 4188 | 29.62
40B2B | 357)| (28.5) | 00713 4g.0) | (42.4) | 909555 28.9)| (131.7)
1.460 | 1.202 1663 | 1515 5156 | 27.23
40C2A 1 371y | (30.5) | 90984 (422) | (3855) | 09370 (35.5)| (120.0)
1618 | 1.364 1.721 | 1520 5156 | 35.49
40C2B 1 411y | (34.6) | 209835 (437)| (38.6) | 909903 (35.5)| (157.7)

From Table 5.5, the most obvious trend was thabtlukling load of the second

loading was always less than the buckling loadhefs¢econdary loading. The initial

imperfections due to the residual deformations ftoenfirst loading did not appear to
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have a trend with respect to the buckling loachef¢econdary loading. For instance, the
buckling load of Beam C2B was 30% larger than thekbng load of Beam C2A,
although the initial sweep and rotation for thess®tary loading was larger for beam
C2B. More observations of the secondary loadirfgals®r were made by investigating a
plot of the load versus lateral displacement atdlpeof the beam. As an example, Figure

5.77 shows the lateral displacements for Beams &RAC2B.

45
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Figure 5.77 — Load vs. top lateral displacemenBeams C2A and C2B

Figure 5.77 shows graphically that the residualedtibn after the first loading

was larger for Beam C2B. This was attributed ®ftict that Beam C2B had a larger
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maximum displacement during the first loading, anobably was in a more damaged at
the end of the first loading than was Beam C2Abdith cases, the secondary loading
load-displacement curve was shallower than the-thsplacement curve of the first
loading. During the secondary loading for allleé test beams, a trend was noticed.
When the secondary loading reached the post-burgkth of the first loading, the load-
deflection curve would continue along what wasrirdd as the post-buckling path of the
first loading if the beam was displaced to thaeleduring the first loading. Furthermore,
the displacement at buckling during the secondaagling for every test beam was

greater than the largest displacement reachedgithvnfirst loading.
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CHAPTER 6

ANALYTICAL DEVELOPMENT

6.1 Analytical Development Objectives

The current analytical procedures to predict buncklpads of prestressed concrete
beams were inadequate based on the comparisonsdretireoretical and experimental
results presented in Chapter 5. The objectivb®fnalytical portion of this research
was to develop a methodology that predicted loadugelateral displacement and load
versus rotation behavior of a prestressed conbesen subjected to lateral-torsional
buckling. Furthermore, it was desired to develgmnaplified approach that predicted the
lateral-torsional buckling load of a prestressedctete beam that was less

computationally rigorous and which could be useditsign.

The analysis that predicted the load versus défleend load versus rotation
plots was developed first. The procedure involadiber model with a material and
geometric nonlinear incremental analysis. The inear behavior was compared to the
experimental results to validate the fiber modgdrapch. After validation was
accomplished, the analysis was run for various nfepgons for the different beams such
that the accuracy of a proposed simplified equatiaa verified. Lastly, the simplified
technique was compared with available experimaetallts where the initial

imperfections of the beams were published to deterritne validity of the technique.
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6.2 Nonlinear Analysis

The nonlinear analysis program was developed By dneating a fiber model of
the beam cross-sections to obtain a moment-cuvadlationship. The moment-
curvature relationship was used in the nonlineafyesis at each load increment to
determine section and material properties. Therfibodel and nonlinear analysis are

discussed in the following sections. Additiondbmmation is provided in Appendix H.
6.2.1 Fiber Model

The fiber model was created for the experimentahbeross-sections with 320
fibers in each segment, where each fiber was %4 mm) in height by 0.5 in. (12.7
mm) in width. Each fiber was 0.5%(823 mnf) in cross-sectional area. Each individual
fiber was composed of a value representing the@reancrete, the area of mild steel,
and the area of prestressing steel. The totalcdree three components summed to 0.5
in? (323 mnf), the total area of fiber. The procedure utilizeas based on that
performed by Liang (2008). The assumptions offither model were that plane sections
remained plane after deformation, there was peteat between the concrete and steel
reinforcing, strain hardening was not includedha steel material models, the influence
of creep was not included and the concrete follothedassumed stress-strain
relationship during strain reversals. There waysgieretic behavior considered during

strain reversals within the applied concrete stetissn model.

The procedure began by cycling through a rangeglies of rotation for the
beam; at different load stages, the beam was edeattdifferent angles. For each angle

of orientation, the curvature was incremented tiaiolthe weak-axis and strong-axis
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flexural moment at each curvature value. Howetgeobtain the weak-axis and strong-

axis flexural moment at each curvature, severaisshad to be taken.

The first step was to assume a neutral axis anglghe axis of zero strain) and
depth of the neutral axis. From the assumed neakiaangle, , and neutral axis depth,
geometric relations were used to find the straiedaoh fiber. The relations, which were
similar to those used by Liang (2008) are showthénfollowing equations and the
variables are depicted in Figure 6.1. Note thatsilgn conventions for Equations 6.1
through 6.4 assume compressive strains were pesitid tensile strains were negative.
At a certain angle of applied load, for a speddieel of curvature and for the assumed
angle of the neutral axis, the strain in each fiber was determined from Equoa 6.1

through 6.4.

d
cC,=——"— (6.1)
" codgy,)
b h
Yoi =% - E tan(QNA)"' E' C, (6.2)
de; Z‘Yi = Yai COiQNA) (6.3)

fd,,, fory 3y,
g= N (6.4)
- fde,i ’ for Vi < yn,i
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Figure 6.1 — Fiber geometric relations and strastrithution for biaxial flexure

Knowing the fiber strains allowed for the use oftenal models to determine the

stress in each fiber. An elastic, perfectly ptastodel was used for the nonprestressed
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reinforcement. The stress-strain curve for thefpessing strand was obtained using the
curve provided by the manufacturer. The initiaéss$ in the prestressing strands was
determined from the measured load in each straridglfabrication immediately before
the strands were cut. Then, estimates were matddeéanto account prestress losses due
to elastic shortening, concrete shrinkage, stégkation and creep. For the concrete of
the rectangular prestressed beams, the stress-staiionship presented by Thorenfeldt
et al. (1987) for concrete strengths from 2.2 k&ifMPa) to 18.1 ksi (125 MPa) was

used; however, strain values never reached leneldich the selection of the concrete

constitutive model affected the results until pogtkling.

Member forces were determined by summing the stessgtants in the beam by

using the following equations from Liang (2008):

P= s A+ S, A; (6.5)
i=1 1=1
M X = ss,i As,i yi + sc,i Ac,i yj (66)
i=1 j=1
M, = SGAX T  S.iAGX (6.7)
i=1 j=1

In Equations 6.5 through 6.7, the subscript “séredd to stresses and areas of
steel fibers and the subscript “c” referred tostes and areas of concrete fibers.
Furthermore, “ns” means the number of steel fibang, similarly, “nc” means the

number of concrete fibers.
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The calculated value of axial force “P”, basedlo®m assumed neutral axis angle,
, and neutral axis depth,,dvas compared with the applied axial load on tloss:

section; in this case, the applied axial load vasprestressing force. If the calculated
axial force was not equivalent to the applied akdall (within a set amount of error), the
assumed value of the neutral axis depth had ttebsted until force equilibrium was
met. Once force equilibrium was met, moment efgidim had to be met. If the internal
moment was not equivalent to the external momaetneutral axis angle, was iterated
until the moment equilibrium was met. Note thatéach iteration of the neutral axis
angle, , the depth of the neutral axis to fulfill forceudldprium had to be determined

once again.

The nested loops tended to become computationathbersome, and, therefore,
a more efficient method of iterating values wasdusearrive at the correct values more
quickly. A secant algorithm similar to that usedLbiang (2008) was utilized for the

neutral axis depth and neutral axis angleand proved to be much more efficient.

Once force and moment equilibrium were met, aredottoper values for the
neutral axis angle,, and neutral axis depth were obtained, the fibeg@am would
output the moment, maximum compression straingdéph of the neutral axis, neutral
axis angle, , and the average tangent modulus of the conaletesf Essentially, the
tangent modulus of elasticity was calculated faheeoncrete fiber and was averaged
over the number of concrete fibers in compressidihof the properties were used in the
nonlinear analysis; therefore, the fiber analysas wsed as a subroutine to the nonlinear

analysis.

227



6.2.2 Nonlinear Analysis Program

To perform the nonlinear analysis, the beam spetsmeere divided into eight
segments, 47.1 in. (1.20 m) in length; however,ragtny was used so that the analysis
was only performed on four segments. The symnieityndary conditions were to
restrain rotation about the strong-axis and weag-axmidspan. At each node, the
degrees of freedom applied within the member siffhmatrix were lateral translation (x-
direction), vertical translation (y-direction), @tig-axis rotation (about x-axis), weak-axis
rotation (about y-axis) and torsional rotation (abp-axis). The axial displacement was
neglected, and, therefore, catenary or membranavimhwvas not captured by the
analysis. The initial rotationy, and lateral displacement of each beam were appfie
an assumed sine curve along the length of the bé&agure 6.2 shows the symmetric

boundary conditions and the segment locations.

y X Initial Rotation & Sweep
P/2 (function of sine curve)
Torsional Restraint l Torsional Restraint /
4 . . . gz / _z
1 2 3 a4 T — g
1 2 3 4 |
(a) Elevation View (b) Plan View

Figure 6.2 — Symmetric boundary conditions (a) &len view and (b) plan view

The nonlinear analysis was performed by steppieg/értical load, P, at a small
increment until large lateral displacements wetdea@d. Note that at a vertical point
load of zero, the self-weight moment was alreadytia@ to the cross-section to ensure

that the analytical load versus displacement cuceesd be compared with the
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experimental load versus displacement curves. |[@dekincrement used was 0.10 kips
(0.45 kN) and was determined to be a small enoogth increment to provide sufficient
accuracy. The accuracy was determined by runhi@gnalysis for 0.25 kips (1.11 kN)
and 0.10 kips (0.45 kN) increments and finding thatdifference in maximum loads
achieved was less than 1%. In addition to theraoguachieved from numerical
experimentation in determining a sufficiently sma#d increment, it was assumed that

the number of segments along the length was largegh to provide sufficient accuracy.

For each load increment, the applied moment articlimotation, o, of the beam
was used as an input to the fiber subroutine taiolihe depth of the neutral axis, the
angle of the neutral axis, and the average tangent modulus of the compregsiae for
each segment along the length of the beam. Thil déphe neutral axis and angle of the
neutral axis, , were used to calculate the moments of inertiadas the shape of the
compression zone and the transformed area of ¢éleé sthe torsion constant was
calculated by using the approximate method for ciorular solid sections presented by
Dooley (1979). The method was basically a summatica series of thin-walled hollow
sections. The approximate method had to be useglibe the torsion constant was based
on the compression zone which was not rectangoldninstead was trapezoidal or
triangular. Longitudinal and transverse reinforeatnwere not considered in the
expression for the torsion constant because H®4j1ld®etermined through analytical and
experimental study that the longitudinal and tramsg reinforcement increased the

torsional cracking moment but did not affect thesimnally uncracked torsional stiffness.

For each load increment, the section and matergdgrties were determined

using the fiber subroutine for each segment albedength of the beam. Then the

229



stiffness matrix was formed for each individualmegt and was combined by
eliminating restrained degrees of freedom to fdmndlobal stiffness matrix. The
incremental load vector was then formulated by yppglthe load increment to the
appropriate degree of freedom and applying torgdxahe beam which was determined
by the increment of applied load on the deformeshbesing the displacements and
rotations along the length of the beam from theipres load increment. The
incremental displacement and rotation vector was tound by multiplying the inverse
of the stiffness matrix and the incremental loadtoeas shown in Equation 6.8. The
inversion of the stiffness matrix was performedanyincluded subroutine “mldivide” in
MATLAB® R2009a (2009). For the specific case afquare stiffness matrix and a
column load vector, the solution will be exact &nel method of solution was based on
Cholesky decomposition because the stiffness magix square, symmetric and had real
positive diagonal elements. The stiffness mati@s wositive definite until unstable
behavior occurred and computational errors aroigimihe analysis at which point the

analysis was halted.

{u} =[] *{P} (6.8)

Once the lateral displacement and rotatignyere determined for a load
increment, the process was repeated for the nedtilcrement. Essentially, for every
load increment, there was a different value ofrtitation and applied moment; therefore,
the fiber subroutine was used for every load in&einfior each segment along the length

of the beam to determine the section propertieth®ispecific load increment.
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Furthermore, when the stresses became high entheghyerage tangent modulus of
elasticity of the compressed fibers was less thanrtitial modulus of elasticity, and,
therefore, the modulus of elasticity used in thabgl stiffness matrix would change with
each load increment and for each segment alonigiggh of the beam. The process can
be best summarized in the flowchart shown belowigure 6.2. A more detailed

flowchart and the associated subroutine flowchamspresented in Appendix G.
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Figure 6.3 — Nonlinear analysis flowchart
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6.2.3 Nonlinear Analysis Results

The nonlinear analysis was run for all of the beamntept for B2A because that
was the beam where the angle of the applied loadunknown. For all of the other test
beams, there was a 0.01222 radian (0.7 degrees)irthe applied vertical load,;

however, it was a known quantity that was takea adcount in the analysis.

6.2.3.1 Method to Account for Error in Load Angle

The error in the load angle was taken into accoutite nonlinear analysis by an
additional term in the incremental load vector, {Plfhe incremental load vector of a
beam loaded with a perfectly vertical load wouldéran applied load in the horizontal
direction as the product of the applied verticad@nd the sine of the rotation,of the
cross-section at midspan. Because of the errapptied load angle, the component of
horizontal load at midspan was a product of thdieagwertical load and the sine of the
summation of rotation,, and the error in applied load angle. Similaagditional
torsion was applied to the cross-section due teeth@ in applied load angle. The
component of torsion due to the horizontal loadghgcabout the shear center included the

component of horizontal load due to the error ipligol load angle.

6.2.3.2 Nonlinear Analysis Results vs. ExperimeRt&sults

The results of the nonlinear analyses are depiotétures 6.4 through 6.18 for
Beams B1A, B1B, B2B, C2A and C2B. For each oftikams, the load versus lateral

displacement, load versus rotation and load verstigcal displacement are shown. The
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initial imperfections used in the analysis werestaneasured prior to each of the

experiments.
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Figure 6.4 — Load versus lateral displacement fearB B1A

234




Applied Load (kips

45
AD |
BTN S—
8 o<
= 01— e el
-/ -~
_r'g 25 T LR EEE R
3 P 7/ . ~
ki 204ty e T
g 154+ e
<
10 = P-Delta ----
5 | — — Experimental
0 T T = T T T
-0.005 0.005 0.015 0.025 0.035 0.045 0.055
Rotation (radians)
Figure 6.5 — Load versus rotation for Beam B1A
45
A0 |
-~ %
35 P
30 - “3
4 - - - - - - - - - - e _ g™ _ ,74 ,,,,,,,,,,,,,,,,,,,,,,,,,
o~ -
o5 | g - ///
- - - 7
e e
20 - o~
~d ol i
i Ol T _____
15 . ;/v; -~
o7 -
10"””” ”””””}7”}”‘/’ ”””””””””””
ot = P-Delta
5+-- ——————————;,I;;"—/—’— ————————————————————————— — Experimental- - - - -
L
0 - T T T T
0 0.2 0.4 0.6 0.8 1

Vertical Displacement (in.)

Figure 6.6 — Load versus vertical displacemenBieam B1A

235



Applied Load (kips

Applied Load (kips

45

4O -

| R S ot
5 li p { ~ — — Experimental
0 ‘! X
-1 0 1 2 3 4 5 6
Lateral Displacement (in.)
Figure 6.7 — Load versus lateral displacement feauB B1B
45
L I
35 - i,
- e
il
0 f--mmm e ;;;;::-:1;:;; *******
- ,J'—” H
25’ ””””””” g} ””””””””” ‘; ’t’_"?#’:’”””;}”{ ””””
20 | f:',,,,,;','ff,,;’dci ,,,,,,,,,,,,,,,,
P - //
154+--—-——-fF - P TR
#Jf‘

100f-----f-------- - =——P-Delta @ ----]

5 | £ — — Experimental |

0 T T T

-0.005 : 0.025 0.035 0.045

Rotation (radians)

Figure 6.8 — Load versus rotation for Beam B1B

236

0.055



Applied Load (kips

N
ol

O
35
;”""?
30 ~ ¢
- - ,J_::?/
~ -
25 - /—f»—“—————w———!—'f' ——————————————————————
J('
ol L . ,/ ,,,,,,,,,,,,,,,,,,,,,,,,
A
154 - AT
-~ L
| ™ o el
10 /W.w -~ P-Delta
54-- ,,,,,,7;;;2 7777777777777777777777777777 — — Experimental- - - - -
£
0 ‘} T T T T
0 0.2 0.4 0.6 0.8
Vertical Displacement (in.)
Figure 6.9 — Load versus vertical displacemenBeam B1B
45
A0 |
12
T
(%2}
[ N o Y E D e
< po-
=< Py I
e}
S - e
- //_, =
Ee; -
ko -
Q.
Q.
<
,,,,, f",,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
= P-Delta
o — — Experimental™ =~ ]
3 4 5 6

Lateral Displacement (in.)

Figure 6.10 — Load versus lateral displacemenB&am B2B

237



Applied Load (kips

—P-Delta  ----1
— — Experimental

-0.005 0.005 0.015 0.025 0.035 0.045 0.055
Rotation (radians)
Figure 6.11 — Load versus rotation for Beam B2B
45
A0 |
351
4
30 | /
= -
P
254 Tt
2
20 - v o
P 2
z- /ﬁ?/
151 L e
Z AT
ol 22 2
py Cq;»’ — P-Delta
54—/ - 7};% 777777777777777777777777777777 — Experimental- - - - -
s
O : f T T T T
0 0.2 04 0.6 0.8 1

Vertical Displacement (in.)

Figure 6.12 — Load versus vertical displacemenBieaim B2B

238



Applied Load (kips

Applied Load (kips

-1 0 1 2 3 4 5 6

Lateral Displacement (in.)
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It was apparent from Figures 6.4 through 6.18 ti@mnonlinear analysis matched
the experimental load versus horizontal displacénead versus rotation curves, and
load versus vertical displacement well with litleviation. The nonlinear analysis
sufficiently predicted the leveling of the expermta load versus lateral displacement
and load versus rotation curves when the beamsr®enastable and continued to
deform with no additional load. The nonlinear gsa& was able to successfully predict
the nonlinear behavior of the vertical displacermeviien the beams became unstable.
The nonlinear behavior shown in the experimentalesifor the vertical displacement
was due to the large rotations causing the latksplacement about the local axes of the
beam becoming a significant component of displacegnmethe global vertical direction.
Furthermore, the nonlinear analysis predicted thgimum load well. The differences in
predicted maximum load can be attributed to emaneasuring the initial imperfections
and the possibility of “settlement” in componentdhe test set-up, such as the end
supports, once loading began. The possibilityrafran measuring the initial
imperfections was a strong possibility becausentirdinear analysis results varied

significantly with varying initial imperfections i all other parameters equivalent.

The nonlinear analysis never “softened” like thpeximental results because the
nonlinear analysis was a load-controlled analyklsing the fiber model to determine
stiffness properties as inputs into a matrix analgased approach does not allow for a
displacement controlled analysis unless the systamassumed to be one degree of
freedom system. The fiber model required knowhggrhoment at the cross-section in
guestion to determine moment equilibrium of thelisac To obtain the descending,

softening portion of the curve, an incremental apph with a predictor-corrector
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algorithm such as the arc length method (Riks, 1€r8field, 1981; Clarke and
Hancock, 1990; Lam and Morley, 1992; Hellweg andfi&id, 1998) would have had to
be used. An arc length approach was successfulpfoyed for concrete cracking by
Foster (1992); however, the use of finite was nemgsto perform the analysis. The use
of nonlinear finite analysis was outside the scofihis research and should be

performed in future research on the subject.

Because the nonlinear analysis did not predictldseending portion of the load
versus lateral displacement, in all plots and @bile nonlinear analysis buckling load
was the maximum load at which the analysis becam®patationally unstable. At a
certain load increment, the stiffness quantitiehexglobal stiffness matrix created a
global stiffness matrix that was approaching siagty. A comparison of the maximum

load from the nonlinear analysis and from the expents is given in Table 6.1.
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Table 6.1 — Comparison of nonlinear analysis redolexperimental results

Experimental | Nonlinear Analysis
Beam ID Pouckie Pouckie % Difference
kips (kN) kips (kN)

36.87 36.2

B1A (163.9) (161) 1.82
33.92 334

B1B (150.8) (149) 1.53
35.26 34.8

B2B (156.8) (155) 1.30
33.68 33.8

C2A (149.7) (150) -0.36
39.55 40.2

28 (175.8) (179) 1.64

Additional comparisons between the experimentalltesnd the nonlinear
analysis results were made to further validatenthrdinear analysis. From the
experiments, the compression zone depths on bdtces of the beams were
determined from the strain measurements on thasesf The nonlinear analysis
program output the compression zone depths ondidéls of the beam so that a
comparison with the experimental compression zamhs could be made. The results

from the comparison are shown in Table 6.2.
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Table 6.2 — Comparison of experimental and analtiompression zone depths

Experimental

Analytical

Load, Compression Zone Depth, inf Compression Zone Depth, in
Beam ID| Kkips (mm) (mm)
(KN) Convex | Concave Center Convex | Concave Center
Side Side Side Side
10 17.0 26.4 21.7 16.0 24.1 20.1
(44.5) (432) (671) (551) (406) (612) (511)
< 20 11.8 18.9 13.9 7.04 24.2 15.6
m (89.0) (300) (480) (353) (179) (615) (396)
30 8.88 19.0 14.2 3.58 25.0 14.3
(133.3) (226) (483) (361) (90.9) (635) (363)
10 14.2 26.4 22.7 12.7 26.3 19.5
(44.5) (361) (671) (577) (323) (668) (495)
2 20 6.17 20.5 13.3 5.56 25.3 15.4
m (89.0) (157) (521) (338) (141) (643) (391)
30 2.23 19.9 11.1 0.00 27.4 13.7
(133.3) | (56.6) (505) (282) (0.00) (696) (348)
10 22.3 40.0 31.3 22.7 33.0 27.9
(44.5) (566) (1020) (795) (577) (838) (709)
m 20 8.29 27.4 17.9 8.39 29.2 18.8
M (89.0) (211) (696) (455) (213) (742) (478)
30 5.35 24.1 14.7 4.26 28.6 16.5
(133.3) (136) (612) (373) (108) (726) (419)
10 154 30.1 22.8 11.0 29.6 20.3
(44.5) (391) (765) (579) (279) (752) (516)
N 20 8.18 25.6 16.9 5.49 27.2 16.4
O (89.0) (208) (650) (429) (139) (691) (417)
30 3.70 23.7 13.7 0.00 30.2 13.8
(133.3) | (94.0) (602) (348) (0.00) (767) (351)
10 16.9 30.2 23.6 135 27.7 20.6
(44.5) (429) (767) (599) (343) (704) (523)
~ 20 7.79 23.6 15.7 8.72 24.8 16.8
@) (89.0) (198) (599) (399) (221) (630) (427)
30 6.63 23.9 15.3 5.27 25.1 15.2
(133.3) (168) (607) (389) (134) (638) (386)
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Table 6.2 shows reasonable correlation betweeodhmpression zone depth at
the center of the cross-section for the experimeasailts and the analytical results. For
some specific load levels and beam cases the exgetal results and analytical results
for the compression zone depths on the surfacdsedieams matched well; however,
there were many cases where there were apparéredifes. The general trend with
respect to the compression zone depths on thecegrtd the beams was similar between
the experimental and analytical cases, and thdtseshwowed better correlation at the load
level of 20 kips (89.0 kN) than at the other loaddls presented. There were some
reasons for the discrepancies between the expeaaireamd analytical results. The
predicted initial strain due to prestressing arlthgeight was added to the experimental
results so that the experimental and analyticalltesould be compared accurately. At
higher load levels a direct superposition may rabcurate. Also, the sensitivity of the
compression zone depth on the surfaces of the beswvery high at low loads, below
10 kips (44.8 kN) and when the applied load apgreddhe buckling load. The high
sensitivity is apparent in a plot of the analyticadults for the surface compression zone

depth shown in Figure 6.19.
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Figure 6.19 — Nonlinear analysis compression zapthdfor Beam B1B

From Figure 6.19, the rate of change of the congtmaszone on each side of the
beam was high at low load levels and at high leaelk as the load approached the
buckling load. This trend was apparent in allbeam cases. Because of the trend,
comparisons of the compression zone depth fronexperimental results and the
analytical results were more accurate in the midfikne applied load range where the
rate of change of the compression zone depth wallesmBecause the compression
zone depth at the center of the cross-section sthgwed correlation between the
experimental and analytical results, the discrejgangotentially originated from
differences between the analytical and experimeastallts for the neutral axis angle,

Plots of the neutral axis angle,as a function of applied load for each rectangoéam
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are shown in Figures 6.20 to 6.24 for the expertaletata and the nonlinear analysis

data.
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Figures 6.20 through 6.24 show good correlatidween the analytical and
experimental results with respect to the behavidhe neutral axis angle, as a function
of the applied load, but in most cases, there wasgp@reciable amount of error between
the experimental and analytical results for thetra¢axis angle, . The error was in the
range of 5% to 30% during the applied loading atiercross-section had cracked at
midspan in flexure. There were three potentiakesawof the differences between the
analytical and experimental results. First, theegmental neutral axis angle, was
calculated using the experimental data and then@sdunitial strain values due to the
prestressing force and self-weight of the beam;dvwan there was no compensation
made for the initial rotation,, causing a component of self-weight moment acingut
the weak-axis of the beams. Secondly, the locatfdhe additional longitudinal #3
reinforcing bars that spanned continuously alomgiéngth of the beam affected the
neutral axis angle,, predicted in the nonlinear analysis. If the éBforcing bars were
located further from mid-thickness of the crosstisecthan specified in the design
drawings, the neutral axis angle,predicted in the nonlinear analysis would be cedu
Lastly, the nominal gage length of the LVDT's wdkift. (254 mm), and for such a
small gage length, flexural cracking did not neaebscross the LVDT’s. If cracking
did not intersect the LVDT gage length, the measergs of strain would be smaller and

incur an experimental error.

6.2.3.3 Nonlinear Analysis Results for TheoretiGakes

The nonlinear analysis was extrapolated to variotisl imperfection cases for
both beam series B1 and C2. Performing the noaliapalysis for several different

initial imperfection conditions made the lateralsional buckling behavior with respect
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to initial sweep and initial rotationg, more apparent by uncoupling the two types of
initial imperfection. Uncoupling the behaviorsinitial sweep and initial rotationy,

was achieved by performing the nonlinear analymisfseries of initial rotation,

values with a constant initial sweep and by perfogithe nonlinear analysis for a series
of initial sweep values with a constant initialabon. For the both beam series’, the load
versus deflection for the case of an initial swekfa in. (6.35 mm) is shown in Figure
6.25 for series B1 and Figure 6.26 for series C&é&weral initial rotation angles.
Additionally in Figures 6.25 and 6.26, the casa@dr zero imperfections both with

respect to initial sweep and rotations was included

<251~ Py Near Zero Imperfectiof
207 Yy - =+ =0.001563 rad
5 S = 0.003125 rad
’ = = =0.00625 rad
— =0.02rad

—

0 0.5 1 15 2 2.5 3
Lateral Displacement (in)

Figure 6.25 — Nonlinear analysis load vs. laterspldcement for Beam Series B1 with ¥
in. (6.35 mm) initial sweep and various initialatbns, o
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Figure 6.26 — Nonlinear analysis load vs. laterspldcement for Beam Series C2 with ¥4
in. (6.35 mm) initial sweep

From Figures 6.25 and 6.26, it was apparent ttealateral deflection behavior
was not a linear function between the initial riotat o, and the reduction in maximum
load. Similarly, the rotation was held at a constalue of 0.001563 radians and the
load versus lateral displacement results for séwvataes of initial sweep at the top were
obtained for series B1 and series C2. The ploteefesults are shown in Figures 6.27

and 6.28.
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Figure 6.27 — Nonlinear analysis load vs. laterspldcement for Beam Series B1 with
0.001563 radians initial rotation for several @lisweep displacements, u
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Figure 6.28 — Nonlinear analysis load vs. laterspldcement for Beam Series C2 with
0.001563 radians initial rotation for several @mittweep displacements, u
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The analysis shows that the lateral displacemmthtratation of the cross-section
can continue to increase indefinitely which is tha case. Figures 6.27 and 6.28 depict
the effect the initial sweep has on the latergbldisement behavior of the beams.
However, for the beams to achieve the displacenreqtsred for the beam to support the
maximum load, the beams must not crack in torsnen the beams crack in torsion,
the torsion constant used in the analysis woultbnger be accurate, and a torsion
constant for a torsionally cracked prestressed bsdauld be used. However, torsion
constant expressions for a torsionally cracked baansubstantially less than the
calculated torsion constant based on a rectangafapression zone; therefore, the beam
would no longer remain stable. Therefore, whesitmial cracking occurs at the ends of
the beams, the descending portion of the load gdegaral displacement curve would
initiate. With respect to the effect steel reigfag had on the torsion behavior, Hsu
(1984) established via experimental results th#t bansverse and longitudinal steel
reinforcement act to increase the cracking tordubecross-section but do not influence

the uncracked torsional stiffness of the crossisect

6.2.4 Torsional Cracking Behavior

The torsional cracking behavior was investigatgdiétermining the point on the
load versus lateral displacement curve where tiggoto on the cross-section had reached
the cracking torque. The cracking torque expresased in the analysis was the

cracking torque expression from ACI 318-05 as preskin Equation 6.17.
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Tcr=4\/f_c'i2" 1ot (6.17)
o, | 4Jf,

Each of the load versus lateral displacement twtthe experimental beams (except
B2A) are presented in Figure 6.29 to 6.33. Théesgliclude the experimental and
analytical data as well as the point on the arad{ibad versus lateral displacement

curve at which the cracking torque was exceeded.
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Figure 6.29 — Load vs. lateral displacement widcking torque threshold for B1A
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Figure 6.31 — Load vs. lateral displacement witicking torque threshold for B2B
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From Figures 6.29 to 6.33, the line designatirggttiteshold for a torsionally
uncracked cross-section coincided very well with tieximum experimental load, or the
point at which the descending portion of the experital load versus lateral
displacement curve began. After large displacemeaturred, torsional cracking was
apparent at the ends of the beams during the empets. However, cracking was not
investigated immediately before buckling so it was known whether torsional cracking
occurred and then buckling happened as a resiiltavge post-buckling displacements
occurred which led to torsional cracking at thesenBrom the nonlinear analysis and
predictions of the cracking torque for the crosstisa, it was hypothesized that the
torsional cracking occurred due to large post-bagkdlisplacements. The flexural and
flexural-shear cracking was observed as predicyetthd nonlinear analysis at load much

less than the buckling loads (10 kips to 18 kips).

6.3 Simplified Stability Analysis

A simplified stability analysis was developed teqgict the buckling load that
included the effects of the initial sweep and liotatimperfections. The simplified
analysis was based on the approach by Hansell antéi{1959) and by Sant and
Bletzacker (1961). The secant modulus of elagtmithe extreme compression fiber of
the beam was used for the concrete modulus ofi@tgstThe weak-axis moment of
inertia was based on the ratio of the applied mdneethe cracking moment as shown by
Equation 6.18. The compression zone depth at rardg@s used to calculate the weak-
axis moment of inertia along the length of the béanvhich the strong-axis flexural

cracking moment had been exceeded. For the destnog the beam in which the
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strong-axis flexural cracking moment had not beareeded, the full height of the cross-

section was used to calculate the weak-axis mouofanertia.

Iyeff = : (l ay - lcry)+ Icry (6.18)

Equation 6.18 was derived by considering that tbaksaxis moment of inertia at
midspan had more effect on the lateral displaceroktiite beam because the moment
increased when approaching midspan. Thereforeggrigeof the moment diagram in the
cracked portion of the beam along the length ardatea of the moment diagram in the
uncracked portion of the moment diagram along ¢ngth of the beam were used to
determine the effective moment of inertia. Notattthe derivation was based on the
assumption of a concentrated load at midspan.aléififerent loading condition, a
similar methodology could be used based on a @iffemoment diagram. The ratio is

shown in Equation 6.19, and when simplified, Equa6.19 resulted in Equation 6.18.
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The longitudinal reinforcement was included in taéculation of weak-axis
moment of inertia, although for the test beamaf $tudy, there was a negligible effect
on the weak-axis moment of inertia due to the prityi of the reinforcement to the
weak-axis centroidal axis. In the analysis offtaage cross-sections from Koénig and
Pauli (1990), the longitudinal reinforcement cdmiited a non-negligible amount because
the reinforcement in the flanges was at a signitichstance, 1.28-in. to 5.31-in. (32.5
mm to 135 mm), from the weak axis. For cases wtieranalysis was performed on
cross-sections that were at strain levels grehser the yield strain of the reinforcement,
the effect of the reinforcement on the weak-axisnaot of inertia should be neglected
similarly to the methodology of Revathi and Men@0(6), because when the

longitudinal steel yields, there will be minimaiffstess provided by the reinforcement.

An effective torsion constant considering flexuredcked and uncracked sections
was developed as presented in Equations 6.20 2dd &he method employed in
developing the effective torsion constant was sintib that of the effective weak-axis
moment of inertia. Instead though, the largegjuerwas at the ends of the beam, and,
therefore, the uncracked cross-section had moaa effect on the torsional stiffness of
the beam than the cracked cross-section. A pacdlattral displacement state was
assumed, and, therefore, the torsion diagram vgasparabolic. The assumed torsion

diagram was integrated over half of the lengthheflbeam to find that the area of the
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torsion diagram for half of the beam was L/6. Rartnore, the assumed torsion diagram
was integrated from the end support to the poimthich the strong-axis flexural

cracking moment was exceeded resulting in theviofig ratio for the effective torsion

constant:
3 2
i McrackL _ g McrackL + McrackL
32 2Mm, L 2M, oM,
3 2
+ L_ i Mcrackl— - g McrackL + McrackL ‘Jcr
6 3> 2M, L 2M, 2M
Jog = T (6.20)
6
Equation 6.20 can then be simplified to:
3 2
M M M
Jog = =~ -3 — +3 2 Jg - Jo )+ 6.21
eff M M ( g cr) cr ( )

The technique used by the author to determine tkling load was to assume a
strain value for the extreme fiber of the compm@ssione and solve for the compression
zone depth that resulted in force equilibrium witthe cross-section. For rectangular
beams, a good initial estimate for the compresamre depth was one third of the height
of the cross-section. Then, the value for the aesgion zone depth based on an

assumed extreme compression fiber strain was osemldulate the internal moment in

262



the cross-section. The cracked section propeahédssecant modulus of elasticity were
calculated, and, therefore, the buckling moment alds to be calculated for the assumed
extreme compression fiber strain. The secant nusdubs used because it best
represents the “effective” modulus that would bedeined from the average tangent
modulus in the nonlinear analysis. Then, the mdemoment in the cross-section was
compared to the buckling moment, and the assumleé wh the extreme compression
fiber strain was iterated until the internal momand the buckling moment were
equivalent, arriving at the buckling moment for tmess-section. The value for the
buckling moment was for the case of the perfectrbe@hree parameters were
introduced to reduce the buckling load based onritial sweep and initial rotationy,

of the beam. The three parameters were a weaklexigal stiffness reduction
parameter, B an initial sweep buckling load reduction parametg and an initial

rotation buckling load reduction parametey,

6.3.1 Weak-Axis Flexural Stiffness Reduction Paranter, B,

The weak-axis flexural stiffness was reduced to pemsate for the effect of the
compression zone not being in the shape of a rgletabut instead, an initially imperfect
beam has a rotated neutral axis. The reductidmetaveak-axis flexural stiffness was

calculated by using Equation 6.22.

I
B =B 1- Liant "o q,
3 | o

(6.22)

TN
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In Equation 6.22, the 1/3 coefficient resulted frira worst case for the weak-
axis moment of inertia with respect to the compmszone shape without reducing the
web thickness in the calculation of the weak-axismant of inertia; this reduction
created essentially a triangular compression zditee assumption of a triangular
compression zone was based upon the realizativ@a theutral axis angle,, coinciding
with the weak-axis would actually be the worst ¢césmvever, the reduction would then

be a function of the width of the cross-section gr@lcompression zone depth.

The ratio of the triangular compression zone wedag-aoment of inertia to the
rectangular compression zone weak-axis momenteofisnwas 2/3; therefore, the weak-
axis moment of inertia in the weak-axis flexuraffiseéss term was reduced by 1/3 in the
worst case scenario. Because the reduction wasl lmasa worst case scenario, the
actual reduction was a function of the true newtrad angle. For example, in the case of
zero initial rotation, the neutral axis angle would be zero; therefore, the compression
zone would be rectangular until post-buckling andeduction in weak-axis flexural
stiffness was necessary. So the reduction in veg&gkmoment of inertia should be a
function of the ratio of the actual neutral axiglan , to the limiting neutral axis angle,

limit, resulting in the triangular compression zone asvshia Equation 6.23.

B =B 1- 17 (6.23)
3f

lim it

The limiting neutral axis angleangis Was a function of the cross-section as

shown by Equation 6.24.
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. =tan’ E (6.24)

The limiting neutral axis angleange Was approximated ag2 for two reasons.
The first reason was that as the slenderness mifsa-section increased, the limiting
neutral axis angle,imit, approached/2. For example, in the case of the rectangukdr te
beams, the limiting neutral axis anglemi;, was 1.471 radians. Secondly, it was an
assumption that the worst case was a triangulapoession zone; the actual worst case
was if the neutral axis was a@. The limiting neutral angle was substituteaint

Equation 6.23 to arrive at:

B=B1-- = (6.25)
p

To determine the actual neutral axis anglexhich was substituted in Equation
6.25, the assumption that the material was elastichomogeneous was employed.

Therefore, the equation for the neutral axis anglgjven by Beer et al. (2001) was:

f=tan’ :—X tan(g,) (6.26)

y
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Equation 6.26 was further simplified by the asstioampthat the tangent of the
initial rotation, o, of the cross-section was equal to the initiahtioh angle, o. The

assumption was validated by investigating FiguBs6.

14 f-mmmmmmmmm e SRRt
124 B

081 S R
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041 A
0.2

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Theta (radians)

Figure 6.34 — Comparison of tangent of rotationl@mg rotation

From Figure 6.34, it was apparent that for smatliahrotation angles the
simplification was accurate. For the approximatomemain below 1% error from the
actual response, the initial rotation anglg,must be less than 0.173 radians or
approximately 10 degrees. In most practical sibmat a structural member should not
have an initial rotation error exceeding 3 degréssefore the approximation was valid

and Equation 6.27 can be used instead of Equatité 6
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f=tan’ I—qu (6.27)

Substituting Equation 6.27 into Equation 6.25 lteslin the weak-axis flexural
stiffness reduction parameter in Equation 6.22difdially, for small initial rotation
angles and depending on the specifics of the gesion, the reduction parameter of
Equation 6.22 can be further simplified to Equa®o®8 by removing the inverse tangent

from the equation.

|
B =B1 L -

5 (6.28)

9o

TN

ay

The response of the reduction parameter of Equétia® and the simplified
reduction parameter of Equation 6.28 as a funaiiathe initial rotation angle,, for
different ranges of strong-axis to weak-axis moms@ftinertia is shown in Figure 6.35.
The moments of inertia used in the analysis wegggthhss moments of inertia because
the actual moments of inertia vary along the lergjtthe beams. Furthermore, the
difference between the ratio of strong-axis to wasis moment of inertia for the gross
section and fully cracked section at midspan wpgally less than 0.1% with respect to

the resulting predicted buckling loads for the aagular cross-sections. Strong-axis
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moment of inertia to weak-axis moment of inertisason the order of 100 are
representative of slender rectangular cross-sectibie 4x40 in. sections used had and
Ix/ly ratio of 115), and strong-axis moment of iti@to weak-axis moment of inertia
ratios on the order of 10 are representative ofgiéal cross-sections (a BT-54 has and

Ix/ly = 8.75).
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Figure 6.35 — Comparison of reduction parametersam@lified reduction parameter

Figure 6.35 shows that for small initial rotatidass than 0.01 radians, the weak-
axis flexural stiffness reduction parameter andsih&plified reduction parameter
produced very similar results. Furthermore, foaBen ratios of strong-axis to weak-axis

moment of inertia, the simplified reduction paraenetas accurate at initial rotations up
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to 0.06 radians. However, due to the limited cotaponal benefit of the simplified

expression of Equation 6.28, Equation 6.22 is renemnded.

The effect that the reduction parametepBEquation 6.22 had on the buckling
moment for varying strong-axis to weak-axis monwnhertia ratios is shown in Figure
6.36. Note that the reduction to the buckling ldaeé to the weak-axis flexural stiffness
reduction parameter,.Basymptotes to a reduction of 18.3% because tregsponds to
the largest reduction possible due to a reducedraris moment of inertia from the

rotation of the neutral axis,.
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Figure 6.36 — Effect of reduction parameteoB buckling load
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Figure 6.36 shows that the reduction parameteoBesponds qualitatively to
what intuitively would occur. For slender rectatagibeams /1, = 100) the reduction to
the buckling load was substantially more than foAASHTO bridge girder (Ily = 6-

10) or a PCI BT bridge girdery(ly = 7-15). The reason was that a specific rotadioglie
had more of an effect on the neutral axis angléor a slender rectangular beam than on

a flanged girder.

The 1/3 coefficient within Equation 6.22 was detgred by considering a
rectangular cross-section, but how accurate wasdé#icient for a cross-section with
flanges? The coefficient for flange cross-sectmas a function of the specific geometry
and the range of the neutral axis angle Essentially, if the neutral axis angle,was
small enough that the neutral axis did not cutuplothe flange and reduce the flange
width, then the 1/3 coefficient over-predicted thduction, or was conservative.
However, for relatively large neutral axis angkb® reduction to the weak-axis moment
of inertia was significant and the 1/3 coefficiemider-predicted the reduction because
the neutral axis would then cut through the flaagd reduce the flange width. The
specific range of neutral axis angle,in which the coefficient transitions between
conservative and unconservative depends on thé&ispggeometry of the flange cross-
section. The transition would occur at a neutxs angle, , approximated by Equation

6.29.

ftransition = tan_l ‘(byi) (629)
tf
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The initial rotation anglesy, for practical conditions are relatively smallher
tolerance for the flatness of the support fromRI&# Bridge Design Manual (2003) is
1/16” (1.6 mm) which results in a maximum initiakation, o, of 0.0035 radians for an
18" (460 mm) wide bearing pad. The PCI Bridge Bedvlanual (2003) also limits the
sweep of a girder to 1/8 in. (3.2 mm) per 10-ftn(Bof girder length which results in a
maximum rotation of 0.026 radians for a 150-ft..78) long girder that is 72-in. (1.8
m) in depth. To the author’'s knowledge, no otliégrances have been specified in
accepted design guides or construction manualsaffeadt the slope of the girder at
midspan. If the amount of rotation,due to the compliance of the bearing pad is
negligible, the neutral axis angle, for typical AASHTO and PCI BT cross-sections
would be on the order of 0.20 radians to 0.50 ralial he neutral axis angle, would
have to exceed approximately 0.90 radians to Ja@ans for the weak-axis flexural
stiffness reduction parameter,, B> become unconservative. However, larger initia
rotations can occur due to bearing pad compliahttesre is a non-uniform bearing
condition or if the girder is placed eccentrically the bearing pad. A maximum end
rotation of 0.079 radians was measured after tHepse of the bridge girders in Arizona
(Oesterle et al., 2007). The approximate inithtion, o, given by the summation of
the reported maximum initial end rotation and thlerance of initial rotation,o, along
the length of the girder resulted in a neutral axigle, , of approximately 1.00 radians
for an AASHTO or PCI BT cross-section. Therefofa, large initial end rotation occurs
due to a non-uniform bearing condition or an eaeeplacement of the girder, the weak-

axis flexural stiffness reduction parameter, &n become unconservative.
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6.3.2 Buckling Load Reduction for Initial Imperfections

The buckling load was reduced due to initial infipetions in addition to the
effect of the initial rotation,, on the neutral axis angle, Although small displacement
theory for an elastic beam showed that initial inipetions affect the load versus lateral
displacement and load versus rotation behaviorséinge maximum load was achieved
for any value of initial imperfection. Howevergtmelastic behavior of a prestressed
concrete beam did not necessarily attain the sasx@énmum load independent of the
initial imperfections. Because varying initial iemfections varied the cracking behavior,
the concrete nonlinear material properties, anddfson constant, the buckling load was

reduced to approximate the effects of the iningbperfections.

Two terms were introduced: one reduction paranfetehe effect of initial
lateral displacement,,, and one parameter for the effect of initial riatat ,. The
reduction term for initial rotation,, was chosen as an exponential function because the
reduction of the buckling load for initial rotatiorn, was asymptotic. The terms were as

follows:

D, =1- % (6.30)

Qr =g " (631)
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The reduction term for initial lateral displacemenEquation 6.30 was a function
of the ratio of the initial lateral displacement@ span of the beam. Such a ratio was
used so that the term was unitless and becausesihypothesized that a constant
quantity of initial lateral displacement should bavvarying effect on the stability
depending on the span of the beam. The rotatrom ite Equation 6.31 was a function of
only the initial rotation, o, so that the term was unitless and because tti@ rmatation,

0, was already a ratio of the change in initialdakelisplacement at the top and bottom
of the beam over the height of the cross-sectlurthermore, the ratios were reductions
to behavior of an initially perfect beam; therefatee ratio for initial lateral displacement
was subtracted from unity to attain a simple mliéip The reason the reduction for
initial lateral displacement was a power expressiod the reduction for initial rotation,

0, Was an exponential expression was because tloeiplecl behavior of the two types
of initial imperfection most closely followed thpexific type of equation specified.

Figures 6.25 to 6.28 depict this behavior.

The exponent variables in Equations 6.30 and @ér34nd n, were determined by
performing nonlinear analysis on nine B1 beams wattying initial imperfection
combinations and on nine C2 beams with varyingahitperfections. The results of the
18 nonlinear analyses were compared with predistioom the simplified analysis. By
using a least-squares, best-fit methodology, thexgen of the variables m and n ideally
would have been m = 0.31 and n = 26.5 with an @eerasidual of 1.33 and an average
percent error of 1.67%. Equations 6.32 and 6.88vghe final initial lateral
displacement and initial rotation reduction parargtrespectively. Table 6.3 shows the

least squares methodology for the case of m =&n8iin = 26.5.
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D, =1- % (6.32)
L
— 265
Q, = & %5% (6.33)
Table 6.3 — Least squares analysis on reducticenpeters
Parameters
r Power = | 0.31| rPower= | 26.5
Beam C2 Constant Displacement
Pouckie (Kips) u (in) Rotation (rad) Br r r Ppredict (Kips) Si % error
86 0 0 1 1 1 86 0
74.2 0.25 0.001563 0.98341] 0.896541| 0.95943 72.74711977 2.110861 | 1.95806
68.8 0.25 0.003125 0.96733] 0.896541 | 0.92052 68.65592916 0.020756 | 0.209405
61 0.25 0.00625 0.93886 | 0.896541| 0.84736 61.33952549 0.115278 ] 0.556599
41.3 0.25 0.02 0.87467 ] 0.896541| 0.5886 39.69531163 2.575025 | 3.885444
S (C2) = 4.82192
Beam B1 Constant Displacement
Pyuckie (Kips) u (in) Rotation (rad) Br r r Popredict (Kips) Si % error
76.2 0 0 1 1 1 76.2 0
63.5 0.25 0.001563 0.98341] 0.896541| 0.95943 64.4573317 0.916484 | 1.507609
58.6 0.25 0.003125 0.96733] 0.896541 | 0.92052 60.83234654 4,983371 | 3.809465
52.7 0.25 0.00625 0.93886 | 0.896541| 0.84736 54.34967259 2.72142 | 3.130309
34.3 0.25 0.02 0.87467 ] 0.896541| 0.5886 35.1718924 0.760196 | 2.54196
S (B1) = 9.381471
Beam C2 Constant Rotation
Pyuckie (Kips) u (in) Rotation (rad) Br r r Popredict (Kips) Si % error
86 0 0 1 1 1 86 0
75.6 0.125 0.001563 0.98341] 0.916546| 0.95943 74.37033166 1.512084 | 1.626545
74.2 0.25 0.001563 0.98341 ] 0.896541| 0.95943 72.74711977 2.110861| 1.95806
72.1 0.5 0.001563 0.98341]0.871741| 0.95943 70.73481149 1.86374 | 1.893465
68.7 1 0.001563 0.98341 ] 0.840997| 0.95943 68.24013742 0.211474 | 0.669378
S (C2) = 5.698158
Beam B1 Constant Rotation
Pyuckie (Kips) u (in) Rotation (rad) Br r r Popredict (Kips) Si % error
76.2 0 0 1 1 1 76.2 0
66.3 0.125 0.001563 0.98341]0.916546| 0.95943 65.89557293 0.163561 | 0.609996
63.5 0.25 0.001563 0.98341 ] 0.896541| 0.95943 64.4573317 0.916484 | 1.507609
62.6 0.5 0.001563 0.9834110.871741| 0.95943 62.67433297 0.0055251] 0.118743
60 1 0.001563 0.98341] 0.840997| 0.95943 60.46393571 0.215236 | 0.773226
S(C2) = 1.300807
Stotal = 21.20236
Mean = 1.325147| 1.672242
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The reduction parameters from Equations 6.22, é&226.33 were developed and
calibrated for a specific range of initial sweepl amtial rotation, and, therefore, if these
maximums are exceeded, the reduction parametermarecessarily accurate due to a
lack of verification. The limit on the maximum iial sweep is 5/16-in. (7.94 mm) per
10-ft. (3.05 m) of span, which is 150% larger ttiag PCI tolerance (PCI, 2000). The
limit on the maximum initial rotation is/h < 0.8. The total critical buckling moment

equation for prestressed concrete beam considigitneg imperfections is:

M bimperfectons = %AV BrC Dr Qr (634)

In Equation 6.34, the parameter™was the parameter that takes into consideratien t
effect of load height on the buckling moment givefquation 6.35 whereis the load

height above the shear center.

a [El,
A=1- 1745 (6.35)

6.3.3 Simplified Equation vs. Experimental Results

Because the experimental results from this studyde an effect of the error in
the load application angle, the error in load aggtion angle was included as part of the
initial rotation, o, of the beam in the simplified equation. Furthere) because the

initial sweep of some of the beams was in the megalirection, which created a
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stabilizing effect, the initial sweeps that wergatve were input into the simplified

equation as zero value. The results of the cormparare shown in Table 6.4.

Table 6.4 — Comparison between the experimentalteeand the simplified equation

Initial Experimental Simplified
Initial Sweep, : : Equation Percent
Beam ID . Rotation, | Buckling Load, . .
in. (mm) radians kips (kN) Buckling Load, | Difference
P kips (kN)
-0.406 36.87 37.5
BLA (-10.3) 0 (163.9) (167) L7
-0.360 33.92 36.2
B1B (:9.1) 0.00078 (150.8) (161) -6.7
-0.516 34.69 32.1
B2B (-13.1) 0.00156 (154.2) (143) 7.5
0.313 33.68 32.8
C2A (7.9) 0.00430 (149.7) (146) -2.6
-0.188 39.55 41.8
C2B (-4.8) 0.00078 (175.8) (186) -5.7

There was good correlation between the results fremexperiments of this study

and the predicted buckling loads using the singaliftquation proposed in Equation 6.34.

However, the simplified equation was developeddtamine buckling loads for beams

with a perfect vertical load such as gravity lo&dirthermore, the simplified equation

was not developed to account for an initial lateliaplacement in the opposite direction

of buckling. The predicted buckling load for Be&@®A using the simplified equation

was the second lowest absolute percent error,tamalsi the only beam case that had the

initial lateral displacement in the direction ofdiling. To further validate the procedure,

the simplified equation was also compared withetkgerimental results from Konig and
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Pauli (1990) and Kalkan (2009). The comparisorssAown in Table 6.5 and 6.6,

respectively.

Table 6.5 - Comparison between the experimentaltsesBom Konig & Pauli (1990) and
the simplified equation

Konig & Initial Initial Experimental Slmpl|f_|ed
. : : Equation Percent
Pauli Sweep, Rotation, | Buckling Load, . .
Beam # | in. (mm) radians kips (kN) Buckling Load, | Difference
' kips (kN)
0.787 42.7 39.1
! (20) 0.005 (190) (173.9) 8.4
0.118 44.5 43.8
2 @3) 0.003 (198) (194.8) 16
0.236 57.0 53.9
3 (6) 0.013 (253.5) (239.8) 5.4
0.098 53.4 51.6
4 (2.5) 0.0015 (237.5) (229.5) 34
0.827 45.1 47.6
> (16) 0.003 (200.5) (211.7) 5
0.433 50.9 50.4
6 (11) 0.004 (226.5) (224.2) 1.0
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Table 6.6 - Comparison between the experimentalteeBom Kalkan (2009) and the
simplified equation

Initial Initial Experimental Simplified
Kalkan . : Equation Percent
Sweep, | Rotation,| Buckling Load, . .
Beam # in. (mm) radians kips (kN) Buckling Load, | Difference
' P kips (kN)
0.125 12 12.3
B18-2 (3.2) 0 (53.4) (54.7) 2
0.625 22 22.7
B30 (14.3) 0.00417 (97.9) (101.0) -3.2
0.219 39.2 39.5
B36 (5.6) 0.00087 (174.4) (175.7) -0.8
0.250 15.2 15.1
B44 -1 (6.4) 0.00284 (67.6) (67.2) 0.7
0.781 12 13.6
B44 - 2 (19.8) 0.00284 (53.4) (60.5) -13.3

Refer to Konig and Pauli (1990) and Kalkan (20@®)the details of the

individual beam properties such as the geometmfaeement layout, initial
imperfections and the material properties. Beartsdugh 4 from Koénig and Pauli
(1990) did not have any prestressed reinforcingy, omid reinforcing. Beams 1 through
4 all had a top flange, but not a bottom flange Kbnig and Pauli’s (1990) study, they
varied the top flange width and the amount of caragion reinforcement to
parametrically study these effects (Beams 1 thr@lghTrable 6.5 shows that the
simplified equation predicted buckling loads witl@% of the experimental results.
Beams 5 and 6 were both prestressed concrete beé2aas 5 had a top flange, while
Beam 6 included both a top and a bottom flangee Sitmplified equation predicted the
buckling loads for the prestressed beams within G¥e difference between the

experimental results and predicted results for Bearand 6 were most likely due to the
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limited information published on the prestressitrgrsds and prestressing force.
Additionally, error in all beam cases could beibtired to the relative crudeness of the
measured initial rotations. With the exceptiorBebm 5 of the test beams from the
study by Konig and Pauli (1990), the simplified atjon was conservative and under-
predicted the actual behavior which was consistathi the previous discussion on the
simplified equation’s 1/3 coefficient. The preveodiscussion stated that for flanged

cross-sections, the 1/3 coefficient was consergdtly most cases.

The test beams from Kalkan (2009) were all slen@etangular concrete beams
with mild reinforcement. From Table 6.6, the sithet equation matched very well
with the experimental buckling loads. The errosvram -4% to 1% for all of the beams
with the exception of B44-2. The error was atttdulito experimental error, the fact the
simplified equation is an approximate technique,tthn beam sections (less than 3-in.
(76 mm)), extreme slenderness with length to widtlos of 96 to 156, and relatively
low buckling load. The simple analysis was venyssive to the many parameters. The
sensitivity of the simplified equation with respéetnitial imperfections for the test
beams of Kalkan (2009) is shown in Table 6.7. Beer bound simplified equation
buckling load was the buckling load using the maximinitial imperfections possible
within the resolution of the initial imperfectioneasurements. Similarly, the upper
bound simplified buckling load was the bucklingdaassing the smallest initial
imperfections possible within the resolution of thiial imperfection measurements.

The initial rotation, o, was never taken as less than zero.
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Table 6.7 - Comparison between the experimentalteeBom Kalkan (2009) and the
simplified equation with bounds

Experimental

Simplified Eq.

Lower Bound

Upper Bound

Kalkan | g | 1jing Buckling | Simplified Eq.| Simplified Eq. | crcent
(2009) d q Kl q Kl q Difference
Beam # _Loa , _Loa , Buc_ ing Load, Buc_ ing Load, Range
kips (kN) kips (kN) kips (kN) kips (kN)
12 12.3 11.3 12.7
BI8-2|  (53.4) (54.7) (50.3) (56.5) 81058
22 22.7 21.8 23.8
B30 (97.9) (101.0) (97.0) (105.9) | 3610039
39.2 39.5 37.8 41.4
B36 (174.4) (175.7) (168.1) (1842) | 61036
15.2 15.1 13.8 16.5
B44 -1 (67.6) (67.2) (61.4) (73.4) 8.6109.2
12 13.6 13.1 15.6
B44 -2 (53.4) (60.5) (58.3) (69.4) -3010-9.2

No other researchers included the initial imperéext when they published their

experimental results; therefore, the simplifiedaoqn developed in this study was not

compared with any other experimental results. ya calculation using the simplified

technique is presented in Appendix D.
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CHAPTER 7

PCI BT-54 BRIDGE GIRDER INVESTIGATION

7.1 PCI BT-54 Study Objectives

An experimental study was performed on a 100-ft§30) long BT-54 bridge
girder to investigate the stability behavior ofaatual bridge girder with a relatively
large amount of prestressing force and with cortityn tolerances which modeled
inaccuracies similar to those noted in the Arizbridge collapse. This full-size girder
also allowed the application of the analyses depagddor the simple rectangular beams
to be verified for a large section with top andtbit flanges and with torsional restraint
only provided by the torsional resistance of thepte created by the bearing pad and
bottom flange of the girder rather than by a metiwbdch modeled a theoretical restraint
condition. All previous lateral-torsional bucklimgsearch on prestressed concrete beams
included within this research assumed perfectdoedirestraint at the supports. Perfect
torsional restraints were not provided in the gisd@at collapsed in Arizona and
Pennsylvania; instead, the only torsional resistamas provided by the couple created
between the bearing pad and the bottom flangetoBraphs of the test setup are shown

in Figures 7.1to 7.3.

The design and construction of the BT-54 is preskm Chapter 2. The field
thermal studies presented in Chapter 3 showedhbahidspan sweep of the 100-ft (30.5
m) long girder was 1.94-in. (49.3 mm) at the tgmnfe and 1.48-in. (37.6 mm) at the
bottom flange. These sweeps increased by as nau@l6an. (15.2 mm) due to solar

radiation; however, there was minimal additionaation due to solar radiation. The PCI
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Bridge Design Manual (2003) permits a total swed@rance of -in. (3.18 mm) per 10

ft. (3.05 m) length of beam, or 1.25-in. (31.8 nmewjeep for this 100-ft span girder.

Figure 7.1 — BT-54 test setup
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Figure 7.2 — BT-54 data acquisition and initialdkrg
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Figure 7.3 — End view of BT-54 test setup
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The specific objectives were to experimentally stigate the effects of the
bearing pad on the torsional restraint at the efdse beam, to study the effect of initial
end rotation due to bearing seat tolerances ostdislity, and to compare to the rollover
factor of safety as calculated by using the mefhoa Mast (1993) with that found from

the test.

7.2 Discussion of Experiment Design

A nominal initial end rotation of 0.05 radians wesed in the stability testing of
the BT-54 girder for several reasons. Initial imipetions, especially initial rotation,
proved to be a large contributing factor to desizdtion of beams both with respect to
lateral-torsional buckling and rollover based oa thethod by Mast (1993). Therefore, it
was desired to study the effect of initial end tiotaon the stability behavior. Although,
the initial rotation of 0.05 radians was largeyés still within the range of end rotations

measured after the collapse of the bridge girdesyizona (Oesterle et al., 2007).

Experimental design economy was also a concehe |dad application frame
that was used for the rectangular test specimethsvas detailed in Chapter 2 had a
capacity of 170 kips (756 kN). The rollover preain method by Mast (1993) predicted
instability at approximately 120 kips (543 kN), atioerefore, it was predicted that the
BT-54 girder would fail by rollover before the cajs of the load application frame was
exceeded, thereby eliminating the need of a highpacity load application frame. The
simplified analysis predicted a lateral-torsionatkling load of 183 kips (814 kN);
however, the girder was anticipated to become bfesta a rollover mode. It was

hypothesized that for prestressed concrete bridderg, the rollover limit state would
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govern over the lateral-torsional buckling limiat because concrete cracking and
inelastic behavior would be required for a bridgeey of a standard shape to become
unstable. Prestressed concrete bridge girdemdesigned such that the concrete does not
crack during the erection. Therefore, the focuthefBT-54 girder experiment was on

the rollover behavior.

7.3 Bottom Flange Bearing Flatness

The BT-54 was loaded twice. The first experimeiaidied the girder to 29 kips
(129 kN), an applied moment of 8,700 in-kips. [Dgrthe loading, the torsional rotation
of the girder at the supports was substantiallygdathan was expected — 0.0042 radians
as compared to 0.00072 radians. Further loadingswsigended, and the load was
removed to investigate the cause of the unexpeotation. The cause was deemed to be
the lack of flatness of the bottom of the crosgiesaovhich was bearing on the
elastomeric bearing pad. The profile of the rowessnof the bottom flange was measured

and is shown in Figure 7.4.
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Figure 7.4 — Bottom flange profile for (a) west esuppport (b) east end support

The rotation resulting from the bottom roundnessilted in approximately
0.0042 radians of rotation at the 29-kip load asashin Figure 7.5. This rotation was far

greater what was planned or desired for compamgtinanalysis. Also, both the
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nonlinear, fiber-model nonlinear analysis and tiver analysis based on Mast (1993)
did not consider the effect of roundness of thedmotflange. It was desired to only study
the effect of the rotational stiffness providedtbg bearing pad. Furthermore, the
rollover analysis method by Mast (1993) involvedgout for the rotational stiffness of
the bearing pad. There was no adequate methaeteéongine the effective rotational
stiffness of a bearing pad without the assumptiaamdorm bearing. Future studies are
required to determine the typical magnitudes oftibom flange roundness, and
tolerances need to be established to reduce thefrisllover failure from such an
imperfection. The use of embedded steel plateeatng locations would provide an

easy solution to ensuring a flat bearing surfacéherbottom flange of the girder.

To provide a flat bearing surface on the bottomdkaof the BT-54, a retrofit was
performed to the bottom flange at each of the supE®m that there was uniform bearing
on the pad. Also, due to the camber of the gintieras observed during the first
experiment that the beam was not bearing unifoatdng the length of the pad as shown
in Figure 7.6. The retrofit strategy to level thearing pad also removed the non-uniform
bearing condition in the longitudinal directionwvasll. The details of the retrofit

construction are provided in Chapter 4.
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Figure 7.5 — Bearing pad reaction vs. end rotatomBT-54, loading #1
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Figure 7.6 — Non-uniform bearing due to camber
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The effectiveness of the retrofit with respecthte gap caused by the camber of
the girder is shown in Figure 7.7 by comparingehst support before, and after the

retrofit.

(a) East End Support before Retrofit (b) East End Support after Retrofit

Figure 7.7 — Retrofit effectiveness on non-unifdrearing due to camber

The effectiveness of the retrofit strategy withpect to the flatness of the bottom
flange was best observed by a comparison of theiat@d rotation when placing the
girder. Initially when the girder was being placadthe initially rotated supports, the
girder rotated at the end supports a significarduamh After the retrofit was completed
and the girder was replaced on its supports, thasealmost no rotation which was the
originally predicted behavior. Table 7.1 showstbhenparison between the initial end

rotations under only the self-weight of the girflarthe before and after retrofit cases.
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The bearing pad rotation was measured at threéidosaalong the length of the bearing.
These rotations would ideally be the same; howeliere were small differences (less
than 1%) which were believed due to the bearing gl the underlying support system.

Figure 7.8 shows the rotation measurement locations

Table 7.1 — Comparison of end support initial riotat for BT-54

Before Retrofit After Retrofit
Bearing Pad Rotations (radians)

Bottom Flange Bottom Flange

Front Middle Back 1’ from Support | 1’ from Support
East Supportf 0.0481Fy 0.04887 0.04887 0.07016 090493
West Support 0.05131| 0.05131] 0.05079 0.06301 0.05079

L o 2
j‘% 3 5 North € 3 é
m = I c e L S o
= =
L1l eg g 1|
£ 5 £ 3
- 0 - 0
\ BT-54 Centerline
West Bearing Pad East Bearing Pad

Figure 7.8 — Rotation measurement locations
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From Table 7.1, it was apparent that significatations occurred simply under
the self-weight of the girder due to the lack atrfless of the bottom flange. After the
retrofit was performed, under the self-weight o thrder only, the end rotation was

essentially equivalent to the initial rotation bétbearing before the girder was placed.

7.4 Experimental Results

7.4.1 BT-54 Rollover Behavior, Loading #1

Prior to the retrofit, the girder was first loaded29 kips (129 kN) when large end
rotations were noted. The load was then relea3éd.load versus lateral displacement
plot is shown in Figure 7.9, and the load versuatian plot is shown in Figure 7.10.

The end rotation for all plots was the rotatioha east end of the girder. Both sides
behaved similarly; however, one of the verticahstipotentiometers on the west end of
the girder displayed significant “noise” in the maeements. Therefore, the discussion is

mainly focused on the end rotation at the eastoéilde girder.
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Figure 7.9 shows that the lateral displacementiseatop and the bottom of the
beam were significant, 0.29-in. (7.4 mm) at 29 kip$e behavior showed the
predominance of rotation. In the rectangular béests, the lateral displacements at the
top and the bottom of the beams were very simitit buckling was about to occur.

The cause of the significant difference betweertdpeand bottom displacements of the
girder was the large torsional rotation behaviahatend supports. Figure 7.10 shows
the midspan rotation as well at the end rotatiow, iawas noticeable that the majority of
the midspan rotation was actually due to the etatiom. Furthermore, the rotation at
each end was significantly higher than the estichated rotation before the experiment.
The fact that the bottom flange was rounded astipports reduced the effective rotation
stiffness so much that behavior was similar to @aod-plane roller than a torsionally
fixed condition. Figure 7.10 also shows that theas a significant residual rotation;
however, the residual rotation at each end anddgpan were almost equivalent;

therefore, the majority of the residual rotatiomweed due to the “rolling” at the ends.

The shear stiffness of the bearing pad was afaotar in the behavior of the
girder. Due to the large additional initial tonsab rotation (rolling) when the girder was
placed with only the self-weight on the bearing pad the rapid increase in end rotation
during loading, a larger transverse shear loadapatied to the bearing pad than was
anticipated. It was anticipated that only theiahislope of the bearing and its effect on
the gravity load would cause transverse shearur€ig.11 shows the applied load versus
shear displacement of the bearing pad, and Figd&shows the shear force in the
bearing pad versus shear displacement of the lgepaid. Figure 7.13 shows the load

versus lateral displacement of the centroid ofctfoss-section at midspan with the
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bearing pad shear displacement included, withaibgaring pad shear displacement
included, and without both the bearing pad shespldcement and effective centroid
displacement due to the large rotations at the.eiitie shear displacement was
determined by the experimental data from the twticad string potentiometers and the
horizontal string potentiometers at each end ob#wm. The two vertical string
potentiometers were used to determine the endantef the girder. The end rotation
was used to determine the lateral displacementalaad rotation at the top of the girder
where the lateral string potentiometer measurgaatements. It was calculated by
multiplying the end rotation calculated using tlegtical string potentiometer by the
vertical distance between the lateral string podemeter and the center of bearing. The
shear displacement was then determined as the mneddateral displacement minus the
lateral displacement due to rotation. Furthermtive end rotation was used to calculate
the effective centroid lateral displacement duertd rotation because the lateral

displacement presented in Figure 7.13 was at thieaid of the cross-section at midspan.
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Figure 7.11 — Applied load vs. bearing pad shefordetion, loading #1

1.2

Shear Force (kips
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Figure 7.12 — Calculated bearing pad shear forceneasured shear deformation,

loading #1
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Figure 7.13 — Midspan lateral displacement inclgd8nexcluding bearing pad effects,
loading #1

Figure 7.11 shows that there was a significant athofishear deformation in the
bearing pad during loading; furthermore, residinas deformations in the bearing pad
occurred. A significant amount of the residualastaeformation in the bearing pad was
not due to plastic deformation of the bearing fad,instead, the fact that there was
residual rotation of the girder at the ends dugaéogirder “rolling” on the rounded
bottom flange. The residual end rotation causeddatitional shear component of load
on the bearing pad that was not there at the begjrof loading. From Figure 7.12, the
shear deformation stiffness of the bearing pad4vaskip/in (820 kN/m). Figure 7.13
shows that 0.32-in. (8.2 mm) of the 0.54-in. (13un) lateral displacement of the
centroid at midspan was due to the rigid body rateand lateral displacement caused by

the behavior of the bearing pads. Although theewith the bearing pad effects
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included shows a residual lateral displacement bi® (2.5 mm), there was actually an
insignificant amount of residual lateral displaceia the girder which was evident

from the curve in Figure 7.13 which omitted alltoé bearing pad effects on the
measured lateral displacement values. The curvgiogithe bearing pad effects showed

an almost perfect elastic return of the girdertganitial conditions.

7.4.2 BT-54 Rollover Behavior, Loading #2

After the bottom of the girder was leveled as dssewdl in Chapter 4, the girder
was re-loaded. At about 100 kips (445 kN), thegimwas allowed to contact the
torsional restraints at the ends of the girder beedhe lateral displacements were
becoming large (0.6-in.) and the end rotation wash ghat the girder was no longer in
complete contact with the bearing pad (0.0055 rejiaSafety became a concern, and

the load was reduced to approximately 70 kips (3L

With safety conditions assured, load was increa3duek slope of the load versus
lateral displacement and the load versus rotationes, shown in Figure 7.14 and 7.15,
respectively, were very similar to the initial laagl when at the 70-to-100 kip (311-to-
445 kN) load level. However, the curve was offsmnhpared to the initial curve due to
the residual deformation and residual rotation bednahat was observed from the partial
unloading. Once the load achieved 104 kips (468 #i¢ lateral displacement and
rotation began to increase more rapidly such thexetwas once again a safety concern.

Figures 7.14 and 7.15 also highlight the behaviscubssed.
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Figure 7.15 — Load vs. rotation for BT-54, load#®)
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The bearing pad effect on the BT-54 during th@sddoading is shown in

Figures 7.16 through 7.18.
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Figure 7.16 - Midspan lateral displacement inclgd®nexcluding bearing pad effects,
loading #2
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Figure 7.18 - Load versus rotation and end rotdomBT-54, loading #2
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Figure 7.16 shows that during the second loadhmyshear deformation of the
bearing pad and the effect which the end rotatexhdn the midspan lateral displacement
were much less compared to those during the Gestihg. Figure 7.17 shows the
bearing pad shear deformation with respect to pipdied load on the girder. For the
initial ascent of the load versus bearing pad sbetormation, the bearing pad deformed
only 20% more than in the first loading even thotitghas loaded to a 270% higher load.
The leveling retrofit did not necessarily have iedi effect on the stiffness with respect
to shear deformation, but instead, the momentteasie provided by the bearing pad
with leveled bottom flange allowed for much smataations at the end during the

second loading.

Figure 7.18 shows that there was still a non-nédgegamount of end rotation at
the supports due to the bearing pad even withdtrefit. For the first 20 kips (89 kN) of
loading, there was essentially a negligible amafi®nd rotation, but from that load on,
the bearing pad did not provide the torsional manséfiness that was expected.
Although the end torsional stiffness was not as laig was predicted by the ideal
conditions, the leveling retrofit strategy was mudtter at providing partial torsional
restraint at the end supports than the case dirftdoad with the rounded bottom

flanges as is evident from Figure 7.19.
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Figure 7.19 — Comparison of end rotations for logdi#1 and #2

From Figure 7.19, the end rotation achieved a&i@9 (129 kN) during the first
experiment was equivalent to the end rotation dytiire second loading at 94 kips (418
kN). Furthermore, Figure 7.19 illustrates thedigody unstable nature withessed during
the second experiment during the reloading frono7004 kips (311 to 463 kN).
Beginning at an end rotation of 0.0078 radiansijtel load application brought the
end rotation to 0.0092 radians with an increadead of only 0.6 kips (2.7 kN).
Therefore, it was suspected during testing thatable of torsional restraint at the ends

caused the limit state of the girder to be that adllover phenomenon.
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7.4.2.1 BT-54 Strains and Cross-Section Resultadimm #2

The strain behavior of the girder was capturedhealLVDT layout discussed in
Chapter 4. The initial strain values due to tHeatfof prestressing were extremely
important for understanding the behavior of the ®girder. For the rectangular beams,
the relatively small magnitude of prestressing éooaly contributed a minimal amount to
the strain profiles recorded during loading; theref an approximation of the actual
prestressing force after prestressed losses whsianily accurate. For the BT-54, the
strain profile was affected by the prestressingdaignificantly. The effective
prestressing force during the experiment was deteaby utilizing the internal
vibrating wire strain gages. There were known gsalfor the initial strains before the
prestressing strands were released during thectdlmn of the girder. Therefore, the
measured strain values of the vibrating wire stggiges immediately before the
experiment were used to determine prestress losset creep and shrinkage.
Relaxation losses were calculated based on Nawd6jZor low relaxation strands. The
effective prestressing force at the time of testag found as the initial stress minus the
losses due to creep, shrinkage and relaxation.effbetive prestressing stress in the
strands was determined to be 166.4 ksi (1131 MRa}lze total effective prestressing
force was 1444 kips (6425 kN). The effect of thesfressing force and self-weight on
the strain profile at 35 kips (156 kN) is showrFigure 7.20. In Figure 7.20, the solid
black line is just the flexural strains due to 8%ekip load determined at midspan and at
the center of the cross section (y-axis). The edsiue line combines these flexural
strains with the axial and flexural strains du¢hi® effective prestressing force plus self

weight of the beam.
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The total strain profile at mid-thickness for thk&ferent load increments, 35

kips (156 kN), 70 kips (311 kN) and 104 kips (468 kis shown in Figure 7.21.
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Figure 7.20 — Effect of prestressing force & sedight on strain profile at mid-thickness
at 35 kip (156 kN)
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Figure 7.21 — Strain profiles at mid-thicknesslé@&d increments of 35 kips (156 kN), 70
kips (311 kN) and 104 kips (463 kN)

Figure 7.20 shows that it was necessary includeftieets of initial prestressing
force and self-weight on the strain profile becathsze was a significant strain
contribution due to the prestressing force andwelfjht. The strain profiles in Figure
7.21 show good correlation with a linear strairtrthsition with the exception of a slight
deviation from linearity at the top of the girderl®4 kips (463 kN). The strain profile at
104 kips (463 kN) was approaching the maximum lagplied of 110 kips (489 kN),
and, although the strain profile showed that theddmn of less compressive strain at the
bottom of the girder than at the top of the girdad been attained, the bottom of the
girder was not close to reaching tensile straielevHowever, the strains on the

concrete surface were significantly different tlaamid-thickness due to out-of-plane
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bending. Figures 7.22 through 7.24 show the sar$ai@in profiles for 35 kips (156 kN),
70 kips (311 kN) and 104 kips (463 kN), respectivalote that the strain profiles were
not and should not be linear on the surface ofttaer because the girder was not a

constant width, as was the case for the rectanpelams.
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Figure 7.22 — Surface strain profiles for BT-58&tkips (156 kN)
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Figure 7.23 — Surface strain profiles for BT-54&@atkips (311 kN)
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Figure 7.24 — Surface strain profiles for BT-54.@4 kips (463 kN)
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Figures 7.22 through 7.24 show the significantedléhces in the strains at the
surface of the girder as opposed to mid-thicknesstd the biaxial flexure. The surface
strains on the top and bottom flange were partrutiifferent from the mid-thickness
strain values due to the large distance from cenottre concrete surface. The strain on
the concrete surface on the convex side of theivotiange of the girder had much less
compressive strain than at mid-thickness; even@adlevel of 104 kips (463 kN), the
surface strains were in compression and not tensitverefore, the data show that
cracking did not occur during the first load asagfrthe second loading, which was
consistent with the load versus lateral-displacearbehavior. The girder reached levels
of unstable rollover behavior due to excessivetiana at the supports; however, the
uncoupled load versus lateral displacement plot mdluded lateral displacement due to
the deformation of the girder and showed no sigaift softening or stiffness reduction.
Larger displacements and rotations occurred duhagecond load ascent, but once
again, the unstable behavior was representativelloler instability and not softening or
a stiffness reduction of the girder. Figure 7.B6vgs the surface strain profile at 104 kips
(463 kN) during the second load ascent. The serda@in profile shows that tensile

strain values were not achieved during the secoad &scent, either.
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Figure 7.25 — Surface strain profiles for BT-54.64 kips (463 kN), ? load ascent

The effect of the initial strains due to theak-axis component of the girder self-
weight moment was non-negligible and had to beidensd. The weak-axis component
of the self-weight was calculated by multiplying tbelf-weight moment by the sine of
the initial rotation angle. Then the stress wdsutated at each strain measurement
location using the weak-axis self-weight momeng, ghoss weak-axis moment of inertia
and the distance from the weak-axis centroidal aktbe cross-section to the strain
measurement location. The strains were then detethby dividing the calculated
stresses by the initial concrete modulus of elagticThe accuracy of the calculation was
verified by calculating the strain from the weaksasomponent of moment due to the

applied load of 35 kips (156 kN) and comparingh® éxperimental values. The
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calculated strain from the weak-axis component ofmant at the top of the cross-section
was 70 microstrains, and the experimental straimevaas 78 microstrains. The values
were 10% different and the error was due to themt@l for error in the assumed weak-
axis moment of inertia and the modulus of elagticurthermore, an error of 0.1
degrees (0.00175 radians) would add an additioBaiZcrostrains to the calculated
strain value. Figure 7.26 shows the surface spraofile at 35 kips (156 kN) showing the

effect of the weak-axis component of the girdef-aglight on the strain profile.
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Figure 7.26 — Surface strain profiles at 35 kigs6(kN) omitting weak-axis self-weight
moment

The differences in strain values in Figure 7.2@wthe weak-axis component of

the self-weight moment was neglected were minim#liothe web of the girder.
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Because of the large distances from mid-thickneske surfaces of the flanges, the

additional strains due to self-weight moment wegaificant and the additional strains

should not be neglected.

Figure 7.22 showed that at 35 kips (156 kN), thaiston the surface of the top
flange on the convex side of the girder had aixedbt small compressive strain. The
relatively small compressive strain at the topdlamvas consistent with Mast (1993)
where it was stated that for certain initial imgetfons and support conditions, the
stiffness of the girder should be reduced whenidenigg rollover because there was a
possibility that the top flange could crack. THere, Figure 7.27 is presented to

investigate the initial strain condition for thisdgr.
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Figure 7.27 — Initial surface strain profile duesfitective prestressing and self-weight
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Figure 7.27 shows that tensile strains were netgmt in the top flange of the
girder initially; however, the compressive stramtbe convex side due to the effects of
prestress and self weight was only 18 microstrakigure 7.27 shows that girders with a
longer span and similar initial imperfections cobhhl/e initially cracked top flanges on
the convex side of the girder. Additional expenntat data and photographs are

presented in Appendix E.

7.5 Analytical Investigation

The analytical study was performed using threfedght methods. The first
method was to perform the nonlinear analysis withihclusion of a stiffness model that
represented the support rotational stiffness pexvioy the bearing pad. The second
method was to compare the simplified equation Withexperimental results and the
nonlinear analysis results. Lastly, the rollovesthod from Mast (1993) was used to
predict the rollover load. The rollover load wasgportant because of the rigid body

unstable behavior witnessed during the experiment.

7.5.1 Nonlinear Analysis

The nonlinear analysis was done for the BT-54 nthelsame way that it was
done for the rectangular beam experiments. Theguki differences were with respect to
modeling the bearing pad behavior. The nonlinealhyais considering the effect of
imperfect torsional stiffness at the ends due ¢octbmpliance of the bearing pad was not
taken into consideration by applying a stiffnesmtavithin the global stiffness matrix,
[K]. Instead, perfect torsional restraint was assd within the global stiffness matrix,

[K], at the beginning of a specific load incremeitter the incremental displacement
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vector, {u}, was calculated, the restraint was askxd by applying the increment of
torque to the bearing pad model. The rigid bodgtron and displacements were then
determined from the bearing pad model and addé#ukettotal system deformation to
determine the deformed geometry and loading cadfor the following load

increment. The methodology was accurate assummadl enough load increments were

used.

7.5.1.1 Bearing Pad Model

The bearing pad model was implemented as a subsotdithe nonlinear analysis
program. The subroutine received the amount gfu®iand axial load on the end
supports for a given load increment of the nonlireewlysis. The bearing pad was
divided into 48 0.5-in. (1.27 mm) strips along thielth of the bearing pad as illustrated
in Figure 7.28. The one-dimensional strip moded waed as opposed to a two-
dimensional fiber model because it was assumedhbet was uniform bearing along the
width of the bearing pad. A uniform bearing was actually the case; however, an
assumption had to be made because the exact betnesg distribution was not known.
The program iterated both the axial deformationhenside of the bearing pad that was
more highly compressed and the end rotation ofjitteer to determine the axial
deformation and end rotation required to satisfthdorce equilibrium and moment
equilibrium due to the torque applied to the beapad. The force in each strip of the
bearing pad was determined by using a bilinearefesrsus displacement model for the
bearing pad determined from axial stiffness expents on the bearing pad described in

Section 4.2.3. The pad’s load versus axial diggteent model is shown in Figure 7.29.
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Figure 7.28 — Bearing pad strip model layout

O
o

Load (kips)
P N W D OO0 O N ©
©O 0o 0O &6 O o & o o
| | | | | | | |

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
Axial Displacement (in.)

Figure 7.29 — Bearing pad bilinear axial (vertidaBd vs. displacement model
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Bearing pad strips that underwent tensile forca®uaken as zero force elements
when force and moment equilibrium were determin€de bearing pad model
subroutine outputted the end rotation and the aksglacement of each edge of the
bearing pad. The nonlinear analysis summed theaaton and the rotation due to the
deformation behavior of the girder for input int@tsubroutine that considered the
concrete material model, the calculation of thetradaxis angle, and the section
properties. With the exception of the effect whilsb bearing pad behavior had on the
neutral axis angle, material properties and segroperties, the deformation behavior of
the girder was uncoupled from the rigid body ratatbehavior due to the bearing pads.
However, the rigid body rotation behavior was nataupled from the girder
deformation behavior because the girder deformdiedravior had a significant effect on

the magnitude of torque applied to the bearing padse end supports.

7.5.1.2 Nonlinear Analysis Results

The comparison of the analytical and experimeatdigd was split into two
different cases. The first case was used to déterthe accuracy of the analytical model
for predicting the elastic response of the girdéfith respect to the experimental data,
the elastic response of the girder was determigadkling the rotation,, at midspan and
subtracting the end rotation (rigid body rotatioh}he girder as determined from the
experimental data from the end string potentionset&imilarly, the shear deformation of
the bearing pads and the lateral displacementaltreetrigid body rotation about the
bottom of the girder to the centroid of the crosst®n was subtracted from the
experimental data at midspan to determine theielsestponse of the girder. Although

the altered data represented the elastic deformeggponse of the girder, the
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experimentally applied load was still a functiontioé total deformation state including

the rigid body deformation.

The analysis used the total deformation stateicho the rigid body deformation
to calculate the incremental load vector, {P}; hoee the stiffness matrix, [K], did not
include the bearing pad stiffness properties. et the stiffness matrix, [K], assumed
perfect torsional restraint. After the load incesthwas applied, the elastic response of
the girder was computed. Then, the bearing padeineas used to determine the shear
deformation and rotation of the bearing pad foihdaad increment. Therefore, the next
load increment was updated with the new displacediguration including the rigid

body deformation when determining the incremeradivector, {P}.

For the second case, the bearing pad deformatsponse was simply added to
the elastic response of the girder to find thel ttsponse. The total response was

directly compared with the “raw” data at midspaonfrthe experiment.

The nonlinear analysis showed reasonably goodletioe to the experimental
results. The analytical data included the iniéct of the self-weight of the girder on
the girder deformations and bearing pad deformatidrhus, at the point in the analytical
data of zero applied load, the self-weight hadaalyebeen applied. The initial vertical
deformation of the bearing pad from the analytroaldel after the self-weight was
applied was 0.01871-in. (0.475 mm) on the axiatijnpressed side of the bearing pad

and 0.016394-in. (0.416 mm) on the side of theibhggrad prone to uplift.

The experimental load versus lateral displacemata dre shown both as post-

processed raw data and with corrections to thedldiessplacement data. The corrected
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lateral displacement curves excluded the rigid Hatbral displacement of the girder due
to shear deformation of the bearing pads and teedladisplacement at the centroid of
cross-section from the rigid body rotation of theelgr due to the bearing pad
compliance. By not including the lateral displaesrtat midspan due to the shear
deformation of the bearing pad and the lateralldesment of the girder centroid from
the end rotation, the displacement response dthetelastic girder deformation alone
was confirmed. By removing the rigid body behawdad the girder deformation, while
still maintaining accuracy, allowed for sourcesabr to be determined more easily.
The experimental data for load versus lateral disginent compared to the results from
the nonlinear analysis is shown in Figure 7.30e $lf-weight of the girder was already

applied in the analysis at the point of zero agplaad in the following plots.

180
/
60 T
Rapid Rate of Increase
o
< 120 /
| T o
— &y - -
- 80 - 3 5 P ol - 7
2 el J A -~ - Experimental Top |
g wl 4 LT Experimental Bottom |
7/ — - Analytical
207/, GO0 —— Exp. Omit Shear
0 /.
0 0.5 1 15 2 2.5 3 3.5 4

Horizontal Displacement (in.)

Figure 7.30 — Nonlinear analysis load vs. laterspldcement compared to the
experimental results
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The nonlinear analysis load versus displacemaneduom Figure 7.30 matched
very well with the experimental results represemtime girder deformation behavior. A
comparison between the nonlinear analysis loadugarsdspan rotation behavior and the
experimental girder rotation is shown in Figurel7.®imilar to the comparison between
the load versus lateral displacement analyticalexperimental curves, the experimental
end rotation was subtracted from the experimentdspan rotation to compare the
analytical girder rotation behavior at midspanhe e€xperimental girder behavior, as
opposed to the total girder rotation including tigegd body rotation from the compliance
of the bearing pad. Such a correction was necgssaonfirm the accuracy of the
nonlinear analysis in predicting the elastic girdeformation response, thereby showing
that the error of in the total behavior of the systwas due to the model predicting the

behavior of the bearing pad.
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Figure 7.31 — Nonlinear analysis load vs. rotatompared to the experimental results

From Figure 7.31, the analytical load versus rotaturve matched very well
with the experimental curve with the bearing padtion omitted. Furthermore, the
rapid rate of increase in rotation shown by theeeixpental data for the entire system, as
noted in Figure 7.31, was not apparent in the naidsptation behavior omitting the rigid
body rotation behavior. That shows that the syst&mot become unstable due to
unstable girder deformation as in a lateral-toraidiuckling failure mode, but instead as

an unstable rigid body rotation or a rollover fadunode.

The analytical and experimental curves of FiguBd €oincided until the applied
load reached approximately 60 kips (267 kN). Téese of the offset between the two
curves at 60 kips (267 kN) was that a long pauseading occurred at that load level

and the bearing pads at the end supports crepte @ading began again, the slope of
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the experimental load versus rotation curve mateieed well with the analytical curve.
The creep behavior was shown by the load versugakdisplacement at the girder ends
as shown in Figure 7.32. The vertical displacemehtach side of the bearing pad are
shown in Figure 7.32 and creep behavior is appateoid levels of 60 kips (267 kN)
and 80 kips (356 kN) which is consistent with Idimge periods where increased loading
was suspended during the experiment. The creegvilmehat 80 kips (356 kN) was less
noticeable in Figure 7.31 because the magnituaeesp rotation was less than at 60 kips
(267 kN) and because the unloading curve aftefitbidoad ascent and the unloading

curve of the second load ascent intersect the eesggonse making the behavior less

apparent.

Applied Load (kips)

-0.100 -0.050 0.000 0.050 0.100
Bearing Pad Vertical Displacement (in.)

Figure 7.32 — Applied load vs. bearing pad vertaiaplacement showing bearing pad
creep behavior
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During the experiment, torsional cracking did notwur and was not a factor in
the nonlinear analysis as was the case for thangatar beam specimens. The nonlinear
analysis was performed to an applied load of 145 k645 kN) and the torque on the
cross-section was on the order of 600 kip-in (68rk)\ but the calculated cracking

torque was approximately 1600 kip-in (181 kN-m).

The analysis included the vertical deformatiomnhaf bearing pad; however,
Figure 7.32 shows that the bottom flanges of thetsside of the girder began to uplift
from the bearing pad once load commenced. Upgtifindt occur immediately because
the self-weight of the girder resulted in an idiagial deformation in the bearing pad.
The nonlinear analysis predicted that there wasiial axially compressed deformation
of the bearing pad of 0.0187-in. (0.475 mm) ondide of the girder that was compressed
during rollover (north side) and 0.0164-in. (0.4t6) on the side that was prone to
uplift during rollover of the girder (south side)herefore, true uplift did not occur until

the load was approximately 60 kips (267 kN).

During the experiment, rollover was the concerthatmaximum loads.
Although Figure 7.31 does not show the unstabl@weh during the first ascent of the
second loading because of the restraint providéldea¢nd supports, the second load
ascent shows an initiation of large rotations waiimimal additional load. The rollover
behavior is better shown in a plot of the applead versus the end rotation as shown in
Figure 7.33. Both contact with the torsional raistr system and uplift are noted in

Figure 7.34.
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Figure 7.33 — Applied load versus end rotation

Figure 7.33 shows that during the first load asciet rate of increase of end
rotation increased until the torsional restrainp@ded the continuation of significant end
rotations. During the second load ascent, thedioas restraint was removed and large
end rotations began at approximately 104 kips @6Bwhich caused the girder to again
contact the torsional restraint system. Althoughronlinear analysis was developed to
capture lateral-torsional buckling behavior, thedelshould also predict rollover
behavior because of the effect of the bearing padeton the nonlinear analysis.
Because Figure 7.30 and 7.31 presented the giederndation behavior neglecting the

rigid body deformation, the plots did not show timenplete behavior as predicted by the
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analysis. Therefore, the second analytical cassevtine total deformation including the

elastic deformation of the girder and the rigid pbehavior were summed was

considered. The applied load versus total rotatias investigated to determine the

adequacy of the nonlinear analysis in predictirggrbfilover behavior of the girder. A

plot of the total rotation behavior predicted bg tionlinear analysis is shown in Figure

7.34.
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Figure 7.34 — Applied load vs. total rotation (grdotation + end rotation)

0.030

Figure 7.34 shows that the nonlinear analysis mpureglicted the total rotation

from the experiment at loads less than 80 kips @%6reasonably well. However, there

was significant deviation between the experimeaa analytical curves at relatively low
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loads. Because the uncoupled girder rotation hehaxas proven to predict the
experimental girder rotation behavior well, part&ly at lower loads, it was apparent
that the analytical model under-estimated the iatat stiffness of the bearing pads. At
high loads, in excess of 80 kips (356 kN), the wiedl model appeared to over-estimate
rotational stiffness of the bearing pads. Furtleanthe analytical model never achieved
a completely unstable condition, although the oht@crease in total rotation was
increasing. The differences in behavior are priesemore clearly in a comparison plot
between the experimental end rotation and the etation predicted by the nonlinear

analysis with respect to the torque applied toginger ends as shown in Figure 7.35.
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Figure 7.35 — Applied torque vs. end rotation
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Figure 7.35 shows that the stiffness behavior efattual bearing pad was stiffer
than the analytical bearing pad model. At loweds® the rotational stiffness of the
bearing pad was larger than the analytical mogwksented, and the effective rotational
stiffness of the bearing pad at higher loads wagtdhan the analytical model
represented. The detailed bearing pad behaviofwrdeer investigated by considering a
plot of the bearing pad vertical displacementsaahe=dge of the girder for both the
analytical and experimental data. Figure 7.36 shalot of this comparison with
compressive displacements as positive. The rawfdathe bearing pad vertical
displacements had to be corrected to account &effect of the rotation about the
strong-axis of the girder because the string paisrdters were not located directly under
the center of rotation of the bearing pad. Theemtion procedure is presented and

discussed in Appendix F.
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Figure 7.36 - Corrected bearing pad vertical disptaents at edges (positive
compression)

The experimental data of Figure 7.36 shows thab#sing pad had a
substantially larger nonlinear response than tladytinal model predicted. Furthermore,
the rate of increase in uplift became very highigher loads, and the analytical model
did not predict the behavior. The experimentahdatFigure 7.36 also shows that both
sides of the bearing were being compressed uptal ilwading; however, that is most
likely not the case. The vertical displacement&ciion procedure presented in
Appendix F was sensitive to the assumption of ie&dce from the vertical string
potentiometers and the center of strong-axis wntadt the bearing. Therefore, the

assumed center of strong-axis rotation was probsllgktly in error.
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There were a few potential error sources in ttadydical model that caused the
discrepancies between the experimental and analytearing pad responses. The first
was that a relatively simple model was used toasgmt the stiffness properties of the
bearing pad. For small vertical displacementspiering pad response was shown to be
highly nonlinear; therefore, a more detailed expental and analytical study on bearing
pad properties was needed. Consolazio et al. |30¥@8ented a detailed study on
bearing pad response; however, higher loads wexewh and uplift was not
considered. Also, the retrofit to the bottom flargg the girder was intended to level the
bearing surface so that uniform contact was matledss the bottom flange of the girder
and the bearing pad. The author cannot be cdhatrthe retrofit completely removed

the roundness of the bottom flange.

Furthermore, the retrofit was supposed to providaiform bearing condition in
the longitudinal direction, and although the begnivas improved compared to actual
bridge bearing conditions, at the end of the sedoad ascent, the distance along the
width of the bearing pad that had underwent coreplelift was measured. On the west
side of the girder, the back side of the bearirgj pa shown in Figure 7.37, was not in
contact with the bearing pad for a distance of 302 (260 mm), and the front side of
the bearing pad was not in contact with the begpamjfor a distance of 6.5-in. (165
mm). On the east side of the girder, the back sidke bearing pad had was not in
contact with the bearing pad for a distance of 4n07%121 mm) and the front side of the
bearing pad was not in contact with the bearingfpad distance of 3-in. (76 mm). If
uniform bearing was achieved in the longitudinaédiion, the uplift distance on the back

side and front side of the bearing pad would bevedgnt, which was not the case.
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Figure 7.37 depicts the region of uplift on eachhaf bearing pads. Non-uniform bearing
in the longitudinal direction was another sourcewbr and the effects should be studied
because the camber in actual bridge girders calisgisders to have a non-uniform

bearing condition when being erected.

Back Side Back Side
(East) North (West)

\

10.25-in. I -
4.75-in. . I -
In 3. ¢ 4.75-in.

Region of uplift

(a) East Bearing Pad (b) West Bearing Pad

Figure 7.37 — Region of uplift for (a) west bearpag and (b) east bearing pad. Note,
the girder was spanning east-west and was latet@pfacing toward the north.

The last possible cause of the highly nonlinearibggad response, particularly
at higher loads, was the possibility of a secortkpeffect due to the shear deformation
of the bearing pad as shown in Figure 7.38. Bexatithe relatively larger shear

displacements that the bearing pad incurred duhiegxperiment, on the order of 0.3-in.
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(7.6 mm) for the first load ascent and 0.5-in (I&m) for the second load ascent, it was
hypothesized that the shear deformation causettenswy of the bearing pad on the

compressed edge of the bearing pad.

“Softened” Edge Bottom Flange
g g Uplift
\ _
\
\
\

\ \

\ Bearing Pad

Figure 7.38 — “Softened” bearing pad edge due &ibg pad shear deformation

7.5.2 Simplified Equation Prediction

The simplified equation from Equation 6.34 propose@hapter 6 for lateral-
torsional buckling of prestressed concrete beamsidering initial imperfections was
applied to the BT-54 specimen with the initial imieetions measured before the
experiment. The simplified equation does not aderseffects of bearing pad
deformations. The predicted lateral-torsional himgkload using the simplified equation
was 23.5 kips (104.5 kN). If cracked properties mot used, the elastic lateral-torsional

buckling load would be 466 kips (2073 kN).
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The BT-54 never failed in a lateral-torsional buleglmode, but instead failed by
rollover at a higher load than was predicted bysingplified equation. The cause of the
large under-prediction by the simplified equatioaiswthat the girder never cracked or
became inelastic. The simplified equation waswvaerifor inelastic lateral-torsional
buckling and does not apply when a cross-sectioraies elastic because the lateral-
torsional buckling load does not decrease with nigations for an elastic beam. A
detailed discussion of this behavior, the limitgl #me applicability of the simplified
equation are presented in Chapter 8. Addition&kgause of the sensitivity of lateral-
torsional buckling and rollover to initial rotatiptighter tolerances on these initial

imperfections are needed, particularly for longrsgaders.

7.5.3 Rollover Stability

For conditions where the end of a bridge girderasbraced, rollover is expected
to govern over lateral-torsional buckling for AASBTand PCI BT bridge girders and
imperfection conditions. The nonlinear analysitaded in Chapter 6 and applied to the
BT-54 test girder in Chapter 7 predicts the respafsa bridge girder with respect to
both lateral-torsional buckling and rollover; howemhe analysis proved to be extremely
sensitive to the bearing conditions and the begradystiffness assumptions. Mast
(1993) provided a simple approach to check theofaaft safety against rollover of a
prestressed concrete bridge girder on elastic stgppbigure 7.39 shows a plot of the
rollover prediction using the methodology from M@s293) compared to the nonlinear

analysis and experimental data.
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Figure 7.39 — Mast (1993) rollover prediction veperimental and nonlinear analysis
data

The predicted rollover load using Mast (1993) was.T kips (497 kN). It was
apparent from Figure 7.39 that methodology from tM&893) effectively predicted the
rollover load. However, the method required theuasption of rotational stiffness of the

bearing pad. A more detailed discussion of theibgaad rotational stiffness is

presented in Chapter 8.
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CHAPTER 8
ROLLOVER & LATERAL-TORSIONAL BUCKLING STABILITY:

DISCUSSION OF RESULTS

The lateral-torsional buckling behavior of theteegular prestressed concrete
beams of this study, the BT-54 girder of this stuahyd the test specimens from Konig
and Pauli (1990) and Kalkan (2009) were studie@Ghapters 6 and 7. Furthermore,
Chapter 7 discussed the rollover behavior of thesBTWirder. The discussion on the
lateral-torsional buckling behavior for bridge gird has been limited to the BT-54 girder
of this study thus far. Limitations to the appbday of the simplified equation arise for
cases when inelastic behavior is not expectedfa®ktlimitations are discussed in the
following sections. A parametric study of the fateorsional buckling behavior of a PCI
BT-72 bridge girder that is laterally braced at &émels is provided within this chapter.
The limitations of the simplified analysis are Highted using the parametric study.
Additionally in this chapter, the rollover of bridgjirders without lateral bracing at the
end is examined, and the effects of the bearingsptidess on the rollover behavior are

discussed

8.1 Braced Girder Lateral-Torsional Buckling Discussion

8.1.1 Limitations on Simplified Equation Applicability

There are limitations to the applicability of thienplified equation to predict

lateral-torsional buckling of prestressed conceoetess-sections. The simplified equation
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and the associated reduction parameters from Egquét?22 and Equations 6.32 through

6.34 are presented again below.

B =B 1- Etan‘l ®q 2 (8.1)
r 3 0
gy p
031
D, =1- % (8.2)
Q, =g (8.3)
M bimperfectons = BLA V Br C Dr Qr (84)

To present the limitations, the way in which thduetion parameters were
derived must first be considered. The bucklinglloathe beam was determined by first
neglecting the effect of initial imperfections. clen properties were based on the
compression zone depth, the longitudinal mild i@icihg and prestressing strands. The
secant modulus of elasticity of the concrete waslusl herefore, the inelastic lateral-

torsional buckling load was determined for the aafsgero imperfections where the term
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“inelastic” refers to the flexural cracking of thencrete and the nonlinear material

properties of the concrete (modulus of elasticity).

As sections that have greater slenderness or erlprgcompression were
considered, the compression zone depth at bucklagglarger and the secant modulus of
elasticity of the concrete approached the initiabolus of elasticity of the concrete.
When either the slenderness or precompression leeleaige enough, the entire cross-
section was effective when calculating the segbiaperties; and the secant modulus of
elasticity of the concrete was equivalent to theahmodulus of elasticity of the
concrete. At this point the critical buckling mom&vas equivalent to the elastic lateral-
torsional buckling moment. Essentially the lat¢oakional buckling load would be the

same as if the beam was assumed to be a lineaicetagerial that could not crack.

The effect of initial imperfections on the criticauckling moment was
determined by plotting several load versus latéigplacement curves for several
different initial imperfection conditions. The tats of the imperfections parametric
analyses were used to develop reduction paranfetrarstial lateral displacement and
initial rotation as shown qualitatively in Figurel8 The reduction parameters acted to

reduce the critical buckling moment with zero @itimperfections.
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Increasing Imperfections

>

Lateral Displacement

Figure 8.1 — Reduction of buckling moment due tweasing initial imperfections

The reduction to the zero initial imperfection klieg load due to initial
imperfections stemmed from the effect of initiajpenfections on the extent of cracking,
the angle of neutral axis, the progression of dragkand the reduction of the modulus of
elasticity from initial to the secant modulus. B&ams with greater slenderness, the
inelastic behavior was present for a smaller poraibthe load versus lateral
displacement curve as shown in Figure 8.2. Congjdalitatively an example case
where beam 1, represented by curve 1 in Figuren@d@)ess slenderness than beam 2,

represented by curve 2 in Figure 8.2. Beam 2bwudkle at a larger ratio of applied
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moment to the theoretical elastic buckling momaanhtbeam 1 because less severe

inelastic behavior will occur in the case of beam 2

M/ M elasticA

1.0

Cracking Occurred

Slenderness Beam 2 > Slenderness Beam 1

>

Lateral Displacement

Figure 8.2 — Effect of slenderness on the ratibuatkling moment to the theoretical
elastic buckling moment

As the beam slenderness increases, the ratioctifibg moment to elastic
buckling moment will approach 1.0. At a certaianslerness no inelastic behavior will

occur, and the elastic buckling load will goverh similar example can be considered to
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investigate the effect of precompression as showigure 8.3. Two beams were
compared that had equivalent slenderness ratioehenvbeam 1, represented by curve 1
in Figure 8.3, had less precompression than beasp&sented by curve 2 in Figure 8.3.
Beam 2 will buckle at a larger ratio of applied nerto the theoretical elastic buckling
moment than beam 1 because less severe inelaBagibewill occur in the case of beam
2. Essentially, the larger precompression willseathe beam to have a large

compression zone.

M/ M elasticA

1.0

Cracking Occurred

| Precompression Beam 2 > Precompression Beam 1

>

Lateral Displacement

Figure 8.3 — Effect of precompression on the ratibuckling moment to the theoretical
elastic buckling moment
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For the case of elastic lateral-torsional bucklingjal imperfections affect the
load versus lateral displacement and load verdasioa response, but not the maximum
load achieved, as shown in Figure 8.4. In Figude &irve 1 represents a beam with less
severe initial imperfections than curve 2 and citvepresents a beam with less severe

initial imperfection than curve 3.

M/ M elasticA

1.0

Elastic Behavior - No Cracking or Change in Modulus

>

Lateral Displacement

Figure 8.4 — Effect of initial imperfections of sta lateral-torsional buckling response
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Because the initial imperfections for an elastisecdo not affect the maximum
load achieved, the reduction parameters for intngderfections do not apply for the
elastic case. The reduction parameters were adkeforecases where inelastic behavior

was anticipated.

The author hypothesizes that there is a transif@ween the elastic buckling load
and the inelastic buckling load. The lateral-tonsil buckling load calculated by the
simplified equation and reduced by the associaddation parameters was based on a

reinforced concrete or prestressed concrete baaahsad significant cracking behavior.

Consider first a beam with zero initial imperfectsoand significant prestressing
force such that there was no cracking behavior. pFestressed concrete bridge girders,
the prestressing force is large enough that nafbhcracking is developed under the
self-weight and the neutral axis would be belowlib#om flange. The beam would then
buckle elastically. If the buckling load was slightess than the cracking load, the neutral
axis would be slightly below the bottom of the &«@&ction and perfectly horizontal as

shown in Figure 8.5.

Now consider the same beam configuration but witfal imperfections. The
beam will not buckle at the elastic buckling loadwaas discussed and presented in
Figure 8.4 because the neutral axis will no lorehorizontal and cracking could occur

at the corner of the cross-section as shown inrEig.b.
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Figure 8.5 — Cracking behavior during transitiohdaor between elastic and inelastic
lateral-torsional buckling

The reduction in stiffness due to the cracking berashown in Figure 8.5 would
be less than the reduction predicted by the redligtarameters from the simplified
equation. The reduction parameters would therddereonservative; however, the
reduction parameters potentially could be overlysavvative because the reduction
parameters were developed for prestressed coramdteeinforced concrete beams that
were fully cracked. The difference between reioéor concrete and prestressed concrete
beams would be the extent or depth of crackinge dépth of cracking and the
associated effect on the lateral-torsional buckloggl was inherent to the simplified
equation because it was a function of the calcdldepth of the compression zone.

Additional research is required on the transitiehdwior.
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There is additional transition behavior to be cdased for the case of large initial
imperfections and no anticipation of flexural crexgkin the bottom flange. For example,
if the initial imperfections are large enough, tbad versus lateral displacement response
could cause the modulus of rupture of the condrele exceeded at one edge of the top

flange of a prestressed concrete bridge girdehass in Figure 8.6.

Zero Imperfectior

Large Initial Sveep & Rotation a

Figure 8.6 — Top flange cracking due to excessiiteal imperfections
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The reduction parameters introduced in this resedocnot apply to such a case
because the parameters were derived for flexuagkang initiating at the bottom flange
and progressing upward through the beam. Instessfjuction to stiffness should be
based the weak-axis moment of inertia reductioraggn from Mast (1993) given by

Equation 1.66 and presented again here as:

lg =1, /(1+ 25q) (8.5)

Equation 8.5 was derived by using experimentallte$or several prestressed
concrete bridge girders that were continually exdait their end to determine the weak-
axis displacement characteristics. When the gireleched a large enough angle, the top
flange on the convex side of the girder began aclcand there was a loss of weak-axis
stiffness. Equation 8.5 was determined by a fthtoexperimental data (Mast, 1993).
Additional research is required to determine thieditg of Equation 8.5 as a stiffness
reduction parameter for lateral-torsional buckhwigen cracking of the top flange is

anticipated.
8.1.2 PCI BT-72 Lateral-Torsional Buckling Parametiic Study

To investigate the potential of lateral-torsionatkling for a typical bridge girder
cross-section, a PCI BT-72 was studied paramelyiaaing the rollover analysis by
Mast (1993). A PCI BT-54 was not studied paramatly because girder spans for BT-

54’s are typically less than 140-ft. (42.7 m) iagice. From preliminary analyses, a
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span of 140-ft. (42.7 m) was not long enough tcseauBT-54 to be prone to lateral-
torsional buckling. Figure 8.7 shows the rati@pplied load to self-weight load that
would cause lateral-torsional buckling of spandd3T-72 with 40 %2-in. (12.7 mm)
diameter prestressing strands for several diffaretial imperfection conditions. The
applied load to self-weight load ratio for eaclittd representative conditions was
computed as the ratio of the critical uniform ldhdt caused buckling over the self-
weight uniform load of the girder. Therefore, gpled load to self-weight load ratio of
1.0 corresponded to the self-weight of the girdarsing buckling. The different initial

imperfection conditions used are listed below.

1. The girder with zero imperfections.

2. The girder with the maximum allowable sweep of iV8(3.2 mm) per 10-

ft. (3.0 m) of length and no rotation.

3. The girder with the maximum rotation at midspanhesallowable sweep
over the height of the cross-section, but no sveggyied in the reduction

parameters.

4. The girder with the maximum sweep of 1/8-in. (3.&)per 10-ft. (3.0 m)
of length and maximum rotation at midspan as tlenalble sweep over
the height of the cross-section in addition to dro§1.3 mm) per 10-ft.
(3.0 m) of length of additional sweep due to thdreftects (standard
imperfections). The 0.05-in. (1.3 mm) per 10-8.0(m) of length was

approximated by using data from the BT-54 thernedbamnation study
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from Chapter 3 where thermal deformations were orealsas

approximately 0.5-in. (13 mm) for the 100-ft. logigder.

. The girder with standard imperfections, includihg tmperfections from
thermal deformation, in addition to a bearing notabf 0.005 radians that
was representative of the rotation caused by thpati flatness tolerance.
The support flatness tolerance that is present&hapter 1 allows for
1/16-in. (1.6 mm) perturbations in the concretdaxg. A 24-in. (610
mm) bearing was assumed, and the worst case dbari/(1.6 mm)
increased elevation on one side of the bearingaalld 6-in. (1.6 mm)
decreased elevation on the other side of the Igparas assumed, which

resulted in approximately a 0.005 radian initishuideg rotation.

The girder with standard imperfections, includingperfections due to
thermal deformation, plus an additional 0.05 radliahinitial rotation at
the supports were applied to consider an extremditon. The extreme
condition was in the range of initial bearing raiatangles for the girders
at the Arizona bridge collapse (Oesterle et al0,720 The addition of a
large initial end rotation was representative @f thse of imperfections in
the girder causing additional rotation of the girdae to the compliance
of the bearing pad. Furthermore, a rounded boftange would allow a

girder to “roll” to a significant initial end rotain.
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Figure 8.7 —Lateral-torsional buckling load ovef-sesight loads for BT-72 girder with
40 %2-in. diameter strands and with lateral braeintpe supports

The line labeled as “Cracking” in Figure 8.7 regrés the applied load to self-
weight load ratio in which cracking would occur tbe cross-section given the assumed
prestressing force. Below the “Cracking” curves thoss-section was not cracked and
above the curve, the cross-section was crackeguré-B.7 shows that at spans greater
than 160-ft. (48.8 m), with standard initial impeafions or extreme initial imperfections,
lateral-torsional buckling could occur for a girdeaced at the ends. However, at spans
exceeding 160-ft. (48.8 m), more prestressing farceld typically be used than what
was used in the analysis for the plot of Figure 8 Aerefore, a similar plot is shown in
Figure 8.8 for a BT-72 with 40 0.6-in. (15.2 mmauaieter prestressing strands, an

increase of 42% in area of strands and in the atrmfyprestressing force.
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Figure 8.8 — BT-72 lateral-torsional buckling lodds40 0.6-in. diameter strands with
lateral bracing at the supports

Figure 8.8 shows that with standard imperfectimnextreme initial
imperfections, spans exceeding 170-ft. (51.8 mpagéicted to be in danger of lateral-
torsional buckling. However, that is not necedgdhie case. For points in Figure 8.8
that are above the cracking curve, the cross-sebis cracked, and, therefore, the
simplified equation is applicable because inelasticavior is present. For points below
the cracking curve, the cross-section has not edicknd, therefore, the simplified
equation does not apply. For those cases, thecd@eral-torsional buckling load would
be the true buckling load if it was not for theragimentioned hypothesized transition
behavior that is depicted in Figure 8.5. Thereftine simplified equation applies to

cases in Figures 8.7 and 8.8 where the ratio dbumibuckling load to self-weight load
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is below unity and above the cracking curve. lguiré 8.8, it is shown that there is such
a possibility when the span is greater than 18(B€@1 m) because the factor of safety
against cracking is less than unity. Howevergioders in excess of 180-ft. (801 m), a
larger prestressing force would be used becausgrdesactice is such that prestressed
bridge girders will not crack under self-weightrao Because of the amount of
prestressing in typical long span girders and itawasition from inelastic buckling to
elastic buckling, typical bridge girder cross-set with typical prestressing forces and
typical initial imperfections will not be in dangef lateral-torsional buckling with the
ends properly braced. Bracing stiffness and streagterion needs to be developed and
is beyond the scope of this research. For unwsasas or if a high factor of safety is

desired, the simplified analytical technique wopidvide a conservative factor of safety.

8.2 Unbraced Girder Rollover Discussion

The author concludes that the Arizona girdersapsiéd due to rollover. It is
predicted in Section 8.1 that lateral-torsionalkdung failures are unlikely for AASHTO
and PCI BT bridge girders because such girderdesigned to have no cracking under
self-weight and because the cross-sectional gemsetre not slender enough for elastic
lateral-torsional buckling to occur for typical s5sa However, any new bridge girder
geometric design should be checked for the el&tical-torsional buckling capacity.
Rollover failures are more feasible than laterasitmal buckling failures for prestressed
concrete bridge girders and are possible when akisrg behavior is expected. For
girders that are being placed on supports, thenaitn of the bearing pad rotational

stiffness is of utmost importance.

348



8.2.1 Determination of Bearing Pad Rotational Stifiess

To determine the rotational stiffness of a beapad, an axial stiffness of the
bearing pad must be determined first. AASHTO (J&pécified that elastomeric
bearing pads must have a shear modulus betweesi 85200 psi (0.655 MPa to 1.379
MPa). The shape factor of the bearing pad as gty AASHTO (2007) is presented

in Equation 8.6.

LW

In Equation 8.6L is the length of the bearing pad, W is the widtthe bearing pad, and
h;i is the thickness of an individual layer of elasetbmAASHTO (2007) states that the
bearing pad response is nonlinear; however, theooessive modulus for an elastomeric

bearing pad can be estimated as:

E,, = 6GS’ (8.7)

In Equation 8.7G is the shear modulus for the elastomer. Thecadrtr axial stiffness

was then determined using Yazdani et al. (2000):
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(= Eh

- (8.8)

In Equation 8.8, Ais the cross-sectional area of the bearing paddaisdhe total
height of the elastomer layers. It was assumetiiearotation was sufficiently small
such that uplift did not occur, and, therefore, tbtational stiffness of the bearing pad

was calculated by Yazdani et al. (2000):

K =oex (8.9)

In Equation 8.9l is the moment of inertia about the axis that wagltel to the

longitudinal axis of the girder.

The rollover load calculated by using Mast (1998)the PCI BT-54 test girder
from this study shown in Figure 7.40 was basedereperimental vertical stiffness test
on the bearing pad. The vertical stiffness usatienanalysis was 4573 kip/in (801
kN/mm) and the rotational stiffness was 219,500ikipad (24,800kN-m/rad). However,
using the conservative value of the shear modud@5asi (0.655 MPa) from AASHTO
(2007) and the analysis technique from Yazdini.et2900), the theoretical vertical
stiffness of the bearing pad was determined to2®6 kip/in (1278 kN/mm) and the
theoretical rotational stiffness was determineddd®50,200 kip-in/rad (39,570 kN-
m/rad). The predicted stiffness was greater tharekperimentally determined bearing

pad stiffness because the bearing pad exhibitelinean behavior. For small loads, the
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stiffness properties were reduced; however, irctse of bearing pad design, the load on
the bearing from an in service bridge was signiftalarger than the self-weight of the
girder. Therefore, the theoretical stiffness @& bearing pad over-predicted the bearing

pad stiffness properties at relatively low applieads.

The current experimental measurement of elastorbeacing pad stiffness by the
Georgia Department of Transportation is to loadelastomeric bearing pad to 150% of
the design service load for the bearing pad amdeasure the final axial (vertical)
shortening of the bearing pad. No preload is ug®d,is the dial gages that are used to
measure the vertical displacement of the beariniggp@ach of the four corners of the
bearing pad are zeroed when there is zero loadehdaring pad. From the
experimental results, the axial and rotationafre$s are calculated based on the method
outlined in AASHTO (2007). Therefore, the nonlinstffness behavior at low loads is
not captured by the method because the total lgppad vertical displacement is
averaged over the entire loading to 150% of théegdeservice load. The experimental
vertical stiffness of the bearing pad was 9387ikifil644 kN/mm) when the load on the
bearing pad exceeded 80 kips (356 kN), correspgrdia shear modulus of 122 psi
(MPa). A shear modulus of 122 psi (MPa) was wdlhin the designated range of
allowable shear moduli presented in AASHTO (200Hhwever, the maximum load a
single bearing experienced during the experimerst 8&kips (383 kN). In fact, for the
bridge girders that collapsed in Arizona (Oestetlal., 2007) the ratio of self-weight

load to service load was approximately 0.31.
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8.2.2 Rollover Sensitivity to Bearing Pad Stiffness

The stiffness parameters that should be used irotleeer analysis ideally would
not be the assumed linear bearing pad stiffnessdbas relatively large loads on the
bearing pad. The use of a high stiffness valuelavba unconservative. Additional
research is required to determine bearing pad axidlrotational stiffnesses with applied
loads in the range of girder self-weights. Fig8i@shows the rollover analysis by Mast
(1993) on a 100-ft. (30.5 m) long PCI BT-54 bridgeler for the experimental bearing
pads used by the author as a function of the assuotational stiffness to depict the

relatively low sensitivity.

3.0 T T T T T T T

0 100000 200000 300000 400000 500000 600000 700000 800000
Rotational Stiffness, K(kip-in./rad)

Figure 8.9 — Factor of safety against rollover ursidf-weight vs. 24-in. (610 mm)
bearing pad rotational stiffness
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The sensitivity to rotational stiffness was basedle 24-in. (610 mm) wide
bearing pad used in the experiments. The effedBain. (457 mm) wide bearing pad
had on the rollover behavior was considered, amthérmore, the sensitivity of the
rollover load to reasonable rotational stiffnespragimations for an 18-in. (457 mm)

wide bearing pad was investigated.

A lower bound approximation for the rotational fstéss for an 18-in. by 10-in
(457 mm by 254 mm) bearing pad was determined 0/hESO kip-in./rad (8718 kN-
m/rad) as labeled in Figure 8.10. Figure 8.10 shthe sensitivity to the assumed
rotational stiffness. The predicted factor of satgainst rollover under self-weight
loading using Mast (1993) for the BT-54 was 2.9®ie rollover factor of safety reduced
39% if an 18-in. (457 mm) wide bearing pad was wsedpposed to the 24-in. (610 mm)

wide bearing pad.
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Figure 8.10 — Factor of safety against rolloveramgelf-weight vs. 18-in. (457 mm)
bearing pad rotational stiffness

Figure 8.10 shows that the sensitivity to the assinotational stiffness was
higher for the 18-in. (457 mm) wide bearing pac determine whether the sensitivity of
the rollover failure load to the estimated beapag rotational stiffness is too large, a
factor of safety needs to be established. Additioesearch is required to establish an
adequate factor of safety. Mast (1993) recommarfdstor of safety of 1.5 against

rollover; however, Mast stated that this factosafety was based on experience.

8.2.3 Rollover with respect to Non-Uniform Bearing

All of the rollover analyses were predicated onaesumption that the bottom
flange was flat and provided a uniform bearingacef The effective rotational stiffness

would be less for a rounded bottom flange. Ma898) stipulated that if the load was
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outside of the kern (the bearing pad has upliftéd®n the shape factor should be
computed as the perimeter of the area that ismteco with the bearing pad. Although
the proposition needs to be verified, the authoppses that a similar consideration be
made for girders with imperfect bottom flanges.s&&ch needs to be done to verify the
requirement, and, furthermore, a survey of initaitom flange inaccuracies needs to be

performed to quantify the extent of the imperfecsian practice.
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CHAPTER 9

CONCLUSIONS & RECOMMENDATIONS

9.1 Summary

An experimental and analytical study was perforttedetermine the stability
behavior of prestressed concrete beams. Two ygtflenomenons were investigated:
(1) lateral-torsional buckling and (2) rollover.n&mphasis was placed on the effects of
initial imperfections on the stability behaviorgtkffect elastomeric bearing pads and
support rotational stiffness was investigated. @&kgerimental study consisted of testing
six 40-in. (1016 mm) deep, 4-in. (102 mm) wide,f8Z9.75 m) long rectangular
prestressed concrete beams with varying prestgegsioe and prestressing strand
eccentricity and testing one 100-ft. (30.5 m) |&1@l BT-54 bridge girder. Elastic and
nonlinear analyses were performed on the sevelspesimens, on a hypothetical
rectangular beam with a series of varying initaperfections and a PCI BT-72 with

varying imperfections.

The first set of experiments was performed orstheectangular beams. The
beams were designed to fail by lateral-torsionakbng. The boundary conditions were
constructed so that the test setup replicatedickddbeory; at each support lateral
translation, vertical translation and torsionahtmn were restrained. The beams were
free to rotate about the horizontal and verticasaxThe results showed that the
prestressing strands did not restrain the beams linackling out-of-plane or destabilize
the beam like in the case of a beam-column. Thenkseéuckled after flexural cracking

had occurred and did so at a load much less tha e¥astic lateral-torsional buckling
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theory predicted. The reinforced concrete analticethods by Hansell and Winter
(1959) and by Sant and Bletzacker (1961) over-ptedithe buckling loads because the
effect of initial imperfections was not considerdditial imperfections were shown to
decrease the inelastic lateral-torsional buckloagldue to a rotated neutral axis,
additional torsion on the cross-section and prayvesotation that led to a larger

component of flexure about the weak-axis (P-ddfect.

A material and geometric nonlinear, incrementatlanalysis was performed on
the six rectangular beams. The nonlinear analysgshed the experimental load versus
lateral displacement and load versus rotation hehaand the analysis predicted the

experimental maximum load within an error of 2%.

The nonlinear analysis was extrapolated to seffarent initial imperfection
conditions to parametrically study the effect afial lateral displacement and initial
rotation on the inelastic lateral-torsional bucglinad. A simplified expression for
lateral-torsional stability of beams with initi@mhperfections was developed based on an
elastic stability expression (Goodier, 1941 and2)94rhe data from the parametric
study were used to develop reduction parametersditr initial sweep and initial
rotation. A reduction parameter was derived ferriduction to the weak-axis stiffness
due to a rotated neutral axis and reduction parmme&tere fit to reduce the lateral-
torsional buckling load for initial lateral dispkxment and initial rotation. A simple
procedure was presented to calculate the zero fegiem inelastic lateral-torsional
buckling load and the reduction parameters werdepfp determine the inelastic
lateral-torsional buckling load of the imperfecsea The simplified technique predicted

the buckling loads of the rectangular experimebéams of this study very well with a
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maximum error of 7.5% and an average absolute efré18%. The simplified technique
prediction for the experimental results from Kdaigd Pauli (1990) resulted in a
maximum error of 8.4% and an average absolute efrér2%. The simplified equation
predicted the experimental results from reinforcedcrete beams by Kalkan (2009) with

a maximum error of 13.3% and an average absolube e 4.1%.

The first experiment with the PCI BT-54 was a sgtod the deformation of the
girder due to solar radiation. Solar radiatiortlomtop and side of the girder, wind
speed, internal strain, air temperature, interer@derature and surface temperature were
recorded to determine additional sweep or rotatiahe girder due to non-uniform
heating. The research showed that the initial pveée¢he 101-ft. (30.8 m) PCl BT-54
girder increased up to 40% due to the effect addrs@diation on the girder, an additional
sweep of 0.0515-in. (1.31 mm) per 10-ft. (3.05 gioder length. However, only
0.000212 radians of additional rotation was devetbgue to the non-uniform heating of

the girder.

The PCI BT-54 was tested under midspan point toakamine its rollover
behavior. For the stability experiment, full tansal restraint was not provided at the
supports. Instead, torsional restraint was onbyioled by the couple created by the
bottom flange and the elastomeric bearing pad® diitder was first loaded to 29 kips
(2129 kN) and the rigid body rotation of the giraeas significantly more than anticipated.
The large rigid body rotation was due to the latiainess of the bottom flange of the
girder at the supports which allowed the girdeiradl” on the elastomeric bearing pad.

A retrofit was performed to provide a flat bearswgface. Upon the second loading of

the girder, the load versus lateral displacemedtlead versus rotation response
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corresponded well with the prediction from the mo@r incremental analysis that
included a bearing pad model. A rollover failucewrred well before an inelastic lateral-
torsional buckling mode was anticipated. In féog girder never cracked during the
testing. The nonlinear incremental analysis didpredict the rollover failure because of
the assumption made in the elastomeric bearingrpatel. Imperfect bearing conditions
were not modeled and nonlinear bearing stiffnesser at large rotations was most
likely inaccurate. The rollover methodology propddy Mast (1993) predicted the

rollover limit state very well.

From the research, it was apparent that rollovéne controlling stability
phenomenon for prestressed concrete bridge girdédrs.nonlinear lateral-torsional
stability failure is unlikely because prestressedarete bridge girders are designed to not
crack under self-weight alone. Therefore, theastt lateral-torsional buckling
simplified equation initial imperfection reductiparameters do not apply to bridge
girders with large flanges. Instead, the elasterld-torsional buckling predictions
should be used. However, the elastic lateral-doedibuckling loads were found to be

greater than the rollover limit for girders with end support lateral bracing.

9.2 Conclusions

The following conclusions were made based on xipemental and analytical

research.

1. For prestressing strands fully bonded to the cdactke prestressing force did
not have a destabilizing effect on the beams.aém, the prestressing strands

increased the stability of the beams because #wrpssing caused a larger
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compression zone depth, and, therefore, a highealaand torsional stiffness.
Any prestressing strand design (force and stracakilon) that increases the
compression zone depth increases the lateral-tasbuckling stability of the

cross-section.

Imperfections had a significant effect on the dighibehavior of prestressed
concrete beams. For inelastic lateral-torsionakbng, imperfections caused a
rotated neutral axis angle, and, therefore, redtivedveak-axis moment of inertia
more than was predicted with a rectangular compesone. Furthermore,
increased initial imperfections increased that cdtadditional lateral
displacement and rotation, thereby increasingah&dn on the cross-section
which inevitably led to torsional cracking when theams reached unstable
behavior. The initial imperfections significantijfected the load versus lateral
displacement and load versus rotation behavioe rate of increase of lateral
displacement and rotation increases due to incdeagel imperfections, and,
therefore, lead to rollover at lower loads. The BT girder reached a rollover

behavior without becoming inelastic.

. The existing analytical methods to predict therkitéorsional buckling loads of
prestressed concrete and reinforced concrete beamesinadequate. The
methods that were reasonable neglected the efffiéiel imperfections had on the
stability behavior. The existing methods thus sexs upper bounds and are not

conservative.
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4. A material and geometric nonlinear incremental-laadlysis was performed to
predict the load versus lateral displacement aad leersus rotation behavior of
prestressed concrete beams in flexure. The asglysdicted the maximum loads
well with a maximum error of 2%. The analysis pecéetl the lateral
displacement and rotation behavior well; howeJesre were some
inconsistencies between the experimental and acallyvad-deflection curves

because of the assumptions made in the analysiexq@timental error.

5. The simplified equation predicted the buckling ls&ad the rectangular
experimental beams of this study well with a maximerror of 7.5% and an
average absolute error of 4.8%. The simplifiedagdign was also compared with
the experimental results for the reinforced coreceetd prestressed concrete
beams from Kdnig and Pauli (1990) and the reinfdm@encrete beams from
Kalkan (2009). The simplified equation prediction the experimental results
from Konig and Pauli (1990) resulted in a maximumoeof 8.4% and an average
absolute error of 4.2%. The simplified equatiamdied to slightly under-predict
the buckling load of the flanged cross-sectionthefexperimental study by
Konig and Pauli (1990). The simplified equatioegticted the experimental
results from Kalkan (2009) with a maximum errorl8t3% and an average
absolute error of 4.1%. Note that the reductiompeeters from Equations 6.22,
6.32 and 6.33 were developed and calibrated fpeaific range of initial sweep
and initial rotation, and, therefore, if these nmaxms are exceeded, the reduction
parameters are not necessarily accurate due tk @laerification. The limit on

the maximum initial sweep is 5/16-in. (7.94 mm) pérft. (3.05 m) of span,
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which is 150% larger than the PCI tolerance (PGQ@. The limit on the

maximum initial rotation isi/h < 0.8.

. The nonlinear incremental analysis was applieth¢oBT-54 girder experiment
and the analytical results matched very well with ¢xperimental load versus
lateral displacement and load versus rotation whershear displacement of the
bearing pads and the end rotation of the girdertdulee compliance of the
bearing pads were omitted. The nonlinear increati@malysis predicted the
general trend of the end rotation behavior duéé¢doearing pad compliance but
did not match perfectly because of the assumpaoiissimplifications used in the

bearing pad analytical model.

. Rollover behavior controlled for the BT-54 experimted girder and rollover will
control for typical bridge girders and typical lgelgirder conditions because
prestressed concrete bridge girders are designaat wack under self-weight.
For girders that are extremely long, and for nesd® girder cross-section
geometries, elastic lateral-torsional buckling dtddae checked even if the ends

are braced.

. Itis hypothesized from this research that theretisnsition between inelastic
lateral-torsional buckling and elastic lateral-tomal buckling for cases where
flexural cracking is not anticipated. In suchansition case, the inelastic
simplified stability analysis will under-predictdtbuckling load because the
cracking will be less extensive than the conditithad the simplified equation

was based on and the elastic buckling load wilrgaredict the buckling load.
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9. The nonlinear incremental analysis can be usedetigt the lateral-torsional
buckling load and the rollover behavior assumirgylibaring pad stiffness model
used is accurate. The analytical procedure by £83) predicted the rollover
load well, but the procedure is dependent on tearaed rotational stiffness of

the support.

10.The rollover behavior was very sensitive to beapad width. Using a wider
bearing pad increases the factor of safety ageatisvver significantly. The 18-
in. (457 mm) wide bearing pads used as bearinghéogirders that collapsed in
Arizona coupled with the large initial bearing riddas were probably the most
significant contributing factors to the collapgeurthermore, a rounded bottom
flange will significantly increase the equilibriuratation when the girder is

placed, thereby causing a girder to become mor&biles

11.The research showed that the initial sweep of @iefll. (30.8 m) PCI BT-54
girder increased up to 40% due to the effect adrs@diation on the girder. Little

additional initial rotation was observed during ttedy.

9.3 Recommendations

The followingrecommendations are made for the analysis andrdesiglender

reinforced and prestressed concrete members.

9.3.1 Analysis & Design Recommendations

1. Use the simplified Equation 6.34 including the retthn parameters from

Equation 6.22, 6.32 and 6.33 given below that tateaccount initial
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imperfections to estimate the inelastic laterasitmmal buckling load of slender
reinforced concrete and prestressed concrete be@hesinelastic lateral-
torsional buckling load simplified analysis shobkl used when flexural cracking
is anticipated. Note that the reduction paramdtera Equations 6.22, 6.32 and
6.33 were developed and calibrated for a speafge of initial sweep and initial
rotation, and, therefore, if these maximums areeded, the reduction
parameters are not necessarily accurate due tk @laerification. The limit on
the maximum initial sweep is 5/16-in. (7.94 mm) pérft. (3.05 m) of span,
which is 150% larger than the PCI tolerance (PG0®. The limit on the

maximum initial rotation isi/h < 0.8.

I
B =B 1- }tan'l X 2 (9.1)
r 3 | 0
gy
031
D, =1- % (9.2)
Q, =% (9.3)
M bimperfectons = BLA\I BrC DrQr (94)
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2. Toincrease the lateral-torsional buckling loach@lender reinforced concrete or
prestressed concrete beam, the span can be dekriedsenediate bracing can be
added, the geometry can be changed to decreasketiterness, or prestressing
force can be increased. Increasing the prestgessioe results in a higher
cracking moment and a larger compression zonegltlyancreasing the weak-
axis moment of inertia and torsion constant so lasithe effects of prestressing

do not cause tension in the compression flange.

3. For cases where the inelastic behavior (concreiekorg) is not expected, initial
imperfections will not reduce the lateral-torsiobatkling load for most cases,
and, therefore, the elastic lateral-torsional bunckload applies. The specific
cases where initial imperfections could still regltice lateral-torsional buckling
load are if the initial imperfections are so lathat cracking initiates at the top
flange or if the stresses in the bottom flangevarg close to the rupture stress,
and, therefore, imperfections can cause crackinigeatorner of the bottom
flange. For cracking of the top flange, differstiffness reduction parameters are
required because the simplified equation was deeeldor flexural cracking
progressing from the bottom flange. For a smalbam of cracking at the corner
of the bottom flange, the reduction parameterfiefsimplified equation would

under-predict the lateral-torsional buckling load.

4. For prestressed concrete bridge girders, rollovircantrol over lateral-torsional
buckling for cases where the ends are not latebafiged. Prestressed concrete
bridge girders are designed to not crack undergeifht; therefore, the elastic

lateral-torsional buckling load applies. For AASBIEnd PCI BT bridge girder
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cross-sections, the elastic lateral-torsional hagkibad will be greater than the
self-weight, thus rollover controls. Furthermdtes rollover methodology from
Mast (1993) predicted the rollover load of the BA f6om this research, and,
therefore, should continue to be used as the meathpredict the factor of safety

against rollover failure.

. Lack of flatness of the bottom flange of a presteglsconcrete bridge girder was
shown in this research to increase the initialtroteof the girder which can cause
a premature rollover failure. Using an embeddedIgilate in the bottom flange
at the location of bearing is recommended to rentbgesffect of imperfections in
forming the concrete of the bottom flange. Fumhere, the embedded steel
plates have additional benefits in the fabricabbprestressed concrete bridge

girders such as the reduction of bearing zone argdkelly, 2006).

. From rollover analyses using Mast (1993), the waftthe elastomeric bearing
pads should be selected as the width of the bditemge of the prestressed
concrete bridge girder (minus the edge chamferlg factor of safety against
rollover failure for a 100-ft. (30.5 m) PCI BT-54a& 39% lower for an 18-in.
(457 mm) wide elastomeric bearing pad as opposa®in. (610 mm) wide

elastomeric bearing pad

. Future long-span prestressed concrete bridge giyetenetries should have
increased bottom flange widths to decrease susdgpgtto rollover failures of
girders while being erected. Increasing the botlamge width is the most

effective way to change the geometry and increlasdaictor of safety against
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rollover of the girder. The weak-axis moment ddrima is affected favorably by
an increase in the bottom flange width and thedabgpttom flange width allows
for a wider elastomeric bearing pad to be useck ififplementation of a wider
bottom flange only at the support locations coupléttt a wider bearing pad
provide the best economy with respect to the useatérials in increasing the
factor of safety against rollover of a prestresseacrete bridge girder; however,
an efficient and economical fabrication methodoltgygreate a wider bottom

flange only at a specific location needs to be evqul.

8. A prestressed concrete bridge girder should bedlebraced adequately at the
supports as soon as possible after the girdeewdext. Such bracing will reduce

the possibility of rollover failures.

9.3.2 Future Research Recommendations

1. Finite element modeling should be done to furthesify the simplified equation
(Equation 6.34) and to improve upon the equatiarthermore, the transition
behavior between inelastic and elastic bucklinglmamvestigated by the use of

finite element modeling that has been verified vittly inelastic experiments.

2. An experimental study needs to be performed oraxid and rotational stiffness
of elastomeric bearing pads at loads in the ramgieeoself-weight of a
prestressed concrete bridge girder. Because shuengsl rotational stiffness is
important to the rollover behavior it is crucialltave an accurate prediction of
the actual support rotational stiffness. Tradiilbnthe elastomeric bearing pad

stiffness is found by assuming a linear axial s&ffs based on the loading the
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5.

elastomeric bearing pads will encounter under sergonditions; however,
rollover failures occur under the self-weight of irders alone when the

stiffness of the bearing pad has been shown tmhbknear.

The extent of bottom flange flatness error mustiéermined from a survey of
prestressed concrete girders from many differeetast plants. The extent of the
bottom flange flatness error can be used to helpraene if requiring an

embedded steel plate is necessary.

A criterion is required for the initial rotation pfestressed concrete bridge
girders. The PCI Bridge Design Manual (2003) Sipeadly states a tolerance on
initial sweep in a prestressed concrete girderdbes not explicitly state a

tolerance on initial rotation.

A criterion is necessary to determine the requiageral bracing strength and
stiffness that will prevent a rollover failure. idtstipulated in Section 9.3.1 that a
prestressed concrete bridge girder should be Ipténmaced adequately at the
supports to prevent rollover failures due to unéeen circumstances. Therefore,

“adequate” bracing must be defined.

Methods to increase the factor of safety agairikiver of a prestressed concrete
bridge girder when the girder is hanging from anerar when the girder is in
transport needs to be researched. This studyddoms prestressed concrete
girders supported from below on rollers or elastocigearing pads; however,

hanging girders and girders in transport are ateagto rollover failures.
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APPENDIX A

SUMMARY OF SPECIMEN CHARACTERISTICS
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Figure A.1 — Design drawing C2
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Figure A.4 — Initial horizontal displacement at wpBeam B1A
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Figure A.5 — Initial horizontal displacement attioon of Beam B1A
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Figure A.6 — Initial horizontal displacement at wipBeam B1B
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Figure A.7 — Initial horizontal displacement attioot of Beam B1B
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Figure A.8 — Initial horizontal displacement at wpBeam B2A
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Figure A.9 — Initial horizontal displacement attioon of Beam B2A
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Figure A.10 — Initial horizontal displacement gb tof Beam B2B
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Figure A.11 — Initial horizontal displacement attom of Beam B2B
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Figure A.13 — Initial horizontal displacement attba of Beam C2A
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Figure A.14 — Initial horizontal displacement gb tof Beam C2B
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Figure A.15 — Initial horizontal displacement attom of Beam C2B



Figure A.16 — Prestressing strand stress-straveduom mill certificate
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Figure A.18 — Initial horizontal displacement gb @f BT-54 with level supports
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Figure A.19 — Initial horizontal displacement attba of BT-54 with level supports
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Figure A.20 — Initial rotation of BT-54 with leveupports
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Figure A.21 — Initial horizontal displacement gp taf BT-54 with rotated supports
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APPENDIX B

GRAVITY LOAD SIMULATOR DESIGN & DETAILS

The design of the gravity load simulator requisetecting the geometry such that
the capacity could be reached, the required lassval could be achieved and the
mechanism would function properly. To achieve pacity that was much larger than
previous gravity load simulators, the gravity Ischulator was essentially designed as
two parallel frames where the hydraulic ram wasied between them. It was necessary
for such geometry for two reasons: to reduce thd in each frame of the gravity load
simulator in half because bulky members would irttite free movement of the gravity
load simulator, and, secondly, the high loads meglutihe use of a high capacity hydraulic
ram which was large itself. There was no wayta farge-capacity hydraulic ram in one
frame; however, with two frames, the distance betwdiem was selected based on the

size of the hydraulic ram.

There was a secondary advantage to design theyglaad simulator’'s geometry
this way. Previous gravity load simulators, du¢h@rigid triangular frame undergoing
significant compression forces, were susceptibleuteof-plane buckling. In this design,
the rigid triangular frames were braced to eaclerotvhich restricted the ability for the
rigid triangular frames to buckle about their paeations, but, instead, they would have
to overcome the resistance of two sets of pinsragg by a relatively large distance
which provided a significant couple. Details oftbhuckling phenomenon were

discussed in Yaramici et al. (1967). Furthermdegailed calculation procedures for
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determining the geometric characteristics, as agBome “rules of thumb”, were
presented in Stoddard (1997). The detailed desiigwings are presented in Figures B.1

through B.16.
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APPENDIX C

ADDITIONAL RECTANGULAR BEAM MEASUREMENTS & DATA
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Figure C.1 — Load vs. vertical displacement BearA B8ading #1
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Figure C.5 — Load vs. vertical displacement BearA C2
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408

1.00

1.00



Load (kips)

45

A e A T R T T T T T
~ v
-
Bt _,'7 ********* -:“‘:.*,;7"t ******
@ n e »
0 - 7o - = ————;%ﬁ'f ——————————
" o
25 1 / -
P
20 2 "/P"
A
154+---—-—---—-ff - ———————-JF A A
7
10+--—------—--- /—,—" e
Concave
ST/, - ’,;l ””””””””””””””””””” — = Convex
/
O — T T T T T
0.00 0.20 0.40 0.60 0.80 1.00

Vertical Deflection (in.)

Figure C.8 — Load vs. vertical displacement BearB C2

L1
L2
L3
L4

L5

—/ —-

L6 C——
L7 31—
L8 /=
L9 CF+——

L10 /—+——

(a) South Sid

(b) North Sid:

Figure C.9 — LVDT nomenclature for rectangular beasts
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Table C.1 - Actual LVDT gage lengths for rectangileams (inches)

LVDT # B2A B1A C2A B1B B2B C2B
L1 10 3/16 10 13/16 10 1/16 10 1/8 9 31/32 10
L2 10 10 7/8 10 1/32 10 3/16 10 1/8 9 31/32
L3 10 1/32 10 3/4 10 10 1/8 10 10
L4 9 29/32 10 13/16 10 10 1/32 931/32 10 1/16
L5 10 1/32 10 11/16 9 29/32 10 1/32 9 31/32 10 1/82
L6 9 15/16 10 23/32 9 29/32 97/8 10 1/16 10 1/32
L7 9 31/32 10 13/16 10 1/16 10 10 1/32 10
L8 9 15/16 10 3/4 10 5/32 10 10 1/32 9 15/16
L9 10 10 27/32 9 31/32 9 31/32 9 15/16 10
L10 10 3/32 10 27/32 10 1/16 9 31/32 10 1/16 161/1
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APPENDIX D

EXAMPLE SIMPLIFIED EQUATION CALCULATION

Beam C2A:

Input Properties -

f.'=11281psi Concrete compressive strength
E, =5156ksi Initial concrete modulus of elasticity
b =4in. Width of cross-section

L =314 ft. Span of beam

d =35.5in. Depth of mild steel reinforcing
d, =15in. Depth of mild steel reinforcing at top of crossisat

d, =20in. Depth of prestressing strands
A, = 316in° Area of mild steel reinforcing at the bottom of gsesection
A =079in? Area of mild steel reinforcing at the top of craestion
Ay = 0.328in? Area of prestressing steel
f, =70.3ksi Yield stress of the mild steel reinforcement
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f i =1583ksi

C,=423

C, =100

Calculations -

e, =0.001555

x=—<=0416

o

181X

¢ 1+ x?

f = 7.196ksi

2(x- tan* x)

k,= 1-
2 X2 b,

c =14.678in.

dp-c

eSU = ese + eC

f s =17445ksi

if b, > 05 else} 1
3 3

=6.016" 10°

Initial stress in prestressing strands after losses

Factor for concentrated load at midspan

Factor for simply-supported end conditions

Concrete strain at extreme compression fiber (itela

Ratio of extreme compression strain to strain atimam

stress from Thorenfeldt et al. (1987)

Concrete stress in extreme compression fiber

from Thorenfeldt et al. (1987)

05 Average stress under the stress block

from Thorenfeldt et al. (1987)

Center of gravity of compression

zone fromThorenfeldt et al. (1987)

Compression zone depth (iterated)

Strain in prestressing strands

Stress in prestressing strands
from stress-strain curve in Figure A.16

412



e =e, =203 10° Strain in mild steel reinforcing
C
d,-c . : , .
e,=e,———=-139610°  Strain in mild steel reinforcing at top of crosstsen
C
fo= mln(e E.. fy) 58 86ksi Stress in mild steel reinforcing

f =min(e,E,, f,)=-4049ksi Stress in mild steel reinforcing at top of crosstiem
T=Af +A,f,=24323kip Tension in cross-section
C=pb 1. 'bc+ A, f, =24323kip Compression in cross-section
Check if C =T: If equivalent — continue, elsderate compression zone depth
M, = A f(d- kc)+ AT ld, - kec)+Af,(k,c- d,)=6667kipxn

Internal moment in cross-section

fe .
E. =—%=20310° Concrete secant modulus of elasticity
eC
hb* M, ~ . cb? Mg el
B=E,. e M—R Ty 1- M—R =3.824" 10°kip xn®

Weak-axis flexural stiffness (no effect of reinfencent because it is located at centroid)
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3 2 3 2 3 2
M
o™ 1 0352 . P 1. o35 R 3R 43 VR
E 3 Ma a a
C:2(1f:(;7) CbS b 2
+ — 1- 035—
3 (o

= 0,665 10°kip xn>

Torsional stiffness

A=1- 1.74%\/5 =0976 Effect of load application height
C, o : . :
M, = C AV BC =6659%ip xn Buckling moment for case of zero imperfections

2

Check if My = My If equivalent — continue, else — iterate extrexompression strain

u, =0.313in. Initial lateral displacement at midspan

g, =0.0043+ 0.012217= 0.01652rad Initial rotation at midspan
(includes applied load angle error)

| q
B, =B 1- %}tan'l Ig;C/. 2 ~o991 10° kip xin? Reduced weak-axis stiffness
p
9y
u 031
D, =1- Tl =0.889 Reduction for initial lateral displacement
Q, =e > =0.646 Reduction for initial rotation
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M, = CS:lL A\/B,C D,Q, =3380kip»n Buckling moment including imperfections
2
135 4 . . : L :
B,=M,- 1—13M w =328kip Buckling load including imperfections

(1.35/1.13 ratio corrects for difference in momegradient between applied point load
and self-weight uniform load)
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APPENDIX E
ADDITIONAL DATA & PHOTOGRAPHS FOR BT-54

EXPERIMENT

f Concave Side |
J - - - Convex Side - - |

15 2 25 3 35
Vertical Displacement (in.)

Figure E.1 — BT-54 load vs. vertical displacement
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L1 C—— L6 CC1——
L2 31— L7 C—C———
L3 /——— L8 /=
L4 31— L9 11—
L5 31— L10 /—+——

(a) South Sid (b) North Sid

Figure E.2 — LVDT nomenclature for BT-54

Table E.1 - Actual LVDT gage lengths for BT-54 (h&s)

LVDT # BT-54
L1 9 31/32
L2 10 1/32
L3 10
L4 10
L5 10
L6 10
L7 10 1/32
L8 10 1/16
L9 10
L10 10 1/16
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Figure E.3 — Photograph of BT-54 LVDTs
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Figure E.4 — Aerial view of BT-54 experimental getu
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Figure E.5 — BT-54 end view showing initial rotatio
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Figure E.6 — Extent of uplift of BT-54, Test #1
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APPENDIX F
BEARING PAD VERTICAL DISPLACEMENT CORRECTION

PROCEDURE

The string potentiometers measuring the verticsgdldcement of the bearing pads
required a correction to the raw data. The cowaatas necessary because the string
potentiometers were located a distance of 2-innf&1) from the front edge of the
bearing pad, and, therefore, approximately 8-i@3(&m) from the center of rotation of

the bearing pad as shown in Figure F.1.

Figure F.1 — Bearing pad vertical displacementtioca
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When the girder was loaded, strong-axis flexuraldyeor caused rotation about
the ideally pinned ends thus additional verticapthcement was measured by the string
potentiometers. The vertical displacement duééaotation about the strong-axis must
be removed from the raw data to accurately intéweeuplift behavior of the girder on
the bearing pad. The vertical displacement dubéastrong-axis rotation was calculated

using Equation F.1.

2
d, =
16E,|,

X (F.2)

In Equation F.1, “X” is the distance the stringgrdtometers were from the center of
rotation along the longitudinal axis angy is the vertical displacement correction that
must be subtracted from the measured data byring giotentiometers. The distance

“X” was taken as 8-in. (203 mm); however, the vakiapproximate because the center of
rotation should vary during loading and the inistdess distribution in the bearing pad
was unknown. The uncorrected raw data comparddtivit analytical results from

Chapter 7 are shown in Figure F.2.
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Applied Load (kips)

Lk~ ______

% —— Experimental
”””””””””””” 200 H - — — Analftical -
-0.100 -0.050 0.000 0.050 0.100 0.150

Bearing Pad Vertical Displacement (in.)

Figure F.2 — Uncorrected bearing pad vertical dispinents at edges

Figure F.2 would make it appear that during theeeixpent, both sides of the
bearing pad compressed at approximately the saim&vith no end rotation. Then at
some critical level, once side of the bearing pacdrsed displacement direction
inevitably leading to uplift. On the other hanlde tanalytical results show that after the

self-weight was applied, one edge of the girdetdmotflange immediately was

displacing in the uplift direction.
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APPENDIX G

NONLINEAR ANALYSIS FLOWCHARTS

(v = Initial rotation at midspz
Uy = Initial sweep at midspan
end(o) = INitial end rotation
L = Span of beam
f. = Concrete compressive strength
E. = Concrete initial modulus of elasticity
E; = Steel modulus of elasticity
E,s = Prestressing steel modulus of elasticity
= Concrete Poisson’s ratio
elements = # of segments
Geometric dimensions

A 4

U, j) = Ug Sinl xg/L)

wp= o Sin( xp/L)

v

j=elements + 1

Formulate global stiffness matr [K]
for the appropriate boundary conditions
using symmetry

A\ 4
Calculate moment and torque at each r|
or cross-sectional location

v

Formulate incremental load vector, B}.

For a concentrated load & symmetry, half the
incremental concentrated load is applied at the
midspan node with dPcos)in the vertical directiop
and dPcos() in the horizontal direction. A constg
torque is applied at midspan with increments
additional torque along the length to compensat
deformed configuation of beam.

du=[KI*{ P}
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-
v A
Caiir Gy e b i Iy CUIVE, )
From fiber element subroutine

| Ca.p = min(h, G - b/2 tan( ) |

| by, = min(b, &g, / tan( ) |

| Gep = B/ (21 + ) |

y

Jip

From torsion constant subroutine

y

j=elements +

i=j+1 |

) = Ytop + Camber - y 5 |

v

Terg) = P/2(Ui5) + ()( G.5) + Bri-1)) + YooSIN( BrG-1) + 0.7854w,L U 5)

v

BP(i) dedge(\)
From bearing pad stiffness subroutine

v

ShearDisp = (P + WesuL)/2 sin( gp()) / Kgpsnear

v

Formulate global stiffness matrix, [K
for the appropriate boundary conditiops
using symmetry

No

Ugi.5) > Limit

U = Beam displacements and rotations at each
Section properties at each nodg 4, J
c = Depth of neutral axis at each node
E = Average element tangent modulus of elastatityach node
= Neutral axis at each node
degge= Bearing pad axial shortening at compressed edk
gp = Bearing pad rotation

Figure G.1 — Nonlinear incremental analysis flowtha
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( Star j

A4

= Rotation of cross-section

M = Applied moment at cross-section

«1) = Neutral axis angle from previous load increme

curvg.;) = Curvature from previous load incremen;

Input element properties % Vi), Ac), Apsa). Asd)

curve; = curvg.y) + curve

curve; concrete area used to

oncrete stress-str:

in

A\ 4
fos )= function(g..)
(Apply prestressing strand
material mode

dl
( curve=small incr.)
elements = # of elementp
z=
[« <
A
Ca) = Chp/COS( (k1))
A
\4
Yn(z) = abs((rb/2)tan( 1))+ (Yoor Caq)
ez = ADS((¥oYn(2)COS( (1))
No
Yes
\4
| €iz) = CUIVE)de(y) | €i2) = ~CUNVg)Te(r)
v
fe (.2 = function(g ,)
(Apply concrete material model
A 4
Ecw .2 = Acz) * function(f; .2y, &)
(Used slope of ¢
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elements
E = Ewo
z=1
\ 4
elements
Py = . Avp el
v
elements
Postiy = ) Assta Fosti)
\ 4
elements
Fa) = L A sz
\ 4
X= cemens (A ) + Ay H AR )Xy
A A +npjf\,s)+ns(fx)
\ 4
y= elements (Atm A * nsﬂm)y(z)
a AnAJe(A)
\ 4

elements

Iy = . A (y(z) -yf+ NosPosiz) ()’(1) -y A, ()’(z) -yf

\ 4
lement: _ _ _
Ly :ee:e SA(z)(x(z)' X)2 +np5A,s(z)(X(z) - X)Z +nsAs<z)(X(z)' X)2
\4

| fo =P+ PBst+ PR |
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Grgi+2) = Ongy + (Cngy = i)/ (Fo) = Foion)

abs(f;) = 0 + error
bo (secant algorithm)

elements,

M) = A fei)Ye)
=1

\4
clements

M) = N A Te2Xe)

v
elements
Mooy = . A Fosti Vo)
A\ 4
cloments
Mgy = N Avsio) Fosi.X)

A\ 4
Sloments

M. = N Ao fi.9Ye)

\ 4
Soments

My = A liaXy

A\ 4

|Mxm =M * M + Moy |

\ 4

My =Myey My +Mygy |

\ 4
foy = tan(g)- %

v

(i)

@= 0t 0o @fmp/Em - fngn)

abs(f,) = 0 + error >
(o) o » (secant algorithm)
Yes
abs(M;) =M + error
No

Yes

¢ = Depth of neutral ax
E = Average element tangent modulus of elasticity
= Neutral axis
curve = Curvature (to be used in next load increjngn
Section properties 5,!1,

Figure G.2 — Fiber analysis subroutine flowchart
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( Star )

v
sr(i-1) = Bearing pad rotation from previous
load increment
Pgp = Axial load on bearing pad
Tgp = Torque on bearing pad about center/of

bearina pa
\4
BP() = BP(-1)t BP
( se=smallincr) | A
A\ 4

dedge()= Cedge(-)+ CGedge |
(' degq = small incr.

v

dgij) = Cedge()* X BP()
(x = distance of strip “j" from
edge of bearing pad)

v

Fstripg) = f(dip)
(f(d(i,j)) = strip force as function of
depth from assumed material modef)

n

Flclal = Fsmp (i)
=1

(n = number of strips)

v

Ftotal = Pep +

Mistrip) = Fetripg(W/2 - X)
(w = bearing pad width)

v

n
total = M

=

M strip (j)

(n = number of strips)

Yes
Miota = Tep + EE——

No

sp = Bearing pad rotation
dedge= Bearing pad axial shortening at
compressed ed

Figure G.3 — Bearing pad model subroutine flowchart
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= Neutral axis angle
b = Width of cross-section
h = Height of cross-section
b, = width of compression zone
(equals b if trapezoidal compression zone)
¢y = maximum edge compression zone depth
t = Perimeter strip thickness (user determinegd)

A\ 4

ddny = 4Aw’/ Py
(perimeter of strip “n”)

\ 4
Zz=n
(used for trap. rule)

y

4—| n=n+1 |

Yes
»
»
No .
:Icz(m =min(c,g, - ((n- Lot +(n- L)t cosa)tant, h) |
A\ 4
Ciny) = Cyyy - (n' 1)‘1
bz(n) =h,
(width of perimeter strip “n”
by = i1y -2(n-1) t
\4
Caw = min(btan( ), h)
(height of perimeter strip “n No
triangular portion) by <0
A 4 Yes
Cin) = G - Gy
(height of perimeter strip “n”
rectangular portion)
\4 47
A = (BxaCom)/2 + Batiy | A
(enclosed area of strip “n”) P
\A
v J=J+ (d‘](r) + d‘J(ru))E
2
P = b+ h + (B2 + )2 + 26
(perimeter of strip “n”)
No r=r+1

Yes
f J = Torsion constarV
\4
Enc
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A

Yes

bB(ny = Co(ny tant )

bz(n) =b,
(width of perimeter strip “n”

\ 4

Cymy = Min(bztan( ), h)
(height of perimeter strip

v

A

A\ 4

A = BznCar)/2
(enclosed area of strip “n”

v

Pm=b,+h+ (tz2 + r'2)1/2
(perimeter of strip “n”)

v

di = 4Aw’/ P
(perimeter of strip “n”)

A4
z=r
(used for trap. rule)

Figure G.4 — Torsion constant subroutine flowchart
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APPENDIX H
NONLINEAR ANALYSIS MATRIX & SECTION PROPERTY

FORMULATION

For each load increment of the nonlinear analyseglobal stiffness matrix of
the system had to be reformulated based on thamaerial and section properties for
each segment. The node and segment numberingusish Figure H.1. In Figure H.1
the boxed in number represent the segment numbeFaghermore, details of the

symmetric boundary conditions are presented ini@eét2.2 and in Figure 6.2

Z

/
BRNCRNERICE

(a) Elevation View

P/2
Torsional Restraint l
A
1

Figure H.1 — Node and segment numbering
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The following process was repeated for each loatkment. Note that the axial
degree of freedom was neglected leaving only fegrees of freedom for each node.

First the stiffness matrix of each segment fornmadads follows:

12| 6l - 121 6l
y y y y
3 0 0 0 > 3 0 0 0 >
L L L L
seg seg seg seg
121 - 6l - 121 - 6l
X X X X
3 0 2 0 3 2
L L L L
seg seg seg seg
J -J
0 0 ﬁ 0 0 0 0 ( ) 0 0
21+ )L 21+ )L
seg seg
o 6|>§ o 4l o 0 6l x o 21y 0
L L L L
seg seg seg seg
6l 4| - 6l 2|
Y 0 0 o X ¥ o 0 0o Y
L L L L
[k] S seg seg seg seg
i=
tan - 12| - 6l 12| - 6l
y y y y
3 0 0 0 —> —3 0 0 0 —>
L L L L
seg seg seg seg
- 121 6l 12| 6l
X X X X
0 3 0 2 0 3 2 0
L L L L
seg seg seg
-] J
0 0 0 0 0 0 0 0
o1+ )L 21+ )L
seg seg
- 6l 21 6l 41
X X X X
0 > 0 0 5 0 0
L L L L
seg seg seg seg
6l 21 - 6l 41
Y 0 0 o X ¥ o 0 '
L L L L
seg seg seg seg

The associated displacement vector was as follows:
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Once all four of the stiffness matrices for eatthe segments were formulated,
they were combined to form the global stiffnessriraif the system using common
degrees of freedom. Furthermore, the restraingoeds of freedom at the support and at

the point of symmetry were removed from the gldtdfness matrix.

Within the fiber model, the location of the locedutral axis for the local x-axis
and y-axis had to be determined to compute theoseptoperties. To determine the
local x-axis and local y-axis at a specific nodeakion, the first moment of area was
taken about a reference x-axis and y-axis wherertdeked area of concrete was not

considered. Once the local x-axis and local y-asge determined, the moments of
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inertia, I, andly could be determined from Equations H.1 and H.Be frsion constant

was based on the method by Dooley (1979) and cuslé&d in Chapter 6.

=" (a2 any?) (H.1)
ly=" (Ati x2+Aginx2) (H.2)

Once all four of the stiffness matrices for eatthe segments were formulated,
they were combined to form the global stiffnessriraif the system using common
degrees of freedom. Furthermore, the restraingceds of freedom at the support and at

the point of symmetry were removed from the gldtdfness matrix.

Geometric nonlinear was taken into consideratypngdating the incremental
load vector for each load increment. As the ldtdisplacement and rotation of the
cross-section became greater with load incremeatdid the applied torque on the
system. Furthermore, as the rotation increaseudgpan, a larger component of the

global vertical load acted about the local wealsaftithe beam as shown in Figure H.2.
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Displacement
Direction

——

P
Psin() l/ Pcos()
\

Figure H.2 — Local components of vertically appliedd
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