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Abstract: The self-centering rocking steel-braced frame is a high-performance system that can prevent major structural damage and
minimize residual drifts during large earthquakes. It consists of braced steel frames that are designed to remain elastic and allowed to rock
off their foundation. Overturning resistance is provided by elastic post-tensioning, which provides a reliable self-centering restoring force,
and replaceable structural fuses that dissipate energy. The design concepts of this system are examined and contrasted with other conventional
and self-centering seismic force resisting systems. Equations to predict the load-deformation behavior of the rocking system are developed.
Key limit states are investigated including desired sequence of limit states and methods to help ensure reliable performance. Generalized
design methods for controlling the limit states are developed. The design concepts are then applied to a six-story prototype structure to
illustrate application of the rocking steel frame system and provide the framework for a coordinated research program to further develop
and validate the concepts. DOI: 10.1061/(ASCE)ST.1943-541X.0001047. © 2014 American Society of Civil Engineers.
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Introduction

Conventional seismic force-resisting systems rely on inelastic
deformations in primary structural members to dissipate seismic
energy and protect buildings against collapse. While current build-
ing code requirements are generally considered to provide adequate
safety, their prescriptive requirements that focus on lateral strength
and ductility do not explicitly control the amount of structural
and nonstructural damage or provide for continued use after the
earthquake. The resulting earthquake damage to primary structural
members, including braces, walls, beams, columns, and connec-
tions, and residual drifts can result in buildings that are difficult and
financially prohibitive to repair after a large earthquake.
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Performance-based earthquake engineering highlights the im-
portance of reducing repair costs and avoiding building closures,
which can otherwise result in business interruption and displace-
ment of occupants. Higher performance can be achieved by min-
imizing inelastic deformation and damage to primary structural
components and residual drifts. In general, it is neither practical nor
economical to strengthen conventional seismic systems to achieve
this performance. Instead, new approaches are needed, such as the
rocking frames described herein where inelastic deformations are
concentrated in replaceable ductile fuses, and where self-centering
systems maintain building plumb and practically eliminate resid-
ual drifts.

The proposed self-centering rocking braced frame has a stiff
vertical spine with an articulated rocking mechanism, designed
so that the spine remains essentially elastic outside of designated
replaceable energy-dissipating elements. The system is capable of
preventing major structural damage and residual drift when sub-
jected to severe maximum considered earthquake (MCE) level
ground motion intensities. Fig. 1 shows one possible configuration
of the rocking frame; other configurations with alternative post-
tensioning and fuse locations are discussed later. The system con-
sists of three main components:

1. A steel braced frame that remains essentially elastic by uplift-
ing at the column bases during ground motions. The rocking
frame creates a stiff spine that promotes uniform story drifts up
the building, and the column base detail permits uplift while
restraining horizontal motion through bearing against bumper
supports;

2. Vertical post-tensioning (PT) that provides resistance to over-
turning and provides self-centering forces. The initial stress in
the strands is selected so as to provide sufficient uplift resis-
tance while allowing for sufficient straining capacity to remain
elastic under expected rocking; and

3. Replaceable energy-dissipating elements that resist overturn-
ing and act as structural fuses that yield, effectively limiting
the forces imposed on the rest of the structure.
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Fig. 1. Description of the controlled rocking system

The self-centering rocking braced frame has been developed
and investigated through a multi-institution, international research
project. Components of the research are illustrated in Fig. 2 and
include three experimental programs with complementary compu-
tational studies. The fuse elements were developed, analyzed, and
tested at Stanford University (Ma et al. 2010). Half-scale quasi-
static cyclic and hybrid simulation tests were conducted at the Uni-
versity of Illinois at Urbana Champaign to investigate system and
component behavior and refine construction details (Eatherton and
Hajjar 2010; Eatherton et al. 2014). Shake table tests of a two-thirds
scaled specimen were conducted at the E-Defense facility in Japan
to validate system performance and investigate dynamic system
behavior (Ma et al. 2011). Computational studies were conducted
to investigate (1) the effect of system parameters (Hall et al. 2010),
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Fig. 2. Graphical depiction of project phases
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(2) the required restoring force to reliably self-center a complete
building system (Eatherton and Hajjar 2011), and (3) the overall
design and performance of controlled rocking systems (Eatherton
and Hajjar 2010; Ma et al. 2011).

This paper draws from all phases of this project to describe
the key design concepts for self-centering rocking steel frames.
First, previous work on seismic force-resisting systems that incor-
porate self-centering capability and structural fuses are examined.
Alternative rocking frame configurations are then discussed fol-
lowed by the development of key equations and considerations
for their seismic design. Finally, the concepts are illustrated through
a design example.

Impact of Residual Drifts on Building Performance

Residual drifts are often a determining factor in whether a structure
can be repaired or occupied after an earthquake, which in turn con-
tributes to the economic losses related to repair or replacement
costs and business downtime. In a study of buildings damaged in
the 1995 Hyogoken-Nanbu earthquake, structures with residual
drift ratios greater than 0.5% had issues with egress following the
earthquake and were expensive to repair (McCormick et al. 2008),
and buildings with roof drift ratios greater than 1% and story drift
ratios greater than 1.4% were demolished (Iwata et al. 2006). The
expected residual drifts in buckling restrained braced frame build-
ings were analyzed based on several model buildings resulting in
a median residual story drift ratio of 0.5% for design basis earth-
quake (DBE) ground motions and 1.2% for MCE ground motions
(Fahnestock et al. 2007). Similar median residual interstory drift
ratios were reported for concentrically braced frames: 0.6% and
1.6% for DBE and MCE levels, respectively (Lai et al. 2010). The
recently published FEMA P-58 (ATC 2012) Seismic Performance
Assessment of Buildings incorporates provisions to incorporate the
risk of demolition associated with residual drifts in the loss assess-
ment and in a recent study to evaluate the performance of a modern
code-conforming concrete building, Ramirez and Miranda (2012)
show that residual drifts can significantly contribute to the overall
earthquake loss.

Residual drifts also impact whether buildings are safe for occu-
pancy after an earthquake. Studies by Bazzurro et al. (2004) and
Luco et al. (2004) identify residual drifts as an important factor af-
fecting the safety of buildings to resist aftershocks, and the ATC 20
guidelines for post-earthquake inspections of buildings (ATC 1995)
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identify those with noticeable out of plumb to be considered as
unsafe with restricted access. These are just a few of the studies
that illustrate the significant impact that residual drifts can have on
the economic losses and post-earthquake function of buildings.
With the potential to practically eliminate residual drifts, the rock-
ing frame systems can dramatically reduce building losses and,
thereby, improve community resilience.

Background on Rocking Systems

Previously, researchers have studied rocking of stone monuments,
building foundations on soil, masonry wall piers, concrete walls,
bridge piers, and steel-braced frames. Through many of the studies,
it has been shown that structures undergoing rocking motion pro-
duce lower seismic base shear with reduced ductility demands on
the structural elements than their fixed-base counterparts. The ef-
fect of radiation damping, a form of energy dissipation that occurs
as the uplifting side contacts the base, has been studied and con-
verted to an equivalent viscous damping ratio of 2 to 6% for some
typical configurations (e.g., Housner 1963; Mander and Cheng
1997; Ajrab et al. 2004). Vertical accelerations and forces due
to vertical modes excited by the impact have also been studied
(e.g., Pollino and Bruneau 2004; Chen et al. 2006) and in some
cases found to approximately double the vertical forces in a set
of example rocking steel bridge piers (Pollino and Bruneau
2004). Lu (2005) identified a three-dimensional effect that occurs
when an uplifting column or edge of a wall is attached to surround-
ing floor framing, and a restoring force is created as the floor fram-
ing resists the upward movement.

Rocking of steel structures has been investigated in several
studies. Clough and Huckleridge (1977) performed some of the
earliest shaking table tests on rocking steel frames, which demon-
strated the potential benefits of rocking. Researchers in Japan
have shown that yielding base plates, which allow some uplift
while dissipating energy, can reduce the seismic response of
moment frames and braced frames (Azuhata et al. 2006), and re-
searchers in Canada have explored using hydraulic dampers at
the column bases to reduce seismic response (Tremblay et al.
2008). Other researchers have studied multiple uplifting loca-
tions up the height of braced frames (Weibe and Christopoulos
2009), including implementations of this concept in industrial
storage buildings (Wada et al. 2001). Hybrid simulation experi-
ments have been conducted on large-scale rocking steel-braced
frames, similar to those examined in this paper (Sause et al.
2010), and the forces developed in rocking braced frames have
been investigated (Roke et al. 2009; Pollino and Bruneau 2004).
Rocking braced steel frames have also been incorporated into
actual buildings, including the Victoria University of Wellington
Student Accommodation Building (Gledhill et al. 2008), the Orinda
City Hall (Mar 2010), the Packard Foundation Headquarters in
California (Tipping-Mar 2012), and the Hollywood Casino in
Missouri (GLPA 2012).

Rocking mechanisms have been incorporated into masonry and
concrete structures (e.g., Priestley et al. 1999). Seismic design pro-
visions for precast systems have been developed and adopted for
design by reference as providing behavior that is at least equivalent
to cast-in-place shear walls (ACI ITG 2009).

The present study builds upon these examples of previous re-
search on rocking behavior and applications to seismic design to
further develop and validate design concepts and criteria for a
specific type of rocking steel-braced frames.
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Rocking Steel Frame Configurations and
Implementation

The main three components of the proposed self-centering rocking
frame system, i.e., the rocking frame, the PT, and the energy-
dissipating fuse, can be arranged in different configurations. The
single-frame system, shown in Fig. 1, is repeated in Fig. 3(a) to
contrast it with the dual-frame configuration shown in Fig. 3(b).
The single-frame configuration [Fig. 3(a)] utilizes two shear fuse
elements that are anchored on their edges with their center con-
nected to the frame that displaces upward during rocking. The
dual frame configuration [Fig. 3(b)] has shear yielding elements
between two rocking frames. Alternate fuse elements, such as
buckling restrained braces (BRB), have also been investigated
[Fig. 3(c)], and other configurations are possible, including those
with fuse elements attached to the base of the columns and vertical
PT located at the column lines [Fig. 3(d)]. These are just an illus-
tration as to the variety of possible configurations of frames, PT,
and fuses.

As illustrated in Fig. 4, the rocking steel frames can be imple-
mented as the seismic resisting system in place of a conventional
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Fig. 3. Potential system configurations including (a) single-frame
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braced frame at interior or exterior framing bays. When the rock-
ing frame is connected to the diaphragm using conventional floor
framing construction, the rocking action will lift the floor systems,
which may result in some localized floor slab damage in the vicin-
ity of the uplifting columns after large earthquakes. The uplift that
develops in the floor system during rocking can be estimated as-
suming rigid body rotation of the frames and linear deflection of
the floor beams. A modified collector detail in the bays directly
adjacent to the rocking frame may be necessary to accommodate
the rotation associated with the uplifting column. Examples of
collector connection details, shown in Fig. 5, include details with
slotted holes or a pin to allow rotation. Alternative framing details
for isolating the floor from vertical motion of the rocking frame,

Low-Rise Mid-rise Mid-rise Mid-rise
Single Frame Single Frame Dual Frame Multiple Hinges

Fig. 6. Rocking frame behavior at different heights

@) (b)

and thereby avoiding any floor slab damage, have been proposed
in Eatherton and Hajjar (2010). Where the rocking frames are lo-
cated along the building perimeter, consideration should be given to
detailing the building facade to accommodate the vertical rocking
deformations.

Variations in system behavior as the height of the structure in-
creases are demonstrated in Fig. 6. For low-rise rocking systems,
the frame is intended to remain essentially elastic leading to a stiff
spine that enforces a near-linear mode shape. As the building height
and frame slenderness increases, flexural deformation and higher
mode effects will become more significant. The first mode response
of the elastic spine systems is generally controlled by the base
overturning response, which is associated with the rocking resis-
tance that is related to design of the post-tensioning and fuses. Thus
the proposed design procedures for the post-tensioning and fuses
are primarily related to the first-mode behavior, which is the dom-
inant mode of inelastic response for low-rise and midrise structures.
The steel-braced frames, on the other hand, are intended to elasti-
cally resist the forces associated with all vibration modes and must
be designed to resist forces associated with the inelastic first-mode
demands and elastic higher mode demands. The behavior of single
frame configurations applied to midrise buildings is similar to con-
crete shear walls that are designed to remain essentially elastic
outside of the flexural hinge region at the base. When implemented
in the dual frame configuration, the midrise rocking frame behaves
like a coupled concrete shear wall with flexural hinges at the base
of each wall. A variation on this behavior, shown on the right
of Fig. 6, includes multiple flexural hinges along the height of
the structure, which has been shown to reduce the elastic shear
and moment demands on the intermediate floors (Wiebe and
Christopoulos 2009).

The butterfly steel fuses, developed in this research, are shown
in Fig. 7. The active portion of the fuse is a mild steel plate with
diamond-shaped holes fabricated using laser or water jet cutting.
The resulting steel links have a butterfly shape that is optimized
to distribute yielding and provide high ductility. In the single-frame
configuration, butterfly links are located on each side of a strut that
is connected to the rocking frame [Fig. 7(a)]. As the frame rocks,
the strut and center of the fuse plates are pulled upward and pushed
downward, cyclically yielding the butterfly links to resist overturn-
ing and dissipate energy. In the dual-frame configuration [Fig. 7(b)]
the butterfly fuse plates are connected between the interior columns
of the two rocking frames, acting as shear links that are cyclically
yielded.

Development of the butterfly fuse plates including testing is
described in Ma et al. (2010) and the behavior of the fuses in
the rocking steel frame system are described in Ma et al. (2011)
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and Eatherton and Hajjar (2010). These tests demonstrated that
hysteretic behavior of the butterfly plates can be altered by adjust-
ing the plate dimensions. For example, Figs. 7(c and d) contrast the
hysteretic behavior of fuse plates with differing slenderness. The
two fuse plates have the same geometry (link length, L. = 356 mm,
and link end width, b = 19 mm), except that one has a thicknesses
of 25 mm versus 6 mm in the second case. At link shear defor-
mations of about 10%, the links of the thin fuse plate experience
lateral torsional buckling, leading to a pinched hysteretic response
[Fig. 7(d)] and a reduction in energy dissipation. The resulting
strength degradation reduces the resistance to self-centering, which
when properly balanced can improve the overall self-centering per-
formance of the rocking frame system. This behavior is in contrast
to large-strain hardening that occurs in the hysteretic response of
the thicker fuse [Fig. 7(c)].

Rocking Steel Frame Behavior

The behavior of the controlled rocking system for steel braced
frames can be characterized by the actions of the PT frame and
fuse components. Fig. 8(a) shows the idealized nonlinear elastic
load-deformation behavior of the PT braced frame system. The
elastic frame stiffness, K ¢,, controls the response before the frame
experiences uplift at a moment, M ,. As the frame uplifts, the PT
strands elongate elastically, creating the post-uplift stiffness, K.
The fuse system, shown in Fig. 8(b), is assumed to exhibit elastic—
linear hardening hysteretic response similar to the nondegrading
fuse behavior shown in Fig. 7(c), where the yield strength, My,
and pre-uplift and post-uplift stiffness, K, and K 4, are calculated
based on the fuse geometry and materials (details provided in
Ma et al. 2010).

When these two components are combined in parallel, the
resulting load-deformation response is shown in Fig. 8(c) and
found to generally agree with observed behavior (e.g., see Fig. 1).
The flag-shaped hysteretic behavior is characteristic of the self-
centering system where the lateral drift returns to near zero as
the force is removed. The combined hysteretic response can be
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Fig. 8. Force-deformation behavior of the (a) post-tensioned frame;
(b) system with fuses only; (c) combined system response

characterized by three stiffnesses, K, K,, and K3, a system yield
moment, M, and a flag height, My,,. The initial stiffness, K, is the
sum of the elastic frame stiffness, K fro and the initial fuse stiffness,
K, With a few notable exceptions (e.g., the midrise dual frame
shown in Fig. 6), the fuse stiffness will be small compared to
the frame stiffness. The second and third stiffnesses, K, and K3,
are the sum of the frame uplifting stiffness, K, plus the initial
fuse stiffness, K ¢, and the sum of the uplifting stiffness, K, plus
the fuse hardening stiffness, K 4, respectively. After the initial up-
lift cycle, the K; and K, stiffness branches revert to a single branch
with a reduced stiffness, due to the presence of residual forces that
develop in the yielded fuse, as represented by the dashed lines in
Figs. 8(b and c¢).

The yield moment, M, is given by Eq. (1), which can be sim-
plified as shown to neglect the terms associated with additional
elongation of the PT strands between uplift and fuse yield, if the
uplifting stiffness, Kyps is small relative to the frame stiffness, K 7.,
and the elastic fuse stiffness, K ;. The uplifting moment and fuse
yield moment are given by Eqgs. (2) and (3) as functions of the ini-
tial PT force, F, the expected dead loads acting on the rocking
frame, Pp,, the fuse yield force, Vip and their respective eccen-
tricities, X p7, Xp, and Xy, relative to the rocking pivot point. Refer
to Fig. 9 for the associated dimensions for the single-frame and
dual-frame configurations. Assuming rigid body rotation of the
frame, the post-uplift stiffness K, can be calculated using Eq. (4)
as a function of the effective elastic modulus of the PT, E,,,, the area
of the PT, A ot eccentricity of the PT relative to the pivot point, Xpr,
number of frames, Ny,mes (1 for single, 2 for dual), and length of
the PT, L,,. The moment associated with an arbitrary drift ratio,
6/H, after the fuse has yielded is given in Eq. (5), and the height
of the hysteretic flag shape is given in Eq. (6)

K K
M, = Mup(l —K“p) +Mfsy(1 + “p) =My, + My, (1)
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Fig. 9. Frame geometry and variable definitions: (a) single frame;
(b) dual frame
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M(%) =M, + (%) (Kup — K1) (5)

K
My = 2Mj,, (1 + K;") = 2Mj, (6)
N

Limit States

Reliable seismic behavior of the controlled rocking braced steel-
frame system depends on understanding and controlling the se-
quence of limit states. Consider the cyclic response shown in
Fig. 10, where the key limit states include (1) initial uplift, (2) fuse
yielding, (3) onset of yielding in PT that leads to (4) loss of full self-
centering capability, and finally (5) overall strength degradation,
which can result from fuse fracture, PT fracture, or frame failure.
The behavior shown in Fig. 10 assumes that global uplift (an un-
desirable limit state in which the PT force is insufficient to force
fuse yielding that is discussed further below) is prevented and the
definition of full self-centering is based on the lateral resistance of
the rocking frame by itself neglecting the resistance of the build-
ing’s gravity framing. Methods for controlling these limit states are
discussed below, based on Eqs. (1)—(3) and (6), and considering the
following design parameters (shown in Fig. 9): initial PT force,
F i, a total fuse shear yield force, V4, eccentricities, X ;,, Xpr, and
Xp described above, and floor heights, H,, H,, and H3. The ap-
plied loads include lateral earthquake forces, Fy, F», and F3, which
for the sake of this discussion could be calculated using the equiv-
alent lateral force method of ASCE 7 (ASCE 2010).

The primary design parameter is the system overturning
strength, which can be assessed using the limit state equation given
in Eq. (7). Assuming that the response is dominated by first-mode
behavior, the required overturning moment, M, is given by Eq. (8)
where F; is the lateral load determined by an equivalent lateral
force procedure and H; is the height of the lateral load above
the rocking interface. To provide comparable yield strengths to
other ductile seismic systems, the lateral design forces, F;, can be
determined using a minimum base shear with an assumed seismic
response factor, R, as is done for other systems in ASCE 7. A value
of R equal to 8 is proposed to achieve comparable yield strengths as
other ductile seismic systems. Tests and analyses conducted as part
of this research, including a limited FEMA P695 (FEMA 2009)
study to assess collapse safety (Ma et al. 2011), further confirm that
systems designed with R equal to 8 can readily satisfy other critical
safety limit states required as part of the proposed design method.
The nominal overturning resistance, M,,, is then assumed to be
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equal to the yield moment, My, [Eq. (1)], where the terms are as
defined previously. For consistency with standard load and resis-
tance factor formulations, a resistance factor, ¢, is applied in cal-
culating the design resistance

M, < ¢M, [where M, = M,, per Eq. (1)] (7)
Floors
M, =Y FH, (8)
i=1
Self-Centering

The self-centering limit state, implying the system will return to
near zero drift when the inertial lateral loads are removed, is con-
trolled by the relative magnitudes of the self-centering restoring
forces to the resisting forces. As described by Eq. (9), the self-
centering ratio, SC, is defined as the ratio of restoring moment,
M, provided by the initial PT force and dead load [Eq. (2)], to
the resisting moment, My, defined by the yield strength of the
energy dissipating elements [Eq. (3)]

M

sc=—w 9
My, 9)
Fpix = Apr[0 i — (€peak Epr — Opry)] (10)

It should be emphasized that the SC ratio, given by Eq. (9), is
a convenient index of the tendency to self-center, but it does not
fully describe the entire range of behavior that may occur during
loading and unloading. For example, to completely describe the
self-centering characteristic at the peak point in a loading excur-
sion, the restoring moment would need to be modified to account
for increase in PT force due to elastic straining [considering K,
in Egs. (4) and (5) and the resisting moment would be adjusted
to account for inelastic strain hardening (or softening) of the energy
dissipating fuse (Fig. 7). In the unloaded condition, the restoring
and resisting moments would similarly need to be modified to
account for PT losses, due to yielding and seating of the PT
(e.g., yielding beyond point 3 in Fig. 10), and the residual resis-
tance of the yielded fuse. The PT force after losses due to yielding,
Fyix, can be calculated using Eq. (10) as a function of the initial
PT stress, opy;, the peak PT strain, &y, as calculated below in
Eq. (13), and the yield stress of the PT, opr,. PT losses due to seat-
ing can be minimized by power-seating the PT wedge anchors or
seating the wedges under high stresses (e.g., 0.90p,,) and then
backing the stress down to the desired initial PT (e.g., by installing
and removing shims beneath the PT anchorage). The seating losses
can be calculated by multiplying the estimated seating displace-
ment (typically a few millimeters) by the tendon stiffness AppEpy/
Lpy. The fuse yield strength after hardening, V,*, may be deter-
mined based on the fuse-hardening slope, K Fhs (determined from
tests) and a specified drift demand. In addition to changes in the
PT and fuse forces, the simple SC index does not account for
the lateral force resistance of the gravity framing system and other
components of the building (e.g, architectural partitions) that may
inhibit self-centering. These additional effects were investigated by
Eatherton and Hajjar (2011) for representative steel-framed office
buildings and found not to significantly impair the ability of the
lateral rocking system to self-center the entire building when the
effective SC ratio is larger than unity.
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Global Uplift

Another limit state check that is associated with the ratio of force
in the PT versus energy-dissipating fuses is the undesirable condi-
tion where the braced frame undergoes global uplift rather than
rocking on its base. Global uplift occurs when the upward fuse
yield strength acting on the frame is greater than the downward
forces provided by the PT and expected dead load. The global uplift
can be evaluated using the uplift ratio, UL, of Eq. (11), where uplift
is prevented when the ratio is greater than unity. Note that for dual
frame configurations, Eq. (11) should be calculated separately for
each frame, based on the forces acting on the frame. For single-
frame configurations where the rocking pivot arms are the same for
the PT, dead load, and fuse, the UL and SC ratios are equivalent. As
discussed above with regard to self-centering, it may be appropriate
to consider PT force after losses, Fpp, and hardened fuse capacity,
V}p, associated with a specified peak displacement (e.g., design
basis earthquake drifts) in this calculation

:ZFpti+ZPDe>

UL 2
Z pr

1.0 (11)

Minimum Energy Dissipation

Controlling the potential for strength degradation limit states
(shown as Point 5 on Fig. 10) requires consideration of the expected
peak drifts during an earthquake and the ability of the system to
resist strength-degrading events, such as significant PT fracture,
fuse fracture, and buckling or fracture of the frame members or
connections. The required amount of energy dissipation to limit
drift is discussed first, followed by discussion of the three strength-
degrading limit states.

If the fuse strength is too small relative to the PT force, the
reduced amount of energy dissipation may lead to unacceptably
large earthquake drifts. As shown in Fig. 11, the energy dissipation
of a self-centering hysteretic behavior can be expressed as a ratio
normalized to the energy dissipation of a bilinear (elastic linear
hardening) system. Figs. 11(b and c) graphically show energy dis-
sipation ratios of 50 and 25% respectively. Based on these idealized
hysteresis loop shapes, the energy dissipation ratio, ED, is calcu-
lated according to Eq. (12) as the ratio of Mp,, [Eq. (6)] to 2M,
[Eq. (1)]. When the PT stiffness and fuse-hardening stiffness are
assumed to be equal, the ED ratio simplifies to the ratio of fuse
to total overturning resistance. The degrading fuse factor, ay, is
unity for nondegrading fuses, as is shown in Fig. 7(c), and would
be the ratio of the degraded fuse hysteretic energy to the hysteretic
energy of an idealized elastic linear hardening fuse

Mﬂa Mfi
ED =~ « Sy — 12
“om, T M, (12)
= My = My =My
@ [T
£ £ E
[=] o [=]
= = = /m,
’Dfriﬂ/tv M. Drift, 5 Drift, 3
Ml
(a) (b) ()

Fig. 11. Variation in energy dissipation capability: (a) 100% energy
dissipation; (b) 50% energy dissipation; (c) 25% energy dissipation
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Some guidance for the lower limit on energy dissipation ratio
is available in the literature. Christopoulos et al. (2002) found that
the minimum energy dissipation ratio required to produce similar
ductility demands between elastic perfectly plastic systems and
inelastic flag-shaped hysteretic systems depends on the post-yield
stiffness of the flag-shaped systems. Seo and Sause (2005) further
found that for a post-yield stiffness equal to 20 and 10% of the
initial stiffness, energy dissipation ratios of 12.5 and 25%, respec-
tively, produced similar ductility demands as conventional
systems. Eatherton and Hajjar (2010) found that the peak drifts of
self-centering systems became less sensitive to the energy dissipa-
tion ratio when the energy dissipation ratio was above 25%. The
ACI ITG (2009) provisions for rocking precast concrete walls re-
quire a minimum energy dissipation ratio of 12.5% between the
nonlinear rocking system and an equivalent elastically perfectly
plastic system. This ratio of 12.5% is roughly equivalent to the ratio
of 25%, as normalized to the elastic-linear hardening system of
Fig. 11(a). The relationship between these two energy measures is
not constant and depends on the nonlinear response, but the ratio of
two was found to be representative of the cyclic response of rocking
steel frames at reasonably large drifts—on the order of 2% drift
(Eatherton and Hajjar 2010). Unless the analysis to determine the
drift demand explicitly considers variable hysteretic energy dissi-
pation (damping), it is suggested to maintain an ED ratio larger than
25%. For the simplified case, where the PT and fuse-hardening ra-
tios are assumed equal, the minimum ED ratio of 25% [Eq. (12)]
corresponds to a maximum SC ratio [Eq. (9)] of 3.0 for a nonde-
grading fuse.

PT Yield and Fracture

The PT should be proportioned to prevent yield under the expected
frame uplift for DBE demands and to prevent fracture under MCE
demands. Several design parameters contribute to the change in
PT force and strain demands under increasing drift [Egs. (2), (4),
and (5)], including the location of the PT relative to the pivot point,
Xpr, the initial PT stress, F,;/Apr, and length of PT, Lpr. Assum-
ing rigid body rotation of the frames, the criteria for allowing
enough PT deformation capacity so that the frames can reach a
target drift ratio, (6/H ) yger» is given in Eq. (13) where ey is the
limiting strain for the PT

Fpti XPT(6/H)
APTEPT LPT

B < Elimit (13)

Epeak —

Stress and strain limits on PT depend, first, on the type of PT
(high strength bar versus strand systems) and, second, on the PT
material and the anchorage system. Experiments on the rocking
frames with strands showed that when PT strands are elongated
past the elastic limit, there is a potential to fracture individual wires
in the multiwire strands. Typically, the individual wire fractures do
not precipitate sudden fractures in other wires or strands and thus
do not result in sudden strength loss. Nonetheless, fractures should
be avoided at least up to MCE drift demands. For high strength
strands with ultimate strengths of 1,860 MPa (270 ksi), the avail-
able evidence suggests that strands may begin to fracture at strains
exceeding about 1% (Eatherton and Hajjar 2010), although it
should be emphasized that the fracture strain is dependent on
the specific strand and anchorage system (e.g., as evident in tests
reported by Walsh and Kurama 2012 and Ma et al. 2011). Based on
available data, it is recommended to limit the maximum PT strand
strains, €pear, to 1% for roof drift ratios, 6/H, under MCE ground
motion intensities and 0.8% for the DBE hazard level. The 1%
strain limit is also recommended by ACI ITG (2009) for PT precast
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walls. post-tensioning bars have been shown to undergo more
yielding prior to fracture, thus a larger strain limit for PT bars
may be appropriate.

Fuse Fracture

Fracture of the energy-dissipating fuses could likewise lead to sig-
nificant strength degradation. It is therefore necessary to limit the
probability of fuse fracture at the displacements associated with the
MCE. Tested butterfly fuse panels underwent increasing cyclic de-
formations up to effective shear strains of 30 to 45%, measured
across the link length (Dimension L in Fig. 7), before experiencing
fracture (Ma et al. 2010). Alternatively, deformation capacities of
buckling restrained brace (BRB) fuses, can be obtained from BRB
standards and manufacturer tests. The deformation capacities of the
butterfly or BRB fuses can be related to deformation demands,
which depend on the rocking frame system configuration and earth-
quake ground motion intensity. Further details of procedures for
assessing fuse fracture limit states are included in Eatherton and
Hajjar (2010) and Ma et al. (2010, 2011).

Rocking Frame Integrity

Another potential strength-degrading limit state is significant yield-
ing, buckling, or fracture in the braced frame or its connections.
The rigid body frame rotation correlates with and effectively re-
duces the base shear related to the first mode response as compared
to an elastic braced frame. However, lateral seismic forces associ-
ated with higher modes are not reduced much because the base
rocking has little, if any, contribution to the higher mode shapes
(e.g., Fig. 6). Thus, where higher modes are significant, the story
shears in the rocking frames can be much larger than those pre-
dicted based on the first-mode dominant equivalent lateral forces
associated with the base moment, M(6/H), given by Egs. (5)
and (8). This phenomenon is not unique to the rocking steel frames
and is observed in other spine-type lateral force-resisting systems,
such as concrete shear walls. Three alternative proposed methods
for calculating peak story shears and the resulting member forces
for design of the rocking frame include ones that either (1) modify
forces calculated by linear static analysis (Eatherton and Hajjar
2010; Ma et al. 2011), (2) modify forces calculated by linear dy-
namic or response spectrum analysis (Roke et al. 2009), or (3) cal-
culate the forces directly by nonlinear time history analyses.

Aside from the member forces resulting from the induced story
shears, column compression pulses induced by impact of the rock-
ing frame column bases is a commonly raised question related to
the frame integrity. In rocking bridge piers analyzed by Pollino and
Bruneau (2004), column impact was found to be a significant ef-
fect, since the bridge weight exerts both vertical and lateral inertial
effects on the rocking columns. However, in the building systems,
this effect is much less significant, since the tributary vertical mass
on the rocking columns is typically quite small (e.g., Fig. 4) relative
to the tributary seismic mass that is stabilized by the rocking frame.
Moreover, unlike free-rocking cases often examined in the litera-
ture, the rocking response of the proposed systems is controlled by
the presence of yielding fuses. As a result, the forces that develop
upon impact of the uplifted columns are usually much smaller than
the governing compression load condition for the pivoting col-
umns, which occurs when the frame is at its peak rocking rotation
and the columns in contact with the ground are resisting compres-
sion forces developed by the full gravity load on the frame and the
downward acting forces applied to the frame by the PT and yielded
fuse. This behavior has been borne out by tests and analyses by
Eatherton et al. 2014) and Ma et al (2011).
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Seismic Design and Proportioning of System
Components

Once the overall configuration of the rocking frame system is
established, the first step in design is to establish the minimum
required overturning resistance [Eq. (7)], which can be related to
the minimum required base shear based on an assumed lateral force
distribution [Eq. (8)]. As a starting point, it is suggested to do this
using the ASCE 7 (2010) base shear and equivalent lateral force
procedure, with an R value of 8 (equivalent to other ductile sys-
tems). The required design strength [Egs. (1) and 7)] can then be
used to establish minimum requirements for the strength provided
by the combined contributions of PT, tributary dead load, and
the energy dissipating fuse. The self-centering [Eqs. (9) and (10)],
global uplift [Eq. (11)] and minimum energy dissipation [Eq. (12)]
can then be used to help establish an appropriate balance between
the fuse shear strength, V¢, and the initial PT force, Fy4. As in-
dicated previously, limits on these contributions are controlled by
maintaining SC and UL ratios [Eqgs. (9) and (11)] larger than 1.0
and an ED ratio [Eq. (12)] larger than 0.25 to help ensure good
performance.

Once the required initial PT force is determined, then the initial
PT stress and resulting PT area can be calculated. Typically, the
most economical design is achieved by setting the initial PT stress
as high as possible and the area of PT as small as possible, while
checking that the maximum strains are limited to prevent fracture
under MCE drift demands [Eq. (13)]. As noted previously, a limit
of 1% strain is suggested for the fracture limit state of Grade 270 PT
strand systems. Aside from minimizing the cost of the PT itself,
minimizing the PT cross-sectional area minimizes the post-uplift
hardening [Eq. (4)], the associated base moments [Eq. (5)] and
related forces that develop under rocking. Thus, the smaller PT
area will reduce the additional force the PT imposes on the braced
frame, and thus can result in more economical frame design. The
reduced post-uplift stiffness [Eq. (4)] will, however, tend to in-
crease the post-uplift displacements, which can be examined by
calculating the drift ratio at fuse yield. Thus, there are competing
factors to consider in deciding upon the appropriate initial PT stress
and cross-sectional area.

The choice of whether to use PT strands or bars can also affect
which limit states control the design. post-tensioning strands have
larger elastic strain capacity but little post-yield deformation capac-
ity before wire fracture. In Fig. 10, this would be represented by
PT yield (3) and strength degradation (5) being close together re-
sulting in strength degradation as the likely controlling limit state.
Conversely, PT bars allow significant yielding before fracture, thus
causing PT yield (3) well before strength degradation (5). In this
case, global uplift and loss of self-centering are more likely to be
the controlling limit states.

The choice of fuse type (degrading versus nondegrading) as well
as fuse location have important effects on system behavior. As in-
ferred from Eqgs. (9) and (11), significant hardening in the fuse
can make it more difficult to retain self-centering ability and pre-
vent global uplift. Degrading fuses, on the other hand, will enhance
self-centering, but the reduced energy dissipation to values below
the suggested minimum of ED equal to 0.25 may result in larger
drifts.

The PT and fuse requirements will obviously depend on the
system configuration (Fig. 3), building height (Fig. 6), and the
geometry (Fig. 9). Locating the PT and/or fuses at the center of
the frame results in half the displacement demands as compared
to components located at the column lines. Fuses up the height of
the frame, which can be accommodated in the dual-frame configu-
ration or in the single-frame configuration with multiple hinge
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(rocking) points (Figs. 3 and 6), will dissipate energy of higher
modes, although self-centering of higher mode deformations may
be affected in the dual configuration because the PT restoring force
only acts to close the base gap.

Once the PT and fuse components are designed, the overall sys-
tem can be designed considering the expected drifts and imposed
braced frame member forces under DBE and MCE ground motions.
In the event that the drifts are larger than desired or other limits are
not met, the PT and fuse components can be adjusted to modify the
system yield strength, M, and/or its hardening stiffness, K, and
K5. Further details of proposed methods for calculating drifts
and internal member forces are discussed elsewhere (Eatherton and
Hajjar 2010; Ma et al. 2011) and remain a topic of ongoing study.

Example Applications

The design concepts and equations presented previously are
demonstrated by application to a six-story prototype building with
the floor plan of Fig. 4. Designs for a 9.14-m (30-ft) wide single-
frame configuration and dual-frame configuration with 3.81-m
(12.5-ft) wide frames and 1.52-m (5-ft) centerline column spacing
between frames were developed. The lateral design forces are
calculated using the equivalent lateral force method in ASCE 7
(ASCE 2010) using the approximate formula given therein for
steel-braced frames to calculate the fundamental period. This is jus-
tified by analysis and measurements comparing the initial stiffness
of rocking steel frames to concentrically braced steel frames
(e.g., Eatherton and Hajjar 2010). Based on a high seismic region
and response modification factor, R = 8, the required design base
shear ratio was computed to be V/W = 0.125, and the required
moment strength is given in Table 1. An SC ratio of 1.9 is used
for the single-frame configuration and 1.25 for the dual-frame

Table 1. Summary of Design Information

configuration. A higher SC ratio was used for the single-frame
configuration as a precaution to ensure that the global uplift re-
quirement is met, even in the event of modest PT losses and fuse
hardening as verified at the bottom of Table 1. The moment arm for
the fuse in the dual-frame configuration is larger than the moment
arm for the PT, allowing smaller SC ratio while providing similar
resistance to global uplift.

The equations for minimum strength [Eq. (7)] and SC ratio
[Eq. (9)] were then solved simultaneously to determine the required
fuse shear strengths and initial PT forces given in Table 1. A re-
sistance factor, ¢ = 0.9 was used in Eq. (7) similar to common val-
ues for flexural yielding since the fuse shear capacity is governed
by flexural yielding of the links, recognizing that further investiga-
tion may be warranted to determine the level of variability in the
uplifting moment. The number of 15-mm diameter PT strands was
determined to limit the peak PT strain as calculated using Eq. (13)
to 1.0% when the frames are subjected to 3.0% rigid body rotation.
A limiting roof drift ratio of 3% is used for the MCE level demand,
which is conservatively chosen as 1.5 times the default drift limit
of 2% for DBE demands in ASCE 7. The 3% limit also corresponds
to the value recommended for the performance-based design of
tall buildings (e.g., PEER 2010). Moreover, studies of nonlinear
response history analyses of 23 prototype rocking frames reported
median roof drift ratios between 1.7 to 3.3% with an average value
of 2.4%, indicating that the 3% drift limit is reasonable
(Eatherton and Hajjar 2010; Ma et al. 2011). The study by Ma et al.
(2011) recommends a practical method to calculate the inelastic
(post-uplift) drift demand based on spectral acceleration demands
and an effective period, which is determined using a secant stiffness
obtained from the idealized system rocking response [e.g., Fig. 8(b)
or 10] at the target displacement. The resulting PT areas and initial
PT stress ratios are given in Table 1. The fuses could be designed
using equations provided in Ma et al. (2010) for the strength given
in Table 1. Similarly, the frame members could be designed using
an amplified linear static analysis method described in Eatherton
and Hajjar (2010).

Quantity Single frame Dual frame The fuse stiffness, Ky, was assumed to produce fuse yield
Required strength at 0.5% drift, whereas frame stiffness, K,, and fuse-hardening

Base shear ratio, Vu/W 0.125 0.125 ratio were assumed to be three times the fuse stiffness and 3% of

Overturning moment, 3, (kN-m) 30,941 30,941 the initial fuse stiffness respectively. The post-yield stiffness, K.,
Geometric parameters h . . Lo .

. ysteretic flag height, My,,, and energy dissipation ratio, ED, were

Fuse eccentricity, X s, (m) 2.11 4.78 - s .

PT eccentricity, Xpy (m) 554 478 cz_ilc‘ulat'ed using ’Eqs. ), (6_), and (1%), resp‘e(ftlvely. The energy-

Dead load eccentricity, X;, (m) 4.01 935 dissipation ratio is shown satisfactory in that it is greater than 0.25.
System proportioning

Self-centering ratio, SC 1.25 1.90

Initial PT force, Fy; (kN) 3,452 2,500 60,000

Fuse shear strength, pr (kN) 2,758 2,482 _

Uplift ratio, UL 1.66 1.46 E 50,000+ _-- /
Component strength and details > _- ,’

Number of PT strands per frame 20 24 = -

PT area, Apy (mm?) 2,800 3,360 £ 40,0001 _-" ,

Initial PT stress (Fp/Fpy) 0.66 0.40 g /

Expected dead load, Pp, (kN) 1,133 1,133 S 30,000 4
Expected system behavior W ( ,,

Moment capacity, M,, (kN-m) 34,372 34,380 '€ 1N -~

Stiffness, K, (kN-m/rad) 205,715 633,251 g 200007 ) .- —'ij“:r:]:;me

Flag height, Mp,, (kN-m) 30,542 23,705 g _-" i

Energy dissipation ratio, ED 0.44 0.34 © 10,0009} , - _Elngle I:rame
Behavior after displacement to 3% drift ratio xample

Peak moment, Mycg (at 3% Drift) 42,405 53,150 0 : : .

Peak PT strain, €yc,c (%) 0.89% 0.98% 0.0% 1.0% 2.0% 3.0%

After yielding, Fj; (kN) 3,452 1,929 Drift Ratio (8/H)

Hardened fuse force, Vj-p (kN) 3,370 3,078 . . ) ] )

SC ratio after drift to 3%, SC* 1.02 1.35 Fig. 12. Idealized drift versus overturning moment for rocking frame

UL ratio after drift to 3%, UL* 1.36 0.99 examples
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The behavior of the system as it is subjected to a drift ratio of 3%
is examined using the equations presented above. The peak strains
and associated force loss in the post-tensioning were computed
using Eqs. (10) and (13), assuming a post-tensioning yield stress
of 1,758 MPa (255 ksi) and neglecting seating losses. Based on the
reduced post-tensioning force and hardened-fuse force, the self-
centering ratio and uplift ratio were computed and are given in
Table 1. The dual-frame configuration self-centering ratio is shown
to drop from 1.25 to 1.02 after cycles up to 3.0% drift. On the other
hand, the single-frame uplift ratio is shown to drop from 1.46 to
0.99. Since both are close to the target of 1.0, they may be consid-
ered acceptable to produce self-centering while resisting global up-
lift, but these examples demonstrate the importance of examining
the system behavior after PT losses and fuse hardening to produce
desirable performance after large drift cycles. The resulting ideal-
ized cyclic pushover curves for the two designs are shown in
Fig. 12, where one can see that the base overturning moment de-
mands at the expected MCE drift of 3% is 21 and 50% larger than
the yield moment, M, for the dual-frame and single-frame configu-
rations respectively. The importance of the uplifting stiffness, K,
is demonstrated as it has a significant effect on system overstrength.

Conclusions

The steel self-centering rocking frame system is capable of provid-
ing enhanced seismic performance by virtually eliminating residual
drifts and concentrating structural damage in replaceable fuse ele-
ments. While different configurations of the system are possible,
the main characteristics of the system include a stiff braced frame
spine that helps enforce uniform story drifts and is allowed to uplift
and rock at its base, vertical PT that resists overturning and pro-
vides an elastic restoring force to close the uplifting gap, and re-
placeable structural fuses that resist overturning and dissipate
energy and thereby damp earthquake-induced motions. When prop-
erly proportioned, the post-tensioned frame and energy-dissipating
fuses result in a flag-shaped hysteresis force—deformation curve
that is characteristic of self-centering systems.

Equations to describe the overall base moment versus uplift
rotation were presented, along with discussion and guidance for
key design limit states. The suggested strength criteria for the initial
limit states of column uplift and fuse yielding are intended to be
commensurate with yield strength limits for other ductile seismic
systems. Limit states that should be prevented under DBE ground
motions mostly relate to yielding and losses in PT that can degrade
the self-centering response. Limit states that should be prevented
under MCE ground motions are those that can lead to significant
degradation of system strength, such as global uplift, fracture of the
fuse elements or PT, or significant yielding and potential failures in
the braced frame members and connections. These methods for
proportioning the PT and fuse in a single-frame configuration
and dual-frame configuration system were illustrated through a de-
sign example and the ability of these types of rocking frames to
successfully control the progression of limit states is shown through
computational analyses presented in the literature (Eatherton and
Hajjar 2010; Ma et al. 2011).

The design concepts and equations presented in this paper are
intended to outline some of the main aspects of the rocking frame
design. Due to space and other limitations, there are several impor-
tant aspects of the design and behavior that are not addressed here,
including calculation of earthquake-induced drifts and member
forces. These and other aspects of the design can be integrated into
the proposed framework. Finally, in addition to establishing a basis
for design, the proposed framework provides the basis to interpret
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experimental and analytical studies to validate certain aspects of
design and behavior, two of which are reported in companion stud-
ies by Eatherton et al. (2014) and Ma et al. (2011).
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