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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a na-
tional center of excellence in advanced technology applications that is dedicated to the
reduction of earthquake losses nationwide. Headquartered at the University at Buffalo,
State University of New York, the Center was originally established by the National Sci-
ence Foundation in 1986, as the National Center for Earthquake Engineering Research
(NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions
throughout the United States, the Center’s mission is to reduce earthquake losses
through research and the application of advanced technologies that improve engineer-
ing, pre-earthquake planning and post-earthquake recovery strategies. Toward this
end, the Center coordinates a nationwide program of multidisciplinary team research,
education and outreach activities.

MCEER’sresearch is conducted under the sponsorship of two major federal agencies, the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA),
and the State of New York. Significant support is also derived from the Federal Emer-
gency Management Agency (FEMA), other state governments, academic institutions,
foreign governments and private industry.

The Center’s Highway Project develops improved seismic design, evaluation, and
retrofit methodologies and strategies for new and existing bridges and other highway
structures, and for assessing the seismic performance of highway systems. The FHWA
has sponsored three major contracts with MCEER under the Highway Project, two of
which were initiated in 1992 and the third in 1998.

Of the two 1992 studies, one performed a series of tasks intended to improve seismic
design practices for new highway bridges, tunnels, and retaining structures (MCEER
Project 112). The other study focused on methodologies and approaches for assessing
and improving the seismic performance of existing “typical” highway bridges and other
highway system components including tunnels, retaining structures, slopes, culverts,
and pavements (MCEER Project 106). These studies were conducted to:

* assess the seismic vulnerability of highway systems, structures, and components;

e develop concepts for retrofitting vulnerable highway structures and components;

e developimproved designand analysis methodologies for bridges, tunnels, and retain-
ing structures, which include consideration of soil-structure interaction mechanisms
and their influence on structural response; and

* develop,update, and recommend improved seismic design and performance criteria
for new highway systems and structures.
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The 1998 study, “Seismic Vulnerability of the Highway System” (FHWA Contract
DTFH61-98-C-00094; known as MCEER Project 094), was initiated with the objective
of performing studies to improve the seismic performance of bridge types not covered
under Projects 106 or 112, and to provide extensions to system performance assessments
for highway systems. Specific subjects covered under Project 094 include:

* development of formal loss estimation technologies and methodologies for highway
systems;

e analysis, design, detailing, and retrofitting technologies for special bridges, in-
cluding those with flexible superstructures (e.g., trusses), those supported by steel
tower substructures, and cable-supported bridges (e.g., suspension and cable-stayed
bridges);

* seismic response modification device technologies (e.g., hysteretic dampers, isola-
tion bearings); and

* soil behavior, foundation behavior, and ground motion studies for large bridges.

In addition, Project 094 includes a series of special studies, addressing topics that range
from non-destructive assessment of retrofitted bridge components to supporting studies
intended to assist in educating the bridge engineering profession on the implementation
of new seismic design and retrofitting strategies.

The end cross frames of steel plate girder bridges are critical elements in the transverse seismic
load path of the superstructure. It has been suggested that if these cross frames were to yield
in a ductile manner, the elastic base shear in the bridge would be substantially reduced. This
report describes experimental and analytical studies on a two girder bridge superstructure to
investigate the validity of this proposition. Two types of end cross frames are studied, one com-
prising ductile single angle braces, and the other buckling restrained braces. The results show
a reduced base shear that is about 40% of the elastic base shear. The buckling restrained braces
resulted in 20% to 30% smaller drifts in the superstructure than with the X-braces at the same
level of base shear, a result that is attributed to better energy dissipation. Removing some shear
studs near the supports of the girders, and allowing the transverse shear to be transferred into
the end cross frames using the top chord, allows the girders to “rock,” enabling considerable
transverse drifts in the girders without distress to the slab-girder connection. The maximum drift
measured in the girders during the experiments was 7% of the girder height, with no damage
observed in the girders or bearings, and minimal distress to the deck slab. Lead-rubber isolation
bearings were also used to reduce the seismic base shear, and shown to give a greater reduction
in the base shear than was possible with the ductile end cross frames. However, the capacity
of the bearings was limited by their stability, with the critical limit state being observed in the
bearings during large ground motions.
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ABSTRACT

The end cross frames of steel plate girder bridges are critical elements in the transverse seismic
load path of the superstructure. It has been suggested that if these cross frames wereto yieldin a
ductile manner, the elastic base shear in the bridge would be substantially reduced. This report
describes experimental and analytical studies on a two girder bridge superstructure to investigate
the validity of this proposition. End cross frames comprising of ductile single angle braces and
later buckling restrained braces are studied and the results presented which show reduced base
shear of the order of 40% of the elastic base shear. The buckling restrained braces resulted in
20% to 30% smaller drifts in the superstructure than with the X-braces at the same level of base
shear, aresult that is attributed to better energy dissipation, although the displacement capacity
of the X-braces was greater. Removing some shear studs near the supports of the girders, and
allowing the transverse shear to be transferred into the end cross frames using the top chord,
allowsthe girdersto “rock” enabling considerable transverse drifts in the girders without distress
to the dlab-girder connection. The maximum drift measured in the girders during experiments
was 7% of the girder height, with no damage observed in the girders, bearings and minimal
distress to the deck slab. Lead rubber isolation bearings were also used to reduce the seismic
base shear, with a greater reduction in the elastic base shear possible using the isolators than
possible with the ductile end cross frames. The capacity of the bearings was limited by their
stability, with the critical limit observed in the bearings with large ground motions.
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SECTION 1
INTRODUCTION

1.1 Overview

For most bridges located in high seismic zones it is not practical to design them to remain elastic
for moderate to large earthquakes. Therefore parts of the structure will respond inelastically
during an extreme seismic event, either through design or as these parts happen to be the weakest
links. In modern bridges, when ductile seismic design measures are employed, the substructure is
typically designed to deform inelastically, therefore column bents and abutments are designed to
be ductile with the expectation that the superstructure will remain elastic.

Steel plate girder bridge superstructures are constructed from a number of components, including:
the deck dab, shear studs, girders, cross frames and bearings. In the past these components have
not been typically designed for seismic loading, with the presumption that the strength of the
substructure will limit forces transferred into the superstructure to levels below those which will
cause the superstructure components to respond outside their elastic range. However, during
recent earthquakes damage to the superstructure was observed in these types of bridges (Figs. 1-1
to 1-7) (Astaneh-Asl, 1994; Shinozuka, 1995; Bruneau, 1996; Chung, 1996). This damage
showed that the assumption of all superstructure components remaining elastic during earthquakes
is not necessary valid. Furthermore, this damage highlighted the potential to use some of these
critical components as ductile elements in order to reduce the forces generated during an
earthquake without relying entirely on ductile behavior in the substructure. This has advantages,
from protecting the foundations of bridges where damage is difficult to identify and repair, to
protecting the substructure for bridges, for example, when the substructure is partially submerged.
Confining damage to purpose built ductile elements which can easily be replaced if necessary
after an earthquake is a desirable characteristic of a bridge, and could reduce the need for a costly
substructure repair and bridge closures. Better still, if devices which can undergo large inelastic
deformations without the need for replacement are used then the need for bridge closures and
repair costs can be further reduced.

A first report (Carden, 2005) identified the critical componentsin the transverse seismic load path
of a steel girder bridge superstructure and discussed the various actions on these components. In
this report elements of the superstructure, more specifically the end cross frames and bearings, are
investigated as potentially ductile elements in order to reduce the transverse seismic demand in a
steel plate girder bridge.

1.2 Transverse Seismic Design using Ductile Elementsin the Superstructure
1.2.1 General Principles

In order to characterize different options for the seismic protection of bridges in the transverse
direction it is useful to compare atypical bridge to abuilding. A typical uniform low-rise building
has proportional mass and stiffness in each story resulting in relatively uniform deformations in
each story when subjected to seismic loading. It is generally considered beneficial to design each
story to yield at around the same time in order to prevent a concentration of deformationsin one
particular story and a potential “soft story” failure. In contrast a bridge has most of its weight
concentrated at the top of the structure, therefore the shear in the structure is relatively constant



FIGURE 1-1 Damage to bearing assembly of Santa-Clara River bridge during 1994
Northridge earthquake (Astaneh-Asl, 1994)

FIGURE 1-2 End cross frame gusset plate fracturein Pico-Lyons Overcrossing during
1994 Northridge earthquake (Astaneh-Asl, 1994)



FIGURE 1-3 Bearing stiffener damagein Pico-Lyons Overcrossing during 1994
Northridge earthquake (Astaneh-Asl, 1994)

FIGURE 1-4 Damageto girders of Hanshin Expressway during 1995 Hyogen-Nanbu
earthquake



FIGURE 1-5 Damageto girdersand bracing of Hanshin Expressway during 1995
Hyogen-Nanbu (Kobe) earthquake

FIGURE 1-6 Fractured lateral bracing and buckled crossframein Capitol Arch bridge
during 2001 Nisqually earthquake (WSDOT, 2001)



soagiants
FIGURE 1-7 Damaged web stiffener in Capitol Arch bridge during 2001 Nisqually
earthquake (WSDOT, 2001)
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FIGURE 1-8 Ductile end cross frame using curved single angle members (Astaneh-Adl,
1996)



throughout the height of the structure. However, the stiffness is not typically evenly distributed
throughout the height of the structure. For flexible substructures when subjected to transverse
seismic loading, the deformations will typically be concentrated in the substructure. In contrast,
with rigid substructures the deformation may be concentrated in the superstructure. Therefore it
makes sense to design the more flexible layer to be ductile in order to reduce elastic seismic
demand as deformations are already concentrated inthislayer. In effect a“soft story” deformation
is promoted in this type of bridge. Thisissimilar to the basic concept of seismic isolation.

Designing the superstructure to remain el astic during an earthquake while being capacity protected
by the substructure is one approach for the seismic design of steel plate girder bridges. Another
proposed approach is to design the end cross frames to be ductile to reduce the transverse elastic
forces in the bridge using these components (Zahrai, 1998b; 1999a). A third approach isto use a
ductile device between the superstructure and the substructure in the form of seismic isolation
bearings. It isnecessary to determine which option will be the most effective for different bridges.

1.2.2 Previous Research on Ductile End Cross Frames or Diaphragmsin Bridges

The use of ductile end cross frames to reduce the transverse seismic demand in a steel plate girder
bridge was first proposed by Astaneh-Ad (1996). A configuration of cross frame was proposed
used curved single angle members, as shown in Figure 1-8. The reason for using curved members
is to reduce the initial strength of the cross frame prior to buckling and reduce strength
degradation. Stiffness degradation in this system is still likely as the members elongate during
tensile excursions.

Zahrai and Bruneau (1998a; 1998b; 1999a; 1999b) proposed and performed experiments on
different configurations of ductile end diaphragms. They investigated the use of three types of
diaphragms in which the inelastic components were principaly subjected to flexural and shear
deformations. The first was a shear panel system (SPS) which consisted of asteel panel orientated
in avertical plane designed to deforminelastically in shear (Fig 1-9a). The second system used an
eccentric braced frame (EBF), similar to the SPS but with the inelastic member orientated in the
horizontal direction (Fig. 1-9b). The third system studied was a triangular-plate added damping
and stiffness device (TADAS) which consisted of triangular plates that yielded in flexure as
ductile elements (Fig. 1-9¢). These systems were shown in subassembly experiments to perform
with ductile behavior up to drifts of around 3.0%, 3.0% (bolted) and 3.8% for the SPS, EBF and
TADAS systems respectively compared to the girder height. In order to reduce the effect of the
girders in the transverse load path, these experiments used trimmed web stiffeners which lowered
the transverse flexural capacity of the stiffeners. Even with the trimmed stiffeners the transverse
stiffness of these members resulted in considerable post yield stiffness. It was assumed that the
girder sections in the subassembly had fixed top and bottom flanges, although, it was recognized
that allowing rotation of the girder flanges about their longitudinal axes would result in reduced
girder stiffness and reduced post yield stiffness in the system.

For the SPS and EBF systems at failure, based on the geometry of the systems, the average
theoretical shear strains were approximately 23% and 17% respectively. For the TADAS system
at failure the theoretical maximum direct strain due to flexure in the triangular plates was
calculated at 11%. These calculations were only approximate as they assumed no dlippage in the
connections and deformations only in the deformable links. For example the actual measured
distortions in the SPS specimen considered was around 12% (Zahrai, 1998b). Despite the
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FIGURE 1-9 Ductile end diaphragms using: a) shear panel system (SPS); b) eccentric
braced frame (EBF), and; c) triangular-plate added damping and stiffness device
(TADAYS) (Zahrai, 1998b)

approximations made, these numbers demonstrate that the localized strains in the ductile links
were much larger than the girder driftsin each system. Theimplication of thisisthat the allowable
deformation in these ductile end cross framesis limited. 1t was proposed in the ATC/MCEER - 49
guidelines (ATC/MCEER, 2003) that the drifts of ductile end cross frames should be limited to



2.0% of the girder height. Under these criteria is was shown that ductile cross frames are only
practical when the girders are relatively tall, such asin retrofit of typically old two girder bridges
(Zahrai, 1998b). This drift limitation is unlikely to be sufficient for effective ductile end cross
frames in typical modern multi-girder bridges located in high seismic zones. However, if the
ductile end cross frames and ends of the girders were able to accommodate a larger displacement
capacity, then the number of bridges for which ductile end cross frames would become a viable
design or retrofit strategy would broaden.

1.2.3 Other Potential Ductile Systems

As illustrated in Figure 1-10, single angle X-braces are often used in cross frames of steel plate
girder bridges. Their inelastic response could therefore be studied to potentially design them as
ductile elements. It is recognized from past research that concentric braces such as these have a
tendency towards strength and stiffness degradation due to buckling of the compression members
(Jain, 1978; Astaneh-Asl, 1982; Sabelli, 2001). This potentially resultsin increased displacements
due to limited energy dissipation characteristics. In buildings this has been shown to have serious
consequences as the strength degradation has a tendency to form weak storys, resulting in large
deformations concentrated in these levels. 1n bridges the consequences of this are not as serious as
“soft story” behavior is effectively being promoted. Therefore, as long as the girders and cross
frames can accommodate the resulting seismic displacement demand, single angle X-braces are a
potentially feasible system for ductile end cross frames. They could be used to seismically protect
astructure in the transverse direction with no additional cost during bridge construction, except to
ensure that the connection details are suitable to prevent brittle failure. Furthermore, the average
axial strainsin the end cross frames will be similar to the drift in the structure, i.e. a 1% axial strain
in the diagonals will approximately correspond to a 1% or more drift in the structure, although the
exact values depend on the geometry of the system. It is recognized that local strains around the
plastic hinges formed during buckling, and the fact that axial strain capacities are generally less
than shear capacities. However compared to the SPS, EBF and TADAS systems which have

FIGURE 1-10 Typical X-brace crossframe shown at inter mediate cross frame location



strains in the deformable members many times larger than the girder drifts, smaller comparative
strains in the cross frame members are likely to lead to larger drift capacities. Another potential
advantage of this system is that strength degradation, although often considered unfavorable, is
likely to result in maximum forcesin the end cross frames close to the yield forcesand assuchitis
possible to limit forces transferred into the superstructure and the substructure. Recognizing the
problems with concentric braced frames in buildings, buckling restrained braced frames are
becoming increasingly popular (Sabelli, 2001; Sabelli 2003b). Buckling and therefore strength
and stiffness degradation is prevented by confining the axial members in these braces. One form
of these braces is the “unbonded brace” constructed by Nippon Steel Corporation (Wada, 1989).
Unbonded braces are constructed from a steel bar or cruciform core section which is surrounded
by amortar encasing and steel tube. An unbonding material covers the steel core section to alow
it to slide longitudinally relative to the casing while all buckling, except very high mode buckling,
is prevented by the casing when the core plate is put in compression. This results in similar
properties when subjected to tensile and compressive loads (Black, 2002; SIE, 1999). A typica
braceisillustrated in Figure 1-11. The design procedures for buckling restrained braced frames
are evolving for implementation into buildings using similar procedures as for the design of any
other system (Clark, 1999; Sabelli, 2003a; SEAONC, 2003).

It was anticipated that using these braces as components in ductile end cross frames could result in
the same benefits as for the single angles in terms of relatively large allowable drifts in the end
cross frames to minimize base shear. However, with increased energy dissipation the same force
levels could potentially be achieved with smaller driftsin the cross frames.

Core Section

Grout Infill

Steel Hollow
Section
Encasing

Cruciform
Connection
Region

FIGURE 1-11 Typical configuration of buckling restrained (unbonded) brace



1.2.4 Seismic | solation

As an alternative to a ductile substructure or ductile end cross frames remains the possibility of
using seismic isolation between the superstructure and substructure. The basic principle of
seismic isolation is to use a flexible layer to reduce the natural period of a structure in order to
lower the seismic forces. However, the flexible layer must be designed to accommodate large
displacements with additional damping generally added in order to limit displacement demand
(Skinner, 1993). Ductile substructures or ductile end cross frames effectively perform in asimilar
manner as isolation systems by providing a flexible layer in a bridge, although the displacement
capacity of these systemsis not typically as high as that for an isolation system and consegquently
the reduction in elastic base shear is not as great. The correlation between seismic isolation and
other ductile systems can be lost as completely different design methodol ogies are typically used.

Seismic isolation has been used quite extensively, perhaps due to the fact that thermal expansion
bearings are often used in bridges, therefore replacing these bearings with isolation bearings
results in little increase in cost and much better anticipated seismic performance. Despite this
there is still relatively little strong motion verification of the concept in the field (Lee, 2001).
Kunde and Jangid (2003) provide a thorough review of the application of seismic isolation in
bridges. Isolation systems typically fall into two categories, elastomeric or sliding although there
are other systems such as rocking systems (Robinson, 1993).

Seismic isolation can be used for new design and also retrofit of bridges where the substructure
and foundation are found to have insufficient strength to resist large seismic loads (Buckle, 1990).
Of particular interest in this study is the comparative performance of the seismic isolation systems
and ductile end cross frames for modifying the transverse seismic response of a bridges in both
retrofit and new design applications.

1.3 Superstructure Flexibility

While the flexibility of the substructure is known to control the response of a bridges and change
the effectiveness of other ductile components such as seismic isolation systems (Saiidi, 1999), the
flexibility of the superstructure is also likely to have an effect on the transverse response of a
bridge. Maleki (2001) suggested and showed analytically that the superstructure of typical bridges
are sufficiently rigid transversely that it does not significantly affect the response of a bridge.
However for relatively narrow bridges and depending on the stiffness of the substructure this may
not be valid. Alfawakhiri and Bruneau (2000) investigated the response of a bridge incorporating
the relative stiffness of the superstructure and substructure. They showed that when using ductile
end cross frames the displacement demand can be significantly affected by the flexibility of the
superstructure (Alfawakhiri, 2001). Thiswill also betrue for the displacement demand of aductile
substructure in some instances. Therefore superstructure flexibility should be considered in the
seismic analysis of a steel plate girder bridge.

1.4 Objectives and Scope
The objective of this report is to study the seismic response of straight steel plate girder bridges
with ductile end cross frames and seismic isolation, using a single span scale model of atwo girder

bridge superstructure and corresponding finite element models. The main purpose of this study is
to determine whether ductile cross frames and isolation, designed to reduce seismic demand in the
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superstructure of this type of bridge, are effective, and if so, which systems are most effective.
The ductile end cross frames investigated were designed using single angle X-braces and buckling
restrained braces. The isolated bridge utilized lead rubber isolation bearings.

The study is limited to straight unskewed steel plate girder bridges constructed from steel built-up
I-girders. The response of the bridge is generally limited to excitation in the transverse direction
with limited investigation of longitudinal, and no consideration of vertical, excitation. This report
focuses on the response of the bridge model and other models used in parametric studies.
Preliminary design recommendations for ductile end cross frames and isolation systems for usein
steel bridges are proposed.
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SECTION 2
ANALYSISAND DESIGN OF THE BRIDGE MODEL

2.1 Introduction

This chapter describes the preliminary analysis, design and construction of a twin girder, simply
supported model of a slab-on-girder bridge superstructure, used in order to study the effects of
earthquake loads on atypical straight steel plate girder bridge located in a high seismic zone. The

bridge model was based on a prototype bridge, scaled by a factor of 2/5, with further details
described in a preceding report (Carden, 2005).

The design procedure for the various components presented in this chapter reflect the methodol ogy
used to design and analyze the bridge model before experiments were performed. After studying
the response during many experiments on the bridge model, a more comprehensive design
procedure is later developed, which will be presented in afuture report.

2.2 General Design of Bridge Model
The steel plate girder bridge superstructure model used for experiments in this study is shown in

Figure 2-1. Other aspects such as the deck slab reinforcing, cross frames, shear studs and bearings
were designed specifically for the bridge model, based on forces scaled from the prototype bridge.

FIGURE 2-1 Slab-on-girder bridge superstructure model

13



The overal girder dimensions for the bridge model were scaled down from the two girder
prototype. Thisresulted in 18.3 m long girders with cross sectional properties as shown in Figure
2-2. The webs and flanges were built-up from plates which where welded with 10 mm fillet welds
along the length of the girders. Transverse stiffeners, 10 mm thick, were placed at 3.05 m centers
on the exterior face of the girders and 1.52 m centers on the interior face. The web and flanges
were constructed from ASTM A709 Gr50 steel, al other components were ASTM A36. The
girders were generally smply supported, except during a few experiments where an intermediate
support was added to the bridge resulting in two continuous spans.

The thickness of deck dab and haunch, spacing the girders, and length of overhang were scaled
down from the prototype bridge resulting in cross sectional deck slab dimensions as shown in
Figure 2-2. Two rows of 10 mm diameter Nelson Headed Anchor studs (TRW Nelson Division,
1977, TRW Nelson Division, 1988) were placed on each of the girders, as shown in Figure 2-3,
spaced at 450 mm centers. These studs were not sufficient to provide full composite action to the
bridge model for gravity loads and therefore provided a partial composite section (Carden, 2005).

The intermediate cross frames in the prototype bridge were spaced at 7.62 m based on the
AASHTO Standard Specifications (1996). After scaling the intermediate cross frames in the
bridge model were spaced 3.05 m apart. Typica intermediate cross frames for the bridge model
are shown in Figure 2-4. These were constructed using the same angle sections as those used in the
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FIGURE 2-2 Sed plate girder bridge model - girder and deck dab dimensions
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FIGURE 2-3 Bridge model deck slab reinforcing
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FIGURE 2-4 Typical intermediate cross framein bridge model

“heavy” end cross frames described in Section 2.3.3. Compared with the end cross frames, the
connection details for the intermediate cross frames were simplified, with connections directly to
the stiffeners without the use of gusset plates, as strong connections to promote potential inelastic
behavior were not necessary. There was a double angle bottom chord, but no top chord, asin the
prototype.

For the reversed static experiments, which focused on the transverse load path and end cross
frames, the bridge model was placed on four reinforced elastomeric bearings. These are typical of
those used to accommodate temperature fluctuations in the longitudinal direction of a bridge
superstructure. They are shown to be a relatively low maintenance, low cost option for bridge
bearings, with good resilience for extreme loading conditions (AlISI, 1996). The elastomeric
bearings consisted of three layers of elastomer sandwiched between steel shims as shown in Figure
2-5. The bearings were constructed from a neoprene polymer with a shear modulus of 0.86 M Pa.
They were restrained in the transverse direction with stiffened angles as shown. Typically in this
type of bridge there is some gap between the bearing and transverse restraint, however for the
bridge model this gap was minimized using custom fitted shims in an attempt to simplify the
transverse response. The bearings were able to allow rotation of the girder about a longitudinal
axis, seen as advantageous with the use of ductile end cross frames which are described in the
following section. Rotation about the vertical axis was partially restrained by the custom fitted
shims, but is generally considered unrestrained.

L ead rubber seismic isolation bearings were used in the shake table experiments. The properties of
these bearings are discussed in Section 2.3.6. They were used as isolation bearings, but were also
restrained in order to study forces in the various end cross frame configurations. The transversely
restrained |ead rubber bearings areillustrated in Figure 2-6. These restraints were similar to those
used for the elastomeric pads, with the angles orientated in the opposite direction for convenience
of connection to the load cells. The restraints allowed rotation about the longitudinal axis of the
bridge. As the tight-fitted shims were cut to a relatively short length of 3 in, and placed at the
center of the bearing, they were able to allow effectively free rotations about the vertical axis of
the bridge. The properties of the isolation bearings are given in Appendix 2.

The weight of the superstructure is critical for determining the dynamic response of the bridge.

Assuming a density of reinforced concrete of 25 kN/m® and steel of 77 kKN/m® the wei ght of the
superstructure was calculated at 140 kN. The calculated weight of additional lead required for
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similitude due to scaling was equal to 210 kN, 1.5 times the bridge weight. The resulting total
calculated weight of the bridge was equal to 350 kN.

The measured weight of lead added to the bridge model was equal to 206 kN, equally distributed
in six steel frames on the deck slab of the bridge model. The total weight of the bridge including
lead, as measured from the load cells and checked using a crane scale at one end of the bridge, was
170 kN at the north end and 171 kN at the south end, summing to 341 kN. Therefore the weight of
the bridge model alone was equal to 134 kN. The measured weight of the bridge model was within
6% of the expected weight. Dividing the weight equally between each of the bearings resulted in
forces of 33.5 kip per bearing for the reversed static experiments, with no added lead. Similarly,
the force during shake table experiments was equal to 85.4 kN per bearing. The load cells
confirmed that the forces were evenly distributed between all the bearings as required for
equilibrium.

2.3 Design of Critical Componentsin the Ductile Transver se Response of the Bridge
2.3.1 Overview
Three approaches were considered to alow ductile response of the steel girder bridge model

subjected to transverse earthquake excitation. The ductile response was promoted using ductile
end cross frames and seismic isolation bearings. 1n order to design these components an analysis
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procedure for the bridge model is described below. This procedure does not reflect the fina
recommended analysis and design procedure for steel girder bridge superstructures, which will be
described in more detail in a future report.

2.3.2 Analysis Procedures
2.3.2.1 Response Modification Factor Design

The response modification factor (R-Factor) design approach is the approach specified in the
majority of building and bridge codes for seismic design of structures, whereby the elastic
response of the structure is calculated then elastic forces are divided by a response modification
factor to calculate an inelastic demand. Critical elements in the system are then designed with a
capacity equal to the inelastic force level and detailed to accommodate resulting inelastic
displacement demand.

Asthe bridge model was simply supported an approximate closed form solution can be derived for
the elastic transverse response of the bridge with a flexible superstructure and end springs to
model the end cross frames and substructure. The formulation presented here is similar to that
presented by Alfawakhiri and Bruneau (2000), although uses different notation. Assuming only
the first mode contributes to the response of the bridge, the shape function for the deformed bridge
isasshown in Figure 2-7. The equation for the shape function is:

w(x) = 1+oc[sin(nrx) —1J 221

where: y is the shape function; o is the superstructure deformation ratio, ie. the ratio of the
amplitude of the superstructure deformation at midspan to the maximum total deformation; x isthe
distance from the end of the bridge; and L isthe length of the bridge. The o valueis dependent on
the stiffness of the superstructure compared to the stiffness of the ends of the bridge which include
the end cross frames, bearings and substructure. 1t can be approximated by statically applying a
uniform load to the bridge and calculating the relative deflection of the superstructure and ends of
the bridge. Using this approximation and assuming a uniformly distributed transverse stiffness
along the length of the superstructure, o is given by:

x=0 x=L
y(X) = 1+oc[sin(nrx) —1}

FIGURE 2-7 Shape function for transver se defor mation of simply supported bridge

~
|
N

17



51L3

_ _ 384EI -
5L3, 1 o
384El " Ky

where: El isthe distributed stiffness of the superstructure; L is the length of the bridge, and; Kggt is
described by:

_ ksubkeffi

ett = .23

sub + keffi

where: Kggi 1S the combined transverse stiffness of the end cross frames, and: kg, is the stiffness

of the substructure. It can be shown with Equation 2.3 that if the substructureis flexible compared
to the end cross frames then it will dominate in the stiffness of the ends. The reverse is true for
relatively flexible cross frames and rigid substructure. The stiffness of the end cross frames and
substructure can be combined in this manner as they share the same shape factor and additional
substructure mass is neglected.

The generalized single degree of freedom system can be described using the above modeshape.
Therefore the response of the bridge can be found by solving the equation for the generalized
system (Clough, 1993):

M#* Z(t)+ C* Z(t) + K* Z(t) = P*g4(t) 2.4

Where: M* isthe generalized mass; C* isthe generalized damping; K* isthe generalized stiffness;
P* & 1S the generalized effective load, and; Z(t) is the generalized displacement. In this equation
the generalized mass is defined by:

M* = IL MO dx = M[@—:—Daz+(£—2)oc+q .25
0

where: m is the mass per unit length; and M is the total mass of the superstructure. The stiffness
matrix is given by:

2
L d TEl
K* = | El(x)d_x“’dx = Eoc2+keﬁ(1—oc)2 2.6
0
and the generalized effective load is defined by:

Prer(t) = —ag(t)fLm(X)w(x)dx = —M[l+(§—l) oc}ag(t) 2.7

0
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where: ag(t) is the ground acceleration as a function of time. The effective earthquake excitation
factor, L, is defined by:

2
Ly = M[1+(T—E—1) o] .28
and the effective modal massis given by:
2
L eft

Thevalidity of asingle degree of freedom mode! can be verified by comparing the effective modal
mass with the generalized mass. The damping can also be defined by calculating a generalized
damping, however for the purposes of design, 5% equivalent viscous damping was assumed for
the system. Equation 2.4 can be solved using a response spectrum analysis for a given level of
damping. The effective period of the generalized structure is given by:

— IM*

therefore the spectral acceleration coefficient, Cg, can be found from the AASHTO design
spectrum and is defined as:

o= 225 o8A 211
Teff

C

where: A isthe acceleration coefficient; and Sis the site coefficient. The base shear of the bridge
can then be calculated as:

Fy = My C.d 212

and the elastic displacement of the bridgeis given by:

T2 L
) La 213

d(x) = y(x (— —
() = w05 ) o Co
The elastic displacement can be calculated in the end cross frames, substructure and aong the
length of the bridge using this expression.
A series of simple span bridges were analyzed and compared to afinite element response spectrum

analysis. The base shear calculated using this procedure was calculated to within 0.5% of that
calculated using the finite element model. The displacements were with 2.5% of the finite element
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model. The error isin the approximation of uniform loading in calculating the shape function but
was shown to be negligible.

It can be assumed that the elastic base shear in the transverse direction is reduced by inelastic
behavior in either the substructure, bearings or end cross frames. This reduction is given by the R-
Factor. The R-Factor is defined by:

R = Fetastic .214

I:i nelastic

where: Finaagtic 1S defined by the capacity of the system. An R-factor can be selected for design of

the ductile system using requirements in AASHTO (1998), from which the required capacity of
the ductile system can be calculated based on the modified elastic response.

2.3.2.2 Displacement Based Design Approach using a Capacity Spectrum Analysis

The above R-factor design approach focuses on the reduction of elastic forces, however, selection
of an R-factor needs to be appropriate to ensure that the inelastic displacement capacity of the
ductile system is adequate. A capacity spectrum analysis (or capacity spectrum analysis) provides
an estimate of the inelastic displacement of a ductile system. This s the approach generally used
for the design of seismic isolation systems as these systems are designed specifically for large
inelastic displacements and therefore determining the displacement response is critica. The
displacement based procedure was used to design an isolation system for the bridge model based
on the procedure outlined in the AASHTO Guide Specifications for Seismic Isolation Design
(AASHTO, 1999). This procedure isoutlined below.

The first step is to define the earthquake and site parameters in order to define the demand
spectrum. For base isolated structures the acceleration coefficient is defined by:

AS
= <2.5A L2
C T..B 2.5 5

where: T is the effective (secant) period of theisolated structure at the design displacement, and,
B is a factor to account for damping in the isolation system. Note that this is different to the
acceleration coefficient for non-seismically isolated structures as given in Equation 2.11 due to the
addition of a damping component and the seismic coefficient being proportional to 1/Tg;. The
damping coefficient should only be applied to isolated modes, with other structural modes in a
multi-mode analysis assumed to have a damping coefficient of 1.0.

The next step is to characterize the bi-linear properties of a proposed isolation system, which
define the capacity curve. The bi-linear parameters are illustrated in Figure 2-8. Asthe isolation
systems are typically able to be designed for much larger displacements than ductile substructures
and cross frames then the design lateral shear force is comparatively less. Therefore this forceis
often governed by non-seismic lateral forces. These forces can be used to initially select an
appropriate isolation system and initial dimensions.
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FIGURE 2-8 Termsfor definition of bi-linear model

Asthe isolation system is typically flexible compared to the superstructure and substructure, o as
defined in Equation 2.1 can be assumed to be equal to 1, therefore rigid body motion of the
superstructure is assumed at the initial design stage. If accidental torsiona effects are also
neglected then each isolation bearing will have the same response. Having defined the demand
and capacity spectra an iterative procedure can be used to find the design response of the system.
This begins with an estimate of the design displacement, d;, from which the design force, Fg, is

equal to:

Fd = Qd + kddi ...2.16

therefore the effective stiffnessis equal to:

K = 2.17
effi di vl
and the effective period is given by:
Ty = 2n | .2.18
Ketti @

The equivaent viscous damping, f3;, for the hysteretic system at this displacement is given by:
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B, = %’(#ﬂ) 219

where: dy; isthe yield displacement. The effective damping can be approximated by:

2%

= 3 ..2.20

Bi

when the yield displacement is small compared to the estimated total displacement in the
hysteretic system. This gives a modification factor for the acceleration demand due to damping,
B, asgiven by Table 2-1.

Hence the design displacement (in inches) can be calculated as:

_ 10AST

d S 221

TABLE 2-1 Damping Coefficient, B

Equivalent Viscous
Damping (%)

2 5 10 20 30 40 50

B 08| 1012|1517 ] 19| 20

The calculated design displacement can be compared to the estimated displacement and iterations
performed until the response converges. The isolation system design can then be modified until
the desired design responseis achieved.

2.3.3 Ductile Columns - Elastic X-Braces

The first approach used in designing the cross frames in the bridge model was to assume an
elastically responding superstructure and ductile substructure. An analysis of the two girder
prototype was performed using the R-Factor methodology outlined in section 2.3.2.1. Thedesign
spectrum was taken from AASHTO (1998), assuming zone 4 (A = 0.4) and site catagory |1 (S =
1.2). Thegeneralized weight for the structure was 2440 kN and generalized stiffnesswas 9.47 kN/
mm, giving a calculated period of the structure, equal to 1.02 s. The resulting spectral acceleration
coefficient was equal to 0.568 and resulting base shear was 1440 kN. This was assumed to be
equal to the lateral force at the top of the column as half will come from each of the two adjacent
spans.

In order to alow for inelastic behavior in the column, the lateral force was divided by an R-factor
of 2. The resulting lateral force on the column was 729 kN and the corresponding bending
moment, assuming a pin at the top and fixity at the base, was equal to 7540 KNm. From an
analysis of the assumed cross section of the 1500 mm diameter column (using the “xSECTION”
analysis program with results provided by CALTRANS), the yield moment was calculated to be
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9680 kNm and the ultimate moment was 13300 kNm, corresponding to yield and ultimate shears
of 987 kN and 1360 kN. Astheyield strength was greater than the reduced seismic demand on the
column the proposed properties were suitable.

Alfawakhiri (2001) showed that as the relative stiffness of the superstructure reduces compared to
the substructure stiffness, the ductility demand on the ends increases and can be considerably
greater than that cal culated assuming arigid superstructure. For this bridge the superstructure was
relatively long and narrow compared to many bridges, therefore the relative stiffness of the
superstructure was expected to be relatively low. However the oo was only 0.059 indicating a
relatively high superstructure stiffness compared to substructure stiffness. Consequently, the
ductility demand on the column was not expected to be significantly larger than that calculated
assuming a rigid superstructure. Using ductile column detailing adequate displacement capacity
should be achieved.

The end shear for the design of the end cross frames was based on the ultimate moment in the
column, using the capacity design principle, to order to ensure that the cross frames were stronger
than the column. As half of the column shear was transferred into each of the adjacent spans, the
shear in each of the cross frames was calculated from half the ultimate column shear. Thisresulted
in adesign shear for the end cross frames in the two girder prototype bridge of 680 kN.

For the bridge model the end shear force was scaled by the square of the scale factor (2/5) resulting

in a design shear of 109 kN. This shear was resisted by the diagonals of a single angle X-brace at
the end of the bridge. Assuming only the tension diagonal contributed to the strength of the cross
frame, a 45 x 45 x 6 mm single angle was used. This satisfied the b/t ratio and slenderness (K1/r)
ratio in accordance with AASHTO (1998). The design tension force for the angle member was
124 kN and the horizontal component of this force, based on an 18 degree angle to the horizonta
for the diagonal member, was 117 kN. Hence these single angles were expected to be stronger
than the capacity of the columns. The “heavy” end cross frames are shown in Figure 2-9.

The expected strength of the X-braces was considerably higher than the design strength. If the
expected strength, calculated using an Ry of 1.5 based on AISC Seismic Provisions (1997) and the

buckling strength of the angles was included, then the expected shear in the cross frames was equal
to 340 kN. Hence the design was very conservative.

Top and bottom chords were designed to distribute earthquake forces evenly between the girders
and bearings in the event that buckling of the diagonal members occurred and uneven forces
resulted in the tension and compression diagonals. 45 x 45 x 6 mm double angles were used, as
illustrated in Figure 2-9. In addition at the south end of the bridge the top chord was connected to
the deck slab using a T-section, as illustrated in Figure 2-10. This detail was added at the north
end of the bridge after the first experiment demonstrated its influence in the transverse seismic
load path. This type of composite connection is used at abutments to minimize the effect of wheel
loading where traffic travels onto a bridge. The T-section was connected to the deck slab using
bolts grouted into holes cored in the deck slab to facilitate removal of the member when necessary
when changing end cross frame configurationsin the bridge model.

Two types of connection configurations were used at different stages of experiments on the bridge
model. The first configuration, for which the above calculations apply, had bolted connections.
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FIGURE 2-9 “Heavy” end crossframesat the north end in the bridge model

The diagonal, top and bottom chords of the end cross frames were connected to gusset plates
which in turn were connected to the web stiffeners as shown in Figures 2-9 and 2-10. Gusset plates
were used instead of connecting directly to the stiffeners in order to provide adequate connection
strength and ensure any inelasticity would occur in the members and not result in failure of the
connections. The second configuration used welded connections. For this configuration, as
illustrated in Figure 2-11, no gusset plates were required as the angles were welded directly to the
bearing stiffeners. Thisresulted in alonger unrestrained length in the compression diagonal which
slightly lowered the buckling strength and therefore overall shear capacity of the end cross frames
compared to the previous configuration. Thiswas not considered to be important as forcesin these
cross frames never exceeded their yield force.
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FIGURE 2-10 “Heavy” end cross frames at the south end in the bridge model

2.3.4 Ductile End Cross Framesusing Light Single Angle X-Braces - Elastic

inelastically.

Substructure

As an aternative to assuming the substructure will deform inelastically, in order to reduce the
elastic seismic demand in the bridge model, the end cross frames were designed to respond
In considering ductile elements in the superstructure it was assumed that the
substructure consisted of relatively rigid supports, such as abutments or relatively rigid piers
founded on stiff soil, instead of the more flexible column bents previously assumed. Consequently
the stiffness of the substructure was assumed to play little role in the response of the bridge. The
strength of the substructure for this configuration was assumed to be the same as in the prototype
bridge designed with ductile columns, assuming that yield strength was reached at a lateral force
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FIGURE 2-11 “Heavy” end crossframesin the bridge model with welded connections

of 987 kN. Therefore the force in each end cross frame, assuming there are two sets of cross
frames at each support location from adjacent spans, needed to be less than 493 kN. For the scale
model thisis equivalent to 79 kN.

Single angles (25 x 25 x 5 mm) were selected for the cross frames designed to yield at around this
level and are termed the “light” X-braces. These were the smallest available single angle members
which satisfied the b/t and Kl/r ratios. The bridge model configuration with these X-braces is
shownin Figure 2-12. They werewelded directly to the bearing stiffeners, as shown, with welded
connections designed to be stronger than the tensile capacity of the members to prevent premature
failure and promote the best possible inelastic behavior.
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FIGURE 2-12 “Light” end crossframesin the bridge model

The design axia strength of the tension diagonal was equal to 52 kN. The design axial strength
compression diagonal was equal to 32 kN. The compression diagonal was assumed to buckle with
a strength defined by AASHTO (1998) assuming a length for buckling equal to half of the total
diagonal length due to the connection at midspan, an effective length factor assumed to be 0.7, and
r defined about the minor principle axis. Thisissimilar to the assumptions used for design of the
ductile members in specia truss moment frames (Goel, 1994). The maximum tension and
compression forces of the corresponding diagonals were not expected to be reached at the same
time. The maximum tensile strength in the tension diagonal was expected to be reached after the
buckling strength was reached in the compression diagonal. However, there was expected to be
little degradation in the compression member when the tension member began to yield. Hence the
design shear strength would be simply a combination of the two strengths multiplied by the cosine
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of the angle of inclination for the braces (18 degrees), which resulted in a calculated design
strength of 79.2 kN. Thiswasidentical to the maximum force desired to prevent inelastic behavior
in the substructure, however with the consideration of material overstrength, the strength in the
cross frames was expected to be greater. Based on material yield strength from a coupon test the
expected strength using direct combination of tension and compression strengths was equal to 109
kN. Based on this strength, the calculated strength was 38% larger than the ideal maximum
strength of the cross frames, however this was unavoidable as it was the smallest available
member size for the single angle diagonals.

Using a similar assumption as for the column design, it was assumed that the displacement
capacity of the end cross frames would exceed the displacement demand. An objective of this
experiment was to determine the validity of this assumption.

In order to maximize the shear force in the diagonal members and alow them to deform
inelastically at the design shear, it was necessary to minimize the effect of other members at each
end. Previous experiments (Zahrai, 1999b) showed that the web stiffeners had a considerable
impact on the lateral stiffness and were likely to result in significant post-yield over-strength. In
these past experiments the web stiffeners were trimmed in order to lower thislateral stiffness. The
transverse deformation of the end region of a two girder bridge with trimmed web stiffeners is
illustrated in Figure 2-14. For this particular bridge an alternative method for reducing the effect
of the bearing stiffeners was employed, asillustrated in Figure 2-15. The top and bottom chords of
the end cross frames in this configuration were specially designed to allow the end region to
“rock”, with resistance primarily due to the diagonal members of the cross frames. Rotations were
allowed at the base of the girders by eastomeric pads and lead rubber bearings respectively, both
with relatively low rotational stiffness. Rotations were also facilitated between the deck slab and
the girders by having few shear studs on top of the girders near the end regions. The top and
bottom chords were then pinned in order to facilitate rocking. Inthe bridge model ideal pinswere
provided by single high strength bolts, however, in practice two bolt connections would be
preferred. The members and connections of the top chord were designed to transfer the full shear
from the deck dab into the web stiffeners. The members and connections of the bottom chord
were designed to transfer the unbalanced force due to buckling of the cross frames evenly to the
bearings. These were designed to ensure development of the full capacity of the diagona
members.

2.3.5 Ductile End Cross Frames using Unbonded Braces - Elastic Substructure

Buckling restrained braces have been shown to provide very reliable strength, good energy
dissipation and reduce lateral storey drift in building applications compared to concentric braced
framing systems (Black, 2002; Clark, 1999; Yamaguchi, 1998). These were considered to provide
potential improvement in the response of steel plate girder bridges, compared to specia X-braces,
when used as ductile end cross frames. As the braces have similar properties in tension and
compression a single brace was necessary. Buckling restrained braces constructed by Nippon
Steel Corporation, called an unbonded braces, were installed in the bridge model, asillustrated in
Figure 2-13.

The unbonded braces were designed to have asimilar yield strength as the light X-braces in order

to compare the two systems. The braces were designed with Japanese standard LY P-225 steel
with a specified expected yield strength of 225 MPa. A cross section of 16 x 25 mm was assumed
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FIGURE 2-15 Deformed end region of two girder bridge with “rocking” girders

in the core region of the unbonded braces, as experiments have been previously performed on
braces with this cross section by Nippon Steel Corporation. This gives an expected strength for
the unbonded brace of 90.7 kN. Based on the average of two coupon experiments the expected
strength was slightly higher at 92.5 kKN. As the brace was placed at an angle of 15 degrees to the
horizontal then the design end shear was 89.4 kN. Thiswas 18% less than the expected strength of
the X-braces and was similar enough to provide reasonable comparisons between the two systems.

Nippon Steel typically recommend design of unbonded braces with fixed end connections that are
capable of carrying any moment generated in the brace. These connections are designed to be dip
critical using the serviceability requirements of AISC (1998) for buildings. As the braces designed
for the bridge model were relatively short, there was a concern that the bending generated in the
braces due to the deformed geometry would be large with fixed end connections, which could have
an impact on the seismic performance of the brace. The alternative was to use pinned connections
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to prevent bending moments being induced in the brace, however the impact of thisisaconnection
which is not slip critical and a higher chance of buckling in the braces as the effective length was
increased. In order to alow testing of both configurations, the braces were designed with pinned
end connections which were later welded in order to create fixed end connections. The top and
bottom chords used for the unbonded braces were the same as those used for the ductile X-braces.

2.3.6 Seismic I solation using Lead Rubber Bearings

The third approach for protecting the bridge model during earthquakes was to seismically isolate
the superstructure using lead rubber bearings. A different design approach than that implemented
in design of the ductile end cross frames was used for the design of the isolation system.
Conventional seismic isolation design principles were implemented using a capacity spectrum
analysis, as described in Section 2.3.2.2. As the isolators were able to undergo much larger
deformations than comparable columns or ductile cross frames, it was possible to design them for
alower shear force. Theisolation system was designed for a shear force of 0.2 time the weight of
the superstructure at the same level of seismic demand as for the previous systems.

The resulting dimensions for the lead rubber bearings are illustrated in Figure 2-16. The
calculated properties of the bearings and design response is given in Appendix 1. The bearings
were constructed with 10 layers of rubber with a shear modulus of 0.43 MPa. The design
displacement for these bearings was 53 mm at a base shear of 19.3 kN per bearing. At this
displacement the equivalent viscous damping was 33% and effective period of the structure was
1.00 s. The design response was based on a time scaled ground motion, as described in following
sections, therefore the equivalent full scale period would be 1.58 s and full scae design
displacement would the 140 mm.

In achieving a low lateral stiffness, the bearings were relatively slender and consequently were
susceptible to buckling (Buckle, 2002). The displacement at which buckling was expected to
occur was calculated to be 82 mm, 1.55 times the design displacement. A normal application
would ensure that shear buckling did not occur before at least 1.5 times the design displacement
(AASHTO, 1999), therefore was barely satisfied. The axial load on the bearings was expected to
vary due to the overturning moment, increasing the compression force in the bearings on one side
of bridge but decreasing the force on the other bearings. This would decrease the buckling
capacity of the bearing on one side but increase the capacity of the bearings on the other side. As
both bearings are required to buckle simultaneously to create instability at each end, the
overturning effects were expected to cancel out and therefore the average axial load was used in
evaluation of the bearing buckling capacity. For excitation in the longitudinal direction there were
no overturning effects.

As the combined shear force in the bearings at each end of the bridge was much lower than the
yield strength of the end cross frames, with both light X-braces or unbonded braces, experiments
were first performed on the lead rubber bearings with the light X-braces. Bearing restraints were
later added in order to increase the transverse shear capacity of the bridge, allowing the X-braces
and unbonded braces respectively to become the weakest links in the system.
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2.4 Simulation of Earthquake L oading
24.1 Reversed Satic Transverse Loading

Thefirst series of experiments on the bridge model simulated transverse earthquake loading in the
model using actuators located at the one thirds points aong the bridge as shown in the Figure 2-1.
The center of mass of the bridge model was slightly below the centreline of the deck dab as 75%
of the weight of the bridge model was concentrated in the deck slab. If barrier rails, wearing
surface and some live load was included the proportion of weight at and above deck slab level
would have increased further. Consequently, the actuator supports were designed to apply loads
just (41 mm) below the centreline of the deck slab. A cross section of the bridge model at one
support is illustrated in Figure 2-17. A hydraulic actuator support was used after the second
experiment to minimize the effect of the actuator weight on the connected side of the bridge. The
support was designed to move vertically with the bridge but apply a constant force equal and
opposite to the weight of the actuator at the support point. A section of the deck slab around the
actuator supports was removed to ensure that loads were transferred into the bridge without
localized damage to the deck slab. A double angle strut was also added to resist forces induced by
twisting of the bridge during transverse loading.
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The reversed static experiments investigated the effect of different end and intermediate cross
frame configurations in the bridge model. Different configurations investigated included the
influence of heavy diagonal X-braces; light X-braces; top chords, both with an without a direct
connection to the deck slab; bottom chords and intermediate cross frames. Table 2-2 lists the 8
different reversed static experiments and the differences between them and further details are
found in Carden et al. (2005). Focusin thisreport in on experiments RSHXB1 and RSHXB2 with
heavy X-braces and RSLXB with ductile X-braces. Loading histories for these three experiments
are given in Figures 2-18 to 2-21. While the first experiment was displacement controlled the
remaining two were effectively force controlled with equal forcesin the two actuators at all times.|

2.4.2 Shake Table Earthquake Simulation

Following the series of reversed static experiments on the bridge model, a series of shake table
experiments were performed. There were several advantages of shake table experiments over the
reversed static experiments. One was a more realistic loading as the bridge was |loaded directly by
itsown inertia, asin an earthquake. Another advantage was that the actual response of a bridge to
agiven level of excitation was found and not just the properties up to a specified displacement or
force. Thisallows the elastic response to be compared to the inel astic response and also the design
response. The trade-off is a more complex system to be analyzed. Therefore the reversed static
and shake table experiments complemented each other.

Shake table experiments utilized three 50 tonne capacity shake tables. The bridge was attached as
a simply supported span to Shake Tables 1 (north end) and 3 (south end), and also as a two span
bridge to Shake Table 2 at the midspan (Fig. 2-22). The different series of experiments are listed
in Table 2-3.. The bridge was first investigated as an isolated bridge with lead rubber bearings at
the ends of the bridge (STLRB), with properties as described in Section 2.3.6. In the second
experiment lead rubber bearings were added to the midspan of the bridge in order to achieve atwo
span bridge configuration (STLRB2S). Roller isolation bearings (STRB) were then placed in the
bridge moddl in a simply supported configuration, although the results of these experiments are
not discussed in thisthesis. For the next series of experiments (STLXB) the lead rubber isolation
bearings in the simply supported bridge model were restrained in the transverse direction and a
series of experiments were performed in order to determine the inelastic behavior of the light
diagonal X-braces. After considerableinelastic deformation in these braces they were replaced by
unbonded braces at the ends of the bridge (STUB). An unbonded brace was also installed at the
midspan of the bridge, although this had little effect on the response while the bridge was simply
supported. However, for the next series of experiments (STUB2S) transversely restrained
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FIGURE 2-22 Bridge M odel attached to three 50 ton shaketables

bearings were placed at the midspan of the bridge in order to determine its response with ductile
unbonded braces in a two span configuration. The unbonded braces were then removed and
earthquakes were simulated on the bridge model with no end cross frames (STNXF) in a simply
supported configuration. Heavy single angle cross frames were then installed in the bridge in
order to calculated the elastic response of the bridge to compare with the inelastic response of the
ductile end cross frames. Following on, simulations on the isolated bridge model with the
unrestrained lead rubber bearings were repeated to seeif there was any change in response with the
heavier cross frames (STLRB2), and to investigate potential degradation in the bearings. Finally,
experiments were performed on the bridge model in a single span configuration with aball bearing
isolation system, although results are not discussed in this report.

For each series of experiments, a number of earthquakes were simulated in the bridge model. A
complete list of earthquakes simulationsis given in Appendix 3. Three earthquakes were used for
shake table experiments. The first was from the 1940 Imperial Valley earthquake recorded at the
El Centro station. This was selected because of its extensive use in the past for analytical and
shake table experiments. The second earthquake was from the 1994 Northridge earthquake
recorded at the Sylmar hospital station. Thiswas one of the largest recorded motionsin the United
States and has been used for past shake table experimentation. The third earthquake was from the
1995 Kobe earthquake in Japan recorded at the KIMA station. This has a particularly high peak
ground acceleration and velocity, comparable to the Sylmar record. The details of each earthquake
arelisted in Table 2-4.

The earthquakes were obtained from the PEER strong motion database (PEER, 2002). Time
histories for each earthquake are shown in Figures 2-23 to 2-25. Coincidently, the dominant
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TABLE 2-4 Earthquake Data for Shake Table Experiments

Name Comp.| Year Earthquake Station Direction PGA (9) PGV (m/s)
El Centro NS 1940 | Imperial Valley | El Centro Array #9 180 0.313 0.46
EW 270 0.215 0.47
Sylmar NS 1994 Northridge Sylmar Hospital 360 0.843 2.01
EW 090 0.604 1.21
Kobe NS 1995 Kobe KIMA 000 0.821 1.26
EW 090 0.599 1.15

component for each earthquake, ie. the component with largest peak acceleration, were the north-
south (0 or 180 degree) components. Therefore when considering only one component, unless
specifically stated otherwise, the north-south component was used. The response spectrum for 2.0
x El Centro, as shown in Figure 2-28, compares reasonable to with the design spectrum. This
level of excitation isused for much of the analysis of the bridge mode!.

In addition the north-south component of El Centro was passed through a simulated soil layer
using EduShake (EduPro, 1999). This motion assumed a 75 ft layer of sand with a shear wave
velocity of 900 ft/s and density of 120 pcf corresponding to medium-stiff material for soil type I11
in AASHTO (1998). Average Seed and Idriss models were used for the modulus and damping
curves. The resulting output time history at the top of the soil layer is shown in Figure 2-26. This
motion was used to investigate the effect of differential ground motion at the different supports of
the bridge.

The earthquakes were scaled in the time domain to account for scaling of the bridge model. The

scale factor for time was equal to JO_4 = 0.632. Response spectra for each of the time scaled
earthquakes at 5% damping are shown in Figure 2-27. The El Centro spectra are below both the
AASHTO LRFD (1998) and AASHTO Isolation (1999) design spectra at all periods. In contrast,
the dominant components of the Sylmar and Kobe records exceed the design spectra up to periods
inexcessof 1s. The soft soil El Centro record exhibits an amplified response of up to 3 times at
around 0.55 s compared to the original El Centro 180 record.

2.5 Instrumentation
2.5.1 Overview

A number of instruments were placed on the bridge model in order to measure the deformations,
forces, strains and accelerations in the bridge during reversed static and shake table experiments.
A complete inventory of instruments is shown graphically, with names for reference purposes
given in the following sections. A convention for naming the instruments was used in order to
describe the type of instrument, location of instrument and direction of measurement. For
example, label DK15AccVE refers to an instrument on the deck slab of the bridge model, 4570
mm (15 ft) from the north end, measuring accelerations in the vertical direction on the eastern side
of the bridge model. Not all the instruments shown were on the bridge model for every
experiment, however reference is made to them as appropriate during analysis throughout the
following chapters.
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2.5.2 Load Cells

Six multi-axial load cells were designed and constructed in order to measure the forces beneath the
bearings in the bridge model. The load cells were designed using a series of strain gage circuits
(Fig. 2-29) which were able to measure all six components of force, based on a design by Reinhorn
et a. (2001).

The load cells were calibrated in the axial and two components of shear in order to convert the
strain gage circuit output to forces. Further details for the calibration are given in the preceding
report (Carden, 2005). The load cells were placed under the bearings at the ends of the bridge
model and at midspan asillustrated, for example, in Figure 2-12. The load cells were numbered as
shown in Figure 2-30. The axes with positive orientations are shown.

2.5.3 Displacement Transducers

Deformations in the bridge model were measured using displacement transducers attached to the
bridge at different locations. Some transducers were attached to the bridge model and a fixed
point in the laboratory, such as those attached to the deck slab, therefore measured absolute
displacements. Others were attached to the bridge model and fixed points relative to the shake
tables therefore measured relative displacements. The mgjority of displacement transducers used
were Celesco PT100 series cable-extension transducers including the displacement transducers
along the length of the superstructure, as shown in Figure 2-31. Celescos were also used for the
displacement transducers at the bearings, the length of the cables connecting the transducers to the
bridge model were relatively short, therefore for bi-directional motion the longitudinal and
transverse components were coupled, and corrections were made where necessary to the raw data
to allow for this coupling.

At the end cross frames Novotechnik linear potentiometers were used to measure displacementsin
the end regions. The positions of these transducers are shown in Figures 2-32 and 2-33
respectively. Diagonally placed transducers were used to measure the lateral deformation between
the top and bottom flanges of the girders as shown in these figures. Additional transducers were
used to measure displacements across the yielding portions of the X-braces and unbonded braces
respectively.

25.4 Accelerometers

Accelerometers were situated throughout the bridge model for system identification, measurement
of modeshapes and natural frequencies, and for comparison between shake table and bridge
response. Accelerometers were placed on the deck slab, bottom flange and on top of bearings as

shown in Figure 2-34. Horizontal accelerometers on the deck slab were Kinemetric +2g
accelerometers.  Horizontal accelerometers on the bottom flange and bearings were t4g

accelerometers. Vertical accelerometers were also +4g accelerometers and were attached to the
edges of the deck slab in order to measure vertical and rotational modes of deformation.
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FIGURE 2-32 Instrumentation - Typical displacement transducersfor end X-braces

25.5 Srain Gages

Strain gages were placed throughout the bridge model in order to measure localized strains at
critical locations on the plate girders and in the deck slab. They were aso situated on the cross
frames in an attempt to correlate strains to forces in the cross frames. To avoid clutter, dimensions
for every strain gage are not shown however where necessary their locations can be scaled off the
drawings.

Eight strain gages were typically placed on the end cross frames as shown on Figure 2-35. It was
shown from the end cross frames that the measured strains on the inside and outside of the angle
members were similar. Therefore, the intermediate cross frames typically have four strain gages
on each set as shown in Figure 2-36.

There were are number of strain gages placed on the stiffeners at the ends of the bridge model.
Eight strain gages at each end are shown in Figure 2-35. In addition for another set of strain gages
was placed on the bearing stiffener of the west girder, at the north end of the bridge at the edges of
the stiffeners, in order to get a better understanding of the distribution of bending strains in the
stiffener (Fig. 2-37).

A series of strain gages were aso placed on the girders in order to measure the distribution of
strains along the length of the girders. The strain gages on the east girder were distributed as
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shown in Figure 2-38. On the west girder strain gages were placed on the outside edges of the top
and bottom flanges concentrated at the north end of the bridge model (Fig. 2-39) in order to get
more detailed measurements of strain distributions at the end of a girder when there were large
transverse deformations in the girders.
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SECTION 3
CYCLIC BEHAVIOR OF INELASTIC COMPONENTSIN THE BRIDGE
MODEL

3.1 Introduction

This chapter investigates the properties of the inelastic members in the ductile end cross frames
and isolation bearings used in the bridge model based on a series of component experiments. The
inelastic properties of single angles were studied as the critical diagonal components in the X-
braces. Buckling restrained braces (BRBs) were also studied as a another component of ductile
end cross frames used in the bridge model. Component experiments for the lead rubber bearings,
used to seismically isolate the bridge model, are aso described.

3.2 Single Angle X-Brace Diagonals
3.2.1 Coupon Tests

Tests were performed on coupons taken from single angle members of the same heat numbers as
the members used in the bridge model in accordance with ASTM A370 standard coupon test for
flat bars. The coupon test results are summarized in Table 3-1. Test 1 was for the heavy single
angles with bolted connections, Test 2 was for the heavy single angles with welded connections
and Test 3 was for the light single angles. Each set of angles came from a different heat number.
The yield strengths from the three tests were 55%, 27% and 36% larger respectively than the
minimum specified strength of 250 MPafor the ASTM A36 steel members. The ultimate strength
was 50-52% larger than the measured yield stress for each specimen and the elongation at fracture
was between 30-35% for each specimen.

TABLE 3-1 Coupon Test Resultsfor Single Angle Membersfrom ASTM A36 Steel

Coupon Test # Test 1 Test 2 Test 3

Width (mm) 14 13 13
Coupon Dimensions  Thickness (mm) 6 6 5

Length (mm) 51 51 51
Yield Stress (MPa) 386 316 338
Ultimate Stress (MPa) 578 475 514
Ultimate Elongation (%) 35 30 31t
Modulus of Elasticity (GPa) 206 220 218
Notes: 1. Displacement measurement failed at 26% elongation. Ultimate elongation estimated based on

loading rate.

3.2.2 Axial Component Experiments
3.2.2.1 Background

Axial component experiments were performed on 17 members in order to characterize the
properties of the single angle components used in the bridge model. The strength, stiffness,
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potential for overstrength, energy dissipation and ultimate displacement capacity of the single
angles were studied. The components studied include a series of single angles with bolted and
welded connections.

3.2.2.2 Experimental Assembly

Details of the single angles and connections for each experiment are listed in Table 3-2 while the
different specimens are illustrated in Figure 3-1. Two sizes of single angles were used in
experiments that were the same as those used in the heavy and light cross frames of the bridge
model. The angles came from three different batches of steel corresponding to the three coupon
tests. Different lengths were used to represent the full and half lengths of the diagonal membersin
the cross frames. Full and half lengths were used because, while forces were distributed through
the entire length of a tension member, biased buckling was expected to occur over half the length
of a compression member due to the restraint at midspan (El-Tayem, 1986; Beaulie, 1989;
Kanada, 1996).

TABLE 3-2 Details of Component Experimentson Single Angle Members

Spec. Section Coupon | Effective Gusset Connection FirstCycle | AAg | it | Kir?
Test | Length (in)] Thickness | (Reinforced Plate
(in) Thickness (mm))

A 45x45x6 1 1030 13 Bolted Compression| 0.81 7 119
B 45x45x6 1 1030 25 Bolted Compression| 0.81 7 83
C 45x45x6 1 1030 25 Bolted Tension 0.81 7 83
D 45x45x6 1 1030 25 Bolted (5) Tension 0.93 7 83
E 45x45x6 1 1030 25 Bolted (8) Compression| 1.00 7 83
F 45x45x6 1 570 25 Bolted Compression| 0.81 7 46
G 45x45x6 1 570 25 Bolted Compression| 0.81 7 46
H 45x45x6 1 570 25 Bolted (5) Tension 0.93 7 46
| 45x45x6 1 570 25 Bolted (8) Compression | 1.00 7 46
J 45x45x6 2 1030 25 Welded Compression| 1.00 7 83
K 45x45x6 2 1030 25 Welded Tension 1.00 7 83
L 45x45x6 2 570 25 Welded Compression| 1.00 7 46
M 45x45x6 2 570 25 Welded Tension 1.00 7 46
N 25x25x5 3 1280 25 Welded Compression| 1.00 | 5.33 181
0] 25x25x5 3 1280 25 Welded Tension 1.00 | 5.33 181
P 25x25x5 3 640 25 Welded Compression| 1.00 | 5.33 91
Q 25x25x5 3 640 25 Welded Tension 1.00 | 5.33 91

Notes: 1. Limiting b/t for special concentric braced frames in accordance with AISC Seismic Provisions (2002) is
8.5 and for AASHTO (1998) is 12.8, therefore are satisfied by all members.
2. Limiting KL/r for special concentric braced frames based on AISC Seismic Provisions (2002) is 167
and for AASHTO (1998) is 120 for main members, therefore are satisfied by all members except

Specimens N & O. K = 1.0 for Specimen A, K = 0.7 for remaining specimens.
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Gusset plates, 13 mm thick, were used in the first experiment, resulting in bending of the gusset
plates at each end. It was apparent that the gusset plates were more flexible than those in the
bridge model which were at least partially restrained from bending by the top and bottom chords.
Therefore 25 mm thick gusset plates were used for subsequent experiments to promote formation
of plastic hinges in the angles during buckling rather than in the gusset plates. This was expected
to more accurately represent the behavior in the bridge model.

Some specimens were bolted using connections with three different An/Ag ratios. The first was

based on the ratio for a member that was bolted to a gusset plate with the bolt holes resulting in an
Ap/Ag ratio of 0.81, as shown in Figure 3-2. The other two ratios were increased by reinforcing

the connection regions with a plate welded to the connected leg of the single angles, as shown in
Figure 3-3. The members were then bolted through the reinforced section to a gusset plate with
resulting A/Ag ratios of 0.90 for members reinforced with 5mm plates and 1.0 for members

reinforced with 6 mm plates. Other specimens were welded using balanced welds in order to
minimize bending in the member about an axis perpendicular to the connected leg when axial
loads were applied to the member. The balanced welds meant that the edge at the outstanding leg
of the angle was connected with a full length weld while the other edge was welded aong
approximately half the length in contact with the gusset plate, as shown in Figure 3-4. The results
presented in the following section show that this connection detail had a large influence on the
inelastic performance of these members.

FIGURE 3-2 Single angle with unreinforced bolted connection to gusset plate
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FIGURE 3-3 Single angle with reinfor ced bolted connection to gusset plate

FIGURE 3-4 Single angle with balanced welded connection to gusset plate
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Each specimen was subjected to cycles of alternating tension and compression with amplitudes
increasing in 13 mm increments of displacement. For some of the specimens the initia
displacement cycle was larger than 13 mm, as necessary to observe buckling or yielding of the
member. Some of the members were started in tension while others were started in compression
asgiven in Table 3-2.

The assembly used for the single angle experiments is shown in Figure 3-5. Axial forces were
applied to the members using an actuator which was attached to slider to ensure only axial loads.
The variation in force due to friction in the a slider was measured at less than 1 kip and was,
therefore, ignored in the analysis. Loading was applied in displacement control. Displacements
and forces were monitored for al specimens and strain gages were using to measure strains in
selected specimens.

3.2.2.3 Hysteretic Properties

The force-displacement traces for each component are shown in Figures 3-9 to 3-25. The shape of
the observed hysteresisloopsistypical for single angles (Jain, 1978; El-Tayem, 1986). Thefailure
mode of the members depended largely on the type of connection. The bolted specimens with
unreinforced connections fractured in the region between the edge and the first bolt hole in the
connected leg, as illustrated in Figure 3-6. Failure was typically observed much earlier in
members with this type of connection than in the other members. With the reinforced bolted
connections, which had an increased A /Ag ratio, the failure was moved to outside the connection

region. Failure in these members occurred in the plastic hinge formed during buckling at either
end of the member (Fig. 3-7) with a crack propagating from the edge of the connected leg. The
welded connections resulted in an even further improvement in the performance of the angles.
These members failed in the plastic hinges formed either at the end of the angle or at midspan at
shown in Figure 3-8. The balanced weld appeared to delay the initiation of cracking at the edge of
the connected leg due to an apparently lower stress concentration in this region compared to the
bolted connections.

3.2.2.4 Yield Tensile Srength

The tensile yield point for the single angle specimens is defined as the point where the entire
member yields. For a concentrically loaded member subject to a monotonic axial loads, this point
can be clearly identified using such limits as the force at 0.2% offset strain. However, for the
single angle members subjected to cyclic loads it was more difficult to identify the yield point.
Thisisfirstly because there was an eccentricity in the connection between the single angles and the
gusset plates with the resulting moment causing part of the member to yield before the entire
member yielded. Secondly, there was slippage in the bolted connections that resulted in additional
axial displacement, effectively reducing the stiffness in the member prior to yielding. In addition,
some of the members buckled in compression before being subjected to tension, hence the
properties of these members were modified by the formation of a plastic hinge due to buckling.
These factors made it impossible to use a consistent method to identify the yield point. Theyield
point was subsequently identified by inspection at the point where the yield plateau was observed,
indicating that the entire member had yielded. The yield force was relatively insensitive to
variation in selection of the yield point and prior loading history. The estimated yield forces for
each experiment are summarized in Table 3-3.
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FIGURE 3-5 Experimental setup for axial loading of single angle specimens
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FIGURE 3-8 Failure of single angle with welded connection
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FIGURE 3-11 Hysteresisloop of single angle specimen C
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FIGURE 3-12 Hysteresisloop of single angle specimen D
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FIGURE 3-13 Hysteresis loop of single angle specimen E
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FIGURE 3-14 Hysteresisloop of single angle specimen F
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FIGURE 3-15 Hysteresis loop of single angle specimen G
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FIGURE 3-16 Hysteresisloop of single angle specimen H
Axial Displacement (mm)
-51 -38 -25 -13 0 13 25 38 51

-2 -1.5 -1 -0.5 0 0.5 1 15 2
Axial Displacement (in)

FIGURE 3-17 Hysteresisloop of single angle specimen |
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FIGURE 3-18 Hysteresis loop of single angle specimen J
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FIGURE 3-19 Hysteresisloop of single angle specimen K
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FIGURE 3-20 Hysteresis loop of single angle specimen L
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FIGURE 3-21 Hysteresisloop of single angle specimen M
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FIGURE 3-22 Hysteresisloop of single angle specimen N
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FIGURE 3-23 Hysteresisloop of single angle specimen O
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FIGURE 3-24 Hysteresisloop of single angle specimen P
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FIGURE 3-25 Hysteresisloop of single angle specimen Q

71

111

89

67

44

22

-111

111

89

67

44

22

-111

Axial Force (kN)

Axial Force (kN)



TABLE 3-3Measured and calculated tensile forcesin the single angle specimens

Spec. |Measured Yield] Measured Design Nominal Yield | Yield Force - | Expected Yield
Force (kN) | Ultimate Force| Yield Force Force Coupons Force
(kN) (kN) (kN) (kN) (kN)
A ! 193 124 130 202 195
B 200 226 124 130 202 195
C 198 219 124 130 202 195
D 199 249 124 130 202 195
E 195 243 124 130 202 195
F 201 213 124 130 202 195
G 201 212 124 130 202 195
H 200 244 124 130 202 195
| 199 253 124 130 202 195
J 171 216 124 130 166 195
K 172 219 124 130 166 195
L 178 231 124 130 166 195
M 179 231 124 130 166 195
N 73 83 52 54 74 82
O 77 92 52 54 74 82
P 74 92 52 54 74 82
Q 78 100 52 54 74 82

Notes: 1. Yield force not clearly identified.

In order to compare the measured yield and ultimate forces with predicted values the design and
nominal yield forces, force based on the strength from coupon tests, and the expected yield force,
were each calculated. These quantities were generally based on AASHTO (1998). The nominal
tensile strength is given by:

P.=FA 3.1

nt y'g
where: Pny is the nominal yield force; Fy is the minimum specified yield stress of the material,

and; Ag is the gross area of the section. The design yield force was calculated by multiplying the

guantity in Equation 3.1 by the strength reduction factor of 0.95 (AASHTO, 1998). The coupon
yield force was calculated by using the actual yield strength of the material from the coupon tests
instead of the minimum specified strength in Equation 3.1. The expected force, Py was
calculated by multiplying the nomina force by an Ry factor of 1.5 as specified in the AISC
Seismic Provisions (2002) for A36 steel.

Each of these predicted values are given in Table 3-3. This table shows that the coupon and
expected yield strengths were very similar and that they were both typically within 5% of the
measured yield strength. Therefore the expected yield force gave a good estimate of the yield
strength for these members. In the worst case, the expected strength was 14% larger than the
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measured strength. In all cases the strength of the members was above their minimum specified
values

The ultimate force is defined as the maximum force measured in each specimen. For each member
the ultimate strength was on average 21% larger than their measured yield strength, with the
maximum difference being 28% (Table 3-3).

3.2.2.5 Buckling Capacity

The buckling capacity of each specimen is listed in Table 3-4. The buckling capacity was
dependent on the material and cross sectional properties of the members as well as the effective
length of the members. It was also shown to be dependent on the loading history as members
subjected to prior tensile yielding had a reduced buckling capacity. The buckling capacity was
predicted using AASHTO (1998) where:

A = (K—')ZEEY .32

PnC - 0.66 F A ---3-3
y g

By comparing the measured buckling force with a calculated force, the effective length factor for
each member was calculated based on the material properties from the coupon tests, the
appropriate cross sectional properties and the length between the centre of the connections, as
given in Table 3-4. This table shows a wide variation in the effective length factors. Thisis, in
part, dueto the variability in the specimens, out-of-straightness of members and other factors. Itis
also due to the flexural stiffness of the gusset plate connections relative to the flexural stiffness of
the members. Specimen A with the 13 mm gusset plates had a high member stiffness relative to
the gusset stiffness and resulted in an effective length close to 1.0, effectively pinned ends. At the
other extreme, Specimen N was a long, lightweight angle attached to a 1 in. thick gusset plate
providing effectively full fixity to the ends that resulted in an effective length factor of 0.5.

In the past attempts have been made to quantify the effective length factor based on the relative
stiffness of gusset plate components (El-Tayem, 1986; Astaneh-Ad, 1982). El-Tayem suggested
an effective length factor of 0.85, with the length defined by the full length of the angles, is
appropriate for typical single angle X-brace members with simple gusset plate connections. Inthe
aforementioned study the plastic hinges at the ends of the members, formed during buckling,
occurred in the gusset plates. However when the diagonals of typical X-braces were connected in
such away that the plastic hinges form in the angles rather than the gusset plates then the effective
length is decreased. This occurs when the diagonals are connected to gusset plates along with a
top or bottom chord in the cross frames, and consequently the top and bottom chords prevent
plastic hinges from forming in the gusset plates. Similarly, when the diagonals are connected
directly to a web-stiffener, the connection of the stiffener to the flange and the web provides a
comparatively rigid connection and the plastic hinge was again expected in the angle rather than in
the stiffener. Different effective length factors should be considered depending on whether the
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TABLE 3-4 Measured Buckling Force and Calculated Effective Length Factor for Single
Angle Specimens

Spec. | Measured Buckling Force | Effective Length Factor, K | Calculated Buckling Force,
(kip) K = 0.70 (kip)
A 71 0.95 64
B 123 0.68 115
C 91 ! 115
D 79 . 115
E 133 0.60 115
F 150 . 170
G 151 ! 170
H 139 . 170
I 136 . 170
J 90 0.80 104
K 93 0.79 104
L 127 0.96 143
M 128 . 143
N 28 0.50 12
o} 20 . 12
P 53 0.52 41
Q 48 ! 41

Notes: 1. Experiments with tension yielding prior to buckling which affects calculation of

reliable K value

plastic hinge is expected to form in the gusset plate or in the angles. When it is apparent that the
plastic hinge due to buckling will occur in the gusset plate, an effective length factor of 1.0 is
appropriate when the length is defined between the center of the connections. Alternatively, when
the gusset plates are restrained from bending out-of-plane, or there are no gusset plates and the
plastic hinges are expected in the angles, then an effective length factor of 0.7 can be shown to be
more suitable.

For the single angle experiments an effective length factor of 0.7 was assumed for all but the first
specimen, which had an assumed effective length of 1.0. The resulting calculated buckling
capacity isgiven in Table 3-4. For specimens not affected by prior tension yielding, the measured
buckling strengths were within approximately 20% of the calculated strengths. As the buckling
force was arelatively small part of the overall strength of the system a20% error in buckling force
correlated to typically a 5% to 10% error in the overall X-brace strength. Prior tensile loading
typically reduced the buckling capacity of the members by up to 25%, therefore this would
contribute to a similar change in the strength of cross frames by 5% to 10%. Specimen N was the
one member, first subjected to compression, that had a measured strength which differed from the
calculated strength by more that 20%. Thiswas also one of the most slender members with aKl/r
ratio of 129. All other members have a Kl/r ratio of less than 120. For members that are slender,
the buckling capacity is more sensitive to the effective length factor, however, for non-slender
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members the capacity is relatively insensitive. Therefore, it is recommended that these members
should be treated as primary members for seismic loading in which case AASHTO limits the Kl/r
ratio to less than 120. Thiswill prohibit sender members such as specimen N from being used.
The b/t ratios defined by AISC Seismic Provisions (2002) for special concentric braced frames
should also be satisfied to prevent local buckling.

TABLE 3-5 Ultimate Axial Strain and Cumulative Plastic Strrainsin Single Angle

Specimens
Spec. Failure Mode Measured Ultimate| Theoretical Yield Cumulative Eff. | Cumulative Plastic
Axial Strain (%) | Displacement (mm)| Plastic Strain (%) Ductility
A At bolt hole 3.1% 1.92 23% 124
B At bolt hole 4.9% 1.92 7% 412
Cc At bolt hole 5.4% 1.92 82% 442
D At end plastic hinge 6.2% 1.92 127% 685
E At end plastic hinge 6.2% 1.92 115% 620
F At bolt hole 5.6% 1.06 52% 281
G At bolt hole 5.6% 1.06 57% 305
H At end plastic hinge 8.1% 1.06 127% 682
| At end plastic hinge 8.9% 1.06 144% 775
J At midspan plastic hinge 7.4% 1.92 176% 946
K At midspan plastic hinge 7.7% 1.92 190% 1021
L At end plastic hinge 9.1% 1.06 146% 783
M At end plastic hinge 8.0% 1.06 128% 688
N At end plastic hinge 6.0% 2.38 142% 761
(0] At midspan plastic hinge 12.2% 2.38 596% 3199
P At end plastic hinge 10.1% 1.19 201% 1081
Q At midspan plastic hinge 7.1% 1.19 113% 609

3.2.2.6 Ultimate Displacement Capacity

The ultimate average axial strain is used to describe the ultimate displacement of each specimen.
This is independent of the yield displacement which was shown to be difficult to determine. The
ultimate strain can be converted to an ultimate drift in X-brace assemblies.

Table 3-5 gives the maximum average axial strain for each specimen, calculated from the
maximum measured displacement divided by the length between the centroid of the connection
regions at the two ends of the specimen. The values ranged from 3% to 12%, indicating a large
variation in the displacement capacity of the members. Even between theoretically identical
members there was up to a 100% difference in their ultimate strains. While there was much
variability, distinct factors had an effect on the ultimate displacement capacity. An increased A/

Ag correlated to an increase in the ultimate displacement due to prevention of premature failure

around the bolt holes. For the welded members and reinforced bolted members the minimum
ultimate strain was 6%, while for all unreinforced bolted members it was below 6%. There was
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also a correlation between Kl/r and the ultimate strain, with alarger enderness ratio resulting in
reduced ultimate displacements. This was most noticeable when comparing Specimens A and B
where the sole difference was in the thickness of the gusset plate which modified the effective
length. Specimen A had the lowest ultimate strain at 3.1% which was attributed to both the
longest effective length and lowest An/Ag ratio.

The cumulative plastic displacement of each member was calculated in terms of cumulative plastic
strain (CPS) and cumulative plastic ductility (CPD), a measure defined in the Draft Provisions for
Design of Buckling Restrained Braces (SEAONC, 2003). CPS is defined as the absolute sum of
the average plastic axial strains in excess of the yield strain for each cycle of deformation in the
braces. CPD is defined as the absolute sum of the axia displacements in excess of the yield
displacement divided by the yield displacement for each cycle of deformation in the braces. These
measures are therefore very similar, with CPS preferred in this study as it is consistent with the
ultimate displacement capacity of the members described in terms of strains. However, CPD is
given for comparison to past research. In order to define the CPS or CPD the yield displacement
had to be determined. Asthe yield displacement was sensitive to factors such as slippage and prior
loading history, it was not possible to obtain a consistent measured yield displacement for the
single angle specimens. For the welded members where no slippage was observed, the observed
yield displacement was close to the theoretical expected yield displacement. Hence the yield
ductility was defined in terms of the theoretical expected yield displacement, Aye, which is given

by:

Fol
A, = 2= ..3.4

ye E

Using the theoretical yield displacement allowed the plastic strains and ductilities to be defined in
terms of acomputable value. Where slippage occurred it was counted as additional ductility.

The CPS and CPD for each specimen are given in Table 3-5. Because of the increasing amplitude
loading history there was a correlation between the maximum strains and the cumulative plastic
ductility capacity of the specimens. All the welded members and reinforced bolted members had
cumulative plastic ductilities in excess of 600 while the other members had values less than 450.
Specimen O had an unusually high cumulative plastic ductility of 3200. This was unusual as it
was theoretically identical to Specimen N, indicating the inherent variability in the cumulative
displacement capacity. The average cumulative strain for welded and reinforced bolted
specimens, neglecting Specimen O was 786%.

From thisdatait is proposed that these members should be designed for a maximum average axial
design strain, calculated from the axia displacement divided by the length of the member, of 4%.
This allows for a factor of safety of at least 1.5 for all members with connections which failed
outside their connection regions. In practice this may require some reinforcement of the connected
leg which is recommended to increase the A /A ratio to greater than 1.0 for these members. The

4% design value was exceeded even by the members with poor connection detailing, except
specimen A. For 36 ks steel this corresponds to a theoretical axial ductility of 32, and for 350
MPa steel an axial ductility of 23. Therefore these correspond to greater ductilities than
traditionally employed but are justified with good estimates of the expected displacement response
during design. For a system designed for a 4% maximum axia strain, when subjected to the
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number of cycles observed in atypical earthquake, the expected cumulative plastic strain demand
is less than the cumulative displacement capacity of the members as shown in Section 6.

3.2.2.7 Energy Dissipation in the Sngle Angles

The area enclosed by the hysteresis loop was calculated using a simple algorithm for each
specimen. For each cycle the area enclosed by the hysteresis loop was divided by the rectangular
area enclosed by the maximum force and displacement, asillustrated in Figure 3-26, to give the
hysteretic area as a ratio of that for an “ideal” system. The energy dissipated per cycle is plotted
against maximum axial strain amplitude for each specimen as shown in Figures 3-27 to 3-30.
These figures show that the early cycles have hysteretic energy dissipation of typically around
40% of the “ideal” hysteretic area, while for subsequent cycles the equivalent energy dissipation
reduced to typicaly 20% prior to failure.

The reduction in energy dissipation can be explained by considering the two primary sources of
hysteretic behavior. The first is tensile plastic deformations with increasing amplitude positive
displacements. This deformation is largely irrecoverable and essentialy only contributes to the
hysteretic behavior when a positive displacement amplitude exceeds previous amplitudes. This
effect resulted in pinched hysteresis loops, and consequently, energy dissipation decreased with
repeated cycles. This property results in the amount of energy dissipation for a given cycle being
dependent on the loading history. For loading with large amplitude cycles at the beginning of the
history the amount of energy dissipation at the maximum cycle is likely to be larger than for
increasing amplitude reversed static loading histories. The second source of hysteretic energy
dissipation in these types of members is plastic hinging caused by buckling of the members. The
axial force resisted by plastic hinges is dependent on the displacement in the specimen, degrading
as displacements increase in compression.

Comparing figures 3-27 to 3-30 shows that the members with larger slenderness (KI/r) ratios have
alarger reduction in energy dissipation than those with smaller values. This was expected as the
displacement increments were constant for all specimens regardless of length, meaning that the
shorter specimens had a larger increment in average axial strain than the larger specimens. This
resulted in comparatively larger tensile plastic deformations per cycle and resulted in a greater
relative hysteretic area than for the specimens with larger slenderness ratios, further justifying the
proposed slenderness limit.

3.2.3 Analytical Model of Single Angle Members

To compare the single angle X-braces with other ductile systems an analytical model of the single
angle components was developed. The special X-braces used in the bridge model had properties
equivalent to single angle specimens P and Q. Therefore a model of these specimens was
developed, using the kinematic NLLink elements of SAP2000 v8.30 (Computers and Structures,
2003), and was designed to capture the tension force envelope, compression force envelope,
appropriate hysteretic energy per cycle and ability to model loading history dependent properties.

A model was developed using two NLLink elements in parallel. The first element captured the
compression envelope, which was based directly on the envelope for specimen P (subjected to
compression on the first cycle). The maximum buckling force was 53 kKN. The first element had
assumed elasto-plastic tension properties with ayield force equal to 10 kN. This constant tension
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FIGURE 3-30 Energy dissipated per cyclefor short, light single angle specimens

force was to alow for the residual force in the member as it straightens after a compression
buckling excursion due to plastic hinging in the member. In redlity thisis not a constant force and
is dependent on the out-of -plane displacement of the buckled member, however, a constant value
of 10 kN resulted in an approximately equivalent hysteretic area. The second NLLink element
captured the remaining tension properties allowing for pinching due to elongation of the member
using the kinematic model. This acted so that the plastic tensile properties were activated once the
tensile displacement exceeded that from previous cycles. This model assumed elasto-plastic
behavior with a yield force determined by equating areas between the elasto-plastic model and
average envel ope between specimens P and Q. The overall yield force was equal to 85 kN which
compared well to the expected values of 82 kN. The tension element was modeled assuming a
nominally small elastic stiffness in compression.

Importing the loading histories into the analytical model from the experiments for specimens P and
Q respectively, the hysteresis loops for the non-linear elements are shown in Figures 3-31 and 3-
32. These figures show that the models fit the complex hysteretic shape of the single angles
relatively well and the maximum tensile and compressive forces were captured. One area of
inaccuracy in this model is at the start of a compression cycle. The model for the compression
element assumes that the member will degrade in strength at an absolute compression
displacement. Therefore any tensile deformation will be recovered assuming an elasto-plastic
response until the compression displacement is reached at which degradation in strength starts to
occur. Thisis noticeable after the first cycle in Figure 3-32. This inaccuracy could be overcome
with the use of a hook element in series with the compression element, however the model
becomes computationally much less efficient and it was not considered to result in significantly
more accuracy.
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FIGURE 3-33 Energy dissipated per cycle for analytical models of SpecimensP and Q

Figure 3-33 compares the energy dissipated per cycle between the analytical model and
experimental results. Based on good correlations at the component level, the model was expected
to result in good correlations between the measured and calculated hysteretic response for the
ductile single angle X-braces the bridge model.

3.3 Unbonded Braces
3.3.1 Overview

Component experiments were performed on the buckling restrained braces, provided by Nippon
Steel Corporation (unbonded braces) for experiments on the bridge model (Fig. 2-13). These were
performed in order to characterize the properties of the braces and compare these to the design
properties. Of seven available braces, four were used solely for component experiments, and the
remaining three were used in bridge model experiments before being tested to failure using the
component experiment assembly. Axial component experiments were performed to evaluate
overall brace behavior, cumulative displacement capacity of the braces, effect of different loading
histories and effect of dynamic loading.

3.3.2 Coupon Tests

Two coupon tests were performed on the LYP-225 steel used in the manufacturing of the
unbonded braces, provided by Nippon Steel (2002). The resulting material properties for the two
tests are given in Table 3-6. The yield strength was close to the nominal yield strength of 225
MPa. Unlike most US steels where the nominal strength is generally defined so that the majority
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of specimens are stronger than the nominal strength, the nominal strength for the LY P-225 steel is
defined in the middle of a relatively tight range (205 - 245 MPa) of acceptable yield strengths.
Therefore the nominal strength of 225 MPa was taken as the expected strength for this material.
The ultimate strength of the LYP-225 steel was around 35% higher than the yield strength,
compared to 50% for the A36 steel from the single angle coupon tests., indicating that there was
less strain hardening in the LY P-225 steel. The ultimate strain was much higher at around 65% for
the LY P-225 steel compared to 30-35% for the A36 steel.

TABLE 3-6 Coupon Test Resultsfor Unbonded Braces from LY P-225 Steel

Coupon Test # Test1 Test 2
Coupon Dimensions N/A N/A
Yield Stress (MPa) 223 235
Ultimate Stress (MPa) 302 302
Ultimate Elongation (%) 64 65
Modulus of Elasticity (GPa) N/A N/A

Notes: 1. N/A - not available

3.3.3 Axial Component Experiments
3.3.3.1 Experimental Setup

Axial loads were applied to the unbonded braces using an MTS load frame as illustrated in Figure
3-34. The length of the brace was equal to 968 mm including the connection regions on the
cruciform section. The core length was considered to be 518 mm between the centers of the
transition between the maximum cruciform and minimum core sections at either end of the brace.
The core plate for the unbonded brace had cross sectional dimensions of 25 x 16 mm. The first
brace was tested with a pinned connection connecting the gusset platesto gripsin theload frame as
shown in Figure 3-35, while the remaining braces were tested with moment resisting connections
which were designed to be dlip critical based on the serviceability criteria in the AISC LRFD
provisions (1998) (Fig. 3-36). Theforce at which dippage was expected to occur was equal to 178
kN which was approximately two times the expected yield strength of the brace.

Three of the unbonded braces were instrumented with four strain gages to measure strains on each
side of the plate at each end of the core length. The braces were also instrumented with two
novatechniks on either side of the brace to measure displacements across the core length of the
brace as shown in Figure 3-34. The displacement was also measured at the head of the actuator to
give the displacement across the entire length including connection regions. The axial force was
measured by the actuator load cell.

The loading history for each of the braces differed. Unbonded brace A was subjected to a
modified ATC-24 (ATC, 1992) loading history. The loading history modifications involved
subjecting the brace to two cycles at each excursion instead of three cycles as in ATC-24. The
history was based on the expected force until yielding occurred then increased based on the
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FIGURE 3-34 Experimental setup for testing of unbonded braces

displacement at yield. However as dippage in the pinned connection was considerable, the history
was modified to achieve more uniform displacements in the core region. The loading rate was
slow. The resulting displacement time history for brace A is given in Figure 3-37.

The loading history for the second brace was based on the loading history in the draft
Recommended Provisions for Buckling-Restrained Brace Frames (BRBF) (SEAONC, 2003).
Thisloading history is defined by a number of cycles at different levels of displacement ductilities.
After the prescribed increasing amplitude cycles each specimen was cycled at a constant amplitude
until failure at the maximum displacement amplitude. The displacements were controlled using
the total displacement measured in the actuator. The yield displacement used to define the loading
history was based on the estimated displacement calculated at a 0.2% offset strain, over the core
length for brace A, which was equal to 1.63 mm. No slippage was observed before yielding
therefore it did not affect the yield displacement. It is important to note that the displacement at
0.2% offset strain was considerably higher than would be estimated if a method such as the ATC-
24 procedure (based on the lope at 75% of the yield force) was used. There was an even larger
difference when compared to a theoretical yield displacement using a theoretical yield force and
elastic modulus. As the BRBF guidelines (SEAONC, 2003) do not define the way in which the
yield displacement isto be estimated, the method which resulted in the more severe displacements,
that is at 0.2% offset strain was used. The other amplitudes were defined based on this



FIGURE 3-36 Fixed ended connection in unbonded br ace component experiment
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FIGURE 3-37 Displacement history for unbonded brace A

displacement at iZAy, i4Ay and iGAy. The loading history for brace B is shown in Figure 3-
38.

The loading history for unbonded brace C was the reverse of the history for B with some loading
until failure. The resulting displacement time history was shown in Figure 3-39. The loading
history for unbonded brace C was applied at a very slow rate. For unbonded brace D the same
loading history (Fig. 3-40) was used but this time applied dynamically to the brace at a frequency
of 2 Hz to simulate a bridge with a 0.5 s effective period. This was equivaent to a maximum
strain rate of 25% /s.

Unbonded brace E was the brace first used in the north end of the bridge model and had already
been subject to some inelastic deformation, although it had not failed. It was subjected to further
inelastic behavior in a component experiment assembly. Initially one cycle of loading was slowly
applied to simulate the maximum loading in the brace during bridge experiments, then the same
loading history as that applied to unbonded brace D was applied at a dynamic rate of 2 Hz.
Unbonded brace F was the brace used in the south end of the bridge model. It was subjected to a
cycle of loading equal to the maximum cycle measured during the bridge experiments then cycled

to failure at a constant amplitude of iBAy at aslow rate. The remaining brace, unbonded brace

G, was the brace used at the midspan of the bridge model. It was subjected to one cycle as seen in
the bridge model then iQAy until failure at a slow rate of loading. The displacement time
histories for these braces, excluding the initial cycles, are shown in Figures 3-41 to 3-43.
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3.3.3.2 Hysteretic Properties

The force-displacement curves for each unbonded brace are shown in Figures 3-44 to 3-50.
Overdl the hysteresis loops exhibit good energy dissipation characteristics and repeatable
behavior.

Figure 3-44 shows that there was a large difference between the displacement measured across the
core length and the total displacement in unbonded brace A, due to slippage, as expected, in the
pinned ended connection. The remaining braces were designed to have dlip critical connections
and Figure 3-45 shows that for brace B there was little difference between the displacement across
the core length and total displacement at low amplitude cycles. The small difference can be
attributed to elastic deformations in the connection region. At the maximum amplitude cycles the
difference between the displacements did become larger indicating some dippage had occurred.
For brace C no slippage was observed, however, more slippage was observed in the dynamic
experiments with braces D and E and with the large amplitude displacements of brace G. The
maximum force in the braces was less than the 178 kN force at which slippage was expected based
on AISC serviceability criteria. Thus, despite the bolts being consistently tightened with a torque
wrench, the force at which slippage was expected was unconservative.
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3.3.3.3 Axial Forces

The expected yield force, Pye, was defined as:

ye ye'‘sc

where: Fye Was equal to the expected yield stress, and; Ag; is the area of the steel core. For the
unbonded braces the expected yield stress was equal to 225 MPa for the LY P-225 steel and the
area of the steel core was equal to 400 mm2, therefore the expected yield force was equal to 90 kN.

Theyield force for each unbonded brace was estimated using the force at a 0.2% offset strain. The
ultimate tensile force, F, was equal to the maximum force measured for each brace while the

brace was in tension. The factor, ®, describes the maximum force divided by the expected yield
strength. The compression strength adjustment factor, B, was defined as the maximum
compression force divided by the maximum tension force. The @ and 3 values are tabulated in
Table 3-7 for each of the unbonded braces. This table shows that the measured yield forces were
slightly larger than the expected yield forces but within 12% in all cases. The o factor was
generally around 1.35 but was aso larger in some instances. Unbonded brace D had the largest
overstrength factor which was attributed to strain rate effects which increased the force in the
brace particularly during the first cycle of theloading. This can be observed in Figures 3-51 and 3-
52 when comparing the response to the same loading history applied slowly for unbonded brace C
and dynamically for braces D and E. The maximum force in the first cycle for brace D was 30%
larger than for the first cycle of brace C, attributed to the different strain rates. The strain rate
effect was more pronounced in the first virgin cycle of loading than in subsequent cycles, which
stabilized to around a 15% difference when comparing braces C and D. Brace E had been
previoudy loading in the bridge model and as a result maximum force in the first cycle of loading
was not quite as high athat in brace D, although was still higher than for brace C. The braceswith
larger maximum strains across the core length, unbonded braces A and G, also exhibited larger ®
factors.

The compression strength adjustment factor, 3, was typically around 1.10 to 1.15. [ was largest
for the braces with the largest maximum strains in the brace increased as shown for braces A and
G, while the reverse is true for smaller strains as in brace F. For brace D the maximum
compression force was actually less than the maximum tension force due to the large observed
tension force in thefirst reversal of the dynamically loaded specimen.

3.3.3.4 Ultimate and Cumulative Displacement Capacity

The maximum displacements, converted to equivalent strains across the core length of the
unbonded braces during each of the component experiments, are given in Table 3-8. For the
standard BRBF history the maximum strain was approximately 1.9% although slightly less in
cases where slippage occurred. The maximum strain in brace A was 3.7%.

The cumulative displacement capacity was evaluated for the brace using CPS and CPD. These

values for each specimen are given in Table 3-8. The yield displacement was assumed to be equal
to the theoretical yield displacement over the core length using the expected yield stress for the
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TABLE 3-7Yield and Maximum Forcesfor Unbonded Braces

Brace| Loading History Expected Measured Maximum Maximum Tension Maximum
Yield Force Yield Tension Compres. | Overstrength | Compression
(kN) Force Force Force Factor to Tension
(kN) (kN) (kN) Force Ratio
A Modified ATC-24 96 130 164 1.44 1.26
B BRBF Normal Static 94 123 136 1.36 1.11
c | BRBF Reversed 101 122 138 1.35 1.13
Static
p | BRBFReversed 90 102 147 145 1.62 0.99
Dynamic
g | SouthBridge and 96 140 167 1.55 1.19
Reversed Dynamic
g | North Bridge and 96 124 135 1.37 1.08
Constant Static
G |Midspan Bridge and 98 134 154 1.47 1.15
Constant Static

TABLE 3-8 Maximum Strains, Cumulative Plastic Strains and Cumulative Plastic
Ductilitiesin Unbonded Braces during Bridge and Component Experiments

Brace Loading Max Strain* Cumulative Plastic | Cumulative Plastic
History (%) Strain (%) Ductility
Bridge Axial Bridge Axial Bridge Axial
A Modified ATC-24 - 3.71 - 54 - 479
B BRBF Normal Static - 1.86 - 98 - 875
C BRBF Reversed Static - 1.87 - 66 - 588
D BRBF Revc_ersed ) 171 ) 38 ) 337
Dynamic
g [|SouthBridge and BRBF |, /¢ 1.77 41 40 366 352
Reversed Dynamic
F North Bridge and 2.22 0.92 23 125 205 1109
Constant Static
G Midspan Bridge and 2.29 251 76 22 674 192
Constant Static
Notes: 1. Based on average strain resulting from axial displacement across the effective

deformable length of 518 mm.
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FIGURE 3-51 Comparison of response for dynamic and static loading histories for
unbonded braces C and D
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LY P-225 material and Equation 3.4. Thisresulted in ayield displacement of 0.582 mm. Note that
this estimate of the yield displacement was around 29% less than the average yield displacement
measured in the braces using the ATC-24 (1992) procedure. However thisis only approximately
36% of the displacement calculated at the 0.2% offset strain used to define the loading history.
This difference highlights the importance of clearly defining the method in which the yield
displacement is calculated. The theoretical yield displacement is consistent and computable, and
comparable to that for single angles.

Comparing the CPS, CPD and maximum strainsin braces A and B, both with increasing amplitude
statically applied loading, shows that a larger maximum strain reduced the cumulative
displacement capacity of the braces. Therefore the CPS and CPD were not independent of the
maximum strain. Comparing braces B and C, with the normal and reversed, slowly applied BRBF
loading histories, showed that having the large amplitude cycles at the beginning of the history
reduced the overall CPS in the brace, by 33% in this comparison. Furthermore, applying the
loading history dynamically, as in brace D, further appeared to reduce the CPS. Although in
contrast to this, brace E, which was subjected to deformationsin the bridge model aswell asin the
load frame, had a similar total cumulative plastic ductility as brace C. It was difficult to draw
definitive conclusions from those braces used in the bridge model as their loading histories were
highly variable.

It is noted that the maximum strains observed in the unbonded braces were generally smaller than
the comparative values for the single angle members. This can be largely be explained by the
irrecoverable elongation in the single angles resulting in smaller cumulative plastic strains over
much of the length of the member than the overall displacements would suggest. In contrast, as
buckling was largely prevented in the unbonded braces, the steel in the braces does more work asit
undergoes cyclic tension and compression actions with better resulting energy dissipation
characteristics as described below. There was also some slippage observed in the single angle
members which was not subtracted from the overall deformations, athough the amplitude of the
slippage was thought to be small in these members compared to the overall deformations.

From these experiments it is recommended that ductile end cross frames using unbonded braces
should be designed for a maximum deformation during an earthquake not exceeding 2.0% as this
is easily less than the maximum strain, as measured in Brace A subjected to increasing amplitude
loading to failure, divided by 1.5. Furthermore it is shown in Section 6 that at this level of strain
the cumulative plastic strain demand from a series of maximum cons dered earthquake simulations
on an analytical model is less than the minimum capacity measured in the braces.

3.3.3.5 Energy Dissipation in the Unbonded Braces

The area enclosed by the hysteresis loops was calculated for unbonded braces A to D at different
cycles of loading during the component experiments. The displacement was based on the
displacement measured across the core length. The hysteretic area was compared to the
circumscribing rectangular area enclosed by the maximum force and displacement, asillustrated in
Figure 3-26. The energy dissipated per cycleis plotted against maximum axial strain amplitude
for each cyclein Figure 3-53. Thisfigure demonstrates that once significant yielding has occurred
the energy dissipation was typically around 80% of the rectangular area. Unlike the single angles
the effective energy dissipation increased as the displacement amplitude increased. Hence the
unbonded braces were much more efficient than the single angles for energy dissipation. This
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implies that there should be smaller drifts in ductile end cross frames using unbonded braces
compared to those using single angles for the same level of forces.

The hysteretic area for Figure 3-53 was based on the displacements across the core length. It was
expected that slippage in the connections would reduce the effective energy dissipated. For brace
A, the brace exhibiting the most slippage with the pin ended connections, the hysteretic energy
dissipated per cycle was calculated based on the total displacements in the brace including the
connections. Figure 3-54 shows that the energy dissipation, as a function of the ideal energy
dissipation, was reduced by around 5% at any given level of strain. Therefore connection slippage
had a relatively small effect on the overall energy dissipation in the brace. This was because the
process of slippage had a tendency to provide its own hysteretic behavior. The effect of slippage
on the hysteretic behavior of the other braces was even less than for brace A. Consequently there
appeared to be no real advantage in providing slip critical connections in the unbonded braces for
seismic loading, although the connections should be dlip critical for service loading to minimize
fatigue issues. One advantage of slippage during an earthquake is that it reduces the strains in the
core length of the brace for a given total displacement.

3.3.3.6 Srain Gage Readings

Strain gages were placed on braces A and B, with gages on either side of the core plate near each
end of the core length. The strain gages for brace B are plotted against axial forcesin Figures 3-55
to 3-58. These plots show that there is hysteretic behavior with both tensile and compressive
strains although there is some bias towards tensile strains, as demonstrated particularly well in
Figure 3-58. Thiscan be explained by the high mode buckling which is known to occur in the core
section of buckling restrained braces. The magnitude of the maximum strainsis higher, at 4.83%,
compared to the maximum average computed strain from deformations in the brace of 1.86%.
Brace A shows similar properties except that due to the larger deformation in the brace three of the
gages reached their measurement limit at 5% strain.

While in the elastic range the strain gages were used to estimate the force in the unbonded brace
using the elastic modulus, assumed to be equal to 200 GPa, and the area of the core plate. Figure
3-59 shows a good correlation between the measured and computed axial forces, where the
difference between the two is less than 8%. The error could be reduced by increasing the elastic
modulus. Therefore the strain gages can be used to accurately estimate the brace force while the
brace remains elastic.

3.3.4 Analytical Model

Black (2002) has shown that the properties of an unbonded brace can be captured well with a
Bouc-Wen model (Wen, 1976). However for use in capacity spectrum analysisit is more useful to
characterize the behavior using a bi-linear model if possible. A bi-linear model can be shown tofit
the experimental datareasonably well. Theinitial stiffness, K, was calculated based on the cross
sectional properties of the core and the core length, giving an initial stiffness of 156 kN/mm. The
post-yield stiffness ratio, o, was assumed to be equal to 0.025 in order to fit the backbone curve for
the increasing amplitude cyclic displacements. The yield force was assumed to be equa to the
expected yield of 90 kN.
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The hysteresis loops for the analytical model using the loading history for brace A is shown in
Figure 3-60. The bi-linear model is shown to fit the backbone curve for the experimental data
well, although the force was overestimated for the last cycle of tensile loading and it was
consistently conservative for the backbone curve in compression. Thiswas unavoidable without a
separate model for the tension and compression properties. The bi-linear model was shown to fit
the experimental data better for the other experiments where maximum displacements were not
quite as large. Figures 3-61 to 3-63 compare the analytical model with the experimental data for
braces B to D. The analytical model characterizes the experimental data well for braces B and C.
The dynamic strain rate effect is evident in brace D and as a result the analytical model generaly
underestimated the forces in the system. A factor to account for strain rate effects by which the
forces in brace were increased by 15% was considered and is shown to improve the analytical
model (Fig. 3-64).

While the bi-linear model captures the elastic unloading of the unbonded braces very accurately it
losses some accuracy in modeling the initial reversal of loading in the braces, as observed in
comparing the experimental and bi-linear hysteresis loops. The main effect of thisis a difference
in the area inside the hysteresis loops. A comparison of the hysteretic energy dissipated per cycle
for the experimental data and the bi-linear model is shown Figure 3-65. This figure shows that the
equivalent areas are similar at moderate strains with a notable difference only observed at larger
amplitudes. This is not expected to greatly affect the modeling of the dynamic response of the
bridge model with unbonded braces.
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3.4 Lead Rubber Bearings
3.4.1 Overview

This section investigates the non-linear properties of the lead rubber bearings used to seismically
isolate the bridge model. Component experiments were performed by Dynamic Isolation Systems
(D1S), the bearing manufacturers, in order to characterize the properties of the bearings and
compare with the design properties.

3.4.2 Experimental Setup

Two lead rubber bearings at a time were tested and as a result measured properties are for an
average of the two bearings in each pair. As the testing machine was calibrated for much larger
bearings the accuracy of the measurements is not high, resulting in some noise, however the
overall properties were identified. Each bearing was subjected to three cycles of +100% shear
strain in the rubber.

3.4.3 Hysteretic Properties

The hysteresis |oops averaged for the two bearings in each experiment are shown in Figures 3-66
to 3-68. The figures show higher forcesin thefirst cycle than for subsequent cycles as the bearing
stiffness reduces. The difference between the second and third cycles shows stabilization of the
properties which is typical for lead rubber bearings due to “scragging” of the rubber. On average
scragging was attributed to a calculated 10% reduction in the characteristic strength and a 20%
reduction in the design stiffness of the bearings between the first and third cycle of loading. These
values are used in estimating the variability in the bearing properties as discussed in Chapter 7.

The design properties for the bearings at 100% shear strain are shown in Table 3-9. The bi-linear
design hysteresis loop is compared to the measured hysteresis loops in Figures 3-66 to 3-68.
These figures show that the third loop generally matches the design hysteretic propertieswell. The
properties of bearings A & B and E & F compare particularly well with the design properties,

TABLE 3-9 Design Bi-Linear Propertiesfor Lead Rubber Bearingsat 100% Shear Strain

Quantity Design Value at
100% shear strain

Maximum Displacement (mm) 62

Maximum Force (kN) 20.5

Effective (Secant) Stiffness (kN/mm) 0.33

Characteristic Strength (kN) 10.1

Equivalent Viscous Damping (%) 335

Design (post-yield) Stiffness (kKN/mm) 0.17

Initial (unloading) Stiffness (kN/mm) 1.88

Yield Displacement (mm) 5.9

Yield Force (kN) 11.0
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although the design unloading stiffnessis slightly lower than the measured value. BearingsC & D
have a marginally lower post-yield stiffness corresponding to a lower rubber stiffness, however
thisis partially offset by a higher yield force.

3.4.4 Energy Dissipation

The energy dissipated per cycle for the lead rubber bearings is shown in Figure 3-69. It is plotted
as a percentage of the rectangular area enclosed by the maximum and minimum forces and
displacements for a given cycle. Figure 3-69 shows that from the test data the first cycle for each
bearing had the lowest energy dissipation due to the el astic loading portion. The energy dissi pated
as a percentage of therectangular areatypically increased upon subseguent cycles as the maximum
forces reduced and the hysteresis loops flattened out. The bi-linear model for each bearing shows
similar amounts of energy dissipation compared to the third loop of the test data, athough it is
typically conservative by 10% in each case.

3.4.5 Analytical Model
The analytical model for the lead rubber bearings used a bi-linear model identical to the design bi-

linear model shown in Figure 3-66. The properties of the analytical model were therefore identical
to the design model.
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SECTION 4
PERFORMANCE OF THE BRIDGE SUPERSTRUCTURE WITH ELASTIC AND
DUCTILE END CROSSFRAMES

4.1 Introduction

The end cross frames in a stedl plate girder bridge were determined to be critical in the transverse
load path for seismic loading as described in the preceding report (Carden, 2005). Past
earthquakes have resulted in damage to the end cross frames and it has become apparent that they
need to be specificaly designed for transverse earthquake loads. There are essentially two
potential approaches to this design. The first is to design the cross frames to perform elastically,
protected by capacity design of the substructure. The second approach is to design the cross
frames to be ductile and use these ductile elements to protect other parts of the superstructure.

4.2 Deformation of Ends of Bridge Model

The transverse deformation at the ends of the bridge model consisted of displacements from a
number of different sources. The deformed shape of the end region due to transverse loading is
shown in Figure 4-1 which highlights a number of sources of deformation. The main source was
due to twisting of the girders about their longitudinal axes along with bending of the bearing
stiffeners which created a relative horizontal drift between the top and bottom flange of the
girders. This drift was measured using the diagonal displacement (ddiag)’ which was converted to

horizontal component (dg) by multiplying the displacement by a factor of 1.09 based on the

geometry of the end region. Thisassumes no vertical displacement in the girders. Deformation of
the transverse bearing restraints provided an additional source of deformation in the girders.
While the bearings were fitted with tight-fit shims between the restraints and sole plate, some
deformation was inevitable. During shake table experiments the transverse bearing displacement
was measured relative to the displacements in the shake tables, indicated in Figure 4-1 as d; and

do. It was possible that dq was different to do due to differences in the transverse bearing restraints

and slippage in the connection of the bottom chord allowing different relative girder translations.
There was a so inevitably some relative deformation between the top flange of the girders and the
deck slab (d3) due to slippage in the connections connecting the top chord to the deck slab and

bearing stiffeners, and removal of shear studs. This deformation was not measured directly during
experiments on the bridge model, but with standard hole sizes and allowing for some deformation
in the hole, it could be expected to be around 3 mm. The overall displacement was measured at
deck dab level (dyk), given relative to the shake table displacement.

Other possible deformations which may have affected the measurement of the transverse end
displacement in the bridge model were due to rotations and vertical distortion of the end region. If
the superstructure had rotated as a rigid body due to axial deformations of the bearings, the
displacement measured at the deck dab would be amplified even though thereisno deformationin
the girders and end cross frames, as illustrated in Figure 4-2. In contrast, if the end region had
distorted due to relative vertical displacements of the ends of the girders, then the diagonal
displacement measured would have been reduced indicating a smaller transverse displacement in
the girders than actually observed (Fig. 4-3). Theserigid body rotation and distortion modes were
not expected to be significant and consequently were not measured in the bridge model.
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Displacements were also measured in the ductile components of the end cross frames (Figs. 2-32
and 2-33). These were compared to the other displacements, depending on the geometry of the
end regions.

4.3 Resultsfrom Reversed Satic Experiments
4.3.1 Background

The heavy single angle end cross frames were expected to perform essentially elagticaly, as
outlined in Chapter 2. The heavy X-braces areillustrated in Figures 2-9 and 2-10. In contrast the
light X-braces (Fig 2-12) were designed to yield allowing a ductile response and limiting forces
transferred into the substructure.

4.3.2 Experiment RSHXBL1 - Elastic Heavy Single Angle X-Braces - Preliminary

The displacements in the diagonals of the end cross frames were shown to be very small, as
illustrated in Figures 4-4 and 4-5, indicating that the end cross frames behaved essentialy
elastically. If any non-linearity had occurred in the cross frames it was due to slippage of the
connections, however, there were no instruments in this first experiment to record the overall end
cross frame deformations, hence any slippage was not measured. The end shear forces were aso
not measured during this experiment therefore displacements were plotted against total actuator
force.
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4.3.3 Experiment RSHXB2 - Essentially Elastic Heavy Single Angle X-Braces
4.3.3.1 Hysteretic Behavior

RSHXB2 was essentially a continuation of the first experiment with some modifications. Load
cells were placed under the bearings so that the forces at each end of the bridge could be
monitored. A displacement transducer was added to measure the diagonal displacement in the end
region as shown in Figures 2-12 and 4-1. The loading was also applied with equal forces in each
actuator as described in Chapter 2. The shear studs that failed during RSHXB1 were replaced by
removing concrete locally around the old studs, welding new studs the girders, then grouting these
into the deck slab.

The force-displacement traces for the actuators in RSHXB2 are shown in Figure 4-6. The force-
displacement characteristics for each actuator are very similar and have better consistency between
the shape of the hysteresis |oops than observed in the RSHXB1. The loops exhibit some pinching
particularly at higher levels of loading attributed to the behavior observed in the end cross frames.
The horizontal transverse end displacements measured at the deck were plotted against the
transverse shear forces measured in the load cells beneath the bearings in Figure 4-7. The pinched
nature of the hysteresis in the cross frames is evident in this figure. This deformation can be
attributed to slippage in the connections, slippage between the girders and deck slab, deformation
in the bearings and the onset of buckling in the diagonal X-braces. The horizontal displacements
measured between the top and bottom flange of the girders are shown in Figure 4-8. Compared to
Figure 4-7 thereis a5 to 7 mm deformation, attributed to deformation between the girder and deck
slab, and also the bearings. Figures4-9 and 4-10 show the diagonal angle deformations versus end
shears measured in the load cells at the north and south ends respectively. These indicate the onset
of buckling in the north end cross frames at the completion of the experiment, although at the
south end, the diagonal members were essentially elastic. Even at the north end, where buckling
was observed, the deformations in the diagonal s were only around 15% of the total deformation in
the end region. Accordingly, it was apparent that the majority of deformation and hysteresisin the
end region was due to slippage in the connections. Slippage was expected as the connections were
not slip critical during transverse seismic loads.

4.3.4 Experiment RSLXB - Light Single Angle X-Braces
4.3.4.1 Overview

The transverse cyclic behavior of the light single angle X-braces was studied in RSLXB. These
crossframes areillustrated in Figure 2-12. The single angle diagonals were welded directly to the
bearing stiffeners which eliminated the dippage observed in RSHXB2. The cross frames also had
pinned top and bottom chords in order to allow maximum load transfer and fully utilize inelastic
behavior in the diagonal members, as described in Chapter 2.

The force-displacement trace for the actuators during this experiment is shown in Figure 4-11.
This figure shows that the maximum actuator displacements were comparable to those in
RSHXB2. The force-displacement traces for the two ends of the bridge, with displacements
measured at deck slab level, are shown in Figure 4-12. In this experiment considerable inelastic
behavior was observed in the end cross frames. The north end exhibited smaller forces and larger
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displacements than the south end, which is attributed to variability in the combination of tension
and compression strengths, and also due to cracking around the shear studs allowing greater
flexibility at this end.

Figure 4-12 demonstrates degradation in stiffness of the cross frames with consecutive cycles. At
the end of these cycles pinching is observed in the hysteresis loops, which was caused by the
buckled diagonal members from a previous compression cycle straightening as a result of tension.
While they were straightening, their stiffness was comparatively low but once straightened their
stiffness increased. The plastic tensile deformations were largely unrecoverable and thus the
member elongated with successive cycles. This behavior was not ideal as the ability for the cross
frame to dissipate energy is reduced, however; the X-braces are shown to have relatively “full”
hysteresis loops in the first excursion up to a given displacement. During a typical earthquake,
which has a maximum acceleration early in the loading history, the cross frames can be expected
to perform well.

The transverse end deformations measured between the girders' top and bottom flanges for each
end of the bridge are shown in Figure 4-13. Compared to Figure 4-12 maximum end
displacements measured at deck slab level are shown to be around 3 mm. larger than those
measured between the top and bottom flanges. As with the heavy X-braces the difference was
attributed to slippage between the deck dab and the girders and also deformations allowed by the
lateral bearing restraints. For the light X-braces the difference between the deck slab end
displacements and those measured between the top and bottom flanges was reduced and became
small compared to the magnitude of the end cross frame displacements.

4.3.4.2 Yield Forces

Figure 4-13 shows that there was alarge variability in the yield forces of the cross frames between
the two ends of the bridge model. The yield force at the north end was 92 kN, much lower than at
the south end, with a yield force of 121 kKN. These were measured at the yield point in the first
plastic cycle in the end cross frames. The differencein forces between the two ends was attributed
to variation in the properties of the diagonal members, particularly the buckling strength. The
buckling strength was likely to vary dueto initial imperfections in the straightness of the members
and angle properties, which could have been affected by prior cycles of loading. The difference
between the two ends was also attributed to the combination of the buckling strength with the
maximum tensile forces in the corresponding diagonals, with the combination of properties
depended on how much degradation had occurred in the compression diagonal when the maximum
tension force was reached. Different girder stiffness at the two ends also affected the yield force
due to different levels of shear stud damage.

Based on the coupon tests to define the material strength, the original expected yield force for the
X-braces was 113 kN, as described in Chapter 2. If the effect of girder stiffness, at an assumed
yield displacement of 3.8 mm, and hysteresis in the top and bottom chords are considered (with
effects as described in Chapter 4, with a transverse girder stiffness of 1.66 kN/mm and 2.17 kN/
mm per girder at the north and south ends respectively and an additional yield force of 10 kN to
allow for the hysteretic behavior of the top and bottom chords), then the expected yield strengths
would be approximately 130 kN and 135 kN at the north and south ends respectively. These
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calculated strengths are to be higher than the measured strengths at each end. Investigation of the
end region using a frame analysis, showed that the eccentricity between line of action for the
diagonals and the centers of the top and bottom flanges of the girder resulted in shear forces and
bending momentsin the stiffeners and forces in the diagonals. These diagonal forces were larger
than those calculated based on the angle of the brace alone. Based on the frame analysis the end
shear was 65% of the forcesin the diagonals, compared to 95% assumed based on the angle of the
bracesin Chapter 2. This meansthat the yield strength shear strength of the end will be lower than
that previously estimated and resulted in an expected shear strength in the diagonals, based on the
measured coupon strength, of 75 kKN. When the effects of girder stiffness and hysteresis in the top
and bottom chords are added the strengths would be 97 kN and 100 kKN respectively. These are
closer to the measured strengths with some variation attributed to the aforementioned factors.

4.3.4.3 Post-Yield Forces

A concern with the use of concentric braced frames such as these single angle cross framesis their
strength degradation due to buckling. Component experiments showed that after the single angles
buckled the compression strength of members was reduced. However when the tension and
compression members were combined in X-braces, the envelopes of Figure 4-12 show an
increasing post elastic slope. This is because as the compression member lost strength, strain
hardening in the tension member along with the forces resulting from the other components such
asthe girders, bearings and shear studs resulted in a positive post-yield dope.

At the north end of the bridge model the maximum force of 177 kN was 1.9 times higher than the
yield force at this end. The maximum force at the south end of the bridge was 195 kN and was 1.6
times higher than the yield force. If the force from the calculated girder stiffness subtracted from
the maximum force then for the single angle diagonals alone, the maximum estimated force at the
north end was 99 kN, or 1.1 times larger than the yield force. At the south end the maximum
estimated force in the diagonals was 129 kN, also 1.1 times the yield force. Therefore almost all
of the post-yield strength increase is attributed to the girder stiffness. The result of interaction
between the tension and compression diagonals was a comparatively low post yield stiffness
compared to that expected from other systems yielding in shear or flexure. In this respect, single
angle X-braces are an attractive system for use as ductile end cross frames as post-yield increase in
force is minimized alowing the braces to act as effective shear force limiting “fuses’ in the
transverse response of a bridge.

4.3.4.4 Maximum Displacements

If fracture was to occur in the tension member of a cross frame, there would be considerable
strength degradation and displacements would be likely to become unstable, therefore the
connections should be designed and displacements limited so that fracture is avoided. The
maximum transverse displacement in the end cross frames using the deck slab displacement was
32 mm. Based on agirder height of 591 mm. from the center of the top flange to the centre of the
bottom flange, this corresponds to a drift of 5.3%. From the geometry of the system the
displacement in the diagonal single angle members was equivalent to 65% of the horizontal
displacement at the top flange. This transformation is based not only on the angle of the diagonal
braces but also the difference between the height of the girders and the relative height of the lines
of action for the X-brace diagonals. Based on this transformation, the equivalent maximum
displacement in the cross frames would be 21 mm. The displacements in the individual diagonal
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members were plotted against the end shear in Figures 4-14 and 4-15. The maximum measured
diagonal displacement was 20mm and therefore was close to that expected based on the geometry
of the system. This corresponds to a average axial strain of 1.6% which is around 40% of the
proposed design limit of 4%, based on component experiments. At thislevel of displacements no
fracture had occurred in the cross frames, as would be expected given that the strains were much
lower than the design strains. If the allowable strains based on component experiments were
reached in the cross frames, then the design drift in the end cross frames would be as high as 13%.

For the systems previously used including the SPS, EBF and TADAS systems (Zahrai, 1998a) the
ultimate drifts were approximately 3.0%, 3.0% and 3.8% respectively. Therefore using a similar
assumption as for the single angles where the design drift is 67% of the ultimate drift, the design
drift for the three systems would be 2.0%, 2.0% and 2.5% respectively. Thus, the displacement
capacity in the X-braces is significantly higher than for any of these other systems. The design
displacement for the X-bracesislikely to be governed by girder drift [imitsrather than limitsin the
braces themselves assuming the angles are designed with appropriate connections (Chapter 3).
The bridge model was not subjected to larger displacements to prevent potential damage to the
deck dab of the bridge model so that it could be used for later experiments.

As the displacements in the X-braces were much less than the design limit, the X-braces could
have been designed for a lower shear to allow larger displacements, up to the drift limit of the
girders. Thiswas not possible in the bridge model as the section sizes were the smallest available,
although, this could be achieved in afull scale bridge and is considered in Chapter 6.
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The midspan deck dab displacement was plotted against total base shear measured in the load cells
as shown in Figure 4-16. The midspan displacements are shown to be much larger than the end
displacements due to flexural torsional deformations in the superstructure. The hysteresis loops
are also quite different to the shape of those for the ends of the bridge, indicating that energy
dissipated at the ends has only limited effectiveness in the overall response of a bridge when the
superstructure is flexible. Thisis not necessarily limited to ductile end cross frames and can aso
be expected with ductile columns. The effect of superstructure flexibility isinvestigated further in
Chapter 6.

4.4 Resultsfrom Shake Table Experiments
4.4.1 Experiment STHXB - Elastic Heavy Single Angle X-Braces
4.4.1.1 Responseto El Centro

Like for the reversed static experiments, the shake table experiments allowed the study of the
backbone curve which describes the capacity of the different ductile end cross frames. However,
shake table experiments went a step further as they also gave a measure of the force and
displacement demand in response to different earthquake excitations.

The configuration of the bridge model with heavy cross frames used in shake table experimentsis
shown in Figure 2-11. The configuration of the cross frames was different to those in the static
experimentsin that they were welded directly to the web stiffener instead of the bolted gusset plate
connections. The north-south component of El Centro was applied to the model with increasing
amplitudes up to an amplitude of 2.0 times the recorded level. Figures 4-17 and 4-18 show that
there were relatively small displacements at the ends of the bridge, measured at the level of the
deck slab. The force-displacement relationship was not quite linear with some pinching observed,
much of which can be attributed to deformations in the bearings, as observed when comparing
Figures 4-17 and 4-18 with Figures 4-19 and 4-20. These latter figures show the deck slab
displacement relative to the average measured bearing displacement. When the bearing
displacement was removed the responseis more linear. The horizontal component of the diagonal
displacement measured between the top and bottom flanges of the girder is shown in Figures 4-21
and 4-22. Thisresponseisalso essentially elastic, and the displacements appear to be very similar
to those measured at the deck slab relative to the bearings. This indicates that the displacements
due to dlippage between the girders and the deck slab and other immeasurable types of
deformation described earlier, appear to be small. The welded connections exhibited no slippage
in the connections and a higher effective stiffness than with the bolted connections during reversed
static experiments enabling good contrast between elastic cross frames and ductile cross frames.

The maximum end shear forces in response to 2.0 x El Centro were 232 kN and 199 kN at the
north and south ends respectively. This corresponds to a 14% difference between the two ends.
The effective stiffnesses at the two ends were similar.

4.4.1.2 Responseto Sylmar and Kobe

Experiments were performed to measure the transverse responses to 1.0 x Sylmar and 0.75 x

Kobe. The force-displacement relationship at the ends of the bridge in response to these
earthquakes was again essentialy elastic. The maximum force at the ends in response to 1.0 x
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FIGURE 4-17 STHXB - North end shear vsend horizontal displacement at deck slab in
response to 2.0 El Centro

Displacement (mm)

-25 -20 -15 -10 -5 0 5 10 15 20 25
60 267

178

89

End Shear (kip)
o
End Shear (kN)

-178

-60 -267
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Displacement (in)

FIGURE 4-18 STHXB - South end shear vsend horizontal displacement at deck slab in
responseto 2.0 El Centro
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FIGURE 4-20 STHXB - South end shear vsend horizontal displacement of deck slab
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FIGURE 4-21 STHXB - North end shear vsend horizontal displacement between top and
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Sylmar was equal to 241 and 225 kN at the north and south end respectively. In responseto 0.75 x
K obe the maximum shear force at each end was 234 and 224 kN respectively. Assuming a linear
amplification of response, which was reasonable for this elastic system, the maximum forces in
response to 1.0 x Kobe would have been 313 and 298 kN respectively. Because these forces were
in excess of the design capacity of the cross frames, 1.0 x Kobe was not simulated.

4.4.2 Experiment STLXB - Inelastic Light Single Angle X-Braces
4.4.2.1 Overall Response

A series of experiments was performed with the bridge model in a simply supported configuration
with light single angle X-braces as illustrated in Figure 2-12. The north-south component of El
Centro was applied to the model with increasing amplitude up to an amplitude of 2.0 times the
recorded level.

The transverse shear forces measured at each end of the bridge are plotted against the horizontal
component of the end deck slab displacements relative to the average bearing displacement, as
shown in Figures 4-23 and 4-24. These figures show that the envelopes for the hysteretic
behavior at the ends were almost ideally elasto-plastic, as shown in Figure 4-25. There was less
post-yield stiffness observed in these envel opes than those from the reversed static experiments as
the lead rubber bearings had a lower rotational stiffness than the elastomeric pads used in the
reversed static experiments.

Figures 4-26 and 4-27 show the hysteretic response for 2.0 x El Centro only. When compared to
Figures 4-23 and 4-24, the ends show some degradation in stiffness due to previous excitations of
the bridge model. This degradation can be considered a trade-off for the essentially elasto-plastic
envelope.

The displacements measured at the deck slab level, including bearing deformations, were around 3
to 5 mm larger than those measured between the top and bottom flanges of the girders (Figs. 4-28
and 4-29). This level of bearing displacement was consistent with previous experiments. The
horizontal component of displacement measured between the top and bottom flange of the girders
is shown for each end in Figures 4-30 and 4-31. The resulting displacements were similar to those
measured using the deck slab displacement relative to the average bearing displacement (Figs. 4-
23 and 4-24). Therefore for the light X-braces the difference between the overall end deck slab
displacements and measured girder displacements can largely be attributed to bearing
deformations.

4.4.2.2 Yield Forces

The measured yield forces were 124 and 111 kN at the north and south ends respectively. Based
on the frame analysis described for the reversed static experiments the expected transverse
strength of the X-braces aone was 75 kN. With the stiffness and strength of the girders, chords
and bearings added to the strength of the diagonals the yield force at each end was expected to be
98 and 99 kN respectively. Therefore the expected yield force was conservatively estimated in the
cross frames by 10-25%.
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FIGURE 4-23 STL XB - North end shear vsend deck slab displacement relativeto aver age
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FIGURE 4-25 STL XB - Envelopes for hysteresisloopsat north and south ends
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FIGURE 4-26 STL XB - North end shear vsend deck slab displacement relativeto aver age
bearing displacement in responseto 2.0 El Centro ground motion
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FIGURE 4-27 STL XB - South end shear vsend deck dab displacement relativeto average
bearing displacement in responseto 2.0 El Centro ground motion
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FIGURE 4-28 STLXB - North end shear vs horizontal displacement measured at deck
slab level in response to increasing amplitude El Centro ground motions
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FIGURE 4-29 STL XB - South end shear vshorizontal displacement measured at deck
slab level in response to increasing amplitude El Centro ground motions
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FIGURE 4-30 STL XB - North end shear vshorizontal displacement measured between
top and bottom flanges of girdersin response to increasing amplitude El Centro

132



Displacement (mm)

25 20 15 10 5 0 5 10 15 20 25

50 222
A b mm 178
30 133

End Shear (kip)
End Shear (kN)

I e e -133

T ... i -178

-50 -222
1 08 -06 04 02 0 02 04 06 08 1

Displacement (in)

FIGURE 4-31 STL XB - South end shear vs horizontal displacement measured between
top and bottom flanges of girdersin response to increasing amplitude El Centro

4.4.2.3 Post-Yield Forces

As in the reversed static experiments, while there was likely to be some stiffness degradation
observed in the diagonal members, with the contribution of girder stiffness the overall post yield
stiffness was close to zero and minimal overall degradation or post-yield increase in strength was
observed. The maximum force at the north end was 135 kN, 1.1 timesthe yield force. At the south
end the maximum force was 124 kN, also 1.1 times the yield force, thus the post-yield
overstrength was minimal. Removing the effects of the girders and assuming a linear girder
stiffness resulted in an estimated maximum force of 121 and 108 kN at the two ends. Therefore
the maximum forces were almost exactly equal to the measured yield forces indicating no increase
in strength after yielding. Post-yield stiffness can therefore be attributed to the stiffness of the
girders.

4.4.2.4 Maximum Displacements

Comparing Figures 4-23 and 4-24 shows that, although the end shears were comparable, the
displacement at the north end was considerably larger than that at the south end. Thisis similar to
the response observed in the reversed static experiments. This demonstrates the sensitivity of the
X-brace displacements to a relatively small difference in forces. The maximum displacement at
the north end of the girders was 24 mm, was equivaent to a drift of 4.0%. The maximum axial
displacement in the diagonal was 15 mm corresponding to a strain of 1.2%. Based on astrain limit
of 4%, and corresponding cross frame drift limit of 13% proposed from component experiments,
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FIGURE 4-32 STL XB - Total base shear vshorizontal midspan deck slab displacement
measured in response to increasing amplitude ElI Centro ground motions

the cross frames were capable of much larger displacements, although these were not applied to
prevent potential damage to the girders for future experiments.

The maximum displacement was around 5 times the maximum displacement of the end with
elastic cross frames. This was significantly higher than the level of force reduction, with forces
reduced by a factor of 1.6. This was largely attributed to the flexible superstructure which has
been shown analytically to result in increased end displacements according to a study by
Alfawakhiri and Bruneau (2001). The transverse midspan displacement at deck slab level in the
bridge model in response to increasing amplitude excitations up to 2.0 x El Centro is shown in
Figure 4-32. The maximum displacement of 53 mm is considerably larger than the displacement
at the ends of the bridge. As with the reversed static experiments, the hysteretic areais also much
smaller than at the ends of the bridge showing that the effectiveness of energy dissipation at the
endsislimited with aflexible superstructure.

4.4.25 Permanent Drift in the Cross Frames

The time histories for the horizontal end deck slab displacements relative to the bearings are
shown in response to increasing amplitude excitations up to 2.0 x El Centro in Figure 4-33. This
figure shows a permanent offset was observed in the ends of the bridge model when the X-braces
first buckled at an amplitude of 1.5 El Centro. This permanent offset is expected in most
concentric braced framing systems due to biased buckling in which the system first buckles during
loading in one direction becoming weaker in that direction and consequently, the system tends to
drift in that direction. This was observed in the X-braces after successive earthquakes applied to
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FIGURE 4-33 STL XB - Horizontal displacement time historiesfor ends of bridge model
measured at the deck slab relative to the average bearing displacement in responseto
increasing amplitude excitation up to 2.0 El Centro

the bridge model with the permanent displacement remaining a positive value and increasing
slightly after each earthquake. The permanent offsets of 2 mm and 3 mm at the north and south
ends respectively after 1.5 x El Centro were 13% and 22% of the maximum displacements
observed during this excitation. After 2.0 x El Centro the permanent displacements were 4 mm,
17% and 25% of the maximum displacements respectively at the two ends.

4.4.3 Experiment STPUB - Unbonded Braceswith Pin Ended Connections
4.4.3.1 Effect of Removing Shear Suds at Ends of Bridge Model

Ductile cross frames using unbonded braces were placed in the bridge model to replace the X-
braces. A small amplitude motion of 0.5 x El Centro was applied to the bridge model with
unbonded braces at each end and with the deck slab and shear studs in the same state as at the
conclusion of the experiments with the light X-braces, that is considerable cracking in the deck
slab around the shear stud locations near the north end, but only minor cracking at the south end.
The effect of two rows of shear studs at end of the bridge were removed by coring around them.
The same ground motion was then applied to the bridge in order to determine the change in
properties of the end region. The measured effective linear stiffness at the north end before and
after coring was 50.6 kN/mm and 51.3 kN/mm respectively. At the south end the effective
stiffness was 44.8 kN/mm and 45.5 kN/mm before and after coring respectively. Therefore at both
ends there was little change in stiffness, with any effect of coring immeasurable during these
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experiments owing to the fact that the studs were aready ineffective in the transverse load path
due to distress from prior experiments.

4.4.3.2 Hysteretic Response

The force-displacement curves for the north and south ends of the bridge, as a result of El Centro
ramped up to 2.0 x the original acceleration levels, are shown in Figures 4-34 and 4-35, with
displacements measured at the level of the deck slab relative to the bearing displacements. Instead
of using an average bearing displacement as for the X-braces, the displacement for the bearing
adjacent to the lower connection of the unbonded brace was used as this was considered the critical
bearing in this asymmetric configuration. For these experiments the unbonded braces were
connected with pin ended connections to the bearing stiffeners. The hysteresis curves show that
there was greater apparent post yield stiffness in the ends with the unbonded braces compared to
the ductile X-braces, with decreased overall displacements. There is some observed pinching in
the hysteresis loops due to slippage in the connections, although there is no degradation of
stiffness with successive cycles as observed in with the X-braces. The horizontal components of
the diagonal end displacements measured between the top and bottom girder flanges are shown in
Figures 4-36 and 4-37. These figures show reduced displacements compared to the deck slab
displacement relative to that of the bearings, as expected due to slippage between the deck dab and
the girders. Thedifferenceisbetween 3to5 mm at each end which is similar to that observed with
the X-braces, athough as the displacements with the unbonded braces were notably less than with
the X-braces, this difference is more apparent.

The end responses for the bridge mode! in responseto 2.25 x EIl Centro are shown in Figures 4-38
and 4-39. Thiswas the largest excitation in the unbonded braces with pin ended connections. In
these figures the dippage in the connections was apparent with pinching observed in the hysteresis
loops. This slippage was attributed not only to the connections between the unbonded braces and
the bearing stiffeners, which were connected with tight fit pins, but also due to the connections of
the top and bottom chords to the bearing stiffeners. Slippage in these connections allowed the
girders to move apart and rotate relative to each other which can account for additional
deformation in the end region not measured in the braces.

4.4.3.3 Yield Forces

From the hysteresis loops at the ends it was difficult to identify the yield force in the braces as
significant yielding did not occur in any one excitation but became gradually apparent over several
increasing excitations. It was also difficult to separate the effects of slippage from yielding in the
unbonded braces. Investigation of the backbone curves for the end shear plotted against axial
displacement in the braces indicated that yielding occurred at end shear forces of around 90 kN
From a frame analysis using an analytical model, shown in Figure 6-4, the actual end shear was
60% of the axial force in the braces. Adding the forces from the hysteretic behavior of the
bearings and top and bottom chords, as well as due to stiffness from the girders, bearings and shear
studs, resulted in an estimated yield force in each end of around 74 kN. This was conservative by
around 20% compared to the approximate yield force measured in the braces.
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FIGURE 4-34 STPUB - North end shear vsend deck slab displacement relativeto the
bearing displacement in response to increasing amplitude excitation up to 2.0 El Centro
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FIGURE 4-35 STPUB - South end shear vsend deck slab displacement relativeto the
bearing displacement in response to increasing amplitude excitation up to 2.0 El Centro
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FIGURE 4-36 STPUB - North end shear vs horizontal displacement measured between
thetop and bottom flange of the girdersin responseto increasing amplitude excitation up
to 2.0 El Centro
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FIGURE 4-37 STPUB - South end shear vs horizontal displacement measured between
thetop and bottom flange of the girdersin responseto increasing amplitude excitation up
to 2.0 El Centro
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FIGURE 4-38 STPUB - North end shear vsend deck slab displacement relativeto the
bearing displacement in response to 2.25 El Centro
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FIGURE 4-39 STPUB - South end shear vsend deck slab displacement relativeto the
bearing displacement in response to 2.25 El Centro
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4.4.3.4 Post-Yield Force

The maximum shear forces at the ends of the bridge model in response to 2.0 x El Centro were
equal to 148 and 147 kN at the north and south ends respectively. These were notably higher than
the yield forces indicating considerable overstrength in the braces. The component experiments
showed that the backbone curve for the response of the unbonded braces could be modeled with a
post-yield to initial stiffness ratio of 0.025. The ratio found to be more appropriate for modeling
the braces in the ends of the bridge model was closer to 0.05 even when considering the effects of
girder, bearing and shear stud stiffnesses separately as is demonstrated later with analytical
models. Thereasonsfor thisincrease in the post-yield stiffness are likely to be due to such factors
as flexural resistance, even with the pin ended connections, or eccentricities and misalignments
between the two girders.

4.4.3.5 Maximum Displacements

The end shear forces plotted against the measured axial displacements in the core region of the
braces for 2.0 x El Centro is shown in Figure 4-40, and for 2.25 x El Centro, in Figure 4-41. The
maximum displacements in response to 2.0 x El Centro based on the deck slab displacement
relative to the bearing displacement were 17 and 13 mm respectively at the north and south ends.
For 2.25 x El Centro the maximum displacements were 18 and 15 mm. From geometry of the end
region it was calculated that without slippage in the connections the deformation in the braces
should be 60% of the horizontal deformation in the end regions, asillustrated in Figure 4-42. This
would correspond to a maximum axial brace displacement of 11 mm and 9 mm at the two ends.
Figure 4-41 shows that the axial deformations were considerably smaller than these levels as a
result of slippage in the brace connections, with maximum displacements of 3 and 5 mm
respectively. Axial displacementsin the core length of the braces only accounted for 30 to 50% of
the total deformation in the end region. Hence it was proposed to weld the connections at the ends
of the unbonded braces to provide fully fixed connectionsin order to increase their efficiency.

The maximum calculated axia strains in the braces based on the measured axial displacements
were around 0.86%, much lower than the maximum recommended design level strain of 2.0%.
Therefore, failure would not be expected and indeed was not observed in any of the braces. At a
maximum design brace strain of 2.0% the design drift calculated for the girders would be 3.0%.
This is 20% to 50% greater than the corresponding design drift in the SPS, EBF and TADAS
systems (Zahrai, 1998b). However this is just 25% of the theoretical allowable drift in the X-
braces. There are two reasons for the large difference in displacement capacities. The first is that
the unbonded brace does more work per cycle than the single angles, with largely recoverable
yielding in both tension and compression, and as a result the allowable design strain in the brace
was calculated to be less at 2.0% compared to 4.0% in the single angles, based on component
experiments. The second reason is that the core length for the unbonded brace is much less that
the effective length of the single angles, therefore at a given average axial strain the displacement
in the anglesis greater.

It can be shown that if the braces could be designed for a larger displacement, then a larger
reduction in base shear may be possible. It would be possible to increase the displacement
capacity of a buckling restrained braces if the core length in the brace was increased. This could
be achieved by using more efficient connection details, which connect the brace directly to the
stiffener without the use of gusset plates. Such a configuration is demonstrated in Figure 4-43. In
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FIGURE 4-40 STPUB - End shear vsaxial displacement for braceswith pinned
connectionsin response ramped up to 2.0 El Centro
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FIGURE 4-41 STPUB - End shear vsaxial displacement for braceswith pinned
connectionsin responseto 2.25 El Centro
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FIGURE 4-42 Deformed unbonded brace mechanism showing end displacement relative
to axial displacement of brace

this configuration the effective core length was increased by 52%. Therefore the maximum driftin
the girder at a corresponding brace strain of 2.0% was around 27 mm (4.6%). Thisdesign driftis
now significantly greater than the design drifts for other systems such as the SPS, EBF and
TADAS diaphragms, although still not as great as the design drift for the X-braces. A single row
of bolts at each interface, that were not designed to be slip critical under extreme earthquake loads,
was assumed to result in an effectively pinned connection. Further study would be beneficia in
examining different connection configurations for the buckling restrained braces in this type of
bridge application.

4.4.3.6 Permanent Drift in the Cross Frames

The horizontal transverse displacement time histories at the two ends of the bridge are shown in
Figure 4-44 up to an amplitude to 2.0 x El Centro. A permanent offset was also observed with the
unbonded brace cross frames. The permanent displacement was shown to increase gradually with
each successive excitation with displacement after 1.5 x El Centro equal to 1 and 2 mm at the
north and south ends respectively. These corresponded to displacements of 5% and 20% of the
maximum displacements at the two ends respectively. These were similar to the levels observed
with the ductile X-braces. After 2.0 x El Centro the permanent displacements were 1 and 3 mm at
the north and south ends respectively. These were less than the permanent displacements
measured in the X-braces and as a ratio of the maximum displacement measured in the cross
frames, were equal to 7% and 17%. These permanent drifts were sufficiently small that one would
not expect closure of a bridge to be necessary.
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FIGURE 4-43 Alternative configuration for unbonded brace with increased core length
4.4.4 Experiment STFUB - Unbonded Braceswith Fixed End Connections
4.4.4.1 Hysteretic Response

As a result of the dlippage discussed in the previous section, the pin ended connections of
unbonded the braces to the bearing stiffeners were welded. This provided a fixed moment
resisting connection effectively like that typically used for unbonded braces in building
applications. The 2.0 x El Centro response at each end with the welded bracesis shown in Figures
4-45 and 4-46, which can be compared to that for the pinned braces in Figures 4-34 and 4-35. The
end shear versus measured axial displacement across the reduced section of the brace is shown in
Figure 4-35. The 2.25 x El Centro responses for the welded braces are shown in Figures 4-47 and
4-48, which can be compared to the pin ended braces in Figures 4-38 and 4-39. The estimated
axial force plotted against the measured axial displacement for this motion is shown in Figure 4-
49. The figures show that compared to the braces with pin ended connections the maximum force
at the ends of the bridge increased while the overall displacements at the ends remained at smilar
levels. Therefore there was no great benefit in having fully fixed connections in the braces.
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FIGURE 4-44 STPUB - Horizontal displacement time histories for ends of bridge model
measur ed between top and bottom flange of girdersin response to increasing amplitude
excitation up to 2.0 El Centro
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FIGURE 4-45 STFUB - North end shear vsend deck slab displacement relativeto the
bearing displacement in responseto 2.0 El Centro
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FIGURE 4-46 STFUB - South end shear vsend deck slab displacement relativeto the
bearing displacement in responseto 2.0 El Centro
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FIGURE 4-47 STFUB - North end shear vsend deck slab displacement relativeto the
bearing displacement in response to 2.25 El Centro
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FIGURE 4-48 STFUB - South end shear vsend deck slab displacement relativeto the
bearing displacement in response to 2.25 El Centro
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FIGURE 4-49 STFUB - End shear vsaxial displacement for braceswith fixed connections
in responseto 2.25 El Centro
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FIGURE 4-50 STFUB - North end shear vsend deck slab displacement relativeto the
bearing displacement in responseto 1.0 Kobe

4.4.4.2 Maximum Forces

The maximum end shear forces for the bridge model with welded unbonded braces in response to
2.0 x El Centro were 159 and 152 kN respectively at the north and south ends. This was a slight
increase compared to the pin ended braces. In response to 2.25 El Centro there was a further
increase in end shear forces.

There were two likely sourcesfor theincrease in end shears observed in the bridge after welding of
the connections. The first was because of larger axial displacements in the braces, which due to
strain hardening, resulted in larger forces in the braces. The second was due to added stiffnessin
the cross frames from the flexural stiffness of the unbonded braces with fixed end connections. As
the braces in the bridge model were much shorter than those in a typical building, they were
flexurally more rigid and therefore bending in the brace contributed a greater level of lateral
stiffness than typical in abuilding. While the increase in forces were relatively small in this case,
in response to a larger earthquake the flexural stiffness may result in considerable post-yield
overstrength as was observed in Figure 4-50, in response to Kobe. A post-yield to initial stiffness
ratio of 0.125 is later found to model the post-yield behavior of the unbonded braces. This is
notably higher than that for the pin ended connections. Not only is it higher, there is no way to
predict it in braces with different sizes and properties. Therefore, it is recommended that the
buckling restrained braces use, perhaps not ideal pin ended connections as in the bridge model, but
effectively pin ended connections when designed as ductile end cross frames in bridges. In order
to prevent excess slippage and provide good energy dissipation it is recommended that the
connections be designed with tight tolerances.
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4.4.4.3 Maximum Displacements

The maximum end displacements for the buckling restrained cross frames with welded
connectionsin response to 2.0 x El Centro were equal to 14 and 12 mm at the north and south ends
respectively when the braces were welded. These were almost the same as the bridge model with
pin ended connections. The maximum displacements in the ends of the bridge in response to 2.25
x El Centro were 17 and 15 mm respectively, again similar to those with pin ended connections.

4.4.4.4 Responseto Sylmar and Kobe.

In response to Sylmar the maximum end displacements were 18 and 15 mm respectively at the
north and south ends. These displacements were slightly larger than the those measured in
response to 2.0 x El Centro. In response to Kobe the maximum displacement was 39 mm at the
north end and 24 mm at the south end. These correspond to drifts of 6.6% and 4.1%. The actua
measured displacements in the braces were 11 and 9 mm, corresponding to a strains of 2.6% and
1.8% respectively at the two ends. At the north end this was in excess of the design limit of 2.0%,
although no fracture was observed.

4.4.5 Experiment STFUB2S - Response of Two Span Bridge with Ductile End Cross
Frames

After single span experiments the bridge model was supported at midspan to create a two span
bridge. The response with ductile end cross frames was investigated using unbonded braces, with
fixed ended connections located at the two ends and midspan of the bridge model. The
distribution of forces between the ends and midspan of the bridge was close to expected based on a
static analysis. However, as the brace at the middle support had the same yield force as those at
the ends, it yielded earlier resulting in disproportionately large displacements at midspan (Table 4-
1). This analysis supports the need to design the bridge as a system with different strength braces
at the different supports depending on the demand. Analysis of seismic demand at individual
supports without consideration of the coupling may result in an inaccurate estimation of the
Seismic response.

The maximum drift measured at the midspan of the bridge, at deck slab level relative to the
bearings, was 1.63 in. corresponding to 7.0% of the girder height. No damage was observed in the
girders at this level of drift, and little damage was observed in the haunch of the deck dab as
shown in Figure 4-51. Where some cracking was observed it wasin areas where the deck slab had
been weakened by coring around the shear studs. With no shear studs in this region little damage
would have been expected. The “rocking” mechanism promoted to allow large transverse driftsin
the girder was found to be effective with no resulting damage to the primary gravity load carrying
members.

4.5 Comparisons and Design Parametersfor Ductile End Cross Frames

The maximum response of the bridge at 1.0, 1.5 and 2.0 x El Centro was summarized in Table 4-2
for the heavy X-braces, light X-braces and unbonded braces. The displacements in this table are
based on the end deck slab displacement relative to the appropriate bearing displacements. This
table shows that, as expected, the bridge model had the largest end shear forces with the heavy
cross frames. The end shear forces in the bridge model with the light X-braces and unbonded
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FIGURE 4-51 Haunch of deck slab and girder at midspan after maximum excitation at
midspan resulting in 7% drift in thegirders

braces were relatively similar at each earthquake level. However the driftsin the unbonded braces
were notably less than the drifts in the X-braces as earthquake intensity increased. At 2.0 x El
Centro the average end drift with the pinned unbonded brace was around 61% of that with X-
braces at the north end and 75% of that at the south end. With fixed connections the drifts were
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TABLE 4-1 Maximum Axial Brace Displacementsat End and Midspan of 2 Span Bridge
Model with Unbonded Bracesin Response to Different Earthquake Excitations

Excitation Units Maximum Axial Brace Displacement
North End Midspan South End
0.5 El Centro (mm) 0.1 0.4 0.1
(% Comb. Disp.) 21 64 14
1.0 El Centro (mm) 0.2 0.7 0.2
(% Comb. Disp.) 18 65 17
1.5 El Centro (mm) 0.3 2.2 0.4
(% Comb. Disp.) 12 75 13
2.0 El Centro (mm) 0.6 4.2 0.5
(% Comb. Disp.) 11 79 10
2.5 El Centro (mm) 1.0 5.6 1.0
(% Comb. Disp.) 13 74 13
1.0 Sylmar (mm) 11 4.5 11
(% Comb. Disp.) 16 67 16
1.0 Kobe (mm) 1.8 8.1 1.9
(% Comb. Disp.) 15 69 16
1.5 Kobe (mm) 3.7 11.9 3.4
(% Comb. Disp.) 19 63 18

approximately the same as with the pin ended connections. Therefore at this level of earthquake
motion the unbonded brace had an advantage over the X-braces in reducing the drifts in the
girders. While the maximum forces in each system were similar, they were not identical, and the
displacements are later shown to be quite sensitive to the level of force. The forcesin the bridge
model with unbonded braces were larger than the forces with ductile X-braces, therefore it was
possible that some of the difference in displacements can be attributed to the difference in forces.
Using a calibrated analytical model, a parametric study is performed in Chapter 6 to compare the
forces and drifts for different ductile end cross frames of different strengths.

45.1 Post-Earthquake Evaluation

After an earthquake the buckling restrained cross frames have an advantage over the other ductile
end cross frames in that the inelastic behavior is contained inside the brace eliminating damage
after an earthquake. Assuming fracture has not occurred in the braces the transverse properties of
the bridge should be similar to those before the earthquake. In contrast, the X-braces will exhibit
immediate buckling with seismic demand which exceeds their yield strength and furthermore,
degradation in the braces will mean that the bridge model has a lower transverse stiffness than
before the earthquake. Therefore, while a bridge should remain open to traffic after a design level
earthquake, X-braces will need replacing while buckling restrained cross frames should be able to
remain in service for some period of time depending on the level of the event and the age of the
bracesin the bridge.

If necessary, repair of cross frames after an earthquake should be a relatively straight-forward
exercise compared to the repair of a substructure. The damaged components between the different
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TABLE 4-2 Comparisons of Bridge Model Response with X-braces and Unbonded Braces

System End 1.0 El Centro 1.5 El Centro 2.0 El Centro
Max. Shear Max. Displ. | Max. Shear Max. Displ. | Max. Shear Max. Displ.
(kN) (mm) (kN) (mm) (kN) (mm)
"Heavy" X-Braces |North 112 2 174 4 228 6
South 109 2 164 3 196 4
"Light" X-Braces North 90 4 126 12 135 23
South 84 3 111 12 124 17
Unbonded Braces [North - Pinned 75 4 110 11 148 16
South - Pinned 80 5 142 8 147 13
North - Fixed - - - - 166 14
South - Fixed - - - - 150 12
Lead Rubber North 26 16 32 22 36 33
Bearings South 26 16 31 26 36 37

girders can be sequentially replaced without the need to close the bridge. If a permanent drift in
the girders needs to be offset, this can be achieved by a smple jacking system in one of the bays
while the components in the other bays are replaced, with stability maintained in the girders at all
times.
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SECTION 5
PERFORMANCE OF THE BRIDGE SUPERSTRUCTURE WITH SEISMIC
ISOLATORS

5.1 Introduction

In order to compare the response of the bridge model with ductile end cross frames to that with
seismic isolation, lead rubber isolation bearings were used to isolate the bridge. The properties of
the bearings were described during design of the bridge model presented in Chapter 2. The lead
rubber bearings (Fig. 2-16) were designed to isolate the bridge model and modify its seismic
response. The properties and design response of these bearings are given in Appendix 1.

As the steel girder bridge superstructure is relatively lightweight compared to a corresponding
concrete superstructure, in order to design for relatively low shear forces, compared to the weight
of the bridge, the bearings required were relatively slender. The implication of this is
demonstrated as the critical load was shown to dictate the displacement capacity in the bearings.
The transverse, longitudina and biaxial response of the bearings is discussed. A brief
investigation into the response of the bridge with differential motions at the two ends is aso
considered.

5.2 Transver se Response of the Simply Supported Bridge M odel
5.2.1 Hysteretic Response

As the bearings in the bridge model were much more flexible than the ductile end cross frames, it
was expected that the bridge model would deform more like a rigid body with the lead rubber
bearings. Time histories at the ends the bridge model and the midspan are shown in Figure 5-1in
response to 2.0 x El Centro. The deck slab was shown to have a 22% larger maximum
displacement at the midspan than the ends, indicating some superstructure flexibility. There was
also some rotation of the superstructure at midspan indicated by increased displacements in the
bottom flange of the bridge model compared to that at the deck slab level. Figures 5-2 and 5-3
show that the displacements at the end of the deck slab were almost identical to the displacements
in the corresponding bearings, indicating little deformation in the end cross frames. Therefore, the
overal response of the bridge was dominated by deformation in the bearings, athough the
deformation in the flexible superstructure of the bridge model still needs to be considered in the
response.

The hysteretic behavior in the bearings at the north and south ends of the bridge model subjected to
increasing amplitude El Centro excitation in the transverse direction is shown in Figures 5-4 and 5-
5.  The backbone curve was shown to match the bi-linear model used for design, although the
forcesin the bearings were typically underestimated in the bi-linear model by around 10% at the
maximum displacement.

5.2.2 Initial Siffness

Theinitial stiffness of the bearings was estimated using the shear stiffness of the lead core and the
shear stiffness of the rubber, as given in Appendix 1. The resulting calculated initial stiffness for
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FIGURE 5-1 STLRB - Relative deck slab displacement in responseto 2.0 El Centro

4 \ 102
— North End Deck
3 o ___ — North Eqd Bearings| | 76
| |
| |
2 51
| | ~
- ‘ ‘ IS
< 1 L e - T Y T
f 1 ﬂ f;\ \P \P 25 é
c | | —
[} | | c
£ 0 AN A\/ /\/\f\ A f‘”\v Y. PN 0o &
8 V v Vo Vv 8
[= ! ! a
o et o/ il ¥ i e e 25 @
| | a
| |
I e e 51
| |
| |
. Feo o Feo o -76
| |
| |
4 ! ‘ -102
4 6 8 10 12 14 16 18

Time (s)

FIGURE 5-2 STLRB - Deck and bearing displacements at north end in responseto 2.0 El
Centro

154



4 \ 102

— South End Deck
Y ‘—South Er:d Bearings|| ¢
| |
| |
2 51
| | ~
- ‘ ‘ IS
£ /X/\‘\/\ ************* [\ ********** T T % E
c | | —
[} | | c
: U AT S AR VARG VARNE
=2 | | =
B e Foo-oo-- Foo-oo-- 25 &
| | a
| |
2 b p o -51
| |
b e e 76
| |
| |
| |
4 ! ‘ -102
4 6 8 10 12 14 16 18
Time (s)

FIGURE 5-3 STLRB - Deck and bearing displacements at south end in responseto 2.0 El
Centro

the bearings was equal to 1.87 kN/mm. Thereforethe initial stiffness at each end was equal to 3.75
kN/mm. When the end shear force was plotted against bearing displacement even for low
amplitude motion such as 0.25 El Centro, as shown in Figure 5-6, some non-linear behavior was
observed, although the estimated initial slope was close to the average slope of the measured
force-displacement data. The response of the bearings was not particularly sensitive to the
estimate of the initial slope as the ductility of the bearings was very large at the design
displacement.

5.2.3 Characteristic Strength

The calculated characteristic strength in the lead rubber bearings, Q4, was equal to 10.0 kN. From

the component experiments in which the bearings were subjected to three cycles of loading at
100% shear strain in the bearings, after properties began to stabilize on the third cycle, the average
measured Qg was 9.29 kN, therefore matched the design data to within 7%.

The design Qg for each end of the bridge model, with two bearings at each support, was equal to
20.0 kN. Shake table data shows that Qg was dependent on the level of deformation in the
bearings. For 2.0 x El Centro the average measured Qg was 20.5 kN, close to the design Qg.

Although, with maximum displacements close to the design displacement of 53 mm, for example
when the bridge was subjected to 1.5 El Centro Soil as shown in Figures 5-7 and 5-8, the average
Qg Wwas equal to 23.4 KN. This was 16% larger than the expected characteristic strength. This

indicates that the estimated Q4 was conservative. The increase in Qg compared to the component
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FIGURE 5-4 STLRB - Hysteretic response of bearings at north end for 0.25 - 2.0 El
Centro compared to backbone and design curves

Average Bearing Displacement (mm)
-38 -25 -13 0 13 25 38

10 ‘ 44
Data

Backbone —=| 33

End Shear (kip)
End Shear (kN)

-1.5 -1 -0.5 0 0.5 1 15
Average Bearing Displacement (in)
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Centro compared to backbone and design curves
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experiments may be partly due to dynamic strain rate effects similar to those seen in the unbonded
braces. The properties of rubber have been shown to have negligible (2-3%) dependence on strain
rate (MRPRA, 1979). Robinson (1982) suggested that at earthquake strain rates there was little
rate dependence in a lead rubber bearing, however as rubber is know to creep some rate
dependence is recognized. As a difference was apparent between the static component
experiments and dynamic shake table experiments, a factor to account for the variability of
characteristic strength of 15%, which can be used in design, was considered appropriate based on
the relative strengths.

5.2.4 Post-yield Stiffness

The post yield stiffness for one bearing was expected to be equal to 0.17 kN/mm based on the
shear stiffness and height of the rubber layers (Appendix 1). Therefore at each end the post-yield
stiffness was expected to be 0.34 KN/mm. The average measured post yield stiffness from the
component experiments was 0.28 kN/mm for each pair of bearings which was 18% lower than the
design stiffness. However, during shake table experiments the post yield stiffness, as estimated
from the hysteresis loops shown in Figures 5-4 and 5-5, resulted in a post yield stiffness close to
the design stiffness. The average value of measured post yield stiffness was equal to 0.34 kN/mm,
therefore was equal to the expected value. Each individual measurement was within 11% of the
average value. Similar evaluations can be made for the other excitations of the bridge model.
Results from the component experiments appeared to be conservative. As the measured stiffness
was close to the design stiffness, no factor was considered necessary to modify the design stiffness
for loading rate at large displacements.
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5.2.5 Maximum Displacement and Critical L oad

At the design displacement of the bearings the shear strain due to shear deformation was well
below the allowable strain. However when combined with strain from axia 1oads the calculated
strains were closer to the allowable strain. The displacement limit in the bearings was expected to
be reached as aresult of instabilities that occur due to the combined effect of axial loads and shear
deformations. The displacement at which the critical load was calculated to be equa to the
average axial load in the bearings was 82 mm, 54% above the design displacement. Thiswas just
above the limit for the design of the bearings which requires that the bearing be stable up to 1.5
times the design displacement.

A bearing is considered unstable when the slope of the hysteresis curve becomes negative. Static
buckling of a system may be expected to cause collapse due to instabilities resulting in a member
unable to carry its constantly applied loads. However dynamically, the load applied to a member
changes with respect to time and if the loads on an unstable system are reversed before a member
has time to collapse, it is possible for stability of the system to be restored. The combination of
axial load and lateral displacement in a bearing at which stability is lost, abeit perhaps only
temporarily, is considered the critical state. The critical combination of axial load and lateral
displacement was reached in the bearings at the south end of the bridge during experiments on the
bridge model, indicated by a flattening of the hysteresis loop followed by a negative stiffness in
one of the cycles. Despite this observation, the structure did not collapse. This was attributed to
dynamic inertia forces in the bridge model which were able to reverse the shear forces in the
unstable bearings, causing the deformation to be reversed and the stability in the bearings to be
restored. Thisisillustrated in Figure 5-9 in which large displacements well in excess of the design
displacement of the bearings were observed at the south end of the bridge. Figure 5-9 shows that
at the north end of the bridge the displacements were smaller as aresult of different excitations at
the two ends. Flaitening and subsequent instability of the hysteresis loop was not observed at the
north end due to the smaller levels of displacement, which also explains why the structure did not
collapse, as overall stability of the structure was not lost. Thisisindicated by the total base shear
plotted against bearing displacement averaged over both ends of the bridge, shown in Figure 5-10,
which exhibits a significantly smaller maximum displacement averaged over both ends than the
maximum south end displacement and a stiffness which is generally positive except at
displacements very close to the maximum displacement.

Instability was first observed during an earlier excitation at a level of 2.0 x El Centro with
differential ground motion at the two ends of the bridge. The response at each end for this
excitation is shown in Figure 5-11. Flattening of the hysteresis loop was observed during this
excitation, along with large displacements, as indicated in the figure. Figure 5-12 shows that the
displacement averaged over both ends is smaller than the south end displacement and instability is
not so apparent.

It was difficult to determine exactly when instability occurred in the bearings with a gradua
transition in the slope of the hysteresis curves as the displacements increased, although the
maximum shear force in Figure 5-11 was observed at a displacement of 93 mm, which is 13%
greater than the estimated critical displacement of 82 mm. Thus the estimated critical
displacement is reasonably accurate yet conservative when compared to the measured
displacement. The characteristic strength of the bearings also appeared to increase indicated by
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“bulging” of the hysteresis loop during instability of the bearings. Thiswas attributed to increased
shear forces necessary in order to restore the stability of the bearings.

5.2.6 Longevity of Isolation Bearings

As the lead rubber bearings were subjected to an extremely large number of earthquake
excitations, as given in Appendix 3, it was interesting to compare their properties near the
beginning of experiments and end of experiments to determine whether they were notably
different. Thereweretwo series of experiments performed with the lead rubbers bearings, the first
series with light end X-braces, and the second with heavy X-braces. As previous anaysis showed
that the deformation in the end cross frames during isolation experiments was negligible, the
response of the bridge model was expected to be the same in both cases. Figures 5-13 and 5-14
show the response of the bearings in the bridge model to 2.0 x El Centro during both series of
experiments. The hysteretic response between the two series of experiments was shown to be very
similar, with less than 10% difference between the maximum forces and displacements. The shape
of the hysteresis loops was also very similar, indicating little apparent degradation in the bearings,
despite having been subjected to a combination of loads and displacements beyond the critical in
the bearings.

The cumulative plastic ductility demand through the bearings was estimated by calculating the
cumulative plastic ductility in the bearings for a number of experiments and extrapolating data to
estimate the total cumulative plastic ductility for al of the earthquake excitations. The cumulative
plastic ductility observed in the bearings used in the single span and two span experiments was
estimated between 6000 and 7000. Thisis an order of magnitude higher than the capacity of the
unbonded braces, with little degradation observed in the bearings indicating that they could
potentially undergo further deformations.

5.3 Biaxial Response of Simply Supported Bridge M odel

In calculating the effects due to excitation in two or three orthogonal directions, for members such
as columns or bridge bearings, there are two necessary considerations. Thefirst isthe combination
of response quantity (such as bending moment, shear force or displacement) in a given direction
due to excitations in the orthogonal directions. For example, there will be bearing displacements
in the x-direction due to excitation in the x-direction, but also due to excitation in the y-direction
resulting from any torsional response. The second consideration is the combination of biaxial
actions, such as displacementsin the x and y directions respectively.

In this study the effects of vertical excitation were not considered, therefore the analysisis limited
to the two horizontal components of excitation. There are different methods prescribed by
different building and bridge codes for combining actions in a given direction for the two
horizontal components of earthquake excitation. These combination procedures are based on the
assumption that the maximum response due to excitation in one direction will not coincide with
the maximum response due to excitation in the orthogonal direction. The simplest and most
common approach is to combine the actions due to excitation in one direction with a percentage,
typically either 30 or 40%, of actions due to excitation in the orthogonal direction. The AASHTO
Standard Specifications (AASHTO, 1996) and LRFD Specifications (AASHTO, 1998) prescribe
that the actions from the maximum response in one direction shall be combined with 30% of the
actions from the maximum orthogonal response. For an action in x-direction, Z,, in terms of
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FIGURE 5-13 STLRB, STLRBS2 - Hysteretic response of north end in responseto 2.0 El
Centro during two different series of shake table experiments
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orthogonal excitations defined by the longitudinal and transverse axis of a bridge, this can be
represented by:

L T
Z.+037
Z, = max| * X .51
T
X

03Z;+Z

where: Z)IZ is the action in the x-direction due to longitudinal earthquake excitation and Z, isthe

action in the x-direction due to transverse earthquake excitation. A similar expression can be
written for actions in the y-direction, Zy. The ATC/MCEER recommendations (ATC/MCEER,

2003) suggest a 40% combination factor, thus the 0.3 in Equation 5.1 is replaced by 0.4. Another
combination procedure commonly used or often proposed as an aternative to the 30% or 40%
rulesis the square root sum of the squares (SRSS) procedure (ATC, 1996; ATC/MCEER, 2003),

which is given by:
L.2 T.2
Z, = J(Zy) +(Z)) .52

A common moda combination procedure is the Complete Quadratic Combination (CQC)
procedure which is a more general combination procedure that accounts for coupling of modes
which have similar natural frequencies. This has been applied to multi-axial excitation in the form
of the CQC3 procedure (Smeby, 1985; Menum, 1998). It can be shown that the other rules
described above are each specia cases of the CQC3 rule when certain assumptions are made.

If a component of a structure such as a bearing or column needs to be designed for biaxial actions,
different combination procedures can be used, depending on which combination procedure was
used to combine the actions for excitation in the two directions, to find the resultant action. If the
actions in each the x and y-directions of a bridge were calculated by combining the actions from
orthogonal excitations using the 30% or 40% rules then the resultant action istypically found from
the square root sum of the squares combination of the x and y components. The expression for the
resultant, Z,, is:

Z, = JZ;+Z; .53

While the AASHTO LRFD specifications (AASHTO, 1998) do not state this explicitly Equation
5.3 isimplied, while in the ATC/MCEER guidelines (ATC/MCEER, 2003) it is explicitly stated.
If the SRSS combination procedure is used to combine the actions resulting from orthogonal
excitations, then a modification of the 30% rule or 40% rule has been proposed to find the resultant
actions (ATC/MCEER, 2003), such that:
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When the CQC3 rule was proposed to combine the actions in a given direction from orthogonal
excitations rule (Smeby, 1985; Menum, 1998), no combination procedure was mentioned to
account for the resultant of biaxial actions.

The critical actions in the design of an isolation system are the isolator displacements. The
AASHTO Isolation Specifications state that forces should be combined due to different
components of ground motion. However, in calculating the forces, the effective stiffness of the
isolators should be taken at the design displacement, therefore the implication is that the maximum
displacements can be combined in the same manner. Experiments were performed on the bridge
model, seismically isolated with lead rubber bearings, to determine which combination rule is
most appropriate for the bearing displacements.

The maximum displacements in response to the ElI Centro, Northridge and Kobe earthquake
records described in Chapter 2 were calculated during excitation of the bridge model in order to
compare the measured response with that calculated using the above formulations. Combinations
of the uniaxial responses were compared to the measured biaxial response of the bridge model, in
order to evaluate the different combination procedures. Table 5-1 gives the average maximum

TABLE 5-1 Combined M aximum Displacements from Uniaxial Excitation of the Bridge

M odéel
Excitation Maximum Displ. due] Maximum Displ. due Combined Displacement Components (mm)
to Long. Excitation | to Trans. Excitation
(mm) (mm) SRSS 30% Rule 40% Rule
Long. Trans. Long. Trans. Long. | Trans. Long. | Trans. Long. | Trans.
Single Span Bridge
1.0 El Centro 18 3 2 17 18 18 19 18 19 18
2.0 El Centro 45 4 3 35 45 35 46 36 46 37
Two Span Bridge
1.0 El Centro 15 1 3 15 16 15 16 16 16 16
2.0 El Centro 44 2 5 36 44 36 44 37 44 38
0.5 Kobe 33 2 5 35 34 35 34 37 34 37
1.0 Kobe 68 2 4 54 68 54 68 56 68 56
0.5 Sylmar 30 4 9 31 32 32 32 34 32 35
1.0 Sylmar 85 3 10 77 85 77 86 80 86 81
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TABLE 5-2 Measured and Calculated Maximum Displacements from Biaxial Excitation
of the Bridge M odel

Excitation North-South | Measured Displacements from Calculated Biaxial Displacement
Earthquake Biaxial Excitation (mm) (mm)
Component

Long. | Trans. | Biaxial | SrRsSS' | SRsSS? | 30% Rule® | 40% Rule®

Single Span Bridge

1.0 El Centro |Longitudinal 19 16 22 26 27 19 20
Transverse 21 18 22 26 27 19 20
2.0 El Centro  |Longitudinal 53 48 61 59 59 46 48
Transverse 46 49 55 59 59 46 48

Two Span Bridge

1.0 El Centro  |Longitudinal 17 19 20 22 22 16 17

Transverse 17 15 18 22 22 16 17
2.0 El Centro |Longitudinal 43 40 47 58 58 45 47
0.5 Kobe Longitudinal 35 24 40 50 50 37 38
1.0 Kobe Longitudinal 66 48 72 88 89 70 72
0.5 Sylmar Longitudinal 37 24 38 47 47 33 34
1.0 Sylmar Longitudinal 97 63 101 117 118 88 91

Notes: 1. Displacement components taken from combined actions calculated from 30% rule
2. Displacement components taken from combined actions calculated from 40% rule

3. Displacement components taken from combined actions calculated from SRSS rule

bearings displacements in both the longitudinal and transverse directions due to uniaxial excitation
in the longitudinal and transverse directions respectively for different earthquakes and levels of
excitation. The earthquake component with the maximum peak ground acceleration (north-south
component in each case) was used for each of the uniaxial excitations. The displacement
components perpendicular to the direction of excitation were small at typically around 10% of the
parallel component, with one isolated exception of up to 29% measured. Thissmall level of cross-
coupling was expected as symmetry of the bridge model should result in negligible accidental
torson. The displacements due to the two orthogonal excitations were combined in the
longitudinal and transverse directions using the SRSS, 30% and 40% rules described by Equations
5-1 and 5-2. However, with minimal cross-coupling between the excitations the transverse
response was barely affected by the longitudinal excitation, and vice versa, using any of the
combination procedures. The 40% rule resulted in the largest difference between the combined
response and uniaxial response, athough, the maximum difference was only 12%.

The maximum biaxial displacements in the isolation bearings, averaged between each of the
bearings, are outlined in Table 5.2. Both components of recorded earthquake excitation were
applied to the bridge model in measuring the biaxial response, with the dominant north-south
component noted for each case in the table. Table 5-2 shows that the maximum responses vary
depending on the type of ground motion, magnitude of ground motion and direction of the major
axis. Itis generally assumed that the response to the minor horizontal earthquake component is
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around 85% of the response to the major earthquake component (Clough, 1993). Comparison of
the longitudinal and transverse responses in Table 5-1 show that on average the minor axis
response is 81% of the major axis response, therefore close to that assumed, athough there is some
fluctuation depending on whether the dominant component is in the longitudinal or transverse
direction, or depending on the earthquake. In general the longitudinal response is slightly larger
than the transverse response, particularly for the single span bridge where superstructure flexibility
has a larger impact on the transverse response. The near fault excitations of Sylmar and Kobe
appear to have alarger difference between the major and minor response than El Centro.

The maximum measured biaxial displacement was calculated from the maximum vectoria
combination of longitudinal and transverse displacements at each time increment, corrected for the
angle of the displacement transducer cables. This can be compared to the expected maximum
biaxial displacement calculated using the SRSS, 30% and 40% rules in Equations 5.3 and 5.4. In
calculating the SRSS biaxial combination, the maximum longitudina and transverse displacement
components were calculated using the 30% and 40% combinations respectively to combine the
effects of the two orthogonal excitations, as given by the corresponding excitations listed in Table
5-1. In cdculating the 30% and 40% biaxial combinations, the SRSS combination of
displacements from the two orthogona excitations was used to calculate each displacement
component. When compared to the measured biaxia responses, the SRSS combinations were
typically conservative (by on average 16%), while the 30% and 40% combinations were both
unconservative (by on average 13% and 10% respectively). Thus, the displacements calculated
using the SRSS biaxial combination is most appropriate. Even if the effects of cross-coupling in
the responses is ignored, the SRSS combination to calcul ate the maximum biaxial displacement is
conservative, therefore the accidental torsional effects (for a symmetric bridge) could be ignored
in calculating the maximum biaxial response.

5.4 Differential Support Excitation

As each support in the bridge model was |ocated on different shake tables, it was possible to excite
the different supports with different excitations. Differential excitations are primarily due to three
effects, namely (Wang, 2003):

» Wave passage effect where the different supports are subjected to different motions due to a
time lag between the seismic waves hitting the first support and subsequent supports.

* Incoherence due to seismic waves taking different travel paths through the ground and thus
resulting in different excitations at different supports of a bridge.

* Soil effectsif the different supports are founded on different soil types and depths.

For long bridges with many spans wave passage and incoherence effects are shown to affect the
longitudinal response of a bridge (Wang, 2003; Wang, 2004). However, for relatively short
bridges wave passage effects and incoherence effects can be considered to be minima as the
seismic waves follow effectively the same travel path to each of the supports and the time lag
between them is negligible. However differential motion due to different soil conditions under the
foundations at each support are arealistic source of differential ground motion in arelatively short
bridge such as the bridge model. Therefore, thistype of differential excitation was studied.
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The isolated bridge model was excited with differential ground motion in the longitudinal
direction, the direction considered most critical for differential ground motion because the bridge
was effectively rigid between the two ends. The shake table displacements due to excitations of
1.5 x El Centro asrecorded (rock) and 1.5 x El Centro after passing through a soil layer, applied in
the longitudinal direction of the bridge, are shown in Figure 5-15. The soil motion was shown to
have larger amplitude displacements due to lower frequency content and dlightly larger
accelerations. The soil motion can also be seen to begin approximately 1 second later than the
rock motion due to the time taken to pass through the soil layer.

The hysteretic response of the bearings at the north and south ends due to the 1.5 x EI Centro rock
excitation applied at both ends of the bridge is shown in Figure 5-16. This figure shows the
response of the two ends was very similar with relatively small displacements at a maximum of 27
mm. The response of the bearings for the bridge model subjected to the 1.5 x El Centro soil
motion at both ends is shown in Figure 5-17. This figure shows that the displacements in the
bearings increased to a maximum of 66 mm. The response of the bearings with differentia
excitation at the ends of the bridge model are shown in Figure 5-9. This figure shows that there
was an extremely large displacement at the south end with a maximum displacement of 98 mm.
The large displacement was attributed to reaching the critical state in the bearings at this end,
which was discussed previously.

The experimental data shows that differential ground motion at the two ends of the bridge resulted
in aworse response than the two motions applied uniformly through the bridge. Therefore, despite
not being a central focus of this report, the topic of differential ground motion justifies further
study.

5.5 Response of the Two Span Bridge Model

Bearings, theoretically identical to those at the ends of the bridge model, were placed at the
midspan of the bridge model converting it into a two span bridge. If the superstructure of the
bridge model was assumed to be infinitely rigid in the transverse direction and there was no
torsona deformation, then the response of each bearing would be expected to be identical for a
single mode of deformation. In contrast if the bridge model was assumed to be infinitely flexible
then the response of the bearings at each support would be independent of each other and
proportional to the tributary weight at each set of bearings. In reality the bridge model was in
between these two limiting cases. As the support at midspan was expected to carry 62% of the
bridge shear compared to 19% at each of the end supports then the midspan bearings could be
expected to have larger deformations the bearings at the ends of the bridge. Figure 5-18 shows
that the displacements at the midspan of the bridge model were 10 - 20% higher than the
displacements at the ends of the bridge model. Therefore, while the displacements were larger
they were not proportional to the tributary weight and the bridge deformed almost rigidly, with
similar shears in each bearing. This was quite different to the response with unbonded braces as
the relative stiffness of the unbonded braces compared to the lead rubber bearings was much
higher. As stated with analysis of the unbonded braces, a multi-span bridge should be analyzed as
a system in order to determine the effect of superstructure stiffness relative to the ductile
components.
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FIGURE 5-15 STLRB - Longitudinal shake table displacementsin responseto 1.5 El
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Average Bearing Displacement (mm)
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FIGURE 5-19 STLRB - Envelopesfor horizontal bearing displacements and
corresponding maximum and minimum design bi-linear models

5.6 Comparisonswith Ductile End Cross Framesand Design Parametersfor Seismic
| solation Bearings

The response of the bridge at 1.0, 1.5 and 2.0 x El Centro with the lead rubber bearings is
summarized in Table 4-2 along with the response of the ductile end cross frames. The end shears
for the bridge model with the isolation bearings were considerably less than with the ductile end
cross frames at 15 to 18% of the shears with the heavy X-braces. This was largely due to the
increased displacements possible in the bearings compared to the elastic and ductile end cross
frames. If the displacements in the ductile end cross frames could be increased through lower
strength ductile elements then their performance could be brought closer to that for the isolated
bridge, although the displacement capacity of the LRBs cannot be matched by the ductile end
crossframes. Thisisfurther discussed in the following section.
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SECTION 6
PARAMETRIC STUDIESAND COMPARISONS OF THE NON-LINEAR
TRANSVERSE RESPONSE OF THE BRIDGE MODEL WITH DUCTILE END
CROSSFRAMESAND SEISMIC ISOLATORS

6.1 Introduction

The properties of the superstructure including the girders, deck slab and shear studs were studied
in the preceding report (Carden, 2005) with an analytical model developed to capture the
properties of the bridge model. Non-linear elements to model the X-braces, buckling restrained
braces and lead rubber bearings were described in Chapter 5. As part of the bridge superstructure
they were studied in Chapters 6 and 7. This chapter describes the combination of each of these
elements and the development of a non-linear analytical model in order to compare the modeled
behavior of the bridge model with experimental results using non-linear time history analysis. The
model was developed so that it could be later generalized for the design and analysis of any bridge.
The analytical model was also used to make further comparisons between the bridge response with
ductile end cross frames and seismic isolators.

6.2 Non-Linear Modeling of the Bridge Model

6.2.1 Modeling of the Ductile X-braces, Unbonded Braces and L ead Rubber
Bearings

The analytical model shown in Figure 6-1 was used to perform non-linear time-history analyses on
the bridge model using SAP2000 v8.30 (Computers and Structures, 2004). More details for the
analytical model are available in Carden et al. (2005).

Ductile components were added to the end regions in order to model the X-braces, buckling
restrained braces and lead rubber bearings. Three configurations of end cross frames were
considered. The heavy X-brace configuration was based on the configuration in the shake table
experiments with welded connections. This configuration was similar to that in the reversed static
experiments with bolted connections except that in the reversed static experiments slippage in the
connections influenced the response. The geometry of the end region in the analytical model with
the heavy X-bracesis shownin Figure 6-2. Rigid links were used to connect the bearing stiffeners
to the ends of the diagonal members. The diagonals were modeled using NLLink elements,
although in the case of the heavy X-braces, the properties were linear. The diagonals were
assumed to be purely axial elements as the effect of bending in the elements was shown to be
relatively small.

The configuration of the model with light X-bracesis shown in Figure 6-3. Each diagonal element
for the light X-braces was modeled with two NLLink elements, one primarily to model the tension
properties and a second for the compression properties. These elements had properties as
described in Chapter 5 based on the single angle component experiments. The forces for the angle
properties calculated in Chapter 5 were multiplied by 1.1 in order to alow for dynamic loading in
the shake table experiments.
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The buckling restrained braces were modeled with a single NL Link element at each end of the
bridge model (Fig. 6-4), incorporating the non-linear axial tension and compression properties of
the brace using those properties described from the component experiments in Chapter 5. As the
measured post-yield stiffness of the end region did not correspond to that calculated for the post-
yield stiffness in the buckling restrained brace from component experiments, additional post-yield
stiffness was assumed in the braces. For the pinned connections the effect of slippage was also
investigated using another non-linear element connected between the rigid link and the buckling
restrained brace element, modeling a slippage of 3mm in both directions.

Analytical models were considered for four of the bridge configurations with reversed static
loading. These included the configuration with no end cross frames (RSNECF), with pinned top
and bottom chords but no diagonals in the end cross frames (RSPC), with heavy X-braces
(RSHXB2) and with light X-braces (RSLXB). Loading was applied to the analytical model in a
cyclic fashion with increasing amplitudes of loads, smilar to the loads measured during the
corresponding experiments.

Six simply supported bridge configurations were considered when subjected to dynamic loads.
These included the configuration with no end cross frame (STNECF), with heavy X-braces
(STHXB), light X-braces (STLXB), unbonded braces with pin ended connections (STPUB),
unbonded braces with fixed ended connections (STFUB) and the model with lead rubber isolation
bearings (STLRB). Each model was compared in response to 2.0 x El Centro, with input for the
analytical model taken directly from the recorded accelerations averaged between the shake tables
at the two ends of the bridge model for each corresponding experiment. The exception to this was
experiment STNECF as the bridge model was only excited up to 1.0 x El Centro in this
configuration. Other ground motions were also considered for comparison as appropriate for
selected experiments in different configurations of the bridge model.

6.2.2 Response during Reversed Satic Experiments

With no end cross frames, the analytical model was assumed to respond elastically. Figures 6-5
and 6-6 show the response of the north and south ends respectively for the analytical model
compared to the experimental data. The minimal hysteretic behavior observed in the experimental
dataindicates the elastic model was appropriate. At the north end the elastic dope was shown to
fit the backbone for the response well. At the south end the backbone curve appears to slope
upwards in the positive excursions, attributed to activation of the shear studs which were slightly
damaged during previous experiments but not to the extent as those at the north end. Despite this
the stiffness appeared to be reasonably represented by the analytical model. The transverse
displacement was measured between the top and bottom chords of the girders. The maximum end
shear forces, measured by the load cells in the bridge model, were shown to correspond well to the
analytical model, as expected because the loading history was effectively force controlled. There
was a little difference between the displacements with the maximum displacements being
underestimated by the models except at the south end where stiffening was observed. Figure 6-7
shows the total applied force in the bridge model measured in the load cells compared to the
midspan deck slab displacement. The analytical model is shown to correlate closely with the
backbone curve of the experimental data, with correlation between maximum forces and
displacements.
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FIGURE 6-7 RSNECF - Total applied force vs midspan deck slab displacement of
analytical model compared to experimental data

When the pin ended top and bottom chords were added to the bridge model it was previously
shown that some hysteretic behavior was introduced into the ends due to friction in the
connections. This behavior was modeled using an elasto-plastic element with a dlip force,
corresponding to an end shear at which slippage was observed, of 10 kN which was added to the
elastic girder properties. The resulting analytical behavior at the north and south ends compared to
the experimental data is given in Figures 6-8 and 6-9. These figures show good correlation
between the analytical model and experimental model athough the displacements for the positive
excursions were overestimated by the analytical model while the displacements for the negative
excursions were underestimated.  Without friction being considered in the analysis the
displacements were shown to be considerably overestimated by the analytica model. At the
midspan the response of the analytical model shows a similar stiffnessto the backbone curvein the
experimental data (Fig. 6-10). The response exhibits less hysteretic behavior at midspan than at
the ends showing that the hysteretic behavior at the ends has areduced effect at the midspan of this
relatively flexible superstructure.

The response at the ends of the bridge with the heavy X-braces, which used bolted connectionsin
reversed static experiments, is shown in Figures 6-11 and 6-12. The analytical model for these
cross frames did not attempt to model the slippage in the connections, the result of which is quite
apparent in these figures. Although the displacements measured in the ends during the experiment
are much larger than those calculated in the analytical model, the dope of the backbone curves
neglecting an offset for slip, is comparable between the experimental data and analytical model.
At the midspan, Figure 6-13 shows that stiffness is captured relatively well by the analytical
model.
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FIGURE 6-8 RSPC - End shear vs end displacement at north end of analytical model
compared to experimental data
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While the previously described models were largely elastic except for the friction modeled in the
top and bottom chords, the non-linear behavior was prevalent in the analytical model with the light
X-braces. The non-linear response of the cross frames at the north and south ends of the bridge
model are shown in Figures 6-14 and 6-15. The model captures the buckling and yielding
response of the cross frames well with the backbone of the force-displacement curve being
captured, aswell as the degradation in stiffness and strength for repeated cycles. The forcesin the
analytical model were close to the measured forces although the displacements were typically
overestimated. At the north end the maximum displacement for the positive excursion from the
analytical model is within 5% of the measured value. At the south end the effect of stiffening is
again observed in the positive excursion resulting in a 12% difference in the maximum force but a
35% difference in the maximum displacement. At midspan it isagain observed in Figure 6-16 that
the apparent hysteretic area was reduced compared to athe ends, which it is consistent between the
experimental data and analytical model. The maximum displacement at midspan also appears to
be affected by stiffening which may result in crack closure and subsequent stiffening of the deck
slab as displacements increased.

6.2.3 Response during Shake Table Experiments

The same analytical model was used to model the dynamic response with properties similar to
those for the reversed static experiments, although different bearing properties and shear studs
stiffnesses were assumed, consistent with those calculated previously (Carden, 2005). The
displacement response at the ends was captured using the deck slab displacement relative to the
bearing displacement.

The dynamic response at the ends of the analytical model with no end cross frames is shown in
Figures 6-17 and 6-18. It was observed that there was greater hysteretic behavior in this response
compared to the comparable response for the reversed static experiments. This was attributed to
the lead rubber bearings which resulted in some hysteresis due to the properties of the lead core
even when the bearings were only subjected to rotations as described by Carden (2005). For a
normal reinforced elastomeric bearing this would not be expected and was not observed in the
reversed static experiments. In order to account for the hysteretic behavior with the lead rubber
bearings an additional 1.0 kip was added to the elasto-plastic model for the transverse stiffness of
the girder. The analytical model response is shown in Figures 6-17 and 6-18 to compare very well
with the measured response in the bridge model. The model captures the stiffness of the bridge
model well which is most critical for modeling the girders as part of the ductile end cross frames.
It also resulted in maximum displacements close to the measured maximum displacements at the
ends of the bridge. At midspan the stiffness and displacements also compared well between the
measured response and anaytical model. The amplitude of the maximum displacement at
midspan was not much higher than that at the ends indicating that with no end cross frames the
response was dominated by the end regions despite the bridge model having a relatively flexible
superstructure.

The responses of the ends of the bridge model with heavy end cross frames are shown in Figures 6-
20 and 6-21. As the connections were welded during shake table experiments no slippage was
observed like in the reversed static experiments. The stiffness of the ends were shown to be
slightly higher in the analytical model than measured in the experiment. This was attributed to
slippage between the deck slab and the girders which was not considered in the analytical model.
This comparison shows that the displacement resulting from this dippage was small, athough
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FIGURE 6-14 RSL XB - End shear vs end displacement at north end of analytical model
compared to experimental data
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FIGURE 6-15 RSL XB - End shear vsend displacement at south end of analytical model
compared to experimental data
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FIGURE 6-18 STNECF - End shear vsend displacement at south end of analytical model
compared to experimental datain responseto 1.0 El Centro
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FIGURE 6-19 STNECF - Total shear vs midspan displacement of analytical model
compared to experimental datain responseto 1.0 El Centro
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FIGURE 6-22 STHXB - Total shear vs midspan displacement of analytical model
compared to experimental datain responseto 1.0 El Centro

most noticeable with the heavy X-braces which resulted in small overall end displacements. At
midspan (Fig. 6-22) the stiffness appeared to be underestimated by the analytical model due to
stiffening in the bridge model at larger displacements. This resulted in displacements that were
around 40% larger than measured although the maximum base shear was within 15%.
Irregularities were observed in the hysteresis loops at midspan where the hysteresis loops double
over themselves. This was observed in both the experimental and analytical responses. This
irregularity was attributed to the forces being measured at the ends of the bridge while the
displacements were measured at midspan, therefore deformations along the span not associated
with the first mode resulted in displacements not directly proportional to forces. This was
observed in each of the following hysteresis loops shown at midspan.

Theresponse at the ends of the bridge with the light X-braces in responseto 1.5 x El Centro, where
first yielding was observed in the cross frames, is shown in Figures 6-23 and 6-24. As with the
reversed static experiments the non-linear model of the X-braces appeared to capture the complex
hysteretic behavior of the buckled cross frames well, although the maximum displacements at each
end were overestimated by the analytical model by 45% at the north end and 15% at the south end.
The end hysteresis loopsin responseto 2.0 x El Centro are shown in Figures 6-25 and 6-26. These
show the degradation in strength and stiffness due to prior loading of 1.5 and 1.75 x El Centro.
Again the measured response compared well to the calculated response from the analytical model,
although the displacements were overestimated in the analytical model by 25% at the north end
and 40% at the south end. The variability in the measured displacements and correlation with the
analytical model reflects the nature of these types of braces. Despite the large variation in the
response, the analytical model is conservatively higher than the measured displacements. At
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FIGURE 6-23 STL XB - End shear vs displacement at north end of analytical model
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midspan the stiffness and maximum displacement in analytical model were close to those from the
measured response as shown in Figure 6-27.

It might be expected that if the bridge model had been subjected to 2.0 x El Centro immediately,
instead of ramping up the level of excitation, the maximum displacement in the cross frames
would be reduced due to less degradation in the angle members. Figures 6-28 and 6-29 show that
the reverse is true for the case of 2.0 x El Centro applied without prior load, and in fact the
displacements are larger than when the excitation was increased incrementally. This behavior was
attributed to biased buckling of the cross frames and has been observed in past analyses of
concentric braced framing systemsin buildings (Sabelli, 2001). Such behavior islikely to be very
dependent the loading history. Thisis a disadvantage of X-braces over the other ductile systems.

A model of the bridge with unbonded braces wasfirst considered with fixed end connections. The
responses to 2.0 x El Centro at each end of the bridge model are shown in Figures 6-30 and 6-31.
These figures show that the braces have a relatively high post-yield slope with the fixed ended
connections and the assumed post-yield stiffness of 0.125 times the initia siffness was
appropriate for modeling the post-yield slope of the hysteresis loops particularly at the north end,
although it may have been conservative at the south end. The measured maximum displacements
were within 10% of the calculated maximum displacements at the ends.

With the pin ended connections the post-yield stiffness of the end region was reduced to 0.075, as
the effect of the flexural stiffness of the brace was reduced. However the post-yield stiffness was
still higher than modeled for the component experiments (0.025). This was attributed to out-of-
plane eccentricities in the brace and other factors that were apparent in the ductile cross framesin
the bridge model but not apparent in axial experiments. The response of the end regions are shown
in Figures 6-33 and 6-34. The modeled hysteresis |oops were much “fuller” than those recorded in
the bridge experiment, with the difference attributed to dippage in the connections between the
unbonded braces and the bearing stiffeners. Despite the hysteretic energy dissipation being
overestimated with the fuller hysteresis loops both the maximum force and maximum
displacement were overestimated in the analytical model. The displacement was overestimated by
10% to 40% at the two ends while the forces were within around 10%. When a non-linear element
to model the slippage was added in series to that used to model the unbonded brace the maximum
displacement response did not change by more than 10%, therefore the slippage model was not
considered necessary in calculating the response. The midspan response for the pin connected
unbonded bracesis shown in Figure 6-35. Thiswasvery similar to that from previous experiments
with the stiffness of the model captured well, although the maximum displacement was
overestimated in the analytical model by 20%.

The final bridge configuration considered was the model isolated with lead rubber bearings. The
response of the ends of the isolated bridge are shown in Figures 6-36 and 6-37 with the same
vertical scale as for the ductile end cross frames for comparison. The forces in the bridge model
with lead rubber bearings are clearly lower than with the different ductile end cross frames systems
with the displacements being typically 3 to 4 times larger. The analytical model, based solely on
the design properties of the lead rubber bearings, captures the hysteretic behavior of bearings well,
with maximum displacements 15% and 5% larger than the measured displacements at the north
and south ends respectively. At midspan (Fig. 6-38) the hysteresis loops were similar to those at
the ends and compared well to the measured response.
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FIGURE 6-27 STLXB - Total shear vs midspan displacement of analytical model
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FIGURE 6-28 STL XB - End shear vs displacement at north end of analytical model
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FIGURE 6-31 STFUB - End shear vs displacement at south end of analytical model
compared to experimental datain responseto 2.0 El Centro
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FIGURE 6-34 STPUB - End shear vs displacement at south end of analytical model
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6.2.4 Summary and Comparison of Maximum Response for Ductile Systems

The response of the bridge from the experiments and corresponding anaytical mode is
summarized in response to 2.0 x El Centro for the different configurationsin Table 6-1. Thistable
shows that the maximum forces and displacements from the analytical model weretypically within
15% of the corresponding measured values during bridge experiments, although there are some
exceptions. Generally the forces compared well, however the displacements were more variable,
which may be partly attributed to the very small displacement values measured, an also the nature
of the bridge response. The maximum shear at the north end of the model with heavy X-braces
was 20% lessin the analytical model. The measured displacements for this model were larger than
those calculated due to dippage between the top of the girder and the deck, which was not
considered in the analytical model, although the magnitude of these displacements were small.
There are also differences in the displacements for the model with ductile end cross frames,
although the cal culated displacements are generally conservative.

6.3 Cumulative Plastic Srain Demand

Using the calibrated finite element models described in the previous section, the cumulative plastic
strain (CPS) can be calculated in the bridge model for a series of different earthquakes. It is
important that the braces do not fracture for earthquakes that excite the structure up to the
maximum considered earthquake, therefore analytical models of the bridge were subjected to a
series of ten earthquakes scaled such that the maximum strain in the braces reached 1.5 times the
design level strain. For the X-braces this corresponded to a 6% average axial strain in the single
angles, while for the unbonded braces this corresponded to a 3% axial strain in the core of the
braces. The resulting CPS and CPD for each earthquake is given in Table 6-2 for the model with
single angle X-braces. The average cumulative plastic strain was 70% with the mean plus one
standard deviation CPS of 110%. This is close to the minimum calculated cumulative plastic
strain in the single angles from component experiments of 113% (Table 3-5), for those members

TABLE 6-1 Comparisons of Bridge Model to Analytical Model Response with X-braces,

System End Experimental Finite Element
Maximum Maximum Maximum Maximum
Force (kip) Disp (in) Force (kip) Disp (in)
"Heavy" X-Braces |North 228 6 184 3
South 196 4 184 3
"Light" X-Braces |North 135 23 116 29
South 124 17 118 24
Unbonded Braces |North - Pinned 148 16 160 19
South - Pinned 147 13 161 18
North - Fixed 166 14 159 12
South - Fixed 150 12 161 12
Lead Rubber North 36 33 33 39
Bearings South 36 37 33 39
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TABLE 6-2 Cumulative Plastic Strrains and Ductilitiesin Analytical M odel with Single
Angle X-Braces for Different Earthquakes Subjected Bracesto 3.0% Srain

Earthquake Station Amplitude Max. Brace Cumulative | Cumul. Plastic
Scale Factor Strain (%) Plastic Strain Ductility
1940 Imperial Valley El Centro Array#9 NS 5.10 5.98 136.2 633
1966 Parkfield California Array#2 NS 3.20 6.01 80.0 372
1971 San Fernando Pacoima Dam NS 2.00 5.86 52.9 246
1977 Bucharest Building Res. Inst. NS 3.80 5.88 323 150
1979 Imperial Valley  |Array #7 230° 3.00 5.95 68.0 316
1992 Landers Lucerne EW 3.00 5.84 28.2 131
1994 Northridge Sylmar Hospital NS 2.40 6.08 49.7 231
Rinaldi S49wW 1.25 5.89 44.3 206
1995 Kobe KIMA NS 1.65 5.98 67.3 313
1999 Taiwan Chi-Chi |TCU084 EW 0.90 6.22 143.0 665
Average 5.97 70.2 326
Average + 1 Standard Deviation 6.08 110.1 512

TABLE 6-3 Cumulative Plastic Strainsand Ductilitiesin Analytical Model with
Unbonded Bracesfor Different Earthquakes Subjected Bracesto 3.0% Strain

Earthquake Station Amplitude Max. Brace Cumulative | Cumul. Plastic
Scale Factor Strain (%) Plastic Strain Ductility
1940 Imperial Valley El Centro Array#9 NS 2.80 3.04 371 286
1966 Parkfield California Array#2 NS 1.50 3.05 20.1 155
1971 San Fernando Pacoima Dam NS 1.75 2.94 28.4 219
1977 Bucharest Building Res. Inst. NS 3.70 3.00 18.3 141
1979 Imperial Valley  |Array #7 230° 1.60 3.12 21.8 168
1992 Landers Lucerne EW 2.50 2.93 13.7 106
1994 Northridge Sylmar Hospital NS 1.30 3.00 11.8 91
Rinaldi S49wW 0.80 2.95 131 101
1995 Kobe KIMA NS 1.10 2.94 46.3 357
1999 Taiwan Chi-Chi |TCU084 EW 0.85 3.13 49.2 380
Average 3.01 26.0 200
Average + 1 Standard Deviation 3.08 39.7 307

with connections designed to prevent premature fracture. Therefore 4% is an appropriate level of

average axial strain for design of the single anglesin ductile end cross frames using X-braces.

The resulting CPS and CPD for the model with unbonded braces are given in Table 6-3. The
average cumulative plastic strain was 26% with the mean plus one standard deviation CPS of 40%.
This is approximately equal to the minimum CPS measured in the unbonded braces during
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component experiments (38% as given in Table 3-8). Therefore the design level strain of 2% is
considered an appropriate level for unbonded braces in ductile end cross frames of bridges.

6.4 Parametric Studies

6.4.1 Ductile End Cross Framesand Seismic I solation Systems of Different
Srengths

As the analytical model was shown to effectively capture the response of the bridge model it was
used to vary the properties of the model and determine the effect of different variations on the
seismic response. Modifications were made to the properties of the end cross frames and isolation
bearings in the analytical model in order to investigate the response of the model designed at
different levels of yield force and stiffness.

The properties of the light X-braces were varied by varying the forces in the envelopes used to
define the non-linear properties in the tension and compression elements, with different levels of
2.0, 1.5, 1.0, 0.75, 0.5, and 0.25 times the original levelsin the bridge model. Both the strength
and stiffness of the X-braces were changed by the same amount as a result of varying the forcesin
the envelopes. The stiffness properties associated with the stiffness of the girders, bearings and
shear studs were assumed to remain constant therefore only the ductile components of the end
cross frames were modified. Consequently, for the lowest strength X-braces the effect of the
girders became very influentia in the response.

The properties of the buckling restrained braces were also varied using the same scale factors for
strength and stiffness as considered for the X-braces. The different properties were obtained by
changing the axial yield force, initial and post-yield stiffness of the non-linear buckling restrained
brace element. The buckling restrained braces were assumed to be pin connected.

Theyield strength and stiffness of the lead rubber bearings in the isolated bridge model were also
varied by factors of 4.0, 2.0, 1.5, 1.0, 0.75 and 0.5 times the original design values for the bearings
in the bridge model. The axial, shear and rotational properties were al modified by the same
factor.

6.4.2 Responseto Artificial Design Level Earthquakes

In order to obtain a response consistent with a typical design spectrum three artificial earthquakes
were generated, one using the RSCTH (SUNY, 2002) computer program and two using SIMQKE
(Gasparini, 1976). These earthquakes were designed to be compatible with the design spectrum
from the AASHTO Isolation Guidelines (1999) with an acceleration coefficient of 0.4 and site
coefficient of 1.5. The periods used to define the design spectrum were reduced by a scale factor

of JO_4 for the bridge model. The resulting design spectrum and 5% damped acceleration
response spectrafor the simulated earthquakes are shown in Figure 6-39. The response spectraare
shown to generally capture the design spectrum well. The time histories for the artificial
earthquakes are shown in Figures 6-40 to 6-42. In the two SIMQKE records large short duration
spikes are observed in the time histories to match the spectrum at very short periods. As the
duration of these spikes was very short they had little impact on the response.
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FIGURE 6-39 Acceleration response spectrum for simulated earthquake to match the
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The analytical models were smplified slightly from those calibrated to the experimental data for
calculating the response to the artificial earthquakes, in that: nominal damping in the structure was
assumed to be equal to zero with effective damping resulting from the hysteretic behavior of the
non-linear elements alone; both ends were assumed to have the same properties with an average of
those calculated for the two ends of the bridge model, and; the torsional stiffness was a so assumed
to be large and therefore superstructure flexihility was due to flexural behavior alone.

The resulting maximum displacement at the ends of the girders, averaged between the three
artificial earthquakes, is plotted in Figure 6-43 against the maximum total base shear in the bridge
for the ductile cross frames and isolation systems. Different points on the curves in Figure 6-43
represent the different strengths and stiffnesses of the cross frames or isolation bearings, with the
decreasing strengths resulting in decreasing base shears and increasing displacements. Comparing
the X-braces and buckling restrained braces shows that the buckling restrained braces resulted in
typically 20 to 30% smaller displacements at a given level of base shear than the X-braces. The
models with lead rubber bearings resulted in larger displacements, although, the bearings also have
alarger displacement capacity and must be considered.

The maximum girder drift observed in the bridge model of 7%, corresponding to a displacement of
41 mm., can be used as one limit for design of the ductile end cross frames. Based on the
responses calculated in Figure 6-43, the displacement limit will not be exceeded with even the
lowest strength X-brace or buckling restrained brace members considered. For the modified
buckling restrained brace a 4.6% (27mm) drift limit was calculated. Even this would not be
exceeded for the weakest of members. In contrast, if the design displacement limit is between 2.0
and 2.5% (12 and 15 mm) as for the SPS, EBF and TADAS systems (Zahrai, 1998b) discussed in
Chapter 4, and the curve for the buckling restrained brace in Figure 6-43 is assumed, then the end
cross frames would need to be designed for a higher level of base shear.

The design displacement for the isolation bearings will change with the strength and stiffness
properties of the bearings, due to a change in the geometry of the bearings. This is unlike the
braces for which the design displacement was assumed to be fixed regardless of their strength. The
allowable design displacement for the lead rubber bearings in the bridge model was 53 mm, 54%
less than calculated buckling limit. An isolation system designed to this level will have a base
shear equal to around 16% of the weight of the structure. Thisis less than the base shear for the
cross frames considered which is limited to around 40% of the superstructure weight. Compared
to the ductile end cross frames, the lead rubber bearings can be considered to perform in adifferent
performance category with much lower shears allowed due to alarge displacement capacity in the
bearings. The displacement capacity is not limited by the limitations of the girders and the
stiffness of the girders as for the ductile end cross frames.

6.4.3 Parametric Studies on Super structure Siffness

As described previously, the bridge model had a relatively flexible superstructure compared to a
typical steel plate girder bridge superstructure with a larger number girders and a fully composite
section. The effect of different superstructure stiffnesses was investigated in the response of a
bridge model with the ductile end cross frames and seismic isolation. The strengths of the ductile
end cross frames were assumed to be scaled by 0.36 for the X-braces and 0.27 for the buckling
restrained braces for a similar level of displacement response in the two systems. The isolation
system was assumed to have properties equal to those for the isolation system in the bridge model.
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Three different superstructure stiffnesses were considered; 1, 10 and 100 times the actual stiffness
of the superstructure in the bridge model with the transverse flexural properties modified by the
above factors.

Figure 6-44 shows the effect of superstructure stiffness on the base shear in the bridge model for
the average response to the three artificial earthquakes. A marginal reduction in the base shear
was observed as the stiffness of the superstructure increased, which is most noticeable with the
buckling restrained braces. The drifts in the ductile end cross frames or isolation system of the
bridge model with different superstructure stiffnesses, are shown in Figure 6-45. Asthe end shears
are proportional to the displacementsin the cross frames or isolation system areduction in driftsis
also observed as the stiffness of the superstructure increased. These figures show that ductile end
cross frames are dlightly more effective when used in a bridge with a relatively rigid
superstructure. In this respect the bridge model did not have the optimal properties to demonstrate
the effects of ductile end cross frames. A typical four or five girder bridge may have a stiffness 10
- 20 times that of a two girder bridge like the bridge model. The reduction in base shear and
displacements with increasing superstructure stiffness was largely attributed to an increase in
damping in the structure. With a more rigid superstructure the end deformations accounted for a
large proportion of the overall deformation in the structure. Therefore increasing the damping at
the ends had a notable effect throughout the structure. In contrast with a flexible superstructure
much of the deformation occurred along the span therefore the relatively small deformation at the
ends had aless significant effect than for arigid superstructure.
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FIGURE 6-43 Maximum total base shear ver sus maximum north end drift in response to
artificial design level earthquake
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The modification in superstructure stiffness also had an effect on the natural period for the
dominant transverse mode of the bridge model. With an increase in superstructure stiffness it
might be expected that the shorter period structure would have alarger base shear in responseto an
earthquake with atypically shaped response spectrum. However for this structure, the effect of
variation in the damping was more pronounced than variations in the natural period.

6.4.4 Parametric Sudieson Substructure Siffness

The bridge model was assumed to have a relative rigid superstructure (100 times the calculated
stiffness for the bridge model) while the effect of a flexible substructure was studied. A range of
substructure stiffnesses were considered of 0.2 (corresponding to a relatively very flexible
substructure with tall columns), 1, 10 and 100 kN/m (corresponding to a structure with rigid pier
supports). The lateral column stiffness calculated from the prototype bridge for the scale model
was in the midrange of substructure stiffnesses considered.

A more flexible substructure is shown to have a considerable impact on the response of the bridge
model and effectiveness of ductile systems. Unlike the variations in the superstructure stiffness,
the variation in the substructure stiffness had a notabl e effect on the natural period of the structure.
Figure 6-46 shows the base shear of the bridge with different substructure stiffnesses with
responses averaged between the three artificial earthquakes. The base shear was smallest with the
most flexible substructure as the period of the structure was longest. With intermediate stiffnesses
the largest base shears were observed, while the base shear was reduced for the most rigid of
substructures. This can be explained because for the most flexible substructure the period of the
bridge is sufficiently long that the seismic demand on the structure islowest, despite the end cross
frames becoming ineffective and providing little damping to the structure. For the larger stiffness
substructures the period of the structure is sufficiently short that the response is insensitive to the
period, and the level of damping becomes more critical. While the substructure is most rigid the
cross frames are most effective and provide the most damping to the structure. The intermediate
stiffness substructure represents a transition between these two conditions.

The above observations are more apparent when investigating the maximum displacements in the
ductile end cross frames or isolation system, as shown in Figure 6-47. This figure shows that
substructures with moderate flexibility resulted in the largest drifts in the ductile end cross frames.
For flexible substructure the displacements in the ductile end cross frames were small since most
of the total displacement was concentrated in the substructure. Thus for flexible substructures,
while ductile end cross frames are not detrimental to the response of the bridge, they are not
effective at reducing the base shear. For bridges with flexible substructures the base shear is
reduced compared to a bridge with a rigid substructure due to the long period of the bridge alone.
Ductile end cross frames are most effective for a bridge with a relatively rigid substructure. The
same can be shown for an isolated bridge, although, as the isolation system is more flexible, the
isolation system is less sensitive to substructure stiffness.
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SECTION 7
CONCLUSIONSAND RECOMMENDATIONS

7.1 Summary

In this report three different systems are investigated for improving the ductile response of the
superstructure of a steel plate girder bridge model for transverse earthquake excitation. Two of
these systems used ductile end cross frames, one with single angle X-braces and the other with
buckling restrained braces and a third system using isolation bearings. Comparative performance
of the three systems is described.

Chapter 3 describes the properties of the different ductile members used in the bridge model in a
series of component experiments. These included the single angles, buckling restrained
(unbonded) braces and the lead rubber bearings. The tension and compression capacity of the
single angles were shown to compare well with the theoretical values from AASHTO (1998). The
cyclic performance of the different single angles was shown to be greatly affected by their
connection details, and using a detail which ensured failure of the angles outside the connection
region greatly enhanced their performance. With appropriate connection details the angles were
able to withstand average cyclic axial strainsin excess of 6%, with 4% recommended as a design
limit, allowing an ultimate capacity 50% above the design capacity of the angles. This is a
relatively large displacement capacity compared to other systems and compensates for sub-optimal
energy diss pation characteristics due to buckling of the angles. A model was developed using a
combination of kinematic non-linear elements in SAP2000 to model the single angles. The
buckling restrained braces were shown to have predictable properties with improved hysteretic
behavior compared to the single angles. Their properties were studied in relation to different
loading histories, with some increase in force observed during dynamic loading compared to static
loading. A bi-linear model was used to characterize the properties of the braces for use in
modeling of the bridge model. The lead rubber bearings were shown to have properties similar to
their design properties. The bearing properties were modeled effectively using a bi-linear model.

Chapter 4 describes the performance of the bridge model with ductile end cross frames during
reversed static and shake table experiments. During the reversed static experiments the heavy X-
braces remained essentially elastic with some non-linear behavior largely attributed to slippage.
Large inelastic displacements were observed in the bridge model with the light X-braces. The end
cross frames exhibited an essentially elasto-plastic envelope although strength and stiffness
degradation were observed in the hysteresis loops after buckling of the diagonal members. During
reversed static experiments the bridge model was able to achieve a maximum drift of around 5.0%,
although some damage was observed in the shear studs at the end of the bridge model due to
rotations of the top flange relative to the deck slab.

During shake table experiments the heavy X-braces remained elastic. The light X-braces yielded
with a similar elasto-plastic envelope as observed during reversed static experiments. The
maximum drift in the light X-braces was 4.0% during 2.0 x El Centro excitation applied in the
transverse direction. The maximum base shear was 62% of the base shear with heavy X-bracesfor
the same motion. In contrast, with pin ended, buckling restrained braces in the ductile end cross
frames, the bridge model was shown to have better energy dissipation and resulted in smaller drifts
with a maximum drift in the end cross frames of 2.5% during the 2.0 x El Centro motion, 62% of
the drift with the X-braces. However, the maximum base shear was higher, with avalue of 69% of
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the base shear in the heavy X-braces. With the fixed connections the displacements were reduced
slightly but the base shear was increased due to an increased post-yield stiffness. This was
attributed to bending in the braces which was significant due to their relative short length
compared to those used in building applications. Asitisdifficult to quantify the effect of flexure
in the braces, pin ended connections are recommended for buckling restrained braces used in
ductile end cross frames. Permanent drifts of around 10 to 25% of the maximum drifts were
recorded in the cross frames with similar levels observed using the X-braces and buckling
restrained braces.

Chapter 5 summarizes the response of the bridge model when seismically isolated with lead rubber
bearings. Theisolation bearingslargely performed as expected with the characteritic strength and
stiffness of the bearings close to design values. The resulting base shear in the bridge with lead
rubber bearings was 17% of the shear in the bridge model with heavy cross frames in response to
2.0 x El Centro. This is significantly less than with the ductile X-braces and buckling restrained
braces. The critical state was observed in the bearings at displacements 13% higher than the
calculated critical displacement at which instability was expected for the given gravity loads,
indicating that the theoretical estimate of the critical load and displacement combination was
reasonably accurate and conservative. Despite instability at one end of the bridge, deformationsin
the bearings were reversed with minimal residual displacement and collapse was prevented due to
reversing inertiaforcesin the bridge model and a smaller displacement response at the other end of
the bridge. The bearings were shown to be remarkably resilient when subjected to a cumulative
plastic displacement demand many times greater than that observed in any of the bracing systems
with little change in properties. The biaxial displacement response of the isolated bearings was
most accurately and conservatively captured by the SRSS rule to combine the uniaxial responses.
Differential displacements due to soil at one support and rock at another support can result in
larger displacementsin the isolators than the same ground excitations at each support in turn.

An analytical model was generated with non-linear components included to model the ductile end
cross frames and seismic isolation bearings. The non-linear components were based on the
properties from the component experiments described in Chapter 3, although some modifications
were necessary. The response of the bridge model with the different configurations of ductile end
cross frames was compared to that of the analytical model in Chapter 6. The response generaly
compared well for the X-braces, although the analytical model had a tendency to overestimate the
displacements at the ends. Post-yield stiffness at the ends observed during bridge experiments
with unbonded braces was shown to be higher than that initially predicted based on the component
experiments. The ratio of post-yield stiffness to initial stiffness of the buckling restrained braces
was increased to 0.075 for the braces with pin ended connections and to 0.125 for braces with
fixed end connections. The response of the analytical model with lead rubber bearings was found
to match the measured response well.

After using the model to vary the strength of the ductile end cross frames and isolation systems,
the buckling restrained braces exhibited typically 30% smaller displacements than the X-braces at
the same level of base shear. However, the forces in the bridge with both ductile end cross frame
systems could not be reduced to levels as low as those in a seismically isolated bridge. Isolation
therefore represents a higher level of seismic protection than is possible with ductile end cross
frames.
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7.2 Conclusions

The conclusions from component experiments on single angles like those used in concentric cross
frames, buckling restrained braces and lead rubber isolation bearings are:

» Using Kl/r ratios and b/t ratios according to AISC (2002) and AASHTO (1998) and
connections designed to prevent fracture in the connection regions, single angles can
achieve large cyclic indlastic strains. The stiffness and tensile strength degrades after
repeated | oading.

* The tensile and compression capacity of the single angle members can be calculated using
AASHTO (1998) with reasonable accuracy.

* The ultimate axial displacement capacity of single angles subjected to increasing cyclic loads
is greater than that for buckling restrained braces, however the energy dissipation of
buckling restrained braces is better than that of single angle concentric braces.

* The properties of the lead rubber bearings are close to their design properties after the third
cycle of loading.

The conclusions from the experimental and analytical study on bridges with ductile end cross
frames and seismic isolation subjected to transverse seismic loading are:

* Ductile cross frames using X-braces and buckling restrained braces are both effective in
reducing transverse seismic shear in a steel plate girder bridge. The buckling restrained
bracesresulted in smaller drifts in the ends of the girders for the same level of base shear.

* Drifts of up to 7% were observed in the I-girders at the supports with no damage to the
girders and minimal damage to the deck slab. A “rocking” mechanism, which allows the
girders twist about their longitudinal axisis effective in allowing these drift levels. Such a
mechanism may comprise of rotationally flexible bearings and no shear studs between the
girder flange and deck slab near the supports.

» The X-braces and cross frames with buckling restrained braces are capable of large drift
capacities compared to other ductile end cross frame systems, with the X-braces having the
largest capacity.

* |t is possible to reduce the base shear in a bridge using seismic isolators using period shift
and capacity for large displacements. This reduction is greater than possible with ductile
end cross frames.

 For lightweight steel girder bridges stahility of the lead rubber bearings can control the
ultimate displacement of the bearings, but the ultimate limit states is conservatively
estimated using existing theory. Bearings which buckle dynamically do not necessarily
result in complete failure as reversing inertia forces can restore stability.

» The square root sum of the sgquare procedure for combining the maximum orthogonal
displacement components is the most appropriate and conservative. Cross-coupling due to
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accidental torsion is negligible in calculating the maximum biaxial response and can be
ignored for a symmetric bridge superstructure.

* |solation bearing displacements can be considerably larger in response to differential ground
motion at supports, when a bridge is subjected to longitudinal excitation, than for the same
motions applied uniformly to at each support in turn.

* Ductile end cross frames and isol ation become | ess effective with a flexible superstructure or
substructure.

7.3 Recommendations

From this study the following recommendations are made for design of steel girder bridges with
ductile end cross frames and seismic isolation:

* Single angle X-braces can be used as ductile cross frames with a maximum recommended
design axial strain in the angles of 4.0%. The members should be designed to governing K1/
r ratios and b/t ratios according to AISC (2002) for concentric braced frames and bracing
membersin AASHTO (1998). The members should also be designed for a slenderness A <
2.25. To prevent fracture in the connection regions, bolted connections for ductile angle
members should be reinforced around the bolt holes. In this project such connections were
achieved by welding thickening plates to the angles in the connection regions. For welded
connections balanced welds with end returns are most effective at promoting optimal cyclic
behavior. In calculating the buckling strength of the angles, the effective length is cal cul ated
between the centroid of the connections. An effective length factor of 0.7 is appropriate
when the gusset plates are restrained from bending during buckling of the angles. A factor
of 0.85 is appropriate when the gusset plates are not restrai ned.

* Buckling restrained braces provide a higher level of performance than X-braces asthey result
in lower girder drifts at a given level of base shear and their need for post earthquake repair
is reduced. Their improved performance needs to be balanced against the cost premium.
The buckling restrained braces can be designed for an axial strain of 2.5%.

* The maximum relative displacement in the girders when using ductile end cross frames,
should be no more than 7% of their height, as P-delta moments and other effects have not
been considered past this level of drift. The forcesin the girders should be checked at the
design drift using the formulations discussed by Carden et al. (2005). The strains in the
ductile members should also be considered in cal culating the allowable drift in the end cross
frames. A displacement based design procedure is recommended for design of a bridge
with ductile end cross frames

» Seismic isolation using lead rubber bearings can be used in steel girders bridges to achieve a
high level of seismic performance. Lead rubber elastomeric bearings are effective isolators.
However, possible instability of the slender elastomeric bearings, which may be necessary
for optimal performance of a relatively lightweight steel bridge superstructure, should be
considered at the design stage as it may limit the displacement capacity of the isolators.
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* Isolation can be used for reducing both longitudinal and transverse seismic response. Where
there are different foundation and soil conditions at the different supports of a bridge,
differential support excitation should be considered since this can result in most severe
demand on the isolation system, particularly in the longitudinal direction.

More detailed seismic design guidelines for straight steel |-girder bridges will be provided in the
future.
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Bearing Properties

A summary of the bearing properties are described below. Symbols follow those from the
AASHTO Guide Specification for Seismic Isolation Design (1999) where possible.

Rubber properties:
G =430 kPa From manufacturer
E=4.-G E=1720 kPa  Typical (AASHTO 1999)
Kpar = 0.86 From Natural Rubber Bulletin
(Malaysian 1979)
Rubber layers:
ti = 6.0 mm
ne =10
Ty =ti-ny T, =60 mm

Shims and top and bottom embedded plates:

ts=3.0 mm

Ts=(nr—1)'ts Ts=27 mm
tp = 13 mm

Total height:
H=Tr+(n—1) ts+2-tp H=113 mm

Total rubber diameter including cover:
Bt =178 mm

Thickness of cover:

tc =13 mm
Bonded width:
Bp =B -2t Bp =152 mm

Total and bonded areas:

- Btz

A= — A= 24885 mm?
- Bb2

Ay = Ap = 18146 mm?

4
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Lead core diameter:

Bc =38 mm
Check limits on diameter:
Be > B B < B Limits OK
6 3
Core area
2
- Be
Ac=— Ac=1134  mm?
Total bearing area excluding the core:
A = At Ac Aj=23750 mm?

Shear modulus of lead:
G = 130-10°  kPa

Yield strength of lead:
ty = 97-10°  kPa (Buckle1978)

Seismic Response
The seismic response of the bearingsis calculated for the following seismic demand.

Acceleration and site coefficients:
S=15 (AASHTO 1999)

Average axial load on bearing:

Wi = 89  kN/bearing

Calculated bi-linear properties:

G-A _
ks = —— 10" ° ks =0170  kN/mm
Ty
G- A _
K =-— 1070 k=1695  kN/mm
(Tr + Ts)
kdi = ks kg = 017  kN/mm
ku = K +ks ky = 1.86 kN/mm
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-6
Fy =ty -Ac-10 Fy =110 kN

K
Qui = Fy- (1— k—j Qdi = 10.0 kN
u

Response of isolation system:

Estimate di = 53 mm
Fd = Qi + Kai - di Fg=19.0 kN
Fd
Keffi = r keffi = 0.359  kN/mm
|
g=1981 m 52
Teff =21 Teff =100 s
2 Qdi
Bi = ! Bi = 0.335
- Fg
B=177
157 A - S- Teff
dj=— " di=53 mm

B

Final calculated displacement matches theinitial displacement estimate for final iteration. The
effect of torsion in the bridge is not considered.

Buckling and Rollover

The calculated critical 1oad, following the procedure by Buckle (2002), is:

Ap
S=—— S =633
- Bp -t
R=kg-H R=19.2 kN
2
fp = 1+067-S f, = 27.87
Ey = E-fy E, = 479x 107 kPa
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4

Ip = lp=49%x10"  mm

64

assuming the total bearing width.

Eo-lb | _
kop = —— - 10 ’ kob = 39.4  kNm 3-kgp = 118 kNm
r
T = kgp- H- 10 ° T =445 KN/M?
2
T
Po=——.10° Po=3439 kN
2

Thisisthe critical load for an undisplaced bearing.

Check critical load at 1.5 x design displacement: d,

o mex = 1.50| dimax=80  mm E

d.
5 =2 acos(l—maxj & = 2.037
Bp
2
Bb
Ar = — - (- sn(3)) A = 6605 mm?>
2 -
Ay Dimension Ar= HT (8 - sind)
-_— = 0364 B E:Zcog‘][—%}
Ap
Ar AASHTO 1
Per = v Pero Per= 936 kN (AASHTO 1999)
b

Thisisthecritical load for at 1.5 times the design displacement. The average axial load
applied to the bearingsis:

Pp.ave = Wi Pp.ave = 89 Kkip

Therefore applied axial load is just less than calculated critical load and the bearing is OK.
The bearing should be OK for rollover as the plates are fully vulcanised to the rubber.
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Bearing Rubber Strains

Shear strain due to shear deformation at design displacement (AASHTO 1999):
di

Tseq = ?r Yseq = 0.886

Shear strain due to axial load at zero displacement:

A= Ay Ar=18146  mm?
3.S-Ppave- 10°

Ycl = 5 Yc1 =135
2- A G-(1+ 2 Kpar- S)
Axial strain at design displacement:
heff = 33.5 heff = 335 mm
Sg = 52.83 Sg = 528 mm
heft
S
g
di
§ = 2. acos| — 0 =243
Bb
2
Bb
Ar=— (5 - sin(s)) A= 10232 mm?
6
Yc2 = 5 Yc2 = 349
2- A G-(1+ 2 Kpar- S)
Rotational strain:
=0
Strain limits:
Ye< 25 Ye1 = 1.55 OK for zero displacement
Y2 = 3.49 Violated

Notethat thisislimit is violated by the axial strain at the design tranverse displacement. This
suggests that instability is possible. However, the previous critical 1oad analysis shows that the
bearing was stable in excess of 1.5 times the design displacement, therefore the strain limit
appears conservative when a lateral displacement is considered.

Yc+ Vseq + 0.5Yr < 5.5 Y2+ Yseq + 0.5y, = 4.376 OK
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