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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a
national center of excellence in advanced technology applications thatis 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
Science 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 thisend,
the Center coordinates a nationwide program of multidisciplinary team research,
education and outreach activities.

MCEER’s researchis 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
Emergency Management Agency (FEMA), other state governments, academic institu-
tions, 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;

* develop concepts for retrofitting vulnerable highway structures and components;

e develop improved design and analysis methodologies for bridges, tunnels, and
retaining structures, which include consideration of soil-structure interaction mecha-
nisms and their influence on structural response; and

e 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;

* analysis, design, detailing, and retrofitting technologies for special bridges, includ-
ing 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
fromnon-destructive assessment of retrofitted bridge components to supporting studies
intended to assistin educating the bridge engineering profession on the implementation
of new seismic design and retrofitting strategies.

The research discussed in this report was performed within Project 094, Task C-3.3, “Steel
Substructures.” It investigates a seismic retrofit technique for steel truss bridge piers that allows
pier rocking by using passive energy dissipation devices implemented at the anchorage locations
to control the rocking response. Specially detailed hysteretic energy dissipating elements
(buckling-restrained braces) are used to act as easily replaceable, ductile structural “fuses.” The
dynamic characteristics of the controlled rocking/energy dissipation system are investigated in
order to formulate a capacity design procedure using simplified methods of analysis. Design
constraints are established that attempt to satisfy performance objectives and nonlinear time
history analyses are used to assess the seismic behavior of the bridge piers retrofitted per this
strategy. The retrofit strategy is shown to be more applicable to slender piers. The methods of
predicting key response values were found to be conservative in most cases and capacity
protection of the existing pier (to the prescribed limits) was achieved in all cases considered.
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ABSTRACT

In assessments of the seismic adequacy of existing steel truss bridges, the steel-to-concrete
anchorage connections typically found at the base of steel truss piers can be potentially
vulnerable, having little to no ductility and inadequate strength to resist seismic demands
elastically. Many other non-ductile failure locations may also exist along the seismic load
path. Failure would result in unacceptable performance, especially for bridges deemed

critical for response and recovery efforts following an earthquake.

While strengthening is an option, this approach may only transfer damage to another
location. An alternative solution could be to release the anchorage connection, allowing
development of a rocking bridge pier system that can partially isolate the structure. An
improvement on this approach, and the retrofit solution proposed here, allows this rocking
mechanism to develop, but complements it by adding passive energy dissipation devices
across the anchorage interface to control the rocking response. Specially detailed hysteretic
energy dissipating elements (buckling-restrained braces) are used in this application to act

as easily replaceable, ductile structural "fuses".

The dynamic characteristics of the controlled rocking/energy dissipation system are
investigated in order to formulate a capacity design procedure using simplified methods of
analysis. Design constraints are established that attempt to satisfy performance objectives
and nonlinear time history analyses are used to assess the seismic behavior of the bridge

piers retrofitted per this strategy.

The retrofit strategy is shown to be more applicable to slender piers as the required level of
pier strength and stiffness increases significantly for less slender piers. The methods of
predicting key response values were found to be conservative in most cases and capacity

protection of the existing pier (to the prescribed limits) was achieved in all cases considered.
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SECTION 1
INTRODUCTION

1.1 Statement of the Problem and Objectives

Many of the existing steel bridges in the U.S. were built at a time when seismic resistance
was not considered in the design or construction of the bridge, or was considered at a level
significantly less than adequate by today’s standards. Recent earthquakes such as the 1989
Loma Prieta and 1994 Northridge in California, and the 1995 Kobe earthquake in Japan, as
well as recent research, have exposed several deficiencies in the design and detailing of
structural elements in steel bridges to resist earthquake excitation. Deficient elements in
existing large steel bridges include the built-up members, their connections and the
anchorage connections. Retrofit of these elements to resist seismic demands elastically is
an option, but it can be very costly and gives no assurance of performance beyond the elastic
limit. Cost effective retrofit techniques that are able to provide desirable seismic

performance are needed.

Implementing a structural “fuse” (i.e. passive energy dissipation device) along the lateral
load path can result in considerable savings by protecting existing vulnerable elements and
forcing all damage into easily replaceable structural elements. This approach is especially
attractive for retrofitting, as the “structural fuses” can be “calibrated” to protect existing non-
ductile components. Although there has been extensive use of passive energy dissipation
devices in the seismic design and retrofit of buildings in recent years, their use is relatively
new for bridges. The number of implementations in bridges is foreseen to grow as more
innovative retrofit techniques are formulated for this specific purpose. One such passive
energy dissipation device foreseen to be successfully implemented in bridges is the buckling-

restrained or unbonded brace.

The use of rocking structural systems for the seismic resistance of structures has received
limited attention in research and thus implementations have been few. While certain aspects
ofrocking behavior have been studied in the past, systematic methods of predicting response

and identification of key parameters for the design of rocking systems is needed.



The research presented in this report investigates a seismic retrofit technique for steel truss
bridge piers that allows pier rocking with passive energy dissipation devices implemented

at the anchorage locations, at the tower base, and act to control the rocking response.

1.2 Scope of Work

To investigate the controlled rocking response of truss towers, research has been conducted

to:

. Determine the inelastic cyclic behavior of the controlled rocking system under static
loading.

. Consider the dynamic response of the rocking truss pier with emphasis on the
maximum developed forces in the pier members.

. Assess existing methods of analysis to predict the maximum displacements of the
system and compare predictions with the results of nonlinear time history analyses.

. Determine relevant design constraints to ensure desirable behavior is achieved and
examine the range of pier properties, representative of steel truss bridge piers, for
which the controlled rocking system may be applicable.

. Compare the predictions of the key response quantities with results of time history

analyses for ranges of pertinent system parameters.

As a result of the above work, parameters deemed relevant for providing desirable seismic

performance are identified, and a design procedure is formulated.

1.3 Outline of Report

Section 2 provides a review of research related to vulnerable structural elements in typical
existing bridges, to buckling-restrained braces, and to rocking structures. Also discussed are
existing bridges that use a rocking approach to seismic resistance similar to the approach

described here.

Section 3 investigates the static and dynamic response of the controlled rocking system and

proposes a method of estimating the increased response due to dynamic effects. Also,



existing methods of analysis are considered for determining the maximum displacement
response of the controlled rocking system and the predictions from the methods are

compared with the results of time history analysis.

Section 4 proposes a design procedure for obtaining desirable, ductile performance of the
controlled rocking system. Design constraints are established and methods to predict key
response values are given. An example of the design procedure is given using a step-by-step

approach and a graphical approach is introduced.

Section 5 provides results of a parametric study including design solutions for a range of key
parameters and results of time history analyses to assess design predictions. Example

response history results are also given for aspect ratios of 4, 3 and 2.

Conclusions on the work presented here are given in Section 6 along with recommendations

for future research.






SECTION 2
LITERATURE REVIEW

2.1 General

The vulnerability of steel truss bridges subjected to earthquake shaking has been investigated
through research and engineering evaluations and results suggest that these bridges may
experience significant damage during a major earthquake. Vulnerable structural elements
of steel truss bridges are reviewed in Section 2.2. This has triggered considerable research

into the evaluation and retrofit of existing steel bridges.

The use of passive energy dissipation devices for the seismic resistance of bridges is
relatively new, but the number of implementations is expected to grow as more innovative
retrofit techniques are formulated. One such device is the buckling-restrained or unbonded

brace and is discussed in Section 2.3.

Rocking of structures during past earthquakes has been observed and certain aspects of
rocking behavior have been studied in past research. A review of some research
investigating the behavior of rocking systems with particular focus on experimental and

design studies is presented in Section 2.4 .

A few bridges have been designed or retrofitted using a rocking approach for seismic
resistance in the past. It is also being considered or implemented as part of some on-going
projects. Bridges for which a rocking approach has been used to provide seismic resistance

are discussed in Section 2.5.

2.2 Vulnerable Structural Elements in Bridge Steel Truss Piers

Large U.S. steel truss bridges have not yet been subjected to severe earthquakes. However
substantial evidence from research and engineering evaluations suggest that potential seismic
vulnerabilities do exist. Particularly vulnerable details include built-up lattice members, that
are typically found in older bridges, member connections and the steel/concrete anchorage

connections.



2.2.1 Built-up, Lattice Bracing

The use of built-up sections for both gravity and lateral load resisting members has been
used extensively in steel bridges. The built-up bracing members used in many older truss
bridges typically used riveted lacing to increase the brace’s moment of inertia thus
increasing its global buckling capacity. The braces are typically in an x- or v-braced
configuration. The load at the onset of buckling of these members can be predicted by the
AISC LRFD Manual (1998) method of Chapter E for built-up members buckling in a
direction parallel to lacing. For buckling in the direction perpendicular to lacing, an
additional modification factor has been recommended by Caltrans (Dietrich and Itani, 1999)
to reduce the effective moment of inertia of the member. However the cyclic, inelastic
response of these members is not well known. The complex geometry and interaction of
each built-up piece with its riveted (typically) connection does not allow use of existing

theoretical models to predict its inelastic, cyclic response.

Until recently, a limited amount of information on the cyclic, post-buckling behavior of
built-up members existed. Some research was initiated after the 1989 Loma Prieta
earthquake as part of the seismic rehabilitation of the Golden Gate Bridge. Part of this work
evaluated the compressive behavior, failure modes, and ductility of the main suspension
truss chord and the column legs of the approach structure towers (Astaneh-Asl et. al., 1997).
Two large size specimens were fabricated and tested. Resulting ductilities of the truss chord

and tower legs were established as 1.5 and 2 respectively.

Some project-specific testing of built-up members for the rehabilitation of the San Francisco-
Oakland Bay Bridge was performed to assess the expected performance of built-up pier
diagonals (Dietrich and Itani, 1999). Static, cyclic testing of a half-scale member found that
the lacing and rivets were not able to maintain the integrity of the laced member cross-
section and the compressive capacity of the member should be predicted using Caltrans

specifications.

Uang and Kleiser (1997) tested three half scale built-up members for the San Francisco-

Oakland Bay Bridge with the objective of developing axial force-moment (P-M) interaction



relationships for these members. The members were subjected to axial loads with
eccentricities of 0, 5, and 15 inches and their cyclic behavior and ultimate strength
investigated. The testing showed that the compressive capacity could be predicted reliably
by taking into account shearing effects on the lacing and effective length factors. The
specimens exceeded the axial force-moment interaction surface predicted in the AISC LRFD

Specifications.

However, this project specific testing does not provide enough data for the broad range of

geometries of these members.

An experimental testing program has recently been completed, investigating the cyclic
inelastic behavior of built-up members for a range of global and local slenderness
parameters, namely kL/r and b/t (Lee and Bruneau, 2003). The definition of these

parameters can be found in the LRFD Specification for Structural Steel Buildings (AISC,
1998). Members with small slenderness parameters provided ductile behavior for the initial
post-buckling cycles. However the loss of stiffness, strength and thus energy dissipation in
subsequent cycles was severe. The hysteretic behavior of type By specimens is shown in
figure 2-1. The hysteretic life of the members was typically controlled by fracture from low
cycle fatigue within hinging regions of the buckling brace. A picture of the buckled shape

of member By 16-120 and the final fractured brace as a result of low
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FIGURE 2-1 Hysteretic Behavior of Type By Specimens (adapted from Lee, 2003)
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FIGURE 2-2 Specimen By16-120 (Lee, 2003). (a) Buckled Shape and (b) Final

Fracture of Member

cycle fatigue is shown in figure 2-2a and figure 2-2b respectively. The testing revealed that
the built-up members suffered global and local buckling causing significant member strength
and stiffness degradation resulting in loss of pier lateral strength and major structural

damage during an earthquake (Lee and Bruneau, 2003).

2.2.2 Member Connections

Most codes of practice today require that failure not occur in connections due to their
inability to develop significant inelastic strains, resulting in sudden, brittle failure. Yielding
of the members gross section is recognized to be a more ductile failure mode (although it
may be possible in some instances to detail connections able to provide ductile failure

modes).

While properly designed and constructed welded connections, to develop the full strength
of members, can be very effective under cyclic earthquake loading, inadequate welded
connections can also cause brittle failure as was evident in moment frame connections during
the Northridge earthquake. However, this is not an issue here since the use of welded
connections in bridge construction is uncommon due to the concerns of fatigue from day-to-

day traffic loads.

Rivets were very prevalent in the construction of steel bridges in the past however high-

strength bolts are the connector of choice in bridge construction today. While rivets tend to



have good ductility, the strength of riveted connections are typically inadequate to resist
seismic loads. Connections continue to be vulnerable during earthquakes and can often be

the weak link along the seismic load path (Ritchie et. al., 1999).

2.2.3 Anchorage Connections

Threaded steel bolts are the most common method to connect steel structures to concrete in
bridge construction. A typical steel truss pier anchorage connection is shown in figure 2-3.
They are typically either cast-in-place or adhesively bonded in drilled holes. The bolts are
able to develop their full tensile and shear strength if proper embedment and edge distance
is provided. Brittle fracture of bridge anchor bolts occurred during the 1994 Northridge
earthquake (Astaneh-Asl et. al., 1994). Anchor bolts can be designed to act as the structural
“fuse” during an earthquake or behave elastically, directing damage to another location.
While the anchorage connection can be detailed to allow gross area yielding of the anchor
bolts, they are likely unable to provide stable inelastic cyclic

hysteretic behavior. For instance, typical construction details do not transfer compressive
loads to the bolts thus the bolts could yield in tension but these inelastic excursions could
not be recovered by compressive yielding. Furthermore, the amount of hysteretic energy
dissipated by anchor bolts is typically insufficient in the perspective of system response. A
“typical” anchorage connection is analyzed to determine its pull-out capacity and the
earthquake demand to cause its failure in Appendix A. Assuming yielding of the anchor
bolts or concrete cone failure to be the possible failure mechanisms for this connection, it
was found that gross area yielding of the anchor bolts was the governing failure mode. The

corresponding pushover capacity of the representative bridge piers (discussed in

FIGURE 2-3 Typical Truss Pier Anchorage Connection
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Appendix D) was then determined assuming the anchorage connection to be the weak link
along the lateral load path. Finally, the pushover curves are shown on a spectral capacity-
demand type format with demand curves defined by the NCHRP 12-49 (ATC/MCEER 2003)
design spectrum with one-second spectral acceleration values of 0.125g and 0.25g (figure
A-1). The system strength obtained indicated failure of the anchor bolts starting at a spectral
acceleration of only 0.125g for each case considered. This provided some numerical
evidence that anchorage connections are typically unable to resist even moderate seismic

demands.

2.3 Buckling-restrained Braces (BRB)

2.3.1 General

Buckling-restrained braces, also known as unbonded braces (type of BRB made by Nippon
Steel Corporation of Japan), are an emerging seismic device providing, in some cases,
supplemental strength, stiffness and energy dissipation to structures. The concept of the
buckling-restrained brace behavior contrasts from that of a conventional brace in a
significant way. A conventional bracing member subjected to axial loads is able to yield in
tension, but typically exhibits global and/or local buckling under compression at a load less
than the tensile yield force. Under some circumstances, the buckling of these members
within a structural system can provide satisfactory seismic performance (AISC, 2002), even
though buckling is not an ideal form of energy dissipation. A buckling-restrained brace is
designed to instead allow the brace to reach full yield in tension and compression. It consists
of a ductile steel core, carrying axial load, surrounded by a restraining part that prevents
global buckling of the core. An “unbonding” material is placed between the steel core and
restraining part to limit the shear transfer between the two components, accommodate the
lateral expansion of the brace in compression due to the poisson effect, and to ensure that
the buckling prevention component will not carry axial load (i.e. will not significantly
increase the strength of the brace). Figure 2-4 shows sketches of the primary components

of a buckling-restrained brace.

2.3.2 Experimental Testing

Several different cross-sections of the steel core and restraining mechanisms have been
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FIGURE 2-4 Primary Components of Buckling-restrained Brace
investigated. Use of a cruciform or rectangular plate as the yielding steel core, wrapped in
an unbonding material, and inserted in a rectangular or square HSS steel tube filled with
mortar has been a popular configuration that has shown to develop stable hysteretic
behavior. Sample specimen dimensions considered in past experimental studies with this
type of configuration are shown in figure 2-5. Results of some of the tests are discussed

below.

Watanabe et. al. (1988), Wada et. al. (1989) and Watanabe et. al. (1992) investigated the
effect of the outer tube configuration, in particular the outer tube flexural capacity, on the
performance of the brace. As can be seen in the figure, identical inner steel cores were used
in all tests. The outer steel tube’s buckling strength, P, was varied such that the ratio P,/P,,
where P, is the steel core’s yield strength, ranged from 3.5 to 0.55. It was found that a ratio

of P/P>1.5 resulted in stable and symmetric hysteretic brace behavior.

Hasegawa et. al. (1999) performed shake table testing of an unbonded brace subassemblage
using the 1995 Kobe Marine Observatory Record and the 1940 El Centro record. The
unbonded brace was subjected to a maximum axial strain of 7.2% in one of the tests. Stable

hysteretic behavior was reported throughout the testing.
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Iwata et. al. (2000) tested four braces with cross-sections shown in figure 2-6. Specimens
1 and 3 have a soft rubber sheet between the core and restraining part to act as the unbonding
layer while specimens 2 and 4 only had a small clearance between the core and restraining
part. Hysteretic behavior of the 4 specimens is shown in figure 2-7. It was found that each
specimen behaved satisfactorily up to axial strains of 1% however at higher levels of strain
the braces behaved differently. Rapid development of local buckling was observed in the
specimens without the unbonding material, resulting in low cycle fatigue and eventual

fracture.

a) Watanabe et. al (1988), Wada et. al (1989) and Watanabe et. al (1992)

— (=] (=]

Core: 19 x 90 mm Core: 19 x 90 mm Core: 19 x 90 mm

Tube: 150 x 150 x 4.5 mm Tube: 150 x 100 x 4.5 mm Tube: 150 x 100 x 3.2 mm
Byckl_mg Length: 3390 mm Buckling Length: 3390 mm Buckling Length: 3390 mm
Yielding Length: 3290 mm Yielding Length: 3290 mm Yielding Length: 3290 mm

(=]

Core: 19 x 90 mm

Tube: 150 x 75 x 4.5 mm
Buckling Length: 3390 mm
Yielding Length: 3290 mm

(=]

Core: 19 x 90 mm

Tube: 150 x 75 x 3.2 mm
Buckling Length: 3390 mm
Yielding Length: 3290 mm

b) Hasegawa et. al (1999)

Core: 22 x 130 mm

Tube: 250 x 250 x 6 mm
Buckling Length: 1591 mm
Yielding Length: 1291 mm

Core: 22 x 130 mm

Tube: 250 x 250 x 6 mm
Buckling Length: 1591 mm
Yielding Length: 1291 mm

c) Iwata et. al (2000)

Core: 16 x 176 mm

Tube: 210 x 150 x 3.2 mm
Buckling Length: 1750 mm
Yielding Length: 1350 mm

d) Tests for Building Center of Japan

I

Core: 36 x 250 mm
Tube: 300 x 300 x 6 mm
Yielding Length: 1980 mm

Core: 28 x 250 mm
Tube: 300 x 300 x 6 mm
Yielding Length: 1780 mm

e) Tests at UC Berkeley - Fall 1999

Core: 19 x 153 mm
Tube: 250 x 250 x 6 mm
Buckling Length: 4500 mm

Core: 19 x 204 mm
Tube: 250 x 250 x 6 mm
Buckling Length: 4500 mm

T

Core: 19 x 145 mm

Tube: 300 x 300 x 6 mm

Yielding Length: 3090 mm Yielding Length: 2990 mm Buckling Length: 4500 mm

Yielding Length: 3450 mm

f) Tests at UC Berkeley - Fall 2000

Core: 19 x 197 mm

Tube: 300 x 300 x 6 mm
Buckling Length: 4500 mm
Yielding Length: 3410 mm

Core: 19 x 197 mm

Tube: 300 x 300 x 6 mm
Buckling Length: 4500 mm
Yielding Length: 3410 mm

FIGURE 2-5 Experimentally Tested Cross-sections of Buckling-restrained Braces
(Black et. al., 2002)
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FIGURE 2-6 Cross-section of Experimentally Tested Unbonded Braces by Iwata
et. al. (2000)
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FIGURE 2-7 Hysteretic Response of Unbonded Braces Tested by Iwata et. al.

(2000)
Black et. al. (2002) tested five specimens with properties representative of braces designed

for implementation in two seismic retrofit projects in California. The specimens have the
same configuration details as the braces discussed above. The specimen cross-sections are
shown in figure 2-5. Each specimen had core lengths of approximately 3400mm and had

yield strengths ranging from 1200kN to 2150kN. Loading protocols for the testing
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included the SAC basic loading history, SAC near-field, OSHPD loading history, low-cycle
fatigue tests, and displacement histories derived from predicted building response for
specific earthquake records. The tested braces exhibited ductile, stable and repeatable
hysteretic behavior. A Bouc-Wen analytical brace model (Wen, 1976) was found to model

the behavior of the braces “with fidelity”.

2.3.3 Product Availability

Buckling-restrained braces are patented products, with various manufacturers providing
different implementations of the concept. The original developer and manufacturer of the
buckling-restrained brace is Nippon Steel Corporation of Japan which named their version
of the buckling-restrained brace the “unbonded brace”. A few manufacturers in the U.S. are
promoting alternative products based on the same idea (including Star Seismic,

LLC.,Corebrace, LLC. and Associated Bracing Inc.).

Star Seismic produces a tube-in-tube design with a pin and collar connection to prevent the
transfer of moment and shear forces to the yielding core. A picture of the Star Seismic
buckling restrained brace is shown in figure 2-8a and typical experimentally obtained
hysteretic behavior is shown in figure 2-8b (Merritt et. al., 2003a). The tests reveals good
overall hysteretic behavior, with some slip of the pin and collar connection during each load
reversal. The tube-in-tube design also allows for multiple yielding core tubes to be placed
together to create a larger capacity brace still in a compact design. A multi-tube brace is

shown in figure 2-8c.

The buckling restrained braces produced by Core Brace consists of a flat or cruciform steel
core surrounded by a steel tube filled with mortar and a method of unbonding the yielding
inner core from the buckling restraining outer core. A sketch of the brace is shown in figure
2-9. Component testing (Merritt et. al., 2003b) also shows hysteretic behavior typical of

other similar implementations of the concept.
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FIGURE 2-8 Buckling Restrained Braces produced by Star Seismic (Merritt et. al.,
2003a). (a) Tube-in-Tube Design with Pin-Collar Connection, (b) Typical Hysteretic
Response and (¢) Multiple Tube Brace
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FIGURE 2-9 Buckling Restrained Brace produced by Core Brace (Merritt et. al.,
2003b)
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Buckling restrained braces manufactured by Associated Bracing use a steel core of constant
cross-section along the entire length and welded stiffeners at the ends to accommodate bolted
connections. End connection details and hysteretic response of the brace are shown in figure

2-10a and 2-10b respectively (Merritt et. al., 2003c).

MNormalized Brace Displacement, DfDby
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8
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-4 2 0 2 4
Displacemeant {in)
(a) End Connection (b) Hysteretic Response

FIGURE 2-10 Buckling Restrained Brace produced by Associated Braces (Merritt
et. al., 2003c). (a) Brace and End Connection and (b) Typical Hysteretic Response

2.3.4 Design Procedure

At the time of this writing, a joint SEAOC-AISC task group has developed recommended
provisions for possible inclusion in the NEHRP Recommended Provisions for Seismic
Regulations for New Buildings and Other Structures as well as the AISC Seismic Provisions
for Structural Steel Buildings. These provisions (SEAONC-AISC, 2001) provide suggested
values for seismic design coefficients, such as the response modification factor, R, the
system overstrength factor, 2, and deflection amplification factor, C,. Table 2-1 shows
these design coefficients for currently accepted seismic force-resisting systems along with
those recommended for the design of buckling-restrained frame systems. For the existing
systems, the response modification factor, R, and the deflection amplification factor, C,, are
taken from the Seismic Provisions for Structural Steel Buildings (AISC, 2002) and the
overstrength factor, Q, is taken from Minimum Design Loads for Buildings and Other

Structures (ASCE, 2000).
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Seismic Force Resisting System

Special Concentrically Brace Frame

(SCBF)

Ordinary Concentrically Braced Frame

5 2 4!/,
(OCBF)
Eccentrically Braced Frame (EBF): w/
moment connections away from link 8 2 4
EBF w/out moment connections away ; 5 A
from link
Special Moment Frame 8 3 5',
Intermediate Moment Frame 4/, 3 4
Ordinary Moment Frame 3, 3 3
Special Truss Moment Frame 7 3 5',
Buckling-Restrained Braced Frame
8 2 5',

(BRBF)

Dual Systems w/ SMREF:

SCBF 8 2!/, 6'/,
EBF w/ moment connections away from|
8 2!/, 4
link
EBF w/out moment connections away
7 2/, 4
from link
BRBF 9 2!/, 5',

TABLE 2-1 Seismic Design Coefficients for Existing Lateral Force Resisting

Systems and Proposed Values for Buckling-Restrained Braced Frame System
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The recommended provisions also require qualification testing of the braces unless
experimental testing reported in research or documented tests have been performed that
reasonably match project conditions. Relevant conditions may include beam and column
member sizes, material strengths, brace-end connection details, and assembly and quality
control processes. Individual brace testing is required to ensure that strength and inelastic
deformation requirements are satisfied, and subassemblage testing is required to ensure that
deformation and rotational demands can be accommodated and that brace behavior within
the subassemblage is representative of that determined from uniaxial testing. Other specified
factors proposed for the design of buckling restrained braces include a compression strength
correction factor, to increase the brace compressive strength to approximately 1.3 times the
nominal strength (A F,, where A F =A F, ;). A tension strength correction factor is also
proposed to account for the increase in tension strength due to strain hardening (as
determined by coupon testing of the prototype material). These strengths are used, per
capacity design principles, to determine the minimum required strength of the brace
connections and other surrounding members in the structural system. However, the nominal

strength of the braces are considered for their design to resist the specified design loads.

2.4 Studies of Rocking Structures Subjected to Earthquake Excitation

Evidence of rocking of structures has been observed following major earthquakes and used
to explain how very slender and relatively unstable structures may have been able to survive
strong earthquakes (Housner, 1963). The study of rocking structures possibly started with
investigation of the free-vibration response of rigid rocking blocks, and their response to
some simple forms of dynamic loading (such as rectangular and sinusoidal impulses), as well
as to earthquake excitations. An expression for an amplitude dependent period of vibration
during rocking and a method to determine the amount of kinetic energy lost upon impact
(occurring in each half-cycle) was developed assuming an inelastic collision to occur upon
impact (Housner, 1963). Housner concluded that “the stability of a tall slender block
subjected to earthquake motion is much greater than would be inferred from its stability

against a constant horizontal force”.

From that point some analytical and experimental work was done to predict the response of
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rocking structures to earthquake motions. Many investigated the response of rigid blocks
with emphasis on preventing overturning. Meek (1978) first introduced aspects of structural
flexibility to the seismic response of single-degree-of-freedom rocking structures. Psycharis
(1982) followed with an analytical study of the dynamic behavior of simplified multi-degree-
of-freedom (MDOF) structures supported on flexible foundations free to uplift. Both two
spring foundations and the Winkler foundation model were used to study the rocking of rigid
blocks, and only the two spring foundation model was used to study MDOF flexible
structures. Three different mechanisms were considered to introduce energy dissipation into
the foundation attributed to soil radiation damping upon the assumed inelastic impact that
occurs during each half-cycle. The energy dissipation mechanisms included spring-dashpot
and elastic-plastic spring systems. It was noted that vertical oscillations were introduced to
this uplifting system when subjected solely to horizontal excitation. Observations on the
benefits of allowing uplifting to occur (opposed to a fixed-base structure) were not
conclusive in terms of displacements and stresses, as response varied significantly depending

on system parameters and the characteristics of the ground excitations.

Shake-table testing of a rocking frame with energy dissipating devices introduced at the
uplift location was performed by Kelley and Tsztoo (1977). An approximately half-scale
3-story steel frame was designed (figure 2-11a), with restraints provided to prevent
horizontal movement, and mild steel, torsionally yielding bars used as energy dissipating
devices at the uplifting location (figure 2-11b). The test results indicated that the rocking
concept with energy dissipating devices provided beneficial response, in terms of base shear,

to the same frame with a fixed base, thus preventing uplift.

Priestley et. al. (1978) recognized that following the New Zealand seismic design
requirements for buildings at the time would indirectly result in allowing rocking of part or
all of some structures during an earthquake. However, rather than characterizing this as an

unsafe condition, they recognized this could be advantageous in some instances. In
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FIGURE 2-11 Uplifting Frame Tested by Kelley and Tsztoo (1977). (a) Elevation

View of Steel Frame Specimen and (b) Steel Torsional Yielding Device Introduced
at Base of Column

order to prevent excessive secondary structural damage caused by large rocking
displacements, a simple method to predict the maximum displacement of the rocking
response during earthquakes was developed. Using the work of Housner (1963), a response
spectra design approach was used by transforming the rocking system into an equivalent
SDOF linear viscous oscillator. The only energy dissipation in the structural system was
assumed to be provided by the inelastic collisions occurring upon each impact. The simple
SDOF model shown in figure 2-12, was tested, subjected to free-vibration response,
sinusoidal excitations, and the 1940 —S El Centro record. Results verified Housner’s theory
on the amplitude dependent frequency assuming inelastic collisions, and the simple method
developed by Priestley et. al. predicted the maximum displacements with reasonable
accuracy, especially for design purposes. It was noted during testing that no significant
rebound occurred after impact, that large vertical accelerations were induced during impact,
and that placing rubber pads underneath the impacting legs to represent a flexible foundation

decreased the vertical accelerations significantly.
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FIGURE 2-12 Simple SDOF Rocking Model Tested by Priestley et. al. (1978)
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Mander and Cheng (1997) proposed rocking concrete bridge columns as a seismic resistant
system consistent with a proposed design methodology called Damage Avoidance Design
(DAD). In this concept, each bridge column was allowed to rock individually by making the
rebar discontinuous at the column ends thus allowing rocking at the column/cap beam and
column/foundation beam interfaces. The columns were subsequently designed as pre-cast
elements, post-tensioned vertically to increase and control the lateral strength. A sketch of
a deformed bridge pier with the rocking column concept is shown in figure 2-13a. The
kinematics of the rocking behavior and force-displacement relationship were established for
the rocking columns. The primary energy dissipating mechanism for the system is the lost
energy upon impact. A method of converting the lost energy into equivalent viscous
damping was established following the assumptions of Housner (1963). In some cases,
yielding of the prestressing tendons was allowed for increased energy dissipation. A design
procedure was proposed for the rocking column system similar to capacity-demand
procedure presented in Constantinou et. al. (1996). Static testing was performed to verify
the force-displacement behavior and the effect of the prestressing tendons. Shake table
testing was also performed (for the specimen shown in figure 2-13b) to verify the concepts

presented, along with the simplified design procedure.

BRIDGE DECK

TIII1T

CAP BEAM

PRECAST

COLUMNS STEEL-ON-STEEL

ROCKING INTERFACE

POST-TENSIONED
TENDONS

GROUND EXCITATION

FOUNDATIDN

(a) (b)

FIGURE 2-13 Rocking Column Concept of Mander and Cheng (1997). (a) Sketch
and (b) Specimen Tested on Shake Table
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Toranzo et. al. (2001) proposed a rocking wall system for buildings. Steel flexural yielding
elements were placed at the uplifting locations to increase lateral strength and provide
hysteretic energy dissipation. With the interest of providing a framework for design, a
method for determining the maximum expected displacements was proposed based on the
Direct Displacement Method (Priestley and Kowalsky, 2000). Also, maximum forces were
determined by amplifying the static forces by a factor to account for the effect of impacting
on the foundation. Testing of the rocking wall was performed using a uni-axial shake table.
A picture of the rocking wall specimen tested, along with the hysteretic energy dissipating
devices, is shown in figure 2-14. At the time of this writing, results of the rocking wall

specimen were not available.

FIGURE 2-14 Rocking Wall Specimen with Flexural Steel Yielding Devices at
Uplifting Location (Toranzo et. al., 2001)

Midorikawa et. al. (2003) experimentally examined the response of a steel braced frame
(figure 2-15a) allowing uplift at the base of columns and yielding of specially designed base
plates (figure 2-15b). A 3-story, 2-bay braced frame was subjected to shake table tests using
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the 1940 El Centro motion, applied in a single horizontal direction. Tests were performed
with plate details providing different levels of uplifting strength including a fixed-base case
for comparison. It was found that the uplifting base plate yielding system effectively
reduced the seismic response of building structures and that the base plates were able to
provide reliable performance for the uplifting displacements while transferring shear forces.

The axial forces observed in the columns during rocking may have been affected by the

impacts caused during rocking.
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FIGURE 2-15 Uplifting Braced Frame Tested by Midorikawa et. al. (2003).
(a) Frame and (b) Specially Detailed Yielding Base Plate

23



Makris and Konstantinidis (2002) examined the fundamental differences between the
response of a SDOF oscillator and the rocking response of a slender rigid block (inverted
pendulum structure) and introduced the concept of a rocking spectrum. The rocking

spectrum consists of rotation and angular velocity spectra as a function of a “period” defined

by:

Tzz_“: 2n
Pol3g (2-1)
4R
where
R=\B7 i (22)

where 2b and 2h are the block width and height respectively. The rocking spectrum is
generated, assuming no sliding of the block such that only rocking response occurs, by
solution of the following nonlinear equation of motion representing the rocking motion
under a horizontal ground acceleration:

0() = -p*[sin(a sgn[0(H]) -0(9)] +%008(asgn[3(t)] -0())] (2-3)
It was found that the rocking spectrum exhibits “noticeable order” until displacements that
nearly cause overturning are reached. It was also reported that methods of predicting
displacements of rocking blocks using typical response spectrum, such as the method used
in Priestley et. al. (1978), may provide acceptable results in some cases, but that there are
kinematic characteristics of the rocking system that cannot be reflected in the response

spectrum.

2.5 Existing Rocking Bridge Piers

A limited number of bridges currently exist in which rocking of the piers during earthquakes
has been allowed as part of their way to achieve satisfactory seismic resistance. The South
Rangitikei Rail Bridge, located in Mangaweka, New Zealand (figure 2-16a) is such an
example bridge, designed and constructed in the 1970's with pier legs allowed to uplift under
seismic loads (Priestley et. al., 1996). With pier slenderness ratios of more than 5, large
overturning moments develop at the base of the pier. Allowing pier rocking, significantly

reduced moments that needed to be resisted.

24



1-1 DETAIL A

torsional beam

elastomeric ..
energy dissipator

bearing

o6 ? A D
—‘g .jf_'q‘. I . ° .,.: ) /\v
1 245mm L 2 794 mm
(a) (b)

FIGURE 2-16 South Rangitikei Rail Bridge (Priestley et. al., 1996). (a) Pier and (b)
Torsion Steel Yielding Device at Base of Pier Legs

Instead of allowing free uplift at the base of each pier leg, torsional steel yielding devices,
shown in figure 2-16b, were added to control the amount of uplift while providing energy

dissipation (damping). The amount of uplift was limited to 125mm by stopping mechanisms.

The North Approach of the Lions’ Gate Bridge, located in Vancouver, British Columbia was
seismically upgraded during the 1990's (Dowdell and Hamersley, 2000). The North
Approach Viaduct consists of 25 composite plate girder spans with span lengths ranging
from about 25-38 meters (figure 2-17a). Early investigations revealed that many piers would

develop large uplifting forces at the foundation. Advantages of using a rocking
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(a) (b)

FIGURE 2-17 Lions’ Gate Bridge North Approach Viaduct (Dowdell and
Hamersley, 2000). (a) Steel, V-braced Piers and (b) Flexural Steel
Yielding Devices Implemented at Uplifting Location

strategy for seismic retrofit provided a force limiting mechanism, while concentrating retrofit
work at the tower bases (a more easily accessible location compared to other parts of the
structure). Some concerns arose due to the effects of dynamic impacting of a pier leg with
the foundation and coupling of vertical and horizontal modes during rocking.
Implementation details for the rocking system included removing the nuts of the existing
anchor bolts to allow uplift without damage, tying individual foundation pedestals together
with tie beams to prevent differential settlement, driving piles through liquefiable soil layers,
providing longitudinal and transverse restrainers at deck-level and installing lead core rubber
bearings at the abutment. Also, the capacity of some pier diagonals and columns were
increased by bolting additional material to the member to increase their elastic buckling
capacity. Flexural yielding steel devices (figure 2-17b) were placed at the anchorage

interface to provide hysteretic damping and limit the uplifting displacements.

The benefits of allowing partial uplift of the legs of bridge piers has been also recognized
by other practicing engineers and the idea has been adopted for the retrofit of some major
steel bridges in California. The seismic vulnerability of the Carquinez Bridge was assessed

in 1994 and it was determined that the bridge would require retrofitting to meet current
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seismic resistance standards. As part of this work, the displacement capacity of the A-frame
piers (figure 2-18a), which are expected to carry a significant portion of the seismic loads,
was evaluated using nonlinear pushover analysis (Jones et. al., 1997). It was determined that
the existing pier was unable to provide the necessary seismic performance for this important
transportation link. Three seismic retrofit strategies were investigated which included;
rocking of the frames on the concrete foundations, base isolation with friction pendulum
bearings, and using viscous dampers in the steel towers. Base isolation and viscous dampers
provided a beneficial response, but member and connection retrofit would still have been
necessary in both cases and the high costs associated with both of these systems was
unattractive. The final retrofit solution was to allow limited rocking of the A-frame towers.
A transfer girder, shear keys, restraining beams and elastomeric bearing pads were placed
below the tower columns. A schematic of the base connection is shown in figure 2-18b. The
restraining beams are allowed to yield during an earthquake, providing energy dissipation,
while the elastomeric bearing pads are expected to partially absorb impacts during rocking.
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FIGURE 2-18( Carquinez Bridge, California (Jones et. alg, %997). (a) A-frame Pier
and (b) Uplifting Restraining System Used
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The Golden Gate Bridge, completed in 1937, began a seismic retrofit program in the 1990's
following the 1989 Loma Prieta earthquake (Ingham et. al. 1997). While the Golden Gate
Bridge was not damaged during the earthquake, the San Francisco Bay Bridge was closed
for one month due to damage, causing huge economic losses thus prompting a seismic
evaluation of all major crossings in California, including the Golden Gate Bridge. The
retrofit solution for the bridge’s main towers allowed each tower leg to uplift from the
foundation by about 2.3 inches, which substantially reduced tower leg stresses compared to
the fixed-base alternative. Finite element analysis was used to investigate the nonlinear
deformation behavior of the tower leg’s multi-cellular riveted steel construction. A picture
of the model is shown in figure 2-19. The uplifting caused large axial compressive stresses
to develop at the base of the tower legs upon impact requiring the significant stiffening
within the multi-cellular construction of the tower leg. Also, the lack of edge distance from
the compressive zone of the tower leg to the foundation pedestal’s edge required the
installation of post-tensioned, high-strength threaded bars through the concrete pedestals to

provide confinement and increase the shear resistance near the pedestal edge.

Another major California toll bridge that underwent major rehabilitation following the Loma
Prieta earthquake was the San Mateo-Hayward Bridge (Prucz et. al. 1997). The bridgeis 7.1
miles long and has a 1.85 mile long main span supported on steel and concrete towers. The
steel towers (shown in figure 2-20a) required an increase in overall ductility to satisfy
performance objectives. To achieve the desired performance, modifications were made to
the column base connections, the columns and the spandrel beams. The column base
connections (shown in figure 2-20b) were modified to allow for each tower leg to rock and
yield their anchor bolts during uplift. Steel sleeves were placed around the top of the anchor
bolts that could resist compression following tensile yielding and was believed to improve
cyclic behavior and reduce impact during the rocking motion. Modifications to the column
base connections included adding anchor bolts between the existing anchor bolts to increase
connection strength, ductility and redundancy. Also, steel pins were added at the column
base to transfer the base shear and concrete was added inside the base of the column to

increase the stability of its walls.
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FIGURE 2-19 Uplifting at Base of Tower Leg of Golden Gate Bridge from Finite
Element Model (Ingham et. al., 1997)
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FIGURE 2-20 San Mateo-Hayward Bridge (a) Steel Tower and (b) Modified
Anchorage Connection (Prucz et. al. 1997)
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It is also worth noting that pier E17 of the San Francisco-Oakland Bay Bridge experienced
rocking during the Loma Prieta earthquake (Housner 1990). Pier E17 serves as an anchor
pier for the bridge superstructure from pier E11 to pier E17. The concrete bent was not
intended to rock however damage following the earthquake provided evidence that rocking

of the concrete columns had occurred.

Other projects are known to the authors, where the cost of retrofitting large truss towers was
considerably reduced by allowing rocking, particularly since the fixed-base solution would
have required significant strengthening of the unreinforced masonry foundations. However,
due to security concerns in the post-September 11, 2001 environment, the owners do not

allow the releasing of information on these projects.
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SECTION 3
CONTROLLED ROCKING SYSTEM FOR SEISMIC RETROFIT OF STEEL
TRUSS BRIDGE PIERS

3.1 Introduction

Recent earthquakes such as the 1989 Loma Prieta, 1994 Northridge and 1995 Kobe
earthquake in Japan have demonstrated the need for improved methods for the design and
construction of highway bridges to withstand seismic force and displacement demands.
While collapse is rare, undesirable damage can leave the bridge unusable until repairs can
be made. Highway bridges deemed critical in the response and recovery efforts following
a major earthquake need to remain operational after an earthquake, requiring the bridge to

respond in a mostly elastic manner with little to no residual displacements.

Many existing steel truss bridge piers consist of riveted construction with built-up, lattice
type members supporting a slab-on-girder or truss bridge. Truss piers are typically in an x-
or v-braced configuration. Steel truss bridges are found in nearly every region of the U.S.

A typical steel truss bridge with this type of construction is shown in figure 3-1.

FIGURE 3-1 Typical Steel Truss Bridge
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These built-up lattice type members and their connections can be the weak link in the
seismic load path. Recent experimental testing of these members revealed that they suffer
global and local buckling causing significant member strength and stiffness degradation
resulting in loss of pier lateral strength and major structural damage during an earthquake
(Lee & Bruneau 2003). Existing, riveted connections and deck diaphragm bracing members
typically possess little to no ductility (Ritchie et. al. 1999). Another possible non-ductile
failure location is the anchorage connection at the pier-to-foundation interface. Analyses of
“typical” steel-concrete connections, discussed in Section 2.2.3 and Appendix A, suggests

it may be unable to resist even moderate seismic demands.

While strengthening these existing, vulnerable elements to resist seismic demands elastically
is an option, this method can be expensive and also gives no assurance of performance
beyond the elastic limit. Therefore it is desirable to have structures able to deform
inelastically, limiting damage to easily replaceable, ductile structural "fuses", able to produce
stable hysteretic behavior while protecting existing non-ductile elements and to prevent

residual deformations using a capacity-based design procedure.

Failure or releasing of the anchorage connection may allow a steel truss pier to rock on its
foundation, partially isolating the pier. Addition of passive energy dissipation devices at the
uplifting location complements the system otherwise free to uplift by restraining the uplift
displacements while providing additional energy dissipation. This system also provides an
inherent restoring force, capable of allowing for automatic re-centering of the tower, leaving
the bridge with no residual displacements after an earthquake and limits the retrofit work to
easily accessible locations. While many types of energy dissipation devices exist, the device
used in this application is the buckling-restrained brace. A buckling-restrained brace
consists of a steel core surrounded by a restraining part, allowing the brace to reach full yield
in tension and compression. Details and results of experimental testing of buckling-
restrained braces were discussed in Section 2.3. A sketch of a retrofitted bridge pier is

shown in figure 3-2.
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FIGURE 3-2 Retrofitted Steel Truss Bridge Pier using Controlled Rocking
Approach

A rocking bridge pier concept has been implemented or considered for the design or retrofit
of a few bridges, as discussed in Section 2.5. Rocking frames, walls and columns have been

investigated through experimental testing as discussed in Section 2.4.

Static cyclic pushover calculations for a rocking pier with buckling-restrained braces
implemented at the anchorage interface is presented in Section 3.2. Section 3.3 describes
dynamic amplification of loads caused during impacting and uplift from the foundation. Due
to the limited amount of research and proposed methods of characterizing the response of
such a system, a parametric study was undertaken to better understand the response of
simplified truss piers allowed to rock on rigid foundations. Section 3.4 describes the

parametric study and Section 3.5 provides observations and results for the study.
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3.2 Global Hysteretic Response of Rocking Bridge Pier System
Pushover curves are useful to determine the inelastic response of structures subjected to
earthquake loading. Cyclic pushover response of a typical rocking bridge pier system under

a static horizontal cyclic load applied at bridge deck level is shown in this section.

The key parameters for the hysteretic response of the rocking bridge pier system considered
here include the fixed-base lateral stiffness of the existing steel truss pier (k,), the aspect
ratio of the pier (h/d) and the cross-sectional area, effective length and yield strength of the
buckling-restrained brace (A, L, Fy,). Also, the weight excited by horizontally imposed
accelerations (w,) and the vertical gravity weight carried by a pier (w,) are assumed equal

here and expressed as w.

The simplified model used for static pushover analysis is shown in figure 3-3. The model
considers motion of the pier in a direction orthogonal to the bridge deck and assumes there

to be no interaction with other piers or abutments through the bridge deck. The

W

Ry

e T
—

FIGURE 3-3 Model used for Static Pushover Analysis
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various steps and physical behaviors that develop through a typical half-cycle are shown
qualitatively in figure 3-4. By symmetry, the process repeats itself for movement in the
other direction. Section 3.2.1 describes the pier response for the 1% cycle. Transition from
1*to 2" cycle response occurs when the buckling-restrained braces yield in compression and
the braces carry a portion of the weight after the system comes to rest upon completion of
the cycle (a phenomena to be explained later). Section 3.2.2 describes how this response
differs for the 2™ and subsequent cycles. Section 3.2.3 discusses some implications of the

rocking response on the post-yield stiffness of the controlled rocking bridge pier system.

| |
Auplifﬂ Ayl Ayz A,

FIGURE 3-4 Cyclic Pushover Response of Rocking Bridge Pier. (a) Global
Response and (b) Response of Buckling-restrained Brace
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3.2.1 1* Cycle Response

As the horizontal load applied at the top of the pier is increased, the initial lateral
displacement at that location is entirely due to elastic deformations of the pier’s structural
members. The stiffness of the pier, k, is a function of its bending and shear flexibility (step
1 to 2 in figure 3-4). The horizontal force-displacement response at the top of the pier, until
uplift begins, is defined by:

Py=k,Aq (3-1)
where A is the “global” horizontal displacement at the top of the pier and k, is defined
above. Uplifting of a tower leg begins when the restoring moment created by the tributary
vertical bridge weight is overcome by the applied moment (position 2 in figure 3-4). The

horizontal force at the point of uplift is defined by:

d
P %(;) (3-2)

where 9/, is the inverse of the aspect ratio and w was defined previously. The displacement
at the point of uplift in the 1* cycle response is defined by:
p
_ T upl
Aup 1= (3-3)

o

The global stiffness is reduced after uplift as the flexibility includes deformations of the pier
and base rotations as a tower leg begins to uplift. The horizontal pier flexibility is given by
k,. The base rotational flexibility can be projected to give its effect on the total horizontal
flexibility and is controlled by the brace stiffness and the pier aspect ratio as:

EA , ( 4)\*
ky=—2| 2 _
b L, ( h) (3-4)

These deforming mechanisms act as two springs in series as the horizontal load is increased.
Thus, the structural stiffness from uplift to the yield point (step 2 to 3 in figure 3-4) is
defined here as the elastic rocking stiffness and is expressed by:
_1 _1
kr = l + i L + ;
ko kb ko EAub ( d) 2 (3'5)

L. \h

ub
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The pier is then pushed until the buckling-restrained brace yields, which assumes the
buckling-restrained brace to be the weak link along the lateral load path. The horizontal
force at the onset of brace yielding, Py, and thus the structural system yield strength is

defined by:

w d
Py=(E+Aubeub) Z (3-6)

The corresponding system yield displacement for the first cycle, A, ,, is defined as:

[ w , Awe
Y\ 2k, k

4

yl>

d 3-7
h (_)

Ignoring strain hardening in the brace and a second order effect to be discussed in Section
3.2.3, the system has zero post-elastic stiffness and is deformed to its ultimate displacement
(A,). The ultimate displacement is dependent on the seismic demand at the system’s
effective period of vibration (T,y). Methods for determining the effective stiffness (k) and
thus the effective period are given in Section 3.4. For a system within the constant velocity
region of the appropriate response spectrum, maximum displacements of elastic and inelastic
systems can be assumed to be approximately the same (Newmark and Hall, 1982). Thus the
ultimate displacement of the inelastic system can be defined by:
FST

A=—— 3-8
4B, mi* 3-8)
where S, and B, are the 1-second spectral acceleration value and the long period damping

coefficient respectively, as defined in NCHRP 12-49 (ATC/MCEER, 2003).

As the horizontal load is reduced, the pier first responds elastically with stiffness k,, the
tensile force in the buckling-restrained brace also reduces per its initial elastic properties. A

deformation in the brace of 2A,,,, where A, is the yield displacement of the buckling-

FyubLub

restrained brace equal to , 1s required for the brace to reach its yield strength in

compression which requires a deck-level displacement of Ay + Ayubg from the undeformed
position. The applied lateral load at the top of the pier at the point of compressive yielding
of the brace, (point 5 in figure 3-4), is defined by:
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d
P, ( > -Aubeub) ( ;) (3-9)

The corresponding displacement at this point is defined as:

d
24 4F, 5~

A =A - h_ Evwlw b (3-10)
e T k E d

o

The buckling-restrained brace displaces plastically in compression and again is assumed to
yield with no significant stiffness until the uplifted pier leg returns in contact to its support
(step 5 to 6 in figure 3-4). At this point of contact, system stiffness is again defined by k..
The slight difference in tensile and compressive in yield strength of buckling-restrained

braces was discussed in Section 2.3 but is neglected here for simplicity.

It can be seen from (3-9) that if the brace yield strength (A ,F,,,) is greater than half of the
bridge deck weight tributary to the pier (*/,) then the horizontal force required at
compressive yielding is negative. Thus the restoring moment provided by the vertical
tributary weight is not enough to yield a buckling-restrained brace in compression upon
unloading, leaving a tower leg slightly elevated above the foundation. By limiting the
buckling-restrained brace strength to */,, the plastic rotations accommodated at the pier base
can be returned to the undeformed position leaving the pier with no residual deformations.
A local strength ratio, 1, is defined here as:

A,F
Ny = b b
w (3-11)
2

Parameters that give m; less than one allow for pier self-centering. The self-centering

capability is a constraint in the capacity based design procedure discussed in Section 4.
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3.2.2 2" Cycle Response
As abuckling-restrained brace yields in compression and the pier settles back to its support,
the buckling-restrained brace effectively carries a portion of the bridge weight equal to their

compressive capacity (assumed to be A, F, ). The corresponding free-body diagram of a

yub
pier in an undeformed shape after the 1* cycle is shown in figure 3-5. As a result of this
transfer of the gravity load path, a smaller horizontal force is required to initiate uplift
causing an earlier transition from stiffness k, to the rocking stiffness k, thus increasing the
flexibility and system yield point from the 1* cycle response as can be seen by the 2™ cycle
curve in figure 3-4.

w/ wi

(- )y ragrgt - )

T

FIGURE 3-5 Free-Body Diagram of Pier, at Rest, after 1** Cycle

The horizontal force at the onset of uplift can be shown equal to P, (defined by 3-9) and is
defined for the 2™ and subsequent cycles as:
wd
Pipy = Pe=(1-my) =~ <Py (3-12)
The corresponding displacement at the point of uplift in the 2" and subsequent cycles is

equal to:

P
A =2 A
k

up? wpl (3-13)

o
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The yield displacement can be expressed as:

wd d
(Iny)== 24,F,,—
_ 2 h C " h 3-14
R Tk = 19

The yield strength of the system, P, is unchanged. The force in the buckling-restrained
brace changes from its compressive strength (A, F,,,) to tension yielding (A, F,,,) for the 2"
and subsequent cycles that exceed deck level displacement of A,. Hysteretic behavior in the
1*" and subsequent cycles, for a given magnitude of inelastic deformation in the buckling-
restrained braces, are shown together on a single plot in figure 3-6. Note that the controlled
rocking bridge pier system considered develops a flag-shaped hysteresis. This is due to the
combination of pure rocking response from the restoring moment, provided by the bridge

deck weight, and energy dissipation provided by yielding of the buckling-restrained braces.
1.5 -

1st Cycle

AlA,

2md Cycle jv.’!.

-15
P/P
y

FIGURE 3-6 Hysteretic Behavior of 1st and 2nd Cycles
3.2.3 Influence of Second Order Effects on Hysteretic Response
The proposed rocking bridge pier system has characteristics of both a linear-elastic oscillator
and a rigid rocking system. The restoring force for the pier flexibility is provided by
elasticity while the restoring moment, M,, for base rocking is provided by gravity and equal

to:
° Mrzwg (3-15)
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As the center of mass displaces, the restoring moment provided by gravity is reduced. The
reduction of the restoring moment is dependent on the ratio of the horizontal seismically
induced displacement of the bridge deck to pier width (d) such that the restoring moment can

be defined in terms of the induced displacement as:

d
M (A)=w| —-A, 3-16
"( ’) ( 2 l) ( )
This loss in restoring moment can be written in terms of the loss in horizontal base shear as:
d wd w w
PA)=Y|EL_A|=2L_WA_-p YA 3.17
r( 1) h ( D) 1) "h Ok i upl h i ( )

w
Thus from (3-17) it can be seen that there effectively exists a negative stiffness of =~ in

h

the hysteretic response. The loss of restoring moment becomes more pronounced at larger
displacements and is therefore examined further for the post-yield response. Considering
this effect along with the strain hardening of the buckling-restrained brace, in the form of a

post-yield stiffness ratio (o, =k /k,,), results in a global post-yield stiffness of:

kpy=aubkub(%)2—%(%) (3-18)
where k, is the initial, elastic stiffness of the buckling-restrained brace equal to:
Ky = Ew (3-19)
Ly

Therefore, under some circumstances the strain hardening of the buckling-restrained brace
can negate the effective negative stiffness due to the nonlinear geometric effect, thus

resulting in a positive global post-yield stiffness, k.

For pier widths and aspect ratios considered herein (representing bridge piers), a modestly
sized buckling-restrained brace can result in a positive global post-yield stiffness. However
in some cases where the base width of a bridge pier is not of this magnitude, such as with

an A-frame truss pier, this effect may be more critical.

Due to the fact that the restoring moment is lost with increasing displacement, the self-

centering ability is also affected.
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The methods of analysis proposed in Section 3.4, for determining the response of equivalent
single-degree-of-freedom oscillators, and the design procedure presented in Section 4 do no

reflect this effect thus assuming it to be negligible.

3.3 Excitation of Vertical Modes of Controlled Rocking System

If the bridge pier is designed to allow for pier rocking and self-centering, after a pier leg
uplifts from the foundation, it eventually returns to its support with a certain velocity upon
impact; this is followed by a transfer of gravitational and device forces vertically through the
truss pier as the rocking motion continues. The displacement-based passive energy
dissipating devices (buckling-restrained braces) can be calibrated to control the rocking

response to certain limits.

The impacting and uplift that occurs during the rocking motion is illustrated in figure 3-7.
As the pier shifts its axis of rotation from the base of one leg to another, vertical modes of
vibration of the truss pier are excited during the impact and uplift process, even when the
structure is only subjected to horizontal ground motions. The impacting process increases

demands in the pier legs without affecting the magnitude of the base overturning moment.

However excitation of a vertical mode during uplift causes an increase in the ultimate base
overturning moment due to the excitation of the pier mass vertically. This results in an
increase in the effective horizontal base shear, above that considering static push-over
analysis as seen in figure 3-8, comparing static, cyclic pushover behavior with the dynamic
behavior from an example time history analysis. Demands to members and connections
along the lateral load path need to be increased for the above dynamic effects in order to
capacity protect existing elements. The dynamic effects are investigated with particular

emphasis on the role played by the impact and impulsive loads applied during pier rocking.
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FIGURE 3-8 Dynamic and Static Hysteretic Response
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3.3.1 Static and Dynamic Transfer of Vertical Loads
3.3.1.1 Static Transfer of Vertical Loads
For illustration of the concept presented here, rocking motion of the pier is taken starting

from a displacement of -A ;, a point at which one side of the pier has uplifted from the

yl»
foundation by an amount equal to the yield displacement of the buckling-restrained brace,

A At this point the buckling-restrained brace has reached its yield point in tension but

yub*
does not yield in compression when the pier leg travels back to its support. The free body
diagram of the pier in five different positions while rocking from left to right, considering
static response, is shown in figure 3-9. As the pier travels from position 1 to 2, the force in
the buckling-restrained brace is released and reaches zero at position 2. As seen in figure 3-

9, half of the vertically acting gravitational force (i.e. the weight), ¥/,, is being transferred

Wy 1y W, W, W, W,
\ 4 A J ‘P =" 2+Athyuh)d/ h !L VAP:W’f Z(d/ ) \ 4 V‘P =0
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FIGURE 3-9 Free-Body Diagram of Each Critical Step
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directly down a pier leg while the other half is transferred through the truss to the single
support in position 2. From 2 to 3 the portion of the weight, */,, that was transferred through
the truss is progressively returned directly down its supporting leg as it impacts. From 3 to
4 the pier begins to move in the other direction and the other half of the weight, ™/,, is
transferred to the leg on the compressive side through the truss pier. At position 4, uplift is
initiated, and from 4 to 5 the buckling-restrained brace is pulled until it reaches its yield force
in tension (assumed to equal A,F, ) at point 5. This force is also transferred through the

truss to the support on the compressive side.

3.3.1.2 Review of SDOF Linear Mass-Spring Systems Subjected to Impulsive Load
The response of simplified linear mass-spring systems subjected to a step force with finite rise
time is first reviewed to provide the relevant theory to determine the dynamic amplification

during the rocking response.

A general solution for the displacement response of a linear dynamic system, based on an
impulse-momentum formulation, known as the convolution integral, can be found in Clough

and Penzien (1975) expressed as:

u(f) = f p(v) h(t-1) dt (3-20)
0

where p(t)dt is the magnitude of the impulse at time 1t and h(t-t) is defined as the unit

impulse-response function. More specifically, the form of loading can be described as a step
force with finite rise time (t,) defined as:

p() =P,,t1 (t<t,) (3-22)

p(H=p, (t>1)
The undamped displacement response for this type of loading (assuming zero initial
conditions), for time greater than t, can be shown to equal:
u(t)=(u,) | 1-——[sinw,r-sinw,(t-1,)] (3-20)

w t

nr
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where o, is the natural frequency of the mass-spring system, (u,,), is the static displacement

response of the system subjected to the same maximum force, p,, and is defined as:
P,
u,) =— 3-23
(1), =~ (3-23)

where k is the stiffness of the spring in the simple mass-spring system. A dynamic

amplification factor, R, defined as the ratio of maximum displacement response over time,

u, (maximum of 3-22), to the static displacement response (3-23) can be shown to equal:
u

I{ e,
st

T

R=—2-=1+ 2

(ust)o ntr

T

n

(3-24)

Therefore the dynamic amplification factor is dependent only on the rise time of the applied
load (t,) and natural period of the mass-spring system (T,). These values will be determined
in the next section. Since the system is linear, forces are directly proportional to deformation
thus R, also defines the ratio of maximum force response to the static force response. The

maximum force can thus be determined by amplifying the static force by R,.

3.3.1.3 Pier legs

As described above, as the pier steps from one leg to another a series of loads are transferred
through the pier vertically. A number of behaviors above start when the pier leg impacts the
foundation; an impulsive load, defined by (3-21) with magnitude “/,, is then being applied to
the pier leg. The first simple mass-spring system investigated represents the axial vibration
ofa pier leg with mass and loading concentrated at the top of the pier leg as shown in figure

3-10(a). The stiffness of this system, assuming a rigid foundation, can be taken as:

k=—* (3-25)

where A, is the cross-sectional area of a pier leg and h is the total height of the pier. The

system mass is assumed to only consist of a concentrated mass, "/,, at the top of the pier leg,
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FIGURE 3-10 Vertical Modes of Vibration Excited During Rocking. (a) Axial
Vibration of Pier Leg and (b) Vertical Shearing Mode of Pier Panels

therefore the period of vibration can be taken as:

T =27 | i
172 o (3-26)

The pier leg impacts the foundation with an initial velocity, v,. The response of the pier leg,

using the simplified system discussed above, to the initial velocity upon impact, v,, can be

defined as:

v, .
u(t)=—sinw; ¢ (3-27)
Wy

An approach to approximate the rise time of the impulsive loads during the rocking response

is based on free-vibration response of the bridge pier assuming it to be a linear
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elastic system as shown in figure 3-11. Thus the response with respect to time can be

expressed as:

A(t)=Ausin( 2n TL] (3-28)

sec

where A, is the maximum global horizontal displacement of the bridge pier (methods for A,

will be discussed in Section 3.4) and T, is an effective linear elastic horizontal natural period

of vibration of the bridge pier system taken to be:

mA
T =2m u (3-29)

sec
P
y

where P, is the horizontal yield force of the controlled rocking system, defined by (3-6), and
m is the effective horizontal mass. Therefore the time it takes the system to travel

from step 2 to 3 is defined as the rise time for the load applied directly down a pier leg, t,;,
and can be approximated by the expression:

t =&sin-1 Aoy (3-30)
Toog A, i

where A, is defined by (3-3). Finally, the dynamic amplification factor for this load,

1.57 - 12
e
1 ~7
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- 11
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FIGURE 3-11 Illustration of Linear-Elastic System used for Determination of

System Rise Times
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R, , can be defined by:

(3-31)

Since this load acts through the new axis of rotation, it does not affect the base overturning

moment. However, it will affect the maximum axial force developed in the leg.

3.3.1.4 Vertical shear mode of pier

As the rocking motion continues, vertical loads are transferred through the truss vertically to
the other side as the pier uplifts. During uplift the simple mass-spring system, shown in figure
3-10Db, is assumed to be subjected to zero initial conditions unlike during impact. Two loads
are applied in series during uplifting (steps 3 to 5). First, a load of ¥/, is transferred through
the truss vertically as the gravitational restoring moment is overcome followed by the yield

force of the buckling-restrained brace (assumed to equal A, F,,,).

The vertical stiffness in shear of the truss system for piers with panel heights equal to the pier

width could be taken as:

v p

EA
k =1 7d(#panels) (3-32)

where A, is the cross-sectional area of the pier diagonals, d is the pier width and E is the
modulus of elasticity for the existing bridge diagonals as can be seen in figure 3-12. The
vertical shear stiffness is directly proportional to the number of panels due to each panel

acting in parallel to resist the vertical shearing loads. The factor f, can be shown to equal:

fp = (for X-braced piers) (3-33)

(for V-braced piers) (3-34)
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FIGURE 3-12 Representative Piers for Calculation of Vertical Stiffness of X- and
V- braced Piers

For the vertical shearing mode of vibration, the effective mass for the vertical truss system is

taken equal to "/,. The period of vibration of the vertical truss system is therefore:

TV=2n % (3-35)

As the pier moves from position 3 to 5, the two uplifting forces (*/, and A ,F, ;) are applied
through the truss vertically with rise times t,, and t,, respectively. It can be shown that t, is
greater than t,, assuming free-vibration response, while both forces vibrate at the same
frequency. Looking at a sample response of figure 3-13, the motions tend to be somewhat
out of phase. They will become in-phase as t,, approaches T, however the amplification
factor approaches 1 as t, approaches T,. Consideration of the two separate loads and

superposition of their individual dynamic amplification considering phase differences can
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become complex. Therefore a simpler approach is taken to obtain a single amplification
factor for the two uplifting loads. Following that approach, a rise time, t,, is defined for the
sum of the two loads during uplift as:

T . 4| 27 (3-36)

t sin
" om A

where A, is the pier displacement at the point of yield using 1* cycle properties. This is
equivalent to taking the average rise time for the two forces during uplift. Therefore the

dynamic amplification factor for the sum of these two loads is taken as:

T
sin] — &
TV
Ry=1+ v/ | (3-37)

i,

T

v

Due to the dynamic nature of the structural response shown above, and close coupling of
vertical dynamic modes and horizontal base shear, the increased response due to dynamic
effects needs to be taken into account in order to adequately capacity protect existing

structural elements. The dynamic amplification factors for the impulsive loads applied
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during rocking were established in this section and will be used in the capacity based design

procedure presented in Section 4.

3.4 Parametric Study to Provide Proof of Concept

A parametric study was undertaken in order to provide a preliminary understanding of system
behavior and to assess some simple, existing methods of analysis in predicting maximum
developed pier displacements. These methods are used to size the buckling-restrained braces
(based on limiting device strains) and nonlinear time history analyses used for verification of
predicted response. Results obtained are also used to assist in formulating a design procedure

(presented in Section 4) that can reliably predict the system’s ultimate seismic response.

3.4.1 Methods of Analysis

One of the objectives of this parametric study was to assess the accuracy of some
approximate, simplified techniques in predicting seismic response of controlled rocking pier
systems. Therefore, a number of such procedures were considered. A first method of
analysis considered consists of characterizing system response in a manner similar to the
nonlinear static procedure (NSP) described in FEMA 356 (FEMA 2000), while a second is
similar to the nonlinear static procedure for passive energy dissipation systems found in
FEMA 274 (FEMA 1997). An analysis procedure similar to the latter one can be found in
the NCHRP 12-49 document (ATC/MCEER 2003) and the AASHTO Guide Specifications
for Seismic Isolation Design (2000). For the purpose of this parametric study, the only
constraint imposed using the above procedures was to limit axial strain on the buckling-
restrained braces to an arbitrarily selected value of 1.5%. Examples for each method of

analysis are given in Appendix C.

The first method attempts to characterize the controlled rocking systemas an effective SDOF,
bi-linear hysteretic system and determine its displacement response using a 2% damped
response spectrum. A pushover curve is developed, incorporating the nonlinear load-
deformation characteristics of individual elements. A lateral load profile representative ofthe

dominant mode of vibration should be used. The load profile for the
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rocking bridge pier system is taken as a single horizontal load applied at the level of the bridge
deck and the only nonlinear behavior is attributed to the buckling-restrained brace. Due to
the system’s increased flexibility in the 2™ and subsequent cycles, 2™ cycle properties
(discussed in Section 3.2.2) are used to develop the pushover curve. The displacement

demand of the pier is then determined from:
T 2
A =C,C,C,C,8,—L g (3-38)
472
where T, is an effective period of vibration, determined by:
Te=2m |—— (3-39)

and methods to determine k. will be discussed below. Factor C, is used to relate
displacements in an MDOF system to the displacement of an equivalent SDOF system
calculated by (3-38). Factor C, is to account for stiffness and/or strength degradation and
factor C, is to account for dynamic P-A effects. All factors, except for C,, are set equal to
1.0 since the controlled rocking system is assumed to be an SDOF system without stiffness
nor strength degradation and has positive post-yield stiffness. Factor C, is used to account
for the expected increase in displacement in the short period (or equal energy) range of the

spectrum. C, is defined in the long period range (T o> T) as:

C,=1.0 (3-40)
and in the short period range, is defined as:
T
1.0+(R-1) =
T, (3-41)

C. =
1 R

where T, is the characteristic period, separating the long and short period ranges of the

spectrum and is defined as:
Ay

T =225 i
=3 (3-42)

DI

Sps 1s the design short period spectral acceleration and Sy, is the design 1-second spectral
acceleration. R, in (3-41), is the ratio of the elastic strength demand to the system yield

strength and equal to:
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Sa

R-= .
Py/w

C, (3-43)

where C,, is an effective mass factor for the mode of vibration considered. Since the
controlled rocking system response is assumed to be dominated by a single mode, this factor
is taken to be 1.0. Factor C, is used as described above where appropriate, however this

factor was not necessarily established for such a hysteretic system.

A conservative estimate of the effective stiffness (k,;;) can be taken as the rocking stiffness
(k,), as defined by (3-5). This will be referred to as Method 1 in the parametric study. A
rational expression for the effective stiffness can also be taken as:

P ) Y B PR Y (3-44)
KA 1T A, )

y2 .

where all terms have been defined previously. This will be referred to as Method 2, and is a
characterization of the effective stiffness similar to that in FEMA 356 (FEMA 2000) for
systems that experience progressive yielding and do not have a definite yield point. As
approaches unity, A, approaches a value of zero and (3-44) approaches the rocking stiffness,

thus Method 2 becomes equivalent to Method 1. This characterization of effective stiffness

for Methods 1 and 2 is illustrated in figure 3-14a and 3-14b respectively.

The method proposed in the FEMA 274 document for the design of passive energy
dissipation systems uses spectral capacity (pushover) and demand curves and can represent
the response in a graphical format. Conversion of the demand and capacity (pushover) curve
to spectral ordinates is based on modal analysis theory. The bridge piers are assumed here
to behave as a single degree of freedom system representing the dominant horizontal mode
of vibration. The added energy dissipation from the unbonded braces is converted to
equivalent viscous damping and the seismic demand curve reduced from the 2% damped
spectrum. For the flag-shaped hysteretic behavior of the controlled rocking system, the
equivalent viscous damping can be determined by:

Er=E,+Ep (3-45)
where £ =inherent structural damping (assumed to be 2%) and &, =hysteretic damping

provided by unbonded braces during rocking response. The hysteretic damping can be
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approximated by modifying the equivalent damping of a bi-linear system (with no strain

hardening) by a factor q:
Ehys:q.&bi:lﬁ—h'%'(l_i] (3-46)
where p,=displacement ductility ratio considering 2™ cycle properties such that:
Au
Ha = AyZ (3-47)

Factors for reducing the spectrum in the short (B,) and long period ranges (B,), for the
effective damping (&) from (3-45) , are given in the FEMA 274 document. This will be
referred to as Method 3 and is illustrated in figure 3-14c. Further discussion on simple
methods for calculating the response of passive energy dissipation systems can be found in

Ramirez et al. (2000).

Rocking structures also dissipate energy through the radiation of stress waves into the soil
(or assumed as an inelastic impact) that occurs during each half-cycle. Conversion of this
form of energy dissipation into equivalent viscous damping has been considered by Housner
(1963), Priestley et. al. (1978) and Mander and Cheng (1997). The amount of energy
dissipation, in the form of equivalent viscous damping, has been shown to be in the range of
2-6% and decreases with increasing aspect ratio of the rocking element. The energy
dissipated by the yielding steel elements is much more significant and ignoring this effect is
conservative.

P P

P/W and Spcetral Acc.

A A A and Spectral Displacement

(@) (b) (©

FIGURE 3-14 Methods of Analysis (a) NSP-FEMA 356 (k.,=k,), (b) NSP-FEMA
356 (K.), (¢) Spectral Demand-Capacity, FEMA 274
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3.4.2 Discussion of Pier Properties Used

A range of parameters assumed representative of steel truss bridge piers were established to
investigate the response of self-centering, flag-shaped hysteretic systems. The parameters
related to existing steel truss bridge piers are largely dependent on the pier aspect ratio ("/,).

Inspection of drawings of a few existing steel truss bridges revealed some consistent details.

They include:
. aspect ratios generally ranging from 1 to 4, although other values also exist
. pier diagonals of constant cross-section over pier height
. pier legs continuous over height
. pier diagonals and legs of similar sizes for different aspect ratios

These particular details reflect design practice at the time of construction. The piers carry
their own tributary vertical gravity load. If vertical loads are assumed to be the same for all
pier aspect ratios then pier legs would all be the same size. Similarly, if the design base shear
is assumed identical for all piers (uniform design wind load) then the lateral load resisting

elements may also be similar for all pier aspect ratios.

A set of pier properties, assumed to be representative, were adopted and some of their
relevant dynamic properties for both horizontal and vertical vibrations are given in table 3-1
for rocking truss piers. More details of the piers used are given in Appendix D. Inclusion
of the bridge deck flexibility would be required for a particular bridge application however
this would only change the fixed-base horizontal stiffness (k) which already has somewhat

arbitrary properties and will not significantly change the concepts presented here.

3.4.3. Description of Inelastic Computer Program
The structural analysis program SAP2000 version 7.40 is used for nonlinear static and
dynamic analyses. Non-linear dynamic time history analyses are used for response verification

of the simple design methods proposed in Section 3.4.1. This program uses
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h d W k,

0

T, kg T, k, T,
(m) (m) (kN)  (kN/mm) (sec) (kN/mm) (sec) (kN/mm) (sec)

h/d

4 2926 732 1730 12.5 0.74 213 0.13 549 0.08
3 2195 732 1730 23.1 0.55 283 0.11 411 0.09
2 14.63 732 1730 47.5 0.38 425 0.09 274 0.11
1 7.32 7.32 1730 123 0.24 850 0.06 137 0.16

TABLE 3-1 Relevant Horizontal and Vertical Dynamic Properties of Each Aspect

Ratio
the Fast Nonlinear Analysis (FNA) method, presented in Wilson (2000) for solution of the

nonlinear modal equations. Ritz vectors are used to take into account the spatial distribution
of the dynamic loading. A force and energy convergence check are performed at the end of
each time step. If the convergence criteria is not met, the time step is divided into smaller
sub-steps until convergence is achieved. Inherent structural damping is approximated by

assigning equivalent viscous damping to each mode.

3.4.4 Earthquake Loading

Spectra compatible ground acceleration time histories used for the dynamic analyses are
generated using the Target Acceleration Spectra Compatible Time Histories (TARSCTHS)
software developed by the Engineering Seismology Laboratory (ESL) at the State University
of New York (SUNY) at Buffalo (http:/civil.eng.buffalo.edu/users ntwk/index.htm).
Synthetic ground motions were generated by TARSCTHS matching the elastic response
spectra defined by the NCHRP 12-49 (ATC/MCEER, 2003) spectrum for the specified 1-
second spectral acceleration value (S,). A range of seismic demands with values of S, ranging
from 0.25g to 0.75g are used. The short period spectral acceleration value (S,) is assumed
equal to 2.5 times S,. Values of T, and T, can be determined using the NCHRP 12-49
document. Seven motions for each demand level were produced. The resulting SDOF

oscillatory response spectrum for each motion is given in Appendix E.
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3.4.5 Analytical Model

An analytical model was developed to study the behavior ofthe proposed rocking bridge pier
system, more specifically the response of representative piers subjected to a horizontal
excitation applied in a primary orthogonal direction. Each pier is assumed to carry an equal
inertia mass both vertically and horizontally. Thus, each pier is assumed to carry an equal
length of bridge deck and interaction between adjacent piers is assumed negligible. A 2-D
model of each representative truss pier is used with half of the mass applied to each of the top
two nodes of the truss. The pier itself is modeled with its elastic properties and all nonlinear
action is modeled to occur at the foundation interface. A compression-only, “gap” element
and a hysteretic element are placed in parallel across the anchorage interface, at the base of
each tower leg, to model the rocking behavior. The “gap” elements represent the foundation
with no tensile capacity and a linear force-displacement relationship in compression. The
buckling-restrained brace is modeled using a bi-linear hysteretic model in the vertical
(uplifting) direction. The model is defined by an initial, elastic stiffness (k,, (3-19)), yield
force (A,,F,,;), post-yield stiffness ratio (a.,,) and a factor for the smoothness (or sharpness)
ofthe yield transition. The post-yield stiffness ratio was set equal to 0.01 (1% hardening) and
the yield transition factor was set to be representative of behavior of the braces discussed in
Section 2.3. The element is based on the model proposed by Wen (1976). Restraints are
provided at the anchorage level that prevent movement in the horizontal direction but provide

no resistance to vertical movements. A sample SAP2000 input file is given in Appendix F.

3.4.6 Results and Observations

Results of the parametric study are presented to show the adequacy of the simple methods
of analysis to predict the maximum displacement response of the controlled rocking system.
With the only system design constraint of limiting axial strains of the buckling-restrained
braces, the buckling-restrained brace lengths were designed by initially taking their length
equal to 305cm and iterating upon the buckling-restrained brace area. In some cases
however, the buckling-restrained brace length was also modified to satisfy the constraints.

Thus systems with varying local strength ratios, n,, resulted somewhat arbitrarily from this

process. For reference, the local strength ratios for all designs are given in table 3-2.
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Results are presented in terms of the average strain on the buckling-restrained brace, from the
inelastic time history analyses using seven synthetic motions, normalized by the target strain
of 1.5%. Pier aspect ratios of 2, 3 and 4 were used with seismic demands characterized by
1-second spectral accelerations of 0.25, 0.5 and 0.75g. Results are presented in figure 3-15

for Methods 1, 2 and 3.

With the exception of Method 2, for the aspect ratio of 4, all designs were shown to be
conservative. Method 1 was shown to be overly conservative when a relatively small brace
(A,, and L ) was used, as evident from figure 3-15a for a demand of S,=0.25g and the values
ofm, for these cases (table 3-2). Since Method 1 uses the rocking stiffness (k,) to completely
define the effective stiffness of the system, small values of A, and L, results in the rocking
stiffness having limited participation in the elastic response, i.e. this stiffness occurs only over

a small range of displacement for the entire hysteretic loop.

With this type of system (flag-shaped hysteretic), results in figure 3-15 shows that Method
3 can be more reliable for all possible designs. Yet, although Methods 1 and 2 use a design
philosophy that was initially established for elasto-plastic systems, they appear to work
reasonably well for systems with 1,>0.6. Method 3 accounts for system strength, elastic
stiffness, post-elastic stiffness and energy dissipation while Methods 1 and 2 are highly
dependent on the system’s initial elastic stiffness properties. Thus, the lack of hysteretic
energy dissipation of the controlled rocking system (compared to a system exhibiting full
hysteretic loops) can result in under-prediction of the maximum displacement using Methods

1 and 2.

59



1.5

—e—51=025g
(a) —m- S1=05g
- -k - 51=075g
1.25
1
bm—e e
0.75 .
-~ §~‘; .. A
T -a
0.5
0.25 \
—~ 0
X
i)
i
o 15
X —e—51=0.25g
5 (b) —m- 51=05g
G - -k - 51=075g
1.25 n
N -~
) N
© .
s . \
& . T
N
___________ \
g 0.75 : R
‘B ~. P
— S -7 A
0] 0.5
N
= 0.25
g
S
0
=z
15
—e—51=025g
(C) —m 51=05g
- -k - 51=075g
1.25
1
bm—e e
0.75 .
-~ §~‘; .. A
T -a
0.5
0.25 \
0

FIGURE 3-15 Results of Parametric Study for (a) Method 1, (b) Method 2 and (c)
Method 3

60



Method 1 1-Second Spectral Acceleration
h/d 0.25¢g 0.5¢ 0.75¢g
4 0.08 0.38 1.22
3 0.08 0.38 1.25
2 0.07 0.38 1.31
Method 2 1-Second Spectral Acceleration (S,)
h/d 0.25¢g 0.5¢ 0.75¢g
4 0.23 0 1.3
3 0.22 1.44 1.38
2 0.23 0.64 1.46
Method 3 1-Second Spectral Acceleration (S,)
h/d 0.25¢g 0.5¢ 0.75¢g
4 0 0.34 0.98
3 0.18 0.36 0.96
2 0.17 0.34 0.95

TABLE 3-2 Local Strength Ratios of Systems in Parametric Study
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SECTION 4
PROPOSED DESIGN PROCEDURE FOR CONTROLLED ROCKING SYSTEM

4.1 Introduction

The retrofit strategy presented in Section 3 requires that a set of design constraints be
established to ensure satisfactory seismic performance. A capacity based design procedure
is proposed here to protect non-ductile elements while forcing all inelastic action into
specially detailed steel yielding devices that are able to dissipate energy in a stable,
predictable manner. A large number of constraints may be needed and thus a systematic
design procedure to satisfy all constraints is desirable. A proposed design procedure, using
a graphical approach in which the boundaries of compliance and non-compliance of the
design constraints are plotted with respect to two key design parameters, is used along with
a simpler step-by-step approach. The two design parameters used in the graphical procedure
are the length and cross-sectional area of the buckling-restrained brace, L, and A,

respectively.

The proposed design procedure enables designers to select buckling-restrained brace
properties and modify existing elements to control the stiffness and strength parameters of
the structural system in order to achieve desirable seismic performance. The pier is assumed
to remain elastic and thus must be capacity protected by determining a conservative ultimate
expected demand. Strength of existing bridge elements will vary from bridge-to-bridge and

partial strengthening may be required in some cases.

Each design constraint is discussed in detail in Section 4.2 and methods to predict the key
response quantities for design are discussed in Section 4.3. Section 4.4 compares the

prediction of maximum dynamic forces during rocking, using methods presented in Section
4.2 and 4.3, with the “exact” response. The step-by-step procedure along with a design
example is presented in Section 4.5 and a brief discussion of the graphical design procedure

solution method is given in Section 4.6.
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4.2 Design Constraints

Strength, drift, velocity and ductility demand limits need to be established such that ductile
seismic performance can be achieved without undermining the gravity load carrying capacity
of the pier. A set of design constraints are proposed here that attempt to satisfy these limits

while limiting damage to the ductile structural fuses.

4.2.1 Deck-level Displacement

To the writer’s knowledge, there exists no established maximum allowable deck level
displacements for the serviceability limit state of bridges (although limits corresponding to
various states of structural damage do exist). Although there are generally no non-structural
components within bridge structures that would require limited drifts to prevent damage,
there likely exists structural elements for which deformations must be limited to prevent their
damage or damage of their connections. Either these elements need to be modified to be
able to sustain the displacement without damage, or displacement demands must be kept

within acceptable limits. These limits will vary from bridge to bridge.

Therefore, for the purpose of this study and to illustrate the design procedure, a displacement
limit is set that attempts to prevent P-A effects from affecting the seismic behavior and
another limit is imposed based on preventing overturning instability. The smaller of these

two limits is used here. Additional limits can be added on a case-by-case basis as necessary.

A requirement shown to limit P-A effects based on the dynamic analysis of SDOF systems
with various hysteretic relationships is taken from the NCHRP 12-49 document
(ATC/MCEER, 2003). The limit is given by:
y
A <025—h -
u W (4-1)

where V is the lateral strength of the pier equal to P, (defined by 3-6).
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Another limit is set based on preventing displacement of the center of mass from exceeding
half of the base width (¥/,) with a large factor of safety since this is the point of overturning.

This limit is defined by:

Asd

“"2FS (4-2)

A factor of safety (FS) of 5 is recommended.

4.2.2 Ductility Demands on Buckling-restrained Brace

Limits on the inelastic strain demands are set in order to ensure that the buckling-restrained
brace behaves in a stable, predictable manner. These limits should be based on engineering
judgement and experimental test data on the ultimate inelastic cyclic response of the brace.
A strain of 1.5% has been selected here. This is a modest level of strain for most structural
steels and some buckling-restrained braces have been shown, through experimental testing,
to develop twice this strain level with very stable hysteretic behavior (Iwata, 2000). This
constraint can be established in terms of brace elongation by:

A, ,<0.015L , (4-3)

4.2.3 Forces to Existing Members and Connections

The capacity of steel truss bridge piers in terms of maximum allowable forces can be limited
by many mechanisms. Vulnerabilities were discussed in Section 2.2. Failure of connections
or members can cause undesirable response by imposing ductility demands in regions that
are unable to withstand these demands. Capacity design procedures are used to
conservatively predict the maximum force demands such that these non-ductile elements can
remain elastic thus forcing all inelastic action to the specially detailed, ductile structural

elements.
A method is proposed here that creates an “effective” static shear that can be used to

evaluate the adequacy of the pier’s lateral load path followed by a method to determine the

ultimate demands placed on the pier legs and foundation.
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4.2.3.1 Effective Lateral Shear Demand
The “effective” base shear demand is determined by the static yield force from (3-6)
amplified to account for the increased demand caused by dynamic effects as discussed in

Section 3.3. Thus, the ultimate base shear demand can be expressed as:

w d
Pu _( 5 +Aubeub) Z Rdv (4'4)
where R, is defined by (3-37). Limiting the buckling-restrained brace strength, A ,F, ,, to
an acceptable level or strengthening of the weak elements along the lateral load path can

satisfy this constraint.

4.2.3.2 Pier Leg Demands

Conservatively estimating the ultimate load on the pier legs is essential because they resist
gravity loads of the bridge. The max base shear defined above imposes demands to the pier
legs, however the pier legs must also resist additional demands. As was discussed in Section
3.3, demands to the impacting pier leg include a velocity upon impact followed by impulsive
loads. The leg is assumed to be supported on a rigid foundation as was done for the
amplification factors discussed in Section 3. Using (3-22) and (3-27), the maximum
demands on a pier leg could be determined by superposition of each resulting response.
However with the simplifications made in determining the rise times and period of vibration
of the simplified systems and the sensitivity of the total response to these factors, an
alternative approach is taken. In this approach, the maximum response of each action

individually is summed to conservatively estimate demands.

Using such an approach, neither time nor damping is taken into account thus the response
caused by the initial velocity and applied forces are assumed to be in-phase. The total force
in the leg can be written as:

P =P,+P, +P, (4-5)
where P is the force developed due to the initial velocity upon impact, v, and is defined

by:
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I (4-6)

where v, is the vertical velocity of the pier leg upon impact and methods to determine v, will
be discussed later. P, is the force developed in the leg, including dynamic amplification,

caused by the tributary weight of the leg and is defined as:
P, =R, % (4-7)

and P, is the force developed in the leg due to the transfer of loads through the pier diagonals

and is defined here as:
P=R,: | —+4,F
v v 2 + ub* yub (4'8)

Therefore, the total force developed in a pier leg using the approach discussed above is equal

to:

mk
Py, | T +Rﬂ-%+Rdv-(§+Aume) (49)

In the perspective of seismic retrofit, the buckling-restrained brace strength, A ,F,,, and the

yub>

impact velocity, v,, are the primary parameters influencing demands to the pier legs.

4.2.3.3 Demands to General Foundation Element

Including the foundation flexibility in the response of the controlled rocking system would
result in increased flexibility of the hysteretic behavior overall, however, the influence on
other factors is not as clear. Also, in considering the influence of a flexible foundation, the
ability to dissipate energy in the form of stress waves radiating into the foundation and
supporting medium (radiation damping) should be considered. The influence of the
foundation flexibility is beyond the scope of this report and thus the foundation will continue

to be assumed rigid here.
With the assumption of a rigid foundation, the maximum force developed in a foundation

element supporting a pier leg is identical to the maximum force developed in the pier leg.

Therefore the maximum allowable force in the pier leg can also be controlled by the capacity
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of the foundation. For the purpose of illustrating the design procedure, the foundation is
assumed to be a trapezoidal concrete foundation pedestal and its capacity, in terms of an
allowable force, can be determined based on equations from the American Concrete Institute
(AC)) Building Code Requirements for Structural Concrete (ACI, 2000). The capacity of
an arbitrary foundation pedestal is determined in Appendix G and used in later design

examples.

4.2.4 Self-centering
The final constraint places an upper-bound on the buckling-restrained brace strength to
ensure that the self-centering ability of the system is ensured. Assuming the buckling-
restrained brace strength to simply equal AF,,, and ignoring the second order effects
discussed in Section 3.2.3, this constraint can be defined as:

ny<1 (4-10)
where 1, is the local strength ratio defined by (3-11).

4.3 Prediction of Key Response Values for Design
4.3.1 Maximum Deck-level Displacement
The maximum deck-level (global) displacement of the controlled rocking bridge pier system

can be determined using methods presented in Section 3.4.

4.3.2 Prediction of Impact Velocity

The demand to the pier leg caused by the initial velocity of the pier leg prior to impact
requires the prediction of this initial velocity. The velocity upon impact is predicted here
using two approaches, a ductility reduction approach and another which uses a linear,

viscous characterization of the controlled rocking system.

Yield strength reduction factors for each region of the spectrum, as a function of the
displacement ductility ratio, have been proposed by researchers to relate the response of a
linear-elastic system to an inelastic hysteretic system with identical initial stiffness. One set

of factors based on the analysis of elasto-plastic SDOF systems was proposed by
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Newmark and Hall (1982). Reduction of the elastic design spectrum to obtain inelastic,
constant-ductility, design spectrum using the factors of Newmark and Hall is shown in figure

4-1.

\ Inelastic
> design spectrum

Pseudo-velocity V or V, (log scale)

1/33 sec 1/8 sec 10 sec 33 sec
33 Hz 8 Hz 1/10Hz  1/33Hz

Natural vibration period 7, (log scale)

FIGURE 4-1 Inelastic Design Spectrum with Newmark and Hall Reduction
Factors (adapted from Chopra, 2001)

It is important to note that these factors were developed based on the analysis of elasto-
plastic systems developing full hysteretic loops. The controlled rocking mechanism
proposed here develops flag-shaped hysteresis which dissipates less energy per cycle
compared to an elasto-plastic system with the same yield force, yield displacement and
ultimate displacement, as shown in figure 4-2. Although flag-shaped hysteresis is less
effective at dissipating energy, its behavior is stable, without strength nor stiffness

degradation, and is assumed to have zero post elastic stiffness.

FIGURE 4-2 Flag-shaped and Elasto-plastic Hysteretic

Behavior
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Based on results of the parametric study of SDOF flag-shaped hysteretic systems performed
by Christopoulos et. al. (2002), some qualitative conclusions can be drawn on the
effectiveness of this nonlinear, hysteretic system to reducing demands from the elastic
spectral response. When comparing the response of the flag-shaped hysteretic system to
elasto-plastic systems, the ultimate displacement response was shown to be very similar for
systems in the long period range and with energy dissipation coefficients (1, ) equal to unity.
Energy dissipation coefficients less than unity leads to increased displacement response from
that of the elasto-plastic system. Response of flag-shaped systems in the short period range

can be significantly greater than that of an elasto-plastic system.

Thus a modified displacement ductility ratio is proposed to account for the deviation in

behavior from that of an elasto-plastic system. The modified displacement ductility ratio is

defined here by:

M, =Bp (4-11)
where L is the well known displacement ductility ratio defined as:
A,
p= A, (4-12)

where A, is the ultimate global displacement and A, is the yield displacement in the 2" and
subsequent cycles defined by (3-14). The approach taken to determine the “modifying”
factor, 3, is based on the energy dissipated per cycle. Modifying factors are proposed for

the short and long period range.

The modifying factor for the long period range (constant velocity region), B3, , is taken equal

to:

= 2n,
1+nm,

where 1), is the local strength ratio defined by (3-11). The modifying factor for the short

B, (4-13)

period range (constant acceleration region), B, is defined as:

B=~

_
26L

_1+1]L

(4-14)
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These factors simply represent the ratio of area enclosed by the flag-shaped hysteresis to the
baseline system which represents the “50% system” (1;=1) and an elasto-plastic system in
the long and short period ranges respectively. The expressions used to define this ratio of

areas is a simplification but the difference compared to the “exact” areas is minimal.

The modified displacement ductility ratio, |, can be used to reduce the elastic response
spectrum in a similar manner to that shown in figure 4-2, replacing 1 by W,,. Using the
response spectrum, the inelastic pseudo-spectral velocity, PS;, can be predicted for a system
with an effective period, T, determined using the effective stiffness defined by (3-39). Use
of the pseudo-spectral velocity for the maximum relative velocity is an approximation and
correction factors to relate the two have been proposed by Ramirez et. al. (2000), Pekcan et.

al. (1999) and Sadek et. al. (1999).

Another method, which attempts to predict the relative velocity, by first predicting the
pseudo-velocity from a linear, viscous characterization of the nonlinear hysteretic system (as

is used by analysis Method 3). Thus the pseudo-velocity can be determined from:

-1
Py+(Au_Ay2)ki+ 1

0 d\? )
E 0k, (_) (3-15)
PSvi = Au = = Au
mA, \ mA,

where P /A, is the effective linear (secant) stiffness taken at the ultimate system displacement

byl

(A,) and o, is the post-yield stiffness ratio of the buckling-restrained brace. The pseudo-
velocity is then multiplied by a correction factor, taken from Ramirez et. al. (2000), to relate

relative and spectral velocity.

Using either of these approaches to determine the pseudo-spectral velocity, the resulting

impact velocity is determined from:

v =PS .-

o vi

4 4-16
h (_)
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The prediction of the impact velocity using these two methods is compared to the results of

time history analysis in Section 5.

4.4 Comparison of Dynamic Forces Developed in Representative Piers

To investigate the adequacy of the methods used to predict the maximum developed dynamic
forces presented in Section 4.2.3, the response of each load over time and the superposition
of loads is investigated using concepts presented in Section 3.3 assuming a rigid foundation.
The response over time is determined from (3-22) for both the pier leg response and the
vertical shearing response. Damping 2% of critical is assumed, although maximum
impulsive response occurs before damping can significantly change the response. Shown
in figure 4-3 and 4-4 is the response of the pier leg and vertical shearing due to the impact
and impulsive loads applied during the rocking motion with arbitrarily assumed buckling-
restrained brace strength of w/4 (1,=0.5) and impact velocity of 0.2 m/sec. Figure 4-3 shows
results for piers of aspect ratios of 4 and 3 while figure 4-4 presents results for aspect ratios
of 2 and 1. The response is normalized by the total static response for each simplified
system (P/P, or A/A,). The time scale begins (t=0) at the point of impact of a pier leg (i.e.
position 2 in figure 3-7). Loading for the vertical shearing begins after the first load (w/2),
is applied to the pier leg. The dynamic response of each individual load, the superimposed
total dynamic load, the static load curve and horizontal lines for the predicted maximum
response using (4-9) and (4-4), for the pier leg and vertical shearing respectively, are all
shown in figures 4-3 and 4-4. A square-root-sum-of-squares (SRSS) combination of each

maximum load is also shown in the figures.
Observations

Some observations can be made on the response of the piers to the dynamic loading. The

displacement response of a SDOF system to the initial velocity is given by (3-27). As the
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aspect ratio decreases, the leg stiffness increases resulting in smaller deformations however

the force developed (from 4-6) increases as the aspect ratio decreases.

The amplification of the first impulsive load applied to the pier leg, (w/2),, remains
essentially constant (~2) even as the stiffness of the pier leg changes by a factor of 4 from
h/d=4 to h/d=1. The rise time also decreases with decreasing aspect ratio due to the
effective, global period (defined by 3-29) decreasing. These two values do not necessarily

change at the same rate.

The effect on the dynamic loads transferred through the pier during uplift as the aspect ratio
changes is significant, as seen in figures 4-3 and 4-4 due to the ratio of rise time to the period

of vibration (t,,/T,,) increasing with increasing aspect ratio.

The methods to predict the maximum, total dynamic response (4-9 and 4-4) are shown to be
conservative for all cases examined here while the SRSS combination was shown to either

accurately predict or under-predict the response in all cases.

4.5 Simple Design Procedure and Example

In order to achieve the desired ductile performance of steel truss bridge piers, buckling-
restrained braces must be proportioned to meet the relevant design constraints. An example
is presented here to show the key steps of the design procedure followed by a presentation
ofthe automated graphical procedure developed to evaluate compliance and non-compliance

of solutions with the design constraints.

In the perspective of seismic retrofit, the key steps of the design procedure are:

1. Establish seismic demand parameters to construct a design response spectrum.
Following the NCHRP 12-49 (ATC/MCEER, 2003) document, the key parameters
include the 0.2 second spectral acceleration (S;) and 1 second spectral acceleration
(S,) which may be obtained from the U.S. Geological Survey. Spectral acceleration

values are typically given for a 5% damped system. Factors to account for other
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values of damping in the short and long period range, B, and B, respectively, are
given in the NCHRP 12-49 (ATC/MCEER, 2003) document. Selection of these
factors depends on the analysis method used (Section 3.4.1) and the level of damping
(€.q»)- Asdiscussed in that section, Methods 1 and 2 consider a 2% damped spectrum
while Method 3 uses the effective damping, &, given by (3-45). Also, site
coefficients for the short (F,) and long period range (F,) need to be established and
depend mainly on soil properties at the site. With these values the elastic spectral
value may be determined in the long period range as:

B,T

(4-17)

where T is an effective period of vibration.

. Determine existing pier properties relevant for dynamic analysis. These values
include the pier aspect ratio (h/d), the “fixed-base” lateral stiffness of the pier (k)
and the horizontal and vertical tributary reactive weights for the given pier, w, and

w, respectively. Determine the “fixed-base” period of vibration as:

Wi
T0=21'|: —k (4‘18)
gk,

If T, is greater than the characteristic period defined by NCHRP 12-49 as:
T = % (4-19)

DS P1

then the elastic spectral acceleration for all designs can be defined assuming a
constant spectral velocity for all periods of vibration. This is because the retrofit
technique proposed here elongates the existing “fixed-base” natural period of this

dominant mode of vibration. The elastic spectral acceleration is thus defined by (4-

17).
To ensure that uplifting will indeed occur, determine the spectral value for the

“fixed-base” period of vibration and if the following statement is true then the

rocking motion will be initiated:
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a

g

>

SR

(4-20)

N | =
SR

3. Determine the design constraints defined by in Section 4.2.

(1) The limiting deck-level displacement does not generally govern the retrofit
design given that the constraints used here are based on global instability, leading
to fairly large allowable displacements. Serviceability requirements that could
impose more stringent limiting displacement limits may exist and need to be
determined on a case-by-case basis.

(i1) Based on the results presented in Section 2.3 and the discussion in Section 4.2,
an allowable strain of 1.5% in the buckling-restrained brace is used here with a
seismic demand representing a maximum credible earthquake (MCE) with 3%
probability of exceedance in 75 years, as defined by the NCHRP 12-49
(ATC/MCEER, 2003) document.

(ii1)Determine the ultimate horizontal base shear that can be developed by applying
a lateral load profile representative of the dominant mode of vibration, which
could be assumed to be a single point load applied at deck-level, and finding the
weak-link along the seismic load path. The design intent is to keep all members
(other than the buckling-restrained braces) and connections within the linear-
elastic range. The capacity of the existing members and connections could be
evaluated using the AASHTO LRFD Bridge Design Specifications (AASHTO,
1998). Limiting the buckling-restrained brace cross-sectional area (A,;) is the
most effective means of satisfying this constraint.

(iv)The limiting impact velocity needs to be determined to prevent damage to the
foundation and pier leg during the rocking motion. Since protection of these
elements depends on both A , and v, A, could initially be taken as the value that
satisfies constraint (iii) or constraint (v). Taking A,F,,, to satisfy constraint (v),

the limiting impact velocity could be determined from:
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Pmax_%.de*—szv)

v =
o,m 4-21
= s (4-21)

2

where P, is the maximum allowable force, controlled by either the strength of

the pier leg or foundation. Other limits may need to be defined to prevent
foundation settlement and/or other serviceability requirements.
(v) In order to ensure re-centering of the bridge pier, n; (defined by 3-11) should

remain less than 1.

Constraints (1), (ii1) and (iv) above can be satisfied by selecting appropriate buckling-
restrained brace dimensions or by retrofitting existing pier structural elements.

Constraint (i1) depends primarily on the buckling-restrained brace effective length

(Lap)-

4. Begin sizing of buckling-restrained braces by assigning a yield force to the braces
(ApFyy) to limit P, (3-6), reduced by a factor of 1.5R,, (R, from 3-37), to satisfy
constraint (iii). The dynamic amplification factor is increased by a factor of 1.5 for
further conservatism to protect existing pier elements. If no buckling-restrained
brace area can satisfy constraint (iii) with this level of safety, partial pier

strengthening may be required.

5. The effective length of the buckling-restrained brace is now sized to satisfy constraint
(i1). This is done by determining the ultimate deck-level displacement as:
) ST

472

A

u

(4-22)

with the effective period of vibration initially set equal to 1.25T, and the uplifting

displacement as:
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Wid F d
A A (2 W) h|d (4-23)
h

uplift Ry k

o

where all terms have been defined previously. Based on this initial estimate of the
uplifting displacement, the buckling-restrained brace effective length can be sized

using constraint (ii) and taken here as:

A

L .= uplift Aupliﬁ

0015 (4-24)

( ub
)

6. After the buckling-restrained brace has been initially sized, the ultimate displacement
can be more accurately determined using a method discussed in Section 3.4.1. Itis
recommended that the method given in the FEMA 274 document for passive energy
dissipation systems (Method 3) be used if 1, is less than 0.6, for reasons to be

discussed in Section 5.
7. Verify that all constraints defined in step 3 are satisfied.

EXAMPLE

The following example is presented, to illustrate the proposed design procedure for a pier
with an aspect ratio of 4. The pier is assumed to have an equal amount of horizontal and
vertical reactive mass, and interaction between adjacent piers is assumed to be negligible.

The braces are assumed to be implemented vertically and have a yield stress of 235MPa.

1. The seismic demand parameters are assumed for a given site with the 1-second
spectral acceleration equal to 0.5g and the short period acceleration equal to 1.25g
for a damping ratio of 5%. The bridge is assumed to be located on site class B (as
defined in NCHRP 12-49), and the site coefficients F, and F, are equal to 1. The
steel truss pier is assumed to have an inherent viscous damping of 2%, therefore the
5% damped spectrum needs to modified by factors B, and B.. The characteristic

period, T, can therefore be determined by:
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T =—=04sec (4-25)

by initially assuming B,=B..

2. Properties of the representative pier with an aspect ratio of 4 are found in Appendix
D. The height and width of the pier is equal to 29.26m and 7.32m respectively. The
“fixed-base” horizontal stiffness of the pier is 12.6 kN/mm, and the horizontal and
vertical reactive weights are 1730kN. Therefore the “fixed-base” horizontal period

of vibration is equal to:

Wy,
T =2m | —=0.74sec (4-26)
gk,

Since T, is greater than T, all designs will have effective periods of vibration in the

long period range (>T,). Thus the elastic spectral acceleration can be defined as:

g .51 _0625¢
“ BT T

(4-27)

With the horizontal and vertical reactive weights assumed equal, the statement of (4-

20) indicates that uplift and rocking motion will occur.

3. The constraints defined in Section 4.2 can be defined as follows:
(1) Limiting deck-level displacement is the smaller of the following two equations:
P
A, <025—2h=914mm (4-28)
Wi
where P, is determined assuming no tensile strength in the anchorage connection,

thus A ,=0. The other limiting displacement relationship is taken as:

Asd
“ 2FS

=T732mm (4-29)

which is the governing limiting deck-level displacement in this case.
(i1) The allowable axial strain demands on the buckling-restrained brace is taken as

1.5% for the MCE.
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(ii1)The limiting horizontal base shear strength is arbitrarily assumed to be equal to
0.5w,. Therefore, the limiting horizontal base shear is taken equal to:

P, < 865kN (4-30)

(iv) Using the representative properties defined in Appendix D, the dynamic

amplification factors determined in Appendix B, and assuming the foundation to

control the limiting strength (determined from Appendix G), the limiting impact

velocity, as a result of (4-21), is found to be:

Vo max = 19 cmifsec (4-31)
and the limiting deck-level (global) velocity can be determined from:
B h
PSvi,max - vo,max. b (4'32)
d
This constraint can be defined as:
PS <75 _
w75 (4-33)

(v) Assuming a buckling-restrained brace yield stress of 235MPa, the limiting
buckling-restrained brace area to allow for the re-centering capability is:

w
A,<

=3684mm* (4-34)

yub

4. An initial cross-sectional area of the buckling-restrained brace (A,,) is determined
using constraint (iii) where the limiting system yield force is defined as:

L 05w _ 865KN
*715-R, 15-1.56

=370kN (4-35)

Buckling-restrained brace area can be determined, using (3-6), as:

h W,
2

P

y
Aub <

=2617mm? (4-36)

W
§"q

b

Therefore A, will initially be taken as 2400mm”.

5. An initial estimate of the ultimate displacement demand is determined by:

81



8, (1.257 ) sec
A, =20 g5 (4-37)
4?

resulting in an uplifting displacement (determined from 4-23) of:

Auphﬁ: 21.4mm (4-38)

Therefore the effective length of the buckling-restrained brace will initially be taken
as:

1 o Buip _214mm
w e 0.015

allowable

= 1427 mm (4-39)

6. The initial buckling-restrained brace area given by (4-36) leads to a local strength ratio
(n,) of 0.65. Therefore Method 2 (Section 3.4.1, Appendix C) will be used to
evaluate the ultimate displacement demands. Holding the buckling-restrained brace
area constant at the value determined in Step 4, and initially taking the buckling-
restrained brace effective length from Step 5, the ultimate displacement can be
determined and the effective length of the buckling-restrained brace iterated to satisfy
constraint (ii). Using this approach, the resulting ultimate displacement is 149mm, the

uplifting displacement is 30.1mm and a buckling-restrained brace effective length of

2000mm.

7. Check all constraints to ensure they have been satisfied.

@) A, =149mm<732mm OK (4-40)
(i1) 30.1mm
€,=———=0015<0.015 OK _
2000 mm (4-41)
(i) P, =P, R, FS=357kN(1.56)(1.5)=836kN<0.5W OK (4-42)

(iv) In order to evaluate the inelastic pseudo-spectral velocity, a ductility reduction
factor strategy (discussed in Section 4.3) is used. The elastic pseudo-spectral

velocity is taken as:
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€C
PS, = =916 (4-43)

The modified displacement ductility ratio is defined for the long period range
(from 4-13) as:

2, ) A
=( m) - (0.79) 149 mm

l+n | A, 47.4mm

=25 (4-44)

m

where 1, and A, were defined in Section 3. Therefore the inelastic pseudo-

spectral velocity can be taken equal to:

PS
pS =" -39 75" ok 4-45
vi (4-45)
|J.m SecC SeC

(iv) Finally the local strength ratio, 1, is:
n,=0.65<1 OK (4-46)

ensuring the self-centering ability.

The final selected buckling-restrained braces have an effective length (L) of

2000mm and a cross-sectional area (A,) of 2400mm?.

4.6 Graphical Design Procedure

The design procedure and constraints discussed above were established to achieve the
desired seismic performance of the controlled rocking bridge pier system. A graphical
design approach can be used, similar to that proposed by Sarraf and Bruneau (1998), to
define the range of admissible solutions. Each constraint is written in terms of A, and L
such that the boundaries of compliance and non-compliance with the design constraints are
established. Many existing pier properties affect the response of the controlled rocking pier
however these parameters would ideally not need to be modified to reduce the retrofit effort.
An automated procedure was developed to evaluate many designs quickly. The ultimate
system displacement response is determined using either Method 2 or 3, described in Section
3.4.1. An example of the procedure is given in Appendix H. Retrofit solutions for the
representative bridge piers are provided in Section 5. For illustration purposes the graphical
solution for the example given above is shown in figure 4-5 with the brace dimensions

indicated in the solution space. As can be seen from this figure, it is possible to decrease A
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to allow for a greater factor of safety to protect existing structural elements while still
satisfying all other constraints. Iteration of the step-by-step procedure by decreasing A

could further optimize response of the system.

8000

6000 -

4000 -

A,p (mm?)

0 2000 4000 6000 8000 10000
Lub (mm)

FIGURE 4-5 Graphical Design Procedure Plot
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SECTION 5
GRAPHICAL DESIGN PROCEDURE SOLUTIONS AND RESULTS OF TIME
HISTORY ANALYSES COMPARED TO DESIGN PREDICTIONS

5.1 General

This section provides results for the range of buckling-restrained brace sizes that satisfy the
design constraints established in Section 4 for the representative piers in Appendix D.
Results of nonlinear time history analyses are given, normalized to the predicted response
quantity (displacements, forces, etc.), to show the adequacy of the design procedure to
predict system response. Response history analysis examples are also provided for a few

casces.

5.2 Graphical Design Procedure Solutions

The graphical procedure was developed to evaluate many designs quickly for a large range
of buckling-restrained brace area (A,) and effective lengths (L, ). The two key retrofit
parameters were chosen because they control the post-uplift stiffness (k,) and system strength
(P,). The procedure follows the same constraints as the step-by-step procedure established
in Section 4 but provides a solution “space” of buckling-restrained brace dimensions that
satisfy the constraints. The solution method creates solution “surfaces” for the response
quantities (displacements, velocities, etc.) for the array of buckling-restrained brace areas and
lengths. The boundary lines for the solution “space” are then determined by finding the
intersection of the surface with the “critical response plane”. This solution method is shown
graphically in figures 5-1a and 5-1b for an example of limiting strains on the buckling-
restrained brace for an aspect ratio of 4, a seismic demand characterized by S,=0.5g and the
ultimate global displacement determined using Method 3 (Section 3.4.1). Two “critical
response planes” that bound the critical response value (figure 5-1b) are used due to the
surface not being continuous but rather a finite number of values set for computational

efficiency.

While parameters such as the existing pier stiffness and strength, among others, can be

modified to provide the desired performance, ideally, these existing properties should remain
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unchanged to limit the retrofit effort. However, in some cases, pier stiffening and/or
strengthening may be required. For these instances, the required strength and stiffness of the
retrofitted pier are expressed as a normalized quantity with respect to the existing pier

strength (ng/m,) and stiffness (kg/k,). The existing pier stiffnesses (k,) can be found in table

3-1 and the existing strength (1)) is assumed equal to 0.5w for all pier aspect ratios.

Results obtained from the graphical design procedure are shown in figure 5-2 for an aspect
ratio of 4, seismic demands characterized by a 1-second spectral acceleration (S,) of 0.25g,
0.5g and 0.75g (with S=2.5S,) and using Method 2 of Section 3.4.1. Similarly, the solutions
for pier aspect ratios of 3 and 2 are shown in figures 5-3 and 5-4 respectively. Figures 5-5

and 5-6 provide solutions for the same parameters except Method 3 of Section 3.4.1 is used.

In some cases it was found that the stiffness and/or strength of the existing piers needed to
be increased to satisfy the design constraints. Figures 5-2 through 5-6 also provide the
normalized parameters (nz/n,) and (ky/k,) that were required such that a solution space exists
(i.e. the design constraints are satisfied). As can be seen in figure 5-4, for larger seismic
demands the applicability of the retrofit strategy for a pier with an aspect ratio of 2 begins to
diminish due to the required level of strengthening and stiffening becoming excessive (ng/n,
or ky/k>2). Using Method 3, no realistic solution for an aspect ratio of 2 exists. Thus

results are not given for piers with an aspect ratio of 1.

It becomes more clear that using the base overturning moment as the force limiting
mechanism requires relatively slender piers in order to provide an efficient retrofit using this
method. More squat piers require significant strength and stiffness to resist demands
including dynamic effects and may experience only a few excursions beyond the point of

uplift, forcing the pier to resist and dissipate seismic energy in a mostly elastic manner.
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5.3 Results of Time History Analyses to Assess Design Predictions

In assessing the response of the controlled rocking system, a range of buckling-restrained
brace dimensions were established to explore all practical possibilities given the representative
piers established in Appendix D. The buckling-restrained brace area (A,,) is varied from zero
(elastic rocking) to the point at which the self-centering ability is lost (n,=1). It was
determined that, based on the solution spaces presented previously, practical designs fell
within 1-1.5 times the existing, pre-uplift period of vibration of the pier (T,) using the Method
2 characterization of the effective period (k., defined by 3-44). Results are presented for 3
effective periods of vibration (~1.0T,, 1.25T_ and 1.5T,), aspect ratios of 4, 3 and 2, and for
local strength ratios (1);) of 0, 0.25, 0.5, 0.75 and 1. For each combination, seven synthetic
ground motions (as discussed in Section 3.4.4) are used and the mean result of each case
shown. For the case of ;=0, only the initial period of vibration of the pier is relevant since
no buckling-restrained brace is used. Therefore a total of 39 cases and 273 analyses were
performed. Results for time history analyses are presented normalized by their respective
response parameter predicted by the design procedure established in Section 4 and are shown

in figures 5-7 to 5-12.

5.3.1 Deck-level Displacement Results

It is important to be able to predict the ultimate response of structures in order to adequately
design them to meet performance objectives. While the over-prediction of displacements will
conservatively protect elements that are solely displacement dependent, this may result in
inefficient designs that do not utilize the ductile, passive energy dissipating abilities of the

system.

Results of the normalized deck-level displacements are shown in figure 5-7 for analysis
Method 2 of predicting maximum displacements (Section 3.4.1). Results for Method 3 are
shown in figure 5-8. As can be seen in the figures, Method 3 is able to more accurately
predict displacements for all ranges of parameters considered here. Method 2 works well for
systems with 1n;>0.5, however for smaller values of 1, the method under-predicts the

maximum displacements.
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Differences between the two methods can be seen on the surfaces of predicted displacements
for an aspect ratio of 4 and a seismic demand of S,=0.5g, as shown in figures 5-13 and 5-14.
The primary difference is seen at small buckling-restrained brace areas where large increases
in displacements are predicted by Method 3 due to the decrease in system strength and energy
dissipation with small buckling-restrained brace areas. As aresult, Method 2 under-predicts
displacements, as seen in figure 5-7, especially for the case of the bilinear elastic rocking
system (1, =0). While Method 3 does not necessarily provide the exact solution, it captures
trends in flag-shaped behavior that have significant influence on response. These trends

include the system strength, initial stiffness, post-elastic stiffness and energy dissipating ability.

Method 2 is completely dependent on an effective initial, elastic stiffness with coefficients that
do not apply for the system presented. While Method 2 uses a coefficient, C, (see Section
3.4.1), to account for differences in hysteretic models between an inelastic SDOF system with
bilinear hysteretic systems, it only considers systems with pinched hysteresis causing stiffness
and strength degradation and assigns values of C, for systems that typically exhibit this type
of behavior. As was demonstrated on Section 3.2, the flag-shaped hysteretic system has
stable hysteretic behavior without strength nor stiffness degradation but simply lacks in the
amount of energy dissipation per cycle. For systems within the long period range and some
amount of energy dissipation (say n,=0.5), the lack of energy dissipation does not appear to
increase the response from that of a bilinear system. For systems that are excited by motions
with frequency response near the natural frequency of the structure (typically assumed in
design as being the short period range), this lack of energy dissipation is expected to become
more critical. However since the retrofit strategy presented tends to be more applicable to
slender piers and the controlled rocking system increases the system’s period of vibration
from the fixed-base period, the retrofitted system will, for typical rock and firm soil sites, have

a period of vibration in the long period range.

Other benefits of the self-centering, flag-shaped behavior also exist (not accounted for in any
ofthe analysis procedures) that are believed to limit the increased displacement response due
to the lack of energy dissipation. First, the highly non-linear behavior of the system helps to

prevent resonant response by changing stiffness many times during each cycle. Also, the
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restoring force is always acting during the excitation to bring the system back to the
undeformed position such that inelastic excursions tend not to build off of past residual

deformations.

Finally it is recommended that Method 3 be used in evaluating the displacement demands of
the controlled rocking system. There is not a large increase in the analysis effort from using
Method 2 to 3 from a designers standpoint since both methods require mathematical models,
incorporating the nonlinear behavior of structural components, to develop the static pushover

curves.

5.3.2 Impact Velocity Results

Results of the impact velocity normalized by the predicted impact velocity using methods of
Section 4.3 is shown in figure 5-9 and 5-10. Results are presented for the modified
displacement ductility ratio method with the maximum displacement, A, determined using
Method 3 (Ductility Approach). Also, velocity results are presented using the linear, viscous
characterization of the controlled rocking system with the pseudo-spectral velocity
determined using (4-15) and A, determined using Method 3 (Linear-Viscous Approach).
Using either the ductility approach or the linear, viscous approach, unconservative predictions
of velocity in many cases are evident. Using (4-15) appears to result in the best estimate of

velocity for each method.

The prediction of the impact velocity is important for protection of the pier legs. Even with
the under-prediction of velocity, the pier leg demands (presented in a following section) are

still able to be conservatively predicted.

5.3.3 Maximum Developed Dynamic Forces

Prediction of the maximum developed dynamic forces (base shear and pier legs) requires
evaluation of the dynamic amplification factors discussed in Section 3.3. Following the
methods presented in Section 3.3, table 5-1 provides the resulting values of R, (3-31), Ry,
(3-37), and the design secant period of vibration T (3-29).

sec
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5.3.3.1 Base Shear Results

The normalized base shear results presented in figure 5-11 show that the prediction of the
ultimate base shear including dynamic effects determined by multiplying the static systemyield
force, P, (from 3-6), by the dynamic amplification factor during uplift, R, (from table 5-1),
was shown to be conservative for 1, >0.25 except for an aspect ratio of 2 with n;=0.25. It
was also shown to be unconservative for the case of bilinear, elastic rocking. However
exceeding the predicted base shear, due to dynamic amplification, for a limited number of
excursions such that small ductility demands occur may not be very critical if the ductility
demands occur in locations that can accept the demand however brittle failure of'a connection

(for example) should be avoided.

Also, it can be seen in figure 5-11 that the base shear response decreases with increasing
values ofn,, especially for an aspect ratio of 2. This decrease may be a result of the buckling-
restrained brace contributing to the vertical shearing stiffness, k, (defined by 3-32) and thus
decreasing the dynamic amplification during uplift. The buckling-restrained brace stiffness
would be more effective at increasing k, for h/d=2 since the smaller aspect ratios have the
smallest value of k,. Thus the relative increase of k, due to the buckling-restrained brace

acting in parallel with the pier vertically, would be greater for h/d=2.

5.3.3.2 Pier Leg Force Demands

Results of the forces developed in the pier legs are shown in figure 5-12. Results from time
history analyses are shown, normalized to the predicted demands determined by (4-9). Even
with the under-prediction of velocity in some cases (from previous section), the conservative
assumptions made in the derivation of (4-9) (in-phase response of the dynamic effects during
impact and uplift), resulted in conservative estimates of the pier leg demands in all cases
considered. As was discussed in Section 4, conservative predictions of the demands to the

pier legs is essential due to the pier legs resisting the gravity loads of the pier.
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5.4 Example Response History Analysis Results

Example responses of each aspect ratio with braces sized using the graphical design
procedure and analysis Method 2 is given in figures 5-15 to 5-17. Each response parameter
is shown over time and the global hysteretic response given for each example. The limiting
values for each response parameter are shown by the solid horizontal lines. For an aspect

ratio of 2, a limited amount of rocking is observed in the hysteretic response.

5.5 Summary

Solutions of the automated, graphical design procedure for the representative piers used in
this study excited for a range of demands are presented. It became more evident that the
retrofit strategy is more applicable to slender piers due to the use of the base overturning
moment as the force limiting mechanism. Also, the seismic response of bridge steel truss piers
allowed to rock on their foundation was observed for a range of key parameters and the
response compared to that predicted by the design procedure developed in Section 4.
Example response history analysis results are provided for a few cases with the limiting

response values shown.
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h/d 4 3 2

- Ta' 10 {125 15| 1.0 {125 1.5 | 1.0 | 125 | 1.5
T,.. 156 | 1.72 | 1.85 | 1.05 | 1.21 | 1.29 | 0.61 | 0.64 | 0.67
1.0 R,, 171 | 1.63 | 152 1.89 | 1.91 | 1.91 | 1.95 | 1.94 | 1.93
R, 192 | 1.94 | 1.94 | 1.88 | 191 | 1.92 | 1.92 | 1.93 | 1.94
T,.. 147 | 156 | 1.66 | 1.12 | 133 | 1.43 | 0.67 | 0.72 | 0.74
0.75 R,, 1.68 | 1.56 | 1.43 | 191 | 1.93 | 1.93 | 1.96 | 1.95 | 1.95
R, 1.89 | 1.90 | 1.91 | 1.87 | 1.91 | 1.92 | 1.92 | 1.93 | 1.94
T,.. 174 | 1.82 | 190 | 129 | 1.54 | 1.66 | 0.79 | 0.85 | 0.87
0.5 R,, 1.76 | 1.67 | 155 1.93 | 1.95 | 1.95 | 1.97 | 1.97 | 1.96
R, 1.89 | 1.90 | 1.91 | 1.88 | 1.92 | 1.93 | 1.92 | 1.93 | 1.94
T,.. 230 | 239 | 245 157 | 1.95 | 2.10 | 1.04 | 1.13 | 1.16
0.25 R,, 1.86 | 1.80 | 1.7 | 195 | 197 | 197 | 198 | 1.98 | 1.98
R, 191 | 192 | 192 ] 1.90 | 1.94 | 1.95 | 1.94 | 1.95 | 1.95

T,.. 3.85 2.69 1.73

0 R,, 1.97 1.98 1.99

R, 1.95 1.96 1.97

a: Effective Period in units of 1/T, (T, for each aspect ratio given in TABLE 3-1)

TABLE 5-1 Design Secant Period (T,..), Dynamic Amplification Factor During
Uplift (R;,) and During Impact (R,; ) for Each System Considered in Analytical
Study
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FIGURE 5-1 Graphical Design Procedure Solution Method. (a) Buckling-
restrained Brace Strain Response “Surface” and (b) Upper and

Lower Bounding Planes of Critical Response Value (g,,,=0.015)
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SECTION 6
CONCLUSIONS

6.1 General

This study investigated a seismic retrofit technique that allows bridge steel truss piers to
uplift and rock on their foundation. To complement the benefits of allowing rocking, passive
energy dissipation devices, in particular unbonded braces, are used to control the rocking
response while providing additional energy dissipation. The unbonded braces also act as
structural “fuses” in this application to limit the demands placed on vulnerable elements
contained in existing bridge steel truss piers. The system has an inherent restoring force that
can be designed to provide pier self-centering and leave the bridge with no residual

displacements following an earthquake.

With emphasis on providing a framework for which the controlled rocking system can be
implemented in practice, a set of design constraints is established that include maximum
deck-level displacements, ductility demands to the unbonded brace, maximum allowable
forces and impact velocity to the foundation. A step-by-step design procedure is proposed
and illustrated using an example. A procedure is also used that provides graphical solution
spaces, for a number of pier aspect ratios, to illustrate the range of unbonded brace
dimensions that are able to satisfy the design constraints. Piers may require strengthening

and/or stiffening in order to satisfy the design constraints.

Results of time history analyses are provided for pier aspect ratios of 4, 3 and 2 and local
strength ratios, 1, 0f 0, 0.25, 0.5, 0.75 and 1.0, to evaluate the performance of the controlled
rocking system. It is found that in most cases the methods proposed to predict the dynamic
system response are conservative. Unconservative estimates existed primarily for systems
with a local strength ratio of zero (1;=0) and in the prediction of the impact velocity in some
cases. Even with the under-prediction of the impact velocity (which influence demands only
to the pier legs), the method used to conservatively predict the maximum forces in the pier
legs was indeed found to be always conservative. The retrofit technique is also found to be

more effective for piers with larger slenderness ratios.
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6.2 Recommendations for Further Research

Further research is needed to validate the proposed concept. In particular, studies should
investigate the effect of vertical ground motions on the seismic performance of rocking
systems, as well as the impact of soft soil and near field earthquake motions, in order to
provide a more complete representation of the seismic demand. Also, the effects of bi-
directional motions on the response of 4-legged piers, that resist both transverse and
longitudinal demands in bridges, is also needed. Methods to predict the response of
controlled rocking to include these effects (possibly by adapting the procedures presented

here) are needed.

The use of other types of passive energy dissipation devices to provide more optimal
response at the uplifting locations could be investigated. This may include velocity

dependent devices and impact absorbing devices.

The assumption of a rigid foundation should be revisited and future analyses could include
the foundation flexibility and the interaction of soil and foundation. The effects of the
repeated pounding on the foundation and soil should also be investigated for the possibility

of settlement.

The behavior of an entire rocking bridge pier system; that includes the interaction of rocking

piers, non-rocking piers and abutments through the bridge deck, should be investigated.
Finally, dynamic experimental testing of a rocking frame with energy dissipation devices

implemented at the base, should be performed, possibly using 3 components of excitation,

to verify analytical results.
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APPENDIX A
ANCHORAGE CONNECTION CALCULATIONS

This appendix shows pull-out capacity calculations for sample details of an existing connection.
Steel and concrete properties are taken from the AASHO Standard Specifications for Highway
Bridges (1949). Details were taken from drawings of a 4-legged pier and analyzed as such.
Focus is placed solely on the anchorage connection (i.e. anchor bolts, concrete embedment).
Thus, the anchorage connection is assumed to be the weak link in the lateral load path. The
AISC-LRFD Manual (1998) is utilized for steel and concrete limit states. Interaction of tension
and shear stresses are accounted for using an elliptical yield surface. Anchor bolt demand-
capacity curves including tension-shear interaction are given and results of the global response
of the representative bridge piers (Appendix D) are given in a spectral demand-capacity format

(SDOF) in Figure A-1.
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Appendix A

Anchorage Connection Pull-out Calculations

' g:= 9.81 ——
Sample Details: sec’
D=38mm (typ.)
) 187

Concrete le

Foundation le I

Pedestal !

~25°
711mm

Concrete Cone _/

Failure Surface &

Steel and Concrete Properties from: AASHTO Standard Specifications for

Highway Bridges, 5th Edition (1949)
concrete (Class B):

f,:= 15.2MPa

steel (ASTM A7-46, replaced by A36 in 1967):

F;:= 124MPa  (yield strength)
F, = 200MPa (tensile strength, assumed)

Fy = 0.577%;
Fy, =71.5MPa (strength in pure shear assuming Von Mises yield criterion)
A307 Bolts:

Fia307 := 310MPa
FyA307 := 165MPa
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Appendix A

ny=2 (2 anchor bolts in single connection)

ny:=2 (details from 4-leg pier, 2 resisting connections)

Tensile Strength of Single Anchor Rod per AISC LRFD Vol. II, 2nd Ed. (1995):

Dy := 38mm (nominal anchor bolt diameter)
2 .
A= P>Dy (gross area of single anchor bolts)
gi=——
4

0.75%g = 850.6mm" (reduced area in threaded region)

fi:=0.75 (resistance factor for anchor bolt in tension)

Ry = pF20.75A,
R, = 127.6kN nphyR, = 510.4kN

Tensile Yielding Limit State of Anchor Bolts:

f =075
Rn =f tﬂ:t%g
Ry, = 105.5kN nphR, = 421.9kN

Concrete Cone Failure Limit State per AISC LRFD Vol. II, 2nd Ed. (1995):

fi:=0.75
2

?g m
Acp=p % - 38>mm9 + p>(400>mm)2
e 2

Ty = 4% t’ﬂcplifcl’PSi

T, = 497.1kN ATy, = 994.2kN
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Appendix A

Tension Stress Limit for Combined Tension and Shear:

fi: allowable tension stress

f,: applied shear stress

Fy /2 2
fi=—x%F, - £
tFV A% v

300

Tension-Shear Interaction Curves

I ! I
i
i
i

250
f £ Fy 7
)
fy £ Fy < 500
fiaa(V1) = [OMPa if V g W :
ta4\ V1) = a1 1 2 hy é
£ 150
hy  wo o
?Eﬁ—-—% %
e 4 2g dg z
if Vi >—x»— 2
4, 2 hy = 100
A4(V1) = faa(V1) - fier(V1) 50
root(A4(V1), V1) =336.5kN
rOOt(A3(V1) ,Vl) =429.0kN 0
rOOt(Az(VI) Vl) - kN applied shear stress (MPa)
rOOt(Al(VI) ,Vl) =1 kN
Vg elastic base shear demand v
V_: base shear capacity based on v ‘
anchorage pull-out limit " B
A\
W= 1730kN m:= —
b g
— =4
d
T, = 336.5kN h
kN
ko= 125—
mm
To = 25px|—
0= &P ko T, =0.75sec
V/2<— <—"—V/z
Vg = mSy(To) |

o d
aﬁﬂzwm-W?-Tﬂ:O

s
Free-body diagram of
Pier after Uplift

200
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Appendix A

V
Df := < (pier deformation at anchorage failure, assumes no change in stiffness after uplift)

D := Imm,2mm.. 300mm

Vei(D) = | (kD) if D£Dg

V. if D> D¢

Ve1(D)
Sac( ) = \IN

(spectral capacity curve)

NCHRP 12-49 Seismic Hazard:

Sp:= .25 Sg == .6125

For Site Class B:
Fa:=1.0 Fy,:=1.0
Sxs = Fa*Sg Sx1 = Fy§y
Sxs = 0.61 Sx1 = 0.25

Zoff:= 0.02  (inherent structural damping)

By=038 Damping Modification Factors
B; =08
Tg: R %
= —%ec
*" Sxg Tg=0.41s
To = 0.24g Tp=0.08s
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T:= 0.01sec,0.02sec..3sec  (period Incremented by .01 sec)

. T N
Sad(T) = stﬁi 29— +o4lirTET,
@Bs  gTs a

Sxs

(spectral demand curve)

if TETE T
S

SX1
sec if T¢ET
BX

.2
Sqa(T) = ;’.ELQ B,d(T)e  (spectral displacement demand curve)
e2p g

Sal(D) = (linear spectral response curve)

0.8 -

Sac(D) 0.6 [ —
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APPENDIX B
VERTICAL MODE RESPONSE CALCULATIONS

This Appendix provides sample calculations for determining the amplified response caused
by dynamic loads being applied to the flexible bridge pier. As was discussed in Section 3,
a series of loads are applied dynamically through the pier vertically as its axis of rotation
changes from the base of one leg to another. Response to these loads is evaluated by
breaking the pier into simplified, linear-elastic systems using the properties of the
representative bridge piers discussed in Appendix D. The sample calculations are given for
an aspect ratio of 4 to show how the amplification factors are determined for the concepts
presented here. Calculations using 1* and 2™ cycle properties are given to show the decrease

in dynamic amplification in the 2" and subsequent cycles.
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Appendix B

Vertical Mode Response Calculations

pier properties:
W := 1730kN

W

m:=—

g

E = 200GPa

h :=29260mm
d:=7315mm

Ag:= 7097mm’
L4 := 10340mm

Ap = 31100mm2

1 2
[:=—Ad
2 L

.5"":
1

ik

panels := 4

fixed base horizontal period of vibration:

g:=981——
sec
earthquake demand:
S, :=0.5¢ w w
2 2
(effective horizontal mass) m m
2 2@
7\
(hieght of pier)
(width of pier) h 4
d
(cross-sectional area of diagonal) TOWe;:iiigonal!
(length of diagonal)
h
(cross-sectional area of tower leg)
(moment of inertia of pier)
(Eq. 3.32, for X-braced pier)
. . . d
(# of panels resisting vertical shearing modes)
/7777 /7777
—— d —»|
Horizontal Stiffness and Period of Vibration of '"Fixed-base'" Pier:
P := 1kN (virtual load)
15
= 0.05 mm 1
P /
. a3 05
D, =7.278" 10 ~mm /
o o ,
o 1 2 3 4
kN
o) k,=12.6—
v~ mm
(4] El
5]
oD,
T, = 0.74 sec
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rocking period of tower (post-uplift):

unbonded brace properties:
2
Ayp = 1850mm
Lyp :=3302mm

Fyyp 1= 235MPa

41 1 N
k= C k=452

éko EXAup %02@ " mm

é o

é Ly, ehg
T, := 2>px =z T, = 1.24 sec

kr
Aub>q:yub
hy = hy =05
L W L
2

Hysteretic and Dynamic Response for 1st Cycle Properties:

15 _

W d
5 . 2h
1=
up K
d
Aulaﬂ::yub)I
Dy; := Dypy +——— &> ‘ ' ‘ '
Yy up kr T 4 3 2 2

@upl(‘j @yl - Dupl(.j
keffl = ko)t\ * + kr)t\ :
eDyi g e Dn g

m
Tegp 1= 2>px _ >,
Kefrl Tetrp = 0.94 sec

S 1 XTefﬂ xec
D

max = 2 Doy = 116.9mm

4p

(maximum seismic pier displacement using Method 2
from Section 3.4 and using 1st Cyle properties)
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Dynamic Properties for Axial Vibration of Pier Leg:

Stiffness and Period of Vibration of Pier Leg System:
BExAr kN

kL = kL = 213 _—

h mm
m
2

Ty = 2% — Ty = 0.128sec

kp

Rise Time for Loading of Pier Leg System:
-Rise time approximately determined from an effective SDOF system under free vibration

SDOF Oscillator: free vibration response: 15
1
m u(t) = umaxxin(wnx)
05
g
32 0
k S ops 0.5
Teff’ -05
eff
a
15
77 77 T,
v 0d
Py =0 + AubxFyub_-X_
e2 @h

Py
Koo := —— ’ m
sec Dpax Tyee i= 2% " Teee = 1.5825
sec

2,2 0
4> >Dup1 T Tsee
S]XTefQ&CCb 2p

t 1 -= asing
e

to; = 0.037s (rise time for loading applied to pier leg)
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Appendix B

Dynamic Properties for Vertical Shearing Vibration of Pier:

Stiffness and Period of Vibration of Vertical Truss Pier System:

ky := fy*x——panels K, = 548.8k—N
mm
m
2
K, T, = 0.080sec

Rise Times for Loading of Pier Leg System:

e, 2 0

€ 4D Dypp ¥ Teee
try11 1= asing———— . %—
éSleefQXsecz 2p

try11 = 0.037 sec tevil — 0.466

TV

&e,.2 0
.G 4p Dy T Teee
try21 - ASMe—————— %—— - fy
éSleefQXsecz 2>p

trv21 = 0.054 sec ty
2L = 0.676

v

Effective Rise Time for Both Loads during Uplift:

&g 2l 0

¢ P G Byt g
tey] -= asinG :
ésleefQ%ng 2>p

sec

try1 = 0.045 sec t]
— =0.562

Ty
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Appendix B

Response Calculations for Each System Utilizing Convolution Integral Presented

in Section 3.3.1.2

i=1.250

t; c (time increments)

:=4—Lfm
1000

Axial Vibrations of Pier Legs

PoL1 = -

6]
pLi, = ||PoL1r| — | if ti <ty
! tL1

PoL1 if t; =ty

(magnitude of step force with finite rise time, trL, applied to pier leg)

N

(applied force over time)

PL1.
Ui, = ! (static displacement response)
L
2 )
sin 'ti) (response of system
i L . . .
uy = gy — - if <ty using convolution
! ULt 2~7'ct integral)
T rL1 )
1 ! wf 2T t\ w 2T (t ) it >t
u, . - sinf —-t;, — sm| —-|t; — t, 1 i>
StLli ) T T 1} T i L1 i rL1
G
2
15 —
uLi
UstL1.
PLI, \
PoL1
uL]i
l Ravi; =~
1 2 stL1

Rypp = mﬁX(RdLl)
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Vibrations of Vertical Truss System

pl1: force from transfer of gravity to compression leg based on 1st cycle properties W/
=]
—

_ W
1%11-27

Po11 = 865 kN

p21: force to yield unbonded braces based on 1st cycle properties

Po21 = Aub>Fyub

—

Po21 = 435kN
ApFop

_le et @
P11, = | @orrc—=C if § <tyqg
e ewid
Por1 if 43 tyyy
P21 = |0 if £ty
A - trvll(i) ]
—— if Gy <G E b F by
e 21 g
Po21 if > tryoq + g

400
300 [~ 7]

PIL (application of vertical shearing
! forces over time)
kips

P21,

wps 200

p1 li+p21i

kips

100 = / =
| | | |
0.15 0.2 0.25

ot
0 005 0.1
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PIL,
Ustyll, == ——
1 kv
& a&» 00
¢ sing=—: <
{j elv g- .
= |ugen & - i 4 £ty
! PGty 2P .
r — 11 =
e Ty @
é S 1 > 8P _0 YUV VI
éustvllixel - o ’%Sln(‘, - X - SIHFT—{H trvll)::l::ll:l: if 6>ty
é_ é 11 e ev @ ev UUEE
e e v uu
P21,
Usty21 -
kV
Ut = 0 if § £ty
e : Y
Et ‘ Slngz—>(t1 trvll)tlL
ali = tvll gTy ag .
Ugpo1 & - Uit ) <y £ (trv21 “ml)
‘g tv21 2’9)% ’ u
V. |
e Ty a
6 | . N P 0
Ustv21 ¢ 1 - ’g ne— >(t1 tvl 1):’I SIHF—>€(H trvll) trvzlLH’l’
229 6 aTl a el G0y
) L
e T, u

Normalized Response of Vertical Shearing Mode to each load and total response over time:

if t> (trv21 “ml)

1.5 2 '
vl
””””””””” 1.5+
Ustvl1;tustv21 1+ uyll;
uy21; Ustvl1,
Ustvl1;tustv21 w21, 1
ulltuv2l, 0.5~ Ustv2l
Ustv11;HUstv21, | 0.5
0~ : : 0
0 1 2 3 0 1
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Normalized Total Dynamic and Static Response of Vertical Shearing Mode over time:

15 | | | |
“Vlli*'“VZli
P11+P21, |
ky )
P11+P2I,
Pol1*Po21
|
2
i
Ty
Uyll, + U2l
Ryl = oo
T sl F Uswal, Rayi1 = maX(RdVll)
Dynamic Amplification Factors, R, for Leg and Pier:
Ry4: dynamic amplification factor for impulsive loads
(DAF for compressed
Rar = 1.87 tower leg)
Rayip = 1.44 (DAF for loads carried through vertical truss system considering phase effects)
. (n'trvl\
s T )
Ry = 1 + M R4 = 1.556  (DAF for 2 dynamic loads during uplift using effective rise
i time)
T, )
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Hysteretic and Dynamic Response for 2nd Cycle Properties:

15 _

W d
(1-h)=—— ;
2 h 1 /
Dup2 - /
ko 4
eff
05 | i
Z%ub&:yub); ,/,
’
Dy, :=Dypp + ) : , o :
y2 up2 a 2 1 1
k, B , y,
L/
. @uPZ 0 @yz - Dup2¢) ;
Kegp == k0>c\ :+ kRC\ : A
eDpn g e Pn g K 1
4
Tefﬂ = 2>px m _ D/Dy
Kefto Terp = 1.1sec
S 4T e X6€C
Dax2 = ZT e B (maximum seismic pier displacement using Method 2
4>p2 Dinaxa = 137.1mm from Section 3.4 and using 2nd Cyle properties)

Dynamic Properties for Axial Vibration of Pier Leg:

Stiffness and Period of Vibration of Pier Leg System:

EXxAp kN
kL = kL = 213—
h mm
m
2
Ty = 2% — Ty, = 0.128 sec
L
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Rise Time for Loading of Pier Leg System:

-Rise time approximately determined from an effective SDOF system under free vibration

15

SDOF Oscillator: free vibration response:
m "
u(t) = umaxxin(wnx)
0.5
g
E
k £ ops 05
Teﬁ’ -0.5
eff
-1+
15
77777 T,
aav 0d
P, =r + Aub)F b= X
r-9) g h

Py
kSCC = m
Dpaxy  Lsec = 2P " Tgec = 1.714s5
sec

&2 0
4> >Dup2 T Tsee

t o := asin, -
réSl><Teff2>Secg 2

tyo = 0.017s  (rise time for loading applied to pier leg)

Dynamic Properties for Vertical Shearing Vibration of Pier:

Stiffness and Period of Vibration of Vertical Truss Pier System:

ExAq
k, = fpr>panels Kk, = 548.8k—N
mm
m
2
K T, = 0.080sec
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Rise Times for Loading of Pier Leg System:

R,,2 0

e 4p Dup2 T Tsec
byl = asing———_.x—
@S erp$ec gy 2P

ty12 = 0.017sec  tvi2 — 0213

Ty

2 ..
(i%‘bp >Dy2 9 Tsec
tryo 1= asing *—

o L= - tyi2
@S erp$ec gy 250 ¥

tv2o = 0.100sec ta)
=1.25

Ty

Effective Rise Time for Both Loads during Uplift:

o’?4 21 0
¢ VP 5 Bt g
s€C
'= asinG :
2 @S eppsec gy 2P

tv2 = 0.057 sec
—=0.715

Ty

Response Calculations for Each System Utilizing Convolution Integral Presented in
Section 3.3.1.2

i:=1..250

i

1000

sec  (time increments)

f =

136




Appendix B

w
Axial Vibrations of Pier Legs 2
PoL2 = (1 - hL)— (magnitude of step force with finite rise time, t;, applied to pier leg)
2
e e dl
pr2. = | @oL2’C— if t <ty
! e el2g) (applied force over time)
Por2 if 2 tro
pLZi
ugry :=——  (static displacement response)
i kL
e &P 00
C . SiC T == (response of system
U = usthAXQ— - u_ if £ tyo .using convolution
! Gty 2p - integral)
c — 42 =
e T @
e 1 > &P 0 . Ep gou
usi 2 g1 - o ESIH(\ T A= - SIH?ZT >(ti - trL2)L rg i 5>t
é. s e el g e'L UUE
e L u
2
1.5 -
uL;
UstL2;
1
PL2; i
PoL2
............. 05
uLZi
0 ; | R szi = u ...........
O 1 2 Sthi

Ryrs = maX(Rsz)
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Appendix B

Vibrations of Vertical Truss System

pl2: force from transfer of gravity to compression leg based on 2nd cycle properties

Po12 = (1 - hL)%

Po12 = 430kN

p22: force to yield unbonded braces based on 2nd cycle properties

Po22 = 2>§Au13>1:yub

Po22 = 869 kN
_1é i @
P12, = | @o12C——3 if § <tyi2
e

P22, =
xR - trvlz@ )

——H if Gy <G E Gy T hyi2
e 22 g

Po22 if § >ty * ity

400

300 —

100 [~

o
0 005 0.1 02 025

Wy

-—

Aubeub

(application of vertical shearing
forces over time)
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P12
ustlei = k_
2\
00
‘? siné(Tmm——
N X
w2 = g - L t £t
Y iCtyip 2P
—— 12 =
A T.
e v 2
, L, . , \\u )
&1 - ! es1n£>p>ﬁ(—:)' Sinez)p >(t1 - trvlz)lulu’ if 6> tyip
Ustv12 xe esing =T =L
1% g elv g e'v uuy
€ — 4w =
e b u
P22.
ustv22i = k_
2\

U2, = 0 if § £ typp
. . 30
g smesz>(t1 trle)tIL
At - "
Ugry2 iz & ua i tyio <G £ (trv22 + tmz)
stv22. e 5 U
D —>p>¢rv22 r
& T, a
: VI NVV VR
Ustyv22 g1 - : "g (— >(t1 try1 2):’I SlnF—>€(t1 trvlz) tv22 L1 if t > (trv22 +trvl2)
2P e eT a el ady
€ 4w L
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AU T
! 1
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i 1.5 1 o P
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Ustv]2. i : A T
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Appendix B

Normalized Total Dynamic and Static Response of Vertical Shearing Mode over time:

1.5 T I I I

uy12;tuv22,

a®12;+p22;0
C <
e kv g

+
P12;7p22;

Pol12+po22

Ty

tvi2, + Uv22,

R dv2 T
! ustv12i + ustv22i RdVlZ T maX(Rde)

Dynamic Amplification Factors, Ry, for Leg and Pier:

Ry: dynamic amplification factor for impulsive loads

(DAF for compressed

Rap = 1.97 tower leg)

Ryy12 = 1.34  (DAF for loads carried through vertical truss system considering phase effects)

. wﬁrvﬂj

Slnc .............. -

I B Ry = 1.35  (DAF for 2 dynamic loads during uplift using effective rise time)
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APPENDIX C
METHODS OF ANALYSIS- EXAMPLES

C.1 General

Examples in this appendix illustrate how the methods of analysis described in Section 3.4.1
are used. The only criteria controlling the selection of unbonded brace dimensions, for the
initial parametric study, was to limit the maximum strain in the unbonded brace to 1.5%.
The 2™ cycle properties are used in all methods for these examples, as the displacement

response is assumed to be greater during the 2™ cycle as described in Section 3.2.2.

C.2 Method 1: Coefficient Method of FEMA 356 with k =k,

This method attempts to characterize the controlled rocking system as an effective SDOF,
bi-linear hysteretic system and determine its displacement response using a 2% damped
response spectrum. The effective stiffness in Method 1 is characterized by the rocking
stiffness defined by (3-5). Equation 3-15 of FEMA 356 (FEMA, 2000) is used to determine
the ultimate horizontal deck-level displacement. Equation 3-15 of FEMA 356 is defined as:

where factor C, is used to relate displacements in an MDOF system to the displacement of
T2
A =C,C, C2C3Sa—e2g (C-1)
47
an equivalent SDOF system calculated by (C-1). Factor C, is to account for stiffness and/or
strength degradation and factor C, is to account for dynamic P-D effects. Factor C, is used
to account for the expected increase in displacement in the short period (or equal energy)

range of the spectrum. C, is defined in the long period range (T 2T s) as:

C,=1.0

and in the short period range, is defined as:

1.041@—1)%}

C — e
! R

T, 1s the characteristic period, separating the long and short period ranges of the spectrum and

1s defined as:

141



T 5
S Sl

where the short period spectral acceleration, S, and 1-second spectral acceleration, S,, have
been discussed previously. All factors, except for C,, are set equal to 1 since the controlled
rocking system is assumed to be an SDOF system without stiffness nor strength degradation
and has positive post-yield stiffness. Factor C, is used as described above where appropriate,

however this factor was not necessarily established for such a hysteretic system.

C.3 Method 2: Coefficient Method of FEMA 356 with k  defined by Equation 3-44
Method 2 is identical to Method 1 with the exception that the effective stiffness is defined
by Equation 3-44 defined in Section 3.4.1.

C.4 Method 3: FEMA 274 Method for Displacement-Dependent Passive Energy
Dissipation Devices

The method is based on the simple method of analysis for passive energy dissipation systems
proposed in FEMA 274 (FEMA, 1997). The method uses the system’s energy dissipation
capabilities to reduce the demand for an equivalent amount of viscous damping. Piers are
treated as SDOF systems with the pushover curves developed using the nonlinear behavior
at the anchorage location. The intersection of the spectral capacity and demand curves marks

the expected displacement demand.
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Appendix C

Method 1: Conservative Estimate of Displacement Demand K, =k

(pier aspect ratio)

1730kN (tributary bridge deck weight to pier)

=
1

w
m:=— m=1.764" 105kg

g
kN . . .
ky:=222— (horizontal stiffness of pier)
mm
E := 200GPa (modulus of elasticity for steel in unbonded brace)
a = 0.01 (post-elastic stiffness ratio of unbonded brace)

Following 3 parameters iterated upon to obtain desired response:

Lyp := 4000mm Lyp = 1571in (effective length of unbonded brace)

Ayp = 2650mm Ay =41 in2 (cross-sectional area of unbonded brace core)

Fyub = 235MPa Fyub = 34ksi (yield strength of steel within unbonded brace)

il

ey = 0.015 (target maximum strain in unbonded brace)
__ Aub¥Fyub
L= W hy =0.72 (local strength ratio defined in Section 3.3)
2
1
k=

1 (stiffness of rocking system)

1

ko @ub’ﬁ(‘jﬁoz
(X=X

e Lub gehg

r
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Appendix C

Kefr := kp

Tefr 1= 25pX|——
Keff

Ter = 0.89 sec

Yield Point of System (2nd cycle properties):

W d d
Pyy = _XH + Aub>Fyub>(H

2 Pyr = 495.9kN
d

(1 - hL)x?xH 22AupFyub*-

Dy2 = + Dy2 = 50.54mm
Ko ky
FEMA 356 Seismic Hazard (Section 1.6):
-2% damped spectrum with 2% PE in 50yr
From USGS web site:
S;:=.75 Sg:=1.8 (2% in 50yr., MCE EQ Spectral Ordinates)

From FEMA 356 Table 1-4 and 1-5 For Site Class B:

Fa:=1.0 Fy:=1.0
Sxs = Fo’Sg Sx1:= Fy8)
Sxg =1.8 Sx1 =0.75

Defr:= 0.02  (inherent structural damping)

Bg:= 0.8 Damping Modification Factors
(FEMA 356 Table 1-6)

B1:=038
_Sx1 "
ST S Tg=042s
To = 0.24 Tp=0.08s
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Appendix C

T := 0.0lsec,0.02sec..3sec  (period Incremented By .01 sec)

Sad(T) = stﬁi - 29l + 0,4,u if TETy (general response spectrum of FEMA 356)
@Bs  gls 0
S
if T)ETET
B, 0 s
Sx1
sec if T¢ET
B X
2% Damped Response Spectrum
-+
&
g 15
=
2
(]
3
<
TN
2
(=9
n
0.5T
f ; f ; f |
0 0.5 1 1.5 2 2.5 3
Period (sec)
2
Teff
Dy = C0>C1>C2>C3>Sax—2>g (Eq. 3-15, FEMA 356)
4p

C,: modification factor to relate SDOF displacements to roof displacement of MDOF system

C,: modification factor to relate expected inelastic displacements to those calculated

for elastic response

C,: modification factor to represent effect of pinched hysteresis

C;: modification factor to represent increased displacement due to P-D effects

C=C=C+1.0
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Appendix C

Cmp = 1.0 (effective mass factor, entire mass assumed to participate in horizontal mode)

R := Mx:m R =37
Py2

W

Ci1:= |10 if Tepr3 Ty

é Ts ¢
E1.0+ (R - 1)T—S:’I
F oh
€ =4 if Tegr <Tg
R
2
_ Teff
Dy = C0>C1>C2>C3>Sad(Teff)x_2 g
4p
Dy = 206.6 mm
Py26 d
Dubf = (i%u - L*"_
e kKo gh
o . Dubf
ubf -—
Lub
€ubf = 0.015
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Appendix C

Method 2: Non-linear Static Procedure

-similar to FEMA 356 Section 3.3.3

Capacity (pushover) Curve:

(pier aspect ratio)

1730kN (tributary bridge deck weight to pier)

=
1

w
m:=— m=1.764" 105kg

g
ky:=222— (horizontal stiffness of pier)
mm
E := 200GPa (modulus of elasticity for steel in unbonded brace)
a = 0.01 (post-elastic stiffness ratio of unbonded brace)

Following 3 parametersiterated upon to obtain desired response:

Lyp := 4000mm Lyp =157in  (effective length of unbonded brace)

Ay = 23’00111m2 App = 3‘.6in2 (cross-sectional area of unbonded brace core)

Fyub = 235MPa Fyub =34ksi (yield strength of steel within unbonded brace)

ey = 0.015 (target maximum strain in unbonded brace)
Ay
L= M (local strength ratio defined in Section 3.3)
W hy =0.62
2

Uplift of Pier Leg, Start of Rocking:

=T
in=}
=1
=

Pyp2 = (1 - hL)x?

P up2

Dup2 = Dyp2 = 4.87mm

g:=

m
9.81 —
2

sec
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1 (stiffness of rocking system)

1
ko %\ub’EOﬁo
e Lub g€hg

Yield Point of System (2nd cycle properties):

W d d

= — X% +

Py : > AubFyub h Py» = 468.5kN
W d d

1 - hp)*=x 2XA;pFyub*

( L) > h ub™'yub h

Dy» = + Dy» =49.3mm
2 o ke &

p20 @yz - Dupzﬁ
Keff = ko>t— keg—————=
eDyxg & Dy g

kN
kepr =9.50 —
mm

Tefr 1= 2pX|——
Keff

Tefr = 0.86 sec

D := 0.1lmm, 0.2mm.. 300mm
P(D) = | (kD) if D £ Dypo

Pyup2 + kD - Dyp) if Dyp2 <D £ Dys
-1

Py + E- + 1 t oD- Dy if D>Dy,
@ %\ub’EE) 92@
& & Lup g€ho
P1(D) = keppD
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Pushover Curve

600T

4007

P (kN)

2007

FEMA 356 Seismic Hazard (Section 1.6):
-2% damped spectrum with 2% PE in 50yr

From USGS web site:

S;:=.75 Sg:=1.8 (2% in 50yr., MCE EQ Spectral Ordinates)

From FEMA 356 Table 1-4 and 1-5 For Site Class B:

Fa:=1.0 Fy:=1.0
Sxg = Fp8g Sx1 = Fy8
Sxg =1.8 Sx1 =0.75

Defr:= 0.02  (inherent structural damping)

Bg:= 0.8 Damping Modification Factors
(FEMA 356 Table 1-6)

By :=

_Sx1 "
ST Sxs T Tg=042s
To = 0.24 Tp=0.08s
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T := 0.0lsec,0.02sec..3sec  (period Incremented By .01 sec)

Sad(T)

Spectral Acceleration (g)

= stﬁi - 291 + 0,4,u if TETy  (general response spectrum of FEMA 356)
@Bs  gls 0
SXs
if T)ETE T
BS
Sx1
sec if TgET
BX
2% Damped Response Spectrum
-t
1.57
1
0.5T
f } } ; } |
0 0.5 1 1.5 2 2.5 3

Period (sec)

Tetr
Dy = C0>C1>C2>C3>Saxe—2>g (Eq. 3-15, FEMA 356)

+p

. modification factor to relate SDOF displacements to roof displacement of MDOF system

: modification factor to relate expected inelastic displacements to those calculated

for elastic response

: modification factor to represent effect of pinched hysteresis

: modification factor to represent increased displacement due to P-D effects

C=C=C+1.0
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Cm = 1.0 (effective mass factor, entire mass assumed to participate in horizontal mode)

R:= stm R =40
ez

W

Ci1:= [ 1.0 if Tegr3 Tg

. T
€10+ (R - 1)T—S.f
€ h
€ i if Teer <Tg
R
2
_ Teff
Dy = C0>C1>Cz>Cs>Sad(Teff)><—2>g
4p
Dy = 199.4mm

Porés
) v20 d
Dubf = %u' —— %

ko gh

e
e _ Dubf
ubf =
Lup
eubr = 0.015
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Method 3: Design of Braces As Energy Dissipation Devices

*Nonlinear Static Procedure of FEMA 274 (Method 2)

Capacity (pushover) Curve:

h
E =3 (pier aspect ratio)
W = 1730kN (tributary bridge deck weight to pier)
kN . . .
kyi=222— (horizontal stiffness of pier)
mm
E := 200GPa (modulus of elasticity for steel in unbonded brace)
a:=0.01 (post-elastic stiffness ratio of unbonded brace)

Following 3 parametersiterated upon to obtain desired response:

Lyp := 4000mm Ly, = 157in (effective length of unbonded brace)

Ay = 2500mm> Ay =39 in? (cross-sectional area of unbonded brace core)
Fyup = 235MPa Fyup = 34 ksi (yield strength of steel within unbonded brace)
eup = 0.015 (target maximum strain in unbonded brace)
ApF
hp = b yub (local strength ratio defined in Section 3.3)
W hy = 0.68
2

Uplift of Pier Leg, Start of Rocking:

P2 = (1- hL)xg

mlg
=fa

upl -

= e
o

__ Pup2
Dup2 =—
o

Dyp2 = 4.17mm

g:=

m
9.81—
2
sec
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- 1 1 (stiffness of rocking system)

J aig~“ub’€0 a@o
Lub gehﬂ

Yield Point of System (2nd cycle properties):

p,= A e 3
2=y T Aty Py, = 484.2kN
(1-n )ﬂﬁ 20

L > h ub™ yub h

D2:: + D2:5001mm
y: ko kr y:

System at Target Maximum Displacement:

h Py2
= ub&ubx_ s
0

Du

D, = 202 mm

D:= 0.1lmm, 0.2mm.. 300mm
P(D) = | (kD) if DE Dy

Pup2 + kp{D- Dypy) if Dy < D £ Dy

2+§_+— D- D) if D> Dy,
(o v o-0,) 050,

() \C\

c
) Lyp gehz

Pushover Curve

600T

4007
z
=
=9}

200

I f f f f J
0 50 100 150 200 250 300
D (mm)
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Appendix C

Spectral Capacity Curve:

D) = P(D) g fi=1 (conversion to spectral ordinates, piers idealized
Sac(D) = W Xg as SDOF system for horizontal response)
G:=1
Sqc(D) = >
d =
¢ f>G
Spectral Capacity Curve
03T
R
g
B
2
g 02T
<
E
51
&
0.1
f ; ; }
0 50 100 150 200

Displacement (mm)
Spectral Demand Curve:

Wy = =D, (stored strain energy at displacement, D,)

Wp = 4)Py2>(Du - Dyz) (energy dissipation of bi-linear system at displacement, D)

b,:=0.02 (assumed inherent structural damping)

Wp

bb = bb =0.479
4RV
Pys - Pypi (factor accounting for flag-shaped hysteresis

qQq=— q = 0.404 deviation from bi-li

Py eviation from bi-linear response)
befr:= g¥p + b,
b = 0.21 (equivalent viscous damping for inelastic system)
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From USGS web site:
S;:=.75 Sg:=1.8 (2% in 50yr., MCE EQ Spectral Ordinates)

From FEMA 273 Table 2-13 and 2-14 For Site Class B:

F,:=1.0 F,:= 1.0
SXS = Fa)SS SXl = FV)SI
SXS =1.8 SXl =0.75

Damped Spectra Procedure In FEMA 273 (2.6.1.5):

Bg:= | 0.8 if by £ 0.02 B;:= |0.8 if beg £ 0.02

X1 if 0.02 < beff £ 0.05 Y1 if 0.02 < beff £ 0.05
Xy if 0.05< beff £ 0.10 Y2 if 0.05< beff £ 0.10
X3 if 0.10< beff £ 0.20 Y3 if 0.10 < beff £ 0.20
X4 if 0.20 < beff £ 0.30 Y4 if 0.20 < beff £ 0.30
x5 if 0.30 < byg £ 0.40 ys if 0.30 < byg £ 0.40
xg if 0.40 < bg £ 0.50 ye if 0.40 < bg £ 0.50
3.0 if beff > 0.50 2.0 if beff > 0.50

By = 1.868 Damping Modification Factors

(FEMA 273 Table 2-15)

B, =1.527

Sx18s
0= xec

Sxs*Bi

T,=05ls 025, =0.1s

T := 0.01sec, 0.02sec.. 3sec (period Incremented By .01 sec)

Sad(D = | ¢ XS—: %_4 + 3xl9 if TE 02X, (general response spectrum of FEMA 273)
eBs ge Tog
Sxs

if 024, £TET,

S

Sx1

sec if TET
leT
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Demand Spectrum reduced for Eq. Damping

T
0.8T

&

=

£ 0.67

I

5

[

S

<

E i

*g 0.4

=9

%)
02T

0

.2
2T o

Sad(T) = ——= B,q(T)%
erpg

T

Spectral Acceleration (g)
(=}
W
1
T

[l [l [l
0.5 1 15 2 25 3
Period (sec)

(conversion to spectral displacement demand)

Spectral Demand Curve

(=]

100 200 300
Spectral Displacement (mm)
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Spectral Capacity and Demand Curves

Base Shear/Weight and Spectral Acc.

05— ]
N | | | | | | | | |
0 25 50 75 100 125 150 175 200 225 250
Deformation and Spectral Displacement
Ds := 206mm (displacement at intersection of spectral demand and capacity curves,
iterative with initially guessed brace properties)
e Py2 0 d
Dubf = ng e
e kogh
e Dubf
bf -~
Lup
eypr = 0.015 (final estimated strain in unbonded brace)
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APPENDIX D
REPRESENTATIVE PIER PROPERTIES

Calculations of the “fixed-based” stiffness and period of vibration for the adopted pier

properties used for the analysis procedures presented in Appendix C are shown in this

appendix. The properties for four piers; having aspect ratios of 1, 2, 3 and 4, are presented.
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Appendix D

Representative Pier Properties:

constants:
= 9.81——
General Pier g-=7% 2
sec
m m E 1= 200GPa
— * - —
P =1 2 2
A ’
m: bridge mass tributary to pier
Tower Diagonal (A, L)
h
Ay cross-sectional area of tower diagonals
Ly length of tower diagonals
Tower Leg (A,)
\ 4
A;: cross-sectional area of tower legs
1730kN
m.:=—
g
= 7097mm”
Ad= (properties of piers assumed representative,
as discussed in section 3.4.2)
L4 := 10389mm

Aq = 31100mm’
-pier moment of inertia

1
I:=—Apd® 1=0832m’
2
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Appendix D

h d:=7315mm

h :=29260mm

-pier stiffness k:

P, := 1kN  (virtual unit load)

ny =4 (number of x-braced bays)
bending: shear:
Pv>h3 PV>Ld3
Db = DV = )ﬂb
3xEX 2>E>dz>ﬂd
P, Py
ky = — ky =—
Dy, " b,
-1
1
ky = (i’ﬁ_ + _9
ek kg
kN
k, = 12.5—
mm

T, = 0.74 sec
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Appendix D

h d:=7315mm

h :=21946mm
-pier stiffness k:

P, := 1kN  (virtual unit load)

n, =3 (number of x-braced bays)
bending: shear:
Pv>h3 PV>Ld3
D = D, i=—n,
3EA 2 A
P, Py
ky, = — =
Dy Dy
-1
_ael 10
ko= c—+—=
gk kvg
k, =23.1—
mm

T, = 0.55sec
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d:=7315mm

ol
I
[\

h := 14630mm

-pier stiffness k:

P,:= 1kN  (virtual unit load)

ny =2 (number of x-braced bays)
bending: shear:
Pv>h3 PV>Ld3
Dy = Dy = ——n,
3EA 2>E>d2>Ad
P, Py
kb = — kv =—
Dy D,
- 1
1
ko = ?eL + —9
ek kvg
kN
k, = 47.5—
mm

T, = 0.38sec
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d:=7315mm

a s
I
-

h:=7315mm

-pier stiffness k:

P, := 1kN (virtual unit load)
n, =1 (number of x-braced bays)
bending: shear:
3
PV>h Pv>q-‘d
Dy, := D, :=
PEA 2EA A
P, P,
kb =— kv = —
Dy Dy
-1
1
-2, 10
ek kg
kN
k, = 122.5——
mm

-natural period of vibration of fixed-base pier:

T, = 2opx | —
0" ko
T, = 0.24 sec
Summary:
h/d ko (kN/mm) To (sec.)
4 12.5 0.74
3 23.1 0.55
2 475 0.38
1 1225 0.24

164




Appendix E

Response Spectrum of Synthetic Motions

Pseudo-acceleration response spectrum for the synthetic motions produced by the
TARSCTHS code are presented in this appendix. The results are compared to the
response spectrum defined by NCHRP 12-49 (ATC/MCEER 2003), which is the target
spectral shape. The response spectrum for the seven motions are presented for demand
levels of S, equal to 0.25g, 0.5g and 0.75g. The average of the seven motions are also

presented for each demand level.
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Pseudo-Acceleration (g)

Pseudo-Acceleration (g)

0.80

tyrp. sy

W gverage

HCHEFP 12-49

0.60

0.40 -

0.20

0.00 T T T
0 0.5 1 1.5
Period T (sec)
FIGURE E-1 Response Spectrum for S,=0.25¢g
150 T tyrp. sy

W gverage

HCHEFP 12-49

1.00

0.50

0.00 T T |

Period T (sec)

FIGURE E-2 Response Spectrum for S,=0.5g
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Pseudo-Acceleration (g)

2.00

1.50

1.00

0.50

0.00

tyrp. sy

= average

HCHEFP 12-49

Period T (sec)

FIGURE E-3 Response Spectrum for S,=0.75¢g
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APPENDIX F
SAMPLE SAP2000 INPUT FILE

An input file for a typical analytical model is given in this appendix. A file with an extension

“.$2k” can be used to generate a model. Additional files are required to supply the loading

functions. These text files must be located in the same file subdirectory.
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; File C:\Thesis Research\Thesis Writing\SAP Model\Input File.$2k saved 4/5/03 16:50:30
in Kip-in

SYSTEM
DOF=UX,UZ,RY LENGTH=IN FORCE=Kip PAGE=SECTIONS

JOINT

1 X=-144 Y=0 Z=0
X=144 Y=0 Z=0

=-144 Y=0 Z=288
X=144 Y=0 Z=288
X=-144 Y=0 Z=576
X=144 Y=0 Z=576
X=-144 Y=0 Z=864
X=144 Y=0 Z=864

=-144 Y=0 Z=1152
10 X=144 Y=0 Z=1152
11 X=-144 Y=0 Z=-120
12 X=144 Y=0 Z=-120

O 00 1 O\ LD W

RESTRAINT
ADD=11 DOF=U1,U2,U3,R1,R2,R3
ADD=12 DOF=U1,U2,U3,R1,R2,R3
ADD=1 DOF=UI
ADD=2 DOF=UlI

CONSTRAINT
NAME=EQUAL1 TYPE=EQUAL DOF=UX CSYS=0
ADD=9
ADD=10

PATTERN
NAME=DEFAULT

MASS

ADD=9 U1=.5034 U3=.5034
ADD=10 Ul1=.5034 U3=.5034
ADD=1 U3=.001

ADD=2 U3=.001

MATERIAL
NAME=STEEL IDES=S W=.000283
T=0 E=29000 U=.3 A=.0000065 FY=36
NAME=CONC IDES=C M=2.246377E-07 W=.0000868
T=0 E=3600 U=.2 A=.0000055
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NAME=OTHER IDES=N M=2.246377E-07 W=.0000868
T=0 E=3600 U=.2 A=.0000055

FRAME SECTION

NAME=FSECI MAT=STEEL SH=R T=18,10 A=180 J=3916.671 1=4860,1500

AS=150,150

NAME=W14X82 MAT=STEEL A=48.2 J=5.08 [=882,148 AS=7.2981,14.435
S=123.2704,29.22014 Z=139,44.8 R=6.049588,2.47812 T=14.31,10.13,.855,.51,10.13,.855

SHN=W14X82 DSG=W

=3

NAME=DIAGONAL MAT=STEEL SH=R T=2,5.5 A=11 J=11.31156

.666667,27.72917 AS=9.166667,9.166667

NLPROP
NAME=GAP TYPE=Gap M=.001
DOF=U1 KE=50000 CE=0 K=50000 OPEN=0
NAME=UB TYPE=Plasticl M=.001
DOF=U1 KE=1120 CE=0 K=1120 YIELD=150 RATIO=.01 EXP=2

FRAME

0NN W~

O

10
11
12
13
14
15
16
17
18
19
20
21

J=1,3 SEC=W14X82 NSEG=2 ANG=0

J=3,5 SEC=W14X82 NSEG=2 ANG=0

J=5,7 SEC=W14X82 NSEG=2 ANG=0

J=7,9 SEC=W14X82 NSEG=2 ANG=0

J=2,4 SEC=W14X82 NSEG=2 ANG=0

J=4,6 SEC=W14X82 NSEG=2 ANG=0

J=6,8 SEC=W14X82 NSEG=2 ANG=0

J=8,10 SEC=W14X82 NSEG=2 ANG=0

J=1,2 SEC=DIAGONAL NSEG=4 ANG=0 IREL=R2,R3 JREL=RI,R2,R3
J=3,4 SEC=DIAGONAL NSEG=4 ANG=0 IREL=R2,R3 JREL=RI,R2,R3
J=5,6 SEC=DIAGONAL NSEG=4 ANG=0 IREL=R2,R3 JREL=RI,R2,R3
J=7,8 SEC=DIAGONAL NSEG=4 ANG=0 IREL=R2,R3 JREL=RI,R2,R3
J=9,10 SEC=DIAGONAL NSEG=4 ANG=0 IREL=R2,R3 JREL=R1,R2,R3
J=1,4 SEC=DIAGONAL NSEG=2 ANG=0 IREL=R2,R3 JREL=RI,R2,R3
J=2,3 SEC=DIAGONAL NSEG=2 ANG=0 IREL=R2,R3 JREL=RI,R2,R3
J=3,6 SEC=DIAGONAL NSEG=2 ANG=0 IREL=R2,R3 JREL=RI,R2,R3
J=4,5 SEC=DIAGONAL NSEG=2 ANG=0 IREL=R2,R3 JREL=RI,R2,R3
J=5,8 SEC=DIAGONAL NSEG=2 ANG=0 IREL=R2,R3 JREL=RI,R2,R3
J=6,7 SEC=DIAGONAL NSEG=2 ANG=0 IREL=R2,R3 JREL=RI,R2,R3
J=7,10 SEC=DIAGONAL NSEG=2 ANG=0 IREL=R2,R3 JREL=R1,R2,R3
J=8,9 SEC=DIAGONAL NSEG=2 ANG=0 IREL=R2,R3 JREL=RI,R2,R3

NLLINK

1 J=1 NLP=GAP ANG=0 AXDIR=+Z
2 J=2 NLP=GAP ANG=0 AXDIR=+Z
3 J=11,1 NLP=UB ANG=0

4 J=12,2 NLP=UB ANG=0
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LOAD
NAME=GRAVITY CSYS=0
TYPE=FORCE
ADD=9 UZ=-194.5
ADD=10 UZ=-194.5
NAME=VIRTUALX CSYS=0
TYPE=FORCE
ADD=9 UX=.5
ADD=10 UX=.5
NAME=LOADI CSYS=0
TYPE=FORCE
ADD=9 UZ=1
NAME=LOAD2 CSYS=0
TYPE=FORCE
ADD=10 UZ=1
NAME=LOAD3 CSYS=0
TYPE=FORCE
ADD=9 UZ=-1
NAME=LOAD4 CSYS=0
TYPE=FORCE
ADD=10 UZ=-1

MODE
TYPE=RITZ N=16

ACC=UX
ACC=UZ
LOAD=GRAVITY
LOAD=VIRTUALX
LOAD=LOADI1
LOAD=LOAD2
LOAD=LOAD3
LOAD=LOADA4
NLLINK=*

FUNCTION
NAME=RAMPI1 DT=1 NPL=1 PRINT=Y FILE=rampl.txt
NAME=SYNI1 DT=.005 NPL=1 PRINT=Y FILE=synl.txt

HISTORY
NAME=GRAV TYPE=NON NSTEP=40 DT=1 DAMP=.99 DTMAX=.5 DTMIN=.000001
LOAD=GRAVITY FUNC=RAMPI1 SF=1 AT=0
NAME=SYN1 TYPE=NON NSTEP=3000 DT=.005 DAMP=.02 PREV=GRAV
DTMIN=.000001
ACC=U1l ANG=0 FUNC=SYNI SF=1 AT=0

OUTPUT
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; No Output Requested
END

; The following data is used for graphics, design and pushover analysis.
; If changes are made to the analysis data above, then the following data
; should be checked for consistency.
SAP2000 V7.40 SUPPLEMENTAL DATA

GRID GLOBAL X"1" -120

GRID GLOBAL X "2" -72

GRID GLOBAL X "3" -24

GRID GLOBAL X "4" 24

GRID GLOBAL X"5" 72

GRID GLOBAL X "6" 120

GRID GLOBAL Y "7" -120

GRID GLOBAL Y "8" -72

GRID GLOBAL Y "9" -24

GRID GLOBAL Y "10" 24

GRID GLOBAL Y "11" 72

GRID GLOBAL Y "12" 120

GRID GLOBAL Z"13" 0

GRID GLOBAL Z "14" 48

GRID GLOBAL Z "15" 96

GRID GLOBAL Z"16" 144

MATERIAL STEEL FY 36

MATERIAL CONC FYREBAR 60 FYSHEAR 40 FC 4 FCSHEAR 4

FRAMESECTION W14X82 A 24.1 MFA 2

STATICLOAD GRAVITY TYPE DEAD

STATICLOAD VIRTUALX TYPE DEAD

STATICLOAD LOAD1 TYPE DEAD

STATICLOAD LOAD2 TYPE DEAD

STATICLOAD LOAD3 TYPE DEAD

STATICLOAD LOAD4 TYPE DEAD
END SUPPLEMENTAL DATA
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Appendix G
CAPACITY OF ARBITRARY CONCRETE FOUNDATION PEDESTAL

The constraints key to capacity protection of existing elements, established in Section 4.2
(constraints (iii) and (i1)), are dependent on existing pier properties and may be limited by
the foundation capacity. For example, a foundation limit state based on the compressive
capacity of a concrete foundation pedestal could define this value in a specific application.
To illustrate this situation, the capacity of a concrete pedestal is determined utilizing ACI318
(ACI, 2000). The limiting foundation strength is used in the design example shown in

Section 4 and design procedure results shown in Section 5.
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Appendix G

Capacity of Arbitrary Concrete Pedestal

Pedestal Dimensions:

hp = 120in
Bp = 126in
bp = 22in

Concrete Material Properties:

f. 1= 2000
o= 57000>< T kips
1000 .2
in
E;. = 18GPa

Compressive Capacity of Pedestal (ACI 22.5.5):
fB,3 Py
f :=0.70 (ACI9.3.2.2)

Ay = bp2

Ay = 2

Bp
A Ay
h = — if |[—£2
Aq Al
2 otherwise

B = 0.85X4A%h

fBy, = 5124kN

in
= 386.4——
g 2

S€C
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APPENDIX H
GRAPHICAL DESIGN PROCEDURE CALCULATIONS

This appendix provides a sample set of calculations for the proposed design procedure,
automated so that many designs could be evaluated quickly. Calculations are based on a 2-
dimensional pier with identical unbonded braces added to each leg of a pier. The cross-
sectional area and effective length of the unbonded brace, A, and L, respectively, are
variables, while other important properties are held constant. A, and L are varied using
the range variables i and j. The unbonded brace length, L, is varied from zero to
approximately 7.1 meters. A, is varied from zero to its limit to allow self-centering

capability.

The graphical procedure is given for 2 of the methods of analysis discussed in Section 3. The
first presented is Method 2, which is similar to the NSP of FEMA 356 with k. defined using
(3-44). The second is Method 3, similar to the FEMA 274 procedure for systems with
passive energy dissipation devices. The second one presented uses the parameters
established for the design example shown in Section 4. Both use the modified displacement

ductility ratio method for determining the maximum velocity demand.
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Appendix H

Method 2: NSP Procedure of FEMA 356 with k

—eff.

defined by Equation 3.39

Design Constraints:

D Ay = Aubl(Lubl , Dall) D < Dy (code mandated max displacement)
@) Ayp= Aub2(Lub2, mall) m < my (limit local displacement ductility)
Q) Aysz= Aub3(Lub3vaax) P, <Py (fuse concept to protect vulnerable elements)
@) Ays= Aub4(Lub 4,Vcr) Vinelastic < Ver (limit impact velocity on foundation)
5 Ays= AubS(h L) hy <1 (inherent re-centering capability)
d:=7.315m
ier dimensions
h:=29.261m P )
g =981 2
sec
Pier Properties: Unbonded Brace:
h
—=4 E := 200GPa
d
- W
W= 1730kN Fyub := 235MPa m = .
KN 386.4—
ko= 12.6—
mm s€C
my
T, = 2px|—
T, = 0.74s Ko

Seismic Demand (FEMA 356, Sec. 1.6):

S1:=0.5¢ F,=F,=1.0 (assumed site class B)
Ss = 1.25%
B,:= 0.8 B;:=0.8 (2% damping)
Sl>Bs
T, = xec Tg := 0.2XT
S SS>B1 (0] s
T, = 0.4s To = 0.08s
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Appendix H

i:=0,1..300
T; == ——sec
100
6 &5 0N
s, = | & 82 . 00 i1 e T,
: ad

Spectral Demand Curve
I I I

Spectral Acceleration (g)

I I I I I
0 0.5 1 1.5 2 2.5

Period (sec)
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Appendix H

1 D< Da]l (Aub’ Lub’ ko)

FS:=5
d . e

Dy i= oS (overturning stability limit) Doy = 732 mm
F

Pyl
DallZ = 0.25—H
w

H:=h

A

(NCHRP 12-49 limit to prevent P-D effects from
significantly affecting the seismic behavior)

2
ubll == 0.1lmm

P '—vv>£+Au ) xg
yl - 2 h bl1 yubh

Do = 930.4mm (Pyl is dependent on A, however assume very small or no A .
to determine yield displacement of system, conservative) 5 a1 0
er = C -
Pai2 g
np = 400 n = 74
ii=1,2.n ji==1,2.ny (range of unbonded brace cross-sectional
area and effective length)
f2 =254 fl =50
Lubi = X mm Aubj = j; mm
2>Aub.>{:yub
hy = :
] W

D 2
2.
P ko
K : 1
g 1
—+
k, aEAL O .2
0 ubj_: %O
Ly *ohg
e g
4 d
PyA = é@] + Ayp )‘Fyung_
i e2 h
2>Aubj>4:yub>g
Dyz. = Dypa. +
Y. up K
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Appendix H

é @upl 0 @yzi LT upZC’l:l

keff = §ko T + kr l: -] ]_.l:
i €°cp, * i,jC Dy, <1
é e hijg e i &

] L (factor from FEMA 356 to
account for increased
displacements in equal
energy range of spectrum)

NaS el

4 if ToET £T
R (0] effi,j s

(¢
()

Dg = |——— if ¢, =10
1J Terr, Xefr. . 1]
1‘.] l’.l

& Ss 0
g mlx——:

So, ——T i, t 1.0
€ i kep, i
e i,j @

(sorts through array to find values of A for a given L, that
satisfy the constraint and gives the "solution vector")

Ayp1 = |r— 0

for il 1,2..n;
c- 0

for j11,2..ny

A pfins if (min(De) - 0.01in) £ D £ (min(De;) +0.01in)
L]

c- c+1

r-r+1
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Appendix H

6000 [~ I
4000 [~ =
Aubl
2
mm
+++
2000 [~ I
0 | | | | | |
0 1000 2000 3000 4000 5000 6000
Lubl
Aub > Aubl H
end constraint 1
@2 m<my (Ayps Lups ko, Fy) 1.5% strain:
_0.01>€
My == F—
. .- . b
my = 12.8 (allowable local displacement ductility ratio) yu
e & e ,Vodu
§ X ubj yub I l: d
€Dg, - L=
g bl ' gh
m, = "
L) %yub){'ubio
C =
e E g
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Appendix H

Apr=|r- 0

for il 1,2..m
c- 0

for j11,2..n,

c- c+1

r-r+1

Aj- _]>f1mm2 if (mdu- 01) £ rTLi,j £ (mau+0.1)

6000 [~

5000 [~

4000 [~

Aubzi

mm2 3000
+++

2000 [~

1000 [~

+
T
T
%
%
3
+
+
+
%
5
3
%
i
i

%

I -‘III’I:- I I I

0 1000

Myp < My

Aub > AubZ

2000 3000 4000 5000
Lubl

mm

6000

end constraint 2
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3 Py < Py (Aup Fy)

Pa” = 0.5
od

v
= — + ApFyu—
ez gh

Py

Pai

(allowable base shear)

(factor to account for vertical
modes of vibration)

Rq:= 1.56

w

Aupz =

af=

L5RpFyub

Ay = 2611 mm?

2%y

(Aub < Aubs)

4

Vingastic < Ver

2h

if T
1+h effi,i
J

he.

if T
1+hg. effi,j
j

e
My = bXTb = phx——0o
Dy2

DG, .
10 if pr"J <1
DG,
bjx# otherwise
Dy2.
Y2

cm
V= 15—
Sec
&St 0
¢ B1
C
e2p
aeSs
C B
r

(A ubr L

end constraint 3

ubr ko, Fy)

STS

<TS

.0
(modified displacement ductility ratio)

(critical deck-level velocity to control impact to foundation)

(elastic pseudo velocity)
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Appendix H

2000
1500 [~ m
.H
HHHHHH
-
-
-
Aub -
5 1000 it
mm Himg-
+++ -
-
-
M-
-
-
” -
500 m
P —— T PP wo Lo w Ly . N | |
0 1000 2000 3000 4000 5000 6000 7000
Lubi
mm
end constraint 4
(5) h <1, Inherent Recentering (A, Fy)
ho = Au13>4::yub
W
2
hy <1.0
Ayps = W
ubs -~
2F
2
AubS = 3681 mm Aub < AubS

end constraint 5
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Appendix H

Design Chart: Ry = 1.56 Py = 0.5W
P, :=0.5W
h/d=4
4000 Strength Retrofit Coefficient:
X Py Pan
X hO = e h = -
3500 % W w
X
X h,=0.5 h=05
3000 X h
N Rg 1= -
X FTh, Rg=1
.................... N S
2500 X
. >><< Stiffness Retrofit Coefficient:
E X
g kN
= 2000 X kp = 12.6---- ko = 12.6----
z2 X mm mm
X
k
1500 >><< Rg __i;f’_ Rp=1
X — 3
X —
1000 X e
= 2
P x Ay = 1800 mm
500 |y = X m
Lubk = 2489 mm
0 w X wm w4
0 2000 4000 6000 EXAy,
. Lub (mm) kub fIT s m
constraintl bk
XXX constraint2
"""" constraint3 KN
+++  constraint4 kypf = 144.6----
""""" constraint5 mm
Design Constraints: =
G
k,m
1) A = Ly, D D<D, - =0.22
ubl Aubl( ubl all) all m
2 _ nlk,m _
) Awe = Aub2(Luva man) m < my =09
My
P, Ry
m
) Aps = AubS(Lub31Pmax) Py <Py ra—— 0.58
all
Vek
(4) Ayps = Aub4(Lub4var) PSiy < Vg ‘ =0.6
n}nk >a\/CI'
,m
() Aws = AubS(hL) hp <1 hy =0.49
m
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Appendix H

Method 3: Simplified Method of Analysis for Passive Energy Dissipation Systems

Design Constraints:

D Ay = Aubl(Lubl , Dall) D < Dy (code mandated max displacement)
@) Ayp= Aub2(Lub2, mall) m < my (limit local displacement ductility)
Q) Aysz= Aub3(Lub3vaax) P, <Py (fuse concept to protect vulnerable elements)
@) Ays= Aub4(Lub 4,Vcr) Vinelastic < Ver (limit impact velocity on foundation)
5 Ays= AubS(h L) hy <1 (inherent re-centering capability)
d:=7.315m
h:=29.26m
g =981 2
sec
Pier Properties: Unbonded Brace:
h
—=4 E := 200GPa
d
= W
W= 1730kN Fyub := 235MPa my = —
g
kN
ko= 12.6—
mm
my
T, = 0.74s T, := 2px o
RdV =1.56

Seismic Demand (FEMA 356, Sec. 1.6):

S1:=0.5¢ F,=F,=1.0 (assumed site class B)

Ss = 1.25%

B,:=0.8 B;:=0.8 (2% damping)

N

Sl>Bs
T, = xec To = 0.2XT
S SS>B1 (6] s
T, = 0.4s To =0.08s
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i:=0,1..300
T; == ——sec
100
e & 5 Ti ug
s, = | & 82 . 00 i1 e T,
tole @B gty o
SS
— if ToE T £ T,
S
Sysec
if TyET,
leT‘

Spectral Demand Curve

Spectral Acceleration (g)

1 1.5

Period (sec)
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Appendix H

Determination of Global Displacement Demand based on Passive Energy Dissipation System

-range of variables A, and L,

1
np = 200 fl =—
10
= . W
k 1,2 ny Ny = -1
2
Lup, 1= ko3oin 258 ypfy %in
m:=1,2.n

2
Aub = IIl>f1 in

m

a:'=0.01 (assumed post-yield stiffness of unbonded brace)

Agp X
o _ ubm yub
Lrn : W
2
ExAp
m
k=
ubk m Lyp
k

W
Pl T
P
D, =T
upm - k
0
k = !
rk,m._ 1
—+
ko @b EO .2
n 0
€ Lw Behﬂ
P, = Wxg+ o %—
ym-_ 2 h Aubm yub
(1 - hg )Hx— 2XAup Fyup*—
m
D, = -
k,m ko kr

b, :=0.028 (assumed inherent structural damping)
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- t Demand
D&k'le\/d D|Sp|mernen

I

il
i
lfﬂm /i ’

v '
umm

i
{/

i

I uummnmummmlilfllﬂ”ﬂﬂ””/, I ”//

n
I

l
i

n
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Appendix H

(1) D <Dy (Aub Lubs ko)
FS:=5
Dy == —— (overturning stability limit) D, = 732 mm
2¥FS
Py1 ..
Dy = 0.25x—4H (NCHRP 12-49 limit to prevent P-D effects from
W significantly affecting the seismic behavior)

H:=h Aubll:z Olmmz

P '—Wxg+A F xg
yl - 2 h ubl 1 yubh

Daz = 930.4mm  (Py; is dependent on A, however assume very small or no A, . &Balll 0
to determine yield displacement of system, conservative) or = € -
a2 g
Aupt = 1= 0 ts through array
for kT 1,2..n finds values within
stated range that are
¢~ 0 1€ critical value

for ml 1,2..n, €)

A= mofyin” if (min(Dy) - 1mm) £ D, £ (min(Dy) + 1mm)
,m

cac+l
r- r+1
A
8
(no boundary, thus all
N unbonded brace
ubly m dimensions and the pure
m2 rgckmg case satlsﬁes.the
displacement constraint)
0
3 Luby, 600
mm
Ayp > Aypl

end constraint 1
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2 m <my (Aybs Lyps Ko, Fy)
my = 12.8 (allowable local displacement ductility ratio)
& P94
DG -
S om ko gh
k,m ﬂyub&ubkf)
C =
e E g
Aub2 =]r- 0
for k1 1,2..1n
c= 0
for mT 1,2..n,
L2,
A~ mofyin it (my- 05) £m £ (my +0.5)
k,m
cc+l
r-r+1
A
4000 |
o
3000 [~ =
+
+
Aub2k +
2000 [~ I
mm2 ":t.'_
+++ ‘i
4
i
i,
_H_
1000 [~ T -
Ty,
Ty,
T
R TIT
W-HH-I-H-
HHHH-
0 b, | | L. " L LT
0 2000 4000 6000 8000 1 -104
Lubk
Myp < My
mm
Ayp > Aup2

1.5% strain:

end constraint 2

193




Appendix H

(3) Py < Pall (Aub’ Fy)

(factor to account for vertical

Py := 0.5W (allowable base shear) Ry modes of vibration and factor of
safe
P = Wxﬂ + A3 xﬂ Y
YT R Y
A Par b W
uo3 - L5RgFyyy d - 2F
_ 2
Aub3 =2611 mm (Aub < Aub3)

end constraint 3
(4) Vinelastic < Vcr (Aub’ Lub’ ko, F y)

-Using the modified displacement ductility approach for prediction of velocity

k,m .
b, %—— otherwise

yk,m
SsxTeffk m
PSV = . if Teff < TS
k,m Bs>Q>p><'2>mmk -1 k,m
,m

Ssec
— if Tgpg 3T
2038y, TkomF

k,m
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(critical deck-level velocity to control impact to foundation)

cm
Vg =75—
sec
Aub4 =]r=- 0
for kT 1,2..n
c= 0

for mT 1,2..n,

MOcps, £&,+0229
, M e

2
Ap o mépin if %cr- 0.2
' e secd sec
c- c+1
r-r+1
A
4000
.H
i
3000 [~ f_
#
+
+
Aub4 gt
&2000 — _'-_I-l-i —
2 #
mm -+
+++ #
&
+
+
+
+
+
1000 [~ . * -
++
4+
+
O ||||||||-:-||||||||||||||||I|||||||||||||||||||||||||III|||||||||||||||||||IIIIIIIIII||||||||||||||||||||||l||||||||||||
0 2000 4000 6000 8000
Lubk
mm

end constraint 4
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(5) h <1, Inherent Recentering (A, Fy)

oo = 4>§Aub5>Fyub
Lt = ~ . -
W+ 2>AubS)q:yub
hLl =1
Ayps =
2>hLlXFyub - 4>q:yub
2
AubS = 3681 mm Aub < AubS

if h; =1, critical recentering area

4t
l=
Wi+ 2>§Aub>Fy

Wl + 2>§Aub)Fy = 4)9Aub>f“y

Wl =2 XAub)Fy

end constraint 5
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Design Chart: Ry, = 1.56 Pa = 865kN
P, = 0.5W
h/d=4
4000 Strength Retrofit Coefficient:
S - P, _ Pan
3500 X T w W
h,=0.5 h=0.5
3000 h
Ry i=---
X £ h, Rg=1
2500
_ >:< Stiffness Retrofit Coefficient:
E
£ kN
5 2000 ky = 12.6---- ky = 12.6----
=
< mm mm
7
[ ko
1500 RE . RE =1
kp
1000
Final Unbonded Brace Dimensions:
500 2
Ay, = 1226 mm
+ J
+

0 2000

¢ constraintl
constraint2
constraint3
constraint4
constraint5

Design Constraints:

(D A = Aubl(Luthall)

@) Apo = AubZ(Luva mm)

G3) Aypz = Aub3(Lub3vaax)

(4) Aub4 = Aub4(Lub4var)

() Aups = AubS(hL)

4000
Lub (mm)

D < Dy

mp < myy

< Pmax

PSin < Ve

hL<1

6000

Ly, = 2743 mm
1

EXAubA
— J
S

L _ .67

VCI‘

hy =0.333
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