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ABSTRACT

The self-centering beam (SCB) is a shop-fabricated unit that can be implemented in moment-resisting frames using conventional field con-
struction methods to minimize permanent residual drifts after earthquakes and concentrate seismic damage in replaceable elements. An
experimental program was conducted on five SCB specimens that were approximately two-thirds scale relative to a prototype building. The
results showed that the beam end moments are not equal, as much as 60% different at peak moment, so total flexural strength, calculated
as the sum of the moments at both ends, is a better way to characterize SCB flexural strength. Using this approach, the proposed equation
to predict flexural strength exhibited an average error of 5% compared to the tests. The SCB was shown to have exceptional deformation
capacity as the specimens were subjected to as much as 6% story drift, and the detailing was shown effective at concentrating inelasticity
in the replaceable energy dissipating elements. The proposed design procedure is shown capable of controlling the story drift associated
with undesirable limit states, limiting story drifts at zero force (eliminate residual drifts), and producing no observable inelasticity outside the

energy-dissipating element at design level drifts.
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INTRODUCTION

C onventional seismic force-resisting systems use inelas-
ticity in structural members and connections to create
ductility, dissipate seismic energy, and provide protection
against collapse. For example, steel moment-resisting frames
(MRFs) are designed to develop plastic hinges near the
beam ends to facilitate inelastic deformation capacity. A
consequence of this design methodology is that conventional
seismic systems do not explicitly limit the amount of struc-
tural damage or offer a repair method that allows continued
use of a structure after an earthquake. Yielding, buckling,
or fracture of structural elements also leads to permanent
horizontal displacements, referred to as residual story drift.
Repairing earthquake-related structural damage is expen-
sive and time-consuming because the damage is often dis-
tributed throughout the structure in many nonreplaceable
elements, and if the damage or residual drifts are significant
enough, it becomes more economical to demolish the build-
ing and rebuild.

To achieve earthquake performance goals related to
reducing business downtime and repair costs (or, looking
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at it in another way, improving structural repairability and
probability for continued building use), it is necessary to
eliminate residual drifts and concentrate structural damage
in elements that either do not experience significant cyclic
degradation or are replaceable. Over the past three decades,
a number of self-centering seismic systems have been devel-
oped to fill this need. Self-centering seismic systems can
be broadly grouped into three categories: rocking structural
systems (Eatherton et al., 2014), self-centering braces (Miller
et al., 2012), and self-centering moment frames (Ricles et
al., 2001). Although the configurations vary, the majority of
these systems consist of the same two fundamental compo-
nents: (1) an elastic restoring force mechanism, whereby a
post-tensioning or gravity force acts to close a gap that is
allowed to form between two elements, and (2) an energy-
dissipating mechanism associated with yielding or friction
that uses replaceable elements if damage is expected.

As described in more detail in the next section, steel self-
centering moment-resisting frames have been developed
wherein steel beams are clamped to the side of steel columns
with horizontal post-tensioning. During lateral loading, a
gap forms between the end of the beam and the column,
and the post-tensioning acts to close this gap when lateral
loads are removed, thus creating a restoring force (Ricles et
al., 2001). The gap opening at the beam-to-column connec-
tion, however, causes the center of the beam end to displace
laterally relative to the face of the column. These gap open-
ings have the cumulative effect of increasing the width of
the moment frame, which hinders the self-centering capa-
bilities of the system and causes damage to the floor sys-
tem (MacRae and Gunasekaran, 2006). Although schemes
for accommodating the expansion of the floor plate have
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been proposed (Garlock and Li, 2008), they often require
the structural beams to be disconnected from the diaphragm
over large parts of the floor.

Deformation incompatibility between the self-centering
connections and the diaphragm are just one factor that is
impeding the implementation of steel self-centering moment
frames in practice. Other factors include complex field con-
struction that requires field erection methods uncommon in
steel buildings such as setting post-tensioning strands and
anchorage, field fit-up of sensitive bearing surfaces, and
post-tensioning procedures.

Darling et al. (2013) first proposed a self-centering beam
that mitigates many of these challenges by bundling the
restoring force mechanism and energy dissipation elements
into a self-contained, shop-fabricated unit that can be erected
using conventional means. In the present study, large-scale
experiments are conducted on five specimens that are two-
thirds scale relative to a prototype building. Design param-
eters such as initial post-tensioning stress, beam depth, and
yield strength of the energy dissipating element are varied
to evaluate their effect on self-centering beam behavior. The
tests are also used to validate the performance of the self-
centering beam as well as investigate the performance of the
local details.

BACKGROUND ON SELF-CENTERING
MOMENT FRAMES

Research on self-centering moment frames started in the
1990s with two research programs studying post-tensioned
precast concrete structures. A large research program called
the Precast Seismic Structural Systems (PRESSS) pro-
gram was started in 1990 (Priestley, 1991), while research
was also being conducted at NIST (Stone et al., 1995). A
hybrid moment-resisting precast concrete beam-to-column
connection was developed, which consists of a precast
concrete beam post-tensioned to a precast column with
mild steel reinforcing bars that yield and dissipate energy.
Between the two projects, considerable research was con-
ducted, including large-scale cyclic subassemblage testing
(Stone et al., 1995), lateral load testing on full buildings
(Priestley et al., 1999), and substantial computational stud-
ies (El-Sheikh, 1997). Related research was later conducted
on coupled concrete shear walls with steel beams that were
post-tensioned between reinforced concrete shear walls
(Kurama et al., 2006). This research on post-tensioned
precast moment frames led to proposed design procedures
(Hawkins and Ghosh, 2004); design requirements (ACI,
2003); and, ultimately, to implementation in actual build-
ings, including a 39-story tall apartment tower in San
Francisco (Englekirk, 2002) and a university building and
hospital building in New Zealand (Buchanan et al., 2011).
Similarly, there has been substantial research on self-
centering steel moment frames starting in the 2000s. Some
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of the first work was conducted at Lehigh University on steel
beams post-tensioned to a steel column using post-tensioning
strands and incorporating various energy dissipating mecha-
nisms such as yielding angles (Ricles et al., 2001), bolted
friction devices at the bottom flange (Wolski et al., 2006),
and bolted friction devices in the web (Lin et al., 2013). At
approximately the same time, a similar connection configu-
ration was being studied by Christopoulos et al. (2002) that
used post-tensioning bars and buckling restrained yielding
bars, although later they investigated this configuration
with friction devices at the flanges (Kim and Christopoulos,
2008). A substantial amount of research on self-centering
steel frames has also been conducted in Taiwan, including
subassemblage testing (Chou et al., 2006), tests with com-
posite slabs (Chou et al., 2008), shake table testing (Chou
and Chen, 2011a), and variations in the energy dissipation
element (Chou and Lai, 2009). Beyond these three groups
(Lehigh, Christopoulos, and Taiwan), there have been stud-
ies with variations on the energy dissipation element (web
hourglass pins, Vasdravellis et al., 2013) and end-plate
moment connections with shape memory alloy bolts (Fang
et al., 2018; Farmani and Ghassemieh, 2016).

Although there has been considerable research on steel
self-centering moment frames, they have not been included
in code provisions, nor have they seen acceptance in practice.
Perhaps one of the primary issues holding this system back
from adoption is deformation incompatibility with gravity
framing. As gaps open between the beams and columns,
the frame expands horizontally, causing damage to the dia-
phragm; conversely, the diaphragm hinders the gap opening,
thus disrupting the restoring force mechanism. Experiments
with composite slabs verify that the slabs significantly alter
the behavior of these steel self-centering moment connec-
tions (Chou et al., 2008). Complicated schemes have been
proposed to detach the diaphragm from parts of the struc-
tural framing (Garlock et al., 2007; Kim and Christopoulos,
2009; Chou and Chen, 2011b) or design the connection for
slab effects (Chou et al., 2008).

Alternatively, three solutions have been proposed as ways
to implement post-tensioned steel moment frames without
deformation incompatibility with the diaphragm. First,
post-tensioned steel connections have been proposed and
tested that pivot about the top flange (Dowden and Bru-
neau, 2011). Although this type of connection does not suf-
fer from deformation incompatibility issues, it does not have
a gap-opening mechanism nor a bilinear elastic response,
thus requiring energy dissipation elements with very little
resistance against restoring force to approximate a self-
centering system. A second alternative is the self-centering
modular panel consisting of a self-contained, one-bay, self-
centering moment frame that fits between the structural
beams of a building (Wang et al., 2017). Because the gap-
opening mechanism is separated from the structural frame,



it does not create any deformation incompatibility with the
diaphragm. However, the self-centering modular panel does
not allow an open bay like a typical moment frame and thus
must be used in architecturally solid walls.

The third alternative is the self-centering beam, which is
the focus of this paper. Besides the initial work (Darling et
al., 2013; Maurya and Eatherton, 2016), other researchers
have explored the distribution of moment between the two
ends of the self-centering beam (Huang et al., 2017) and cre-
ated new configurations of self-centering beams (Lin, 2015;
Huang et al., 2019).

DESCRIPTION OF THE
SELF-CENTERING BEAM

The self-centering beam (SCB) as shown in Figure 1 incor-
porates both the restoring force mechanism and the energy
dissipating elements into one self-contained unit (i.e., the
force-restoring mechanism and energy dissipation are built
in) that can be prefabricated (i.e., manufactured in a shop
and brought to the construction site). The body of the SCB
is made of a wide-flange, I-shaped beam. Two concentric
tubes are located at the bottom flange with the outer tube
welded to the I-shaped beam, and the inner tube connected
to the columns using pinned connections that are allowed to
rotate in the plane of the SCB. Horizontal post-tensioning
(PT) strands are anchored at each end at thick anchorage
plates that are allowed to slide over the pieces connecting
the inner tube to the columns. During construction, the PT
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strands are stressed to approximately 20% to 60% of their
ultimate strength, and this stress acts to keep the inner and
outer tubes in alignment.

When subjected to story drift, the columns apply a rack-
ing motion to the SCB, whereby the wide-flange beam and
outer tube move in one direction (to the right in Figure 1),
and the inner tube is forced to move relative to the outer
tube (e.g., to the left in Figure 1), thus creating a telescoping
(i.e., relative movement) of the tubes relative to one another.
This telescoping motion causes a gap to form between one
of the tubes and the anchorage plate at one end (between the
outer tube and anchorage plate at the left end) and the other
tube and anchorage plate at the other end (between the inner
tube and anchorage plate at the right end). Regardless of
the direction of story drift, the anchorage plates are forced
apart and the PT strands elongate, creating additional force
that acts to close the gaps. The configuration of concentric
tubes with PT strands acting to keep them in alignment is
the restoring force mechanism for the SCB.

Separately, replaceable energy dissipating elements are
included in the form of miniature buckling restrained braces
(MBRBs) (Maurya et al., 2016). The MBRBs are connected
to the inner tube at one end and the outer tube at the other so
that they experience axial deformation as the tubes undergo
the telescoping motion. The MBRBs have been shown in
prior research to be capable of large deformations of up to
4% average strain in the core plate and cumulative plas-
tic deformations up to 400 times the yield deformation. In
Figure 1, the energy dissipation elements are shown on the
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Fig. 1. Diagram of self-centering beam (SCB).
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bottom of the SCB, but in construction, multiple MBRBs
were implemented on the sides of the tubes as will be shown
in a later section.

It is expected that this configuration of self-centering
beam, as well as variations on the SCB (Darling et al., 2013;
Lin, 2015; Huang et al., 2019), offer several key advantages
as compared to some other self-centering seismic systems.
First, the gap-opening mechanism is internal to the SCB in
a way that allows the distance between columns to stay con-
stant. This eliminates the deformation incompatibility issues
that arise in other self-centering moment frames when the
gap-opening mechanism causes forces and damage in the
floor slab or surrounding gravity framing. Second, the SCB
can be prefabricated in a shop where the fit-up of sensitive
bearing surfaces and post-tensioning operations can be con-
ducted in a controlled environment. Lastly, the SCB can be
erected in the field using conventional construction methods
such as bolting or welding. The configuration shown in Fig-
ure 1 uses a field-bolted end plate connection, but configura-
tions with field-welded connections to the column are also
viable.

GLOBAL BEHAVIOR AND
SYSTEM EQUATIONS OF SCB

The idealized behavior of the SCB moment frame (along
with the component behavior of the post-tensioned beam
and MBRBs) when subjected to cyclic loading is shown in
Figure 2. After the loading begins at point A, the stiffness
is primarily controlled by the geometry of the SCB body
(W-section and the concentric tubes) as the tubes decom-
press. Once the lateral force becomes large enough that the
end moments overcome the pre-compression force provided

Flat when
gap is closed

by the PT strands, gap opening occurs between the anchorage
plates and the tubes, marked as point B in Figure 2. The gap
opening causes a softening of the system load-deformation
response that is evident from the decrease in the stiffness of
the SCB moment frame as shown in Figure 2(c). This reduc-
tion in stiffness is desirable because it limits the forces that
can develop in the columns and foundation (i.e., softening
occurs without structural damage). The telescopic move-
ment of the tubes after the gap opening causes axial defor-
mation of the MBRBs and eventually leads to their yielding,
marked as point C in Figure 2. The stiffness of the system
after MBRB yielding is controlled by the axial stiffness of
the PT strands, post-yield stiffness of the MBRBs, and the
effective depth of the SCB, dgcp, shown in Figure 1. After
load reversal (point D), the MBRBs yield in the opposite
direction (point F) and the gap closes at point G. Finally, at
the end of the loading cycle (point H), the SCB returns to its
original position with near-zero drift.

To design the SCB and understand its behavior, it is nec-
essary to develop parameters and associated equations to
describe flexural strength, self-centering capability, and
drift at which brittle limit states occur. A free-body diagram
of the two parts of the SCB is shown in Figure 3 for the state
after gap opening has occurred. In this figure, with drift to
the right, the PT strands exert force, Fpr, on the inner tube
at the left end and outer tube at the right end. With the con-
figuration and loading shown in Figure 3, the MBRB is in
tension and exerts a force, Fy,, on the outer tube and inner
tube. The top of the SCB is attached to the columns and
experiences reaction forces, Fr; and Frg, on the left and right
ends, respectively, whereas the inner tube is connected to the
columns at the bottom and experiences reaction forces, F;,
and F'jg, on the left and right ends, respectively. The vertical
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Force

(a) Post-Tensioned beam

A: Starting of the loading
B: Gap opening
C: Fuse yielding
D: Load reversal

(b) MBRB

(c) SCB

E: Zero-force in the MBRB

F: Fuse yields in opposite direction

G: Gap closes

H: End of loading in one direction (near zero drifts)

Fig. 2. Schematic representation of the expected global response of an SCB moment frame.
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shear forces, V, at the ends of the SCB are associated with
lateral loading in the Figure 3 free-body diagram, but would
include gravity loading in real structures.

From global equilibrium of horizontal forces on the
assembled SCB, it can be shown that the horizontal reac-
tions at the top of the SCB must be equal to the horizontal
reactions at the bottom of the SCB acting in the opposite
direction:

Fip + Fig = Frp + Frg @

The moment at the left end of the SCB, M, can be defined
as the average of the reactions at the left end, F7; and Fyp,
multiplied by the effective depth of the SCB, dgcp, and the
moment at the right end of the SCB, Mg, can be defined
similarly. The sum of the moments at the two ends, M, +
Mp, can then be expressed as the sum of the top reaction
forces multiplied by the depth of the SCB as given in Equa-
tion 2. The sum of the end moments could alternatively be
expressed as the sum of the bottom reaction forces multi-
plied by the depth of the SCB, but top reaction forces are
selected to facilitate the next step.

My + Mg =(Frp + Fr)dscs 2

From equilibrium of the top part of the SCB shown in
Figure 3, the sum of the top reaction forces is equal to the PT
force and MBRB force as given by:

Fry + Frr = Fpr + Fluse 3

Substituting Equation 3 into Equation 2 results in the follow-
ing equation describing the total moment of the SCB:

My + Mg = (Fpr + Fpuse ) dsca “)

Equation 4 demonstrates that, unlike conventional
moment frames, the moments at the two ends are inextri-
cably linked. Stated a different way, there is not a unique
combination of end moments, M, and Mp, that satisfy equi-
librium, nor do the two end moments need to be equal. For

Direction of the
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Fig. 3. Free-body diagram of an SCB (after gap opening).

this reason, it is necessary to define a variable that describes
the total flexural strength, M,, as the sum of the two end
moments, which is unique:

M, = (FPTi + Ffuse)dSCB )

where Fpy; is the initial post-tensioning force. It is conve-
nient to express the total flexural strength, M,,, as a sum of
two contributing moments, a moment associated with the
initial post-tensioning force, Mpy;, and a moment associated
with the MBRBs, Mj,,:

M, = Mpr; + Mfuse ©6)

The force in the post-tensioning strands is the initial force
plus the force due to additional post—gap-opening elonga-
tion. Because the primary interest here is flexural strength
at initial gap opening and MBRB yield, the additional PT
force due to post-gap-opening elongation is neglected.
The moment due to initial post-tensioning force, Mpr;, and
the MBRB yield force, Mp,,, are therefore given by the
following:

Mpr; = AprOlpri fuprdsca @)

Mjise = Aep fyEpdsca ®)

where Apr is the total cross-sectional area of the post-
tensioning strands, o.py; is the ratio of initial post-tensioning
stress to ultimate stress, f,pr is the ultimate stress of the
post-tensioning strands, Agp is the total cross-sectional area
of the MBRB cores, f,rp is the yield stress of the MBRB
core plate, and dscp is the effective depth of the SCB as
shown in Figure 1.

An important design parameter for any self-centering sys-
tem is the measure of self-centering capability. In this study,
the self-centering capability is defined by the variable o,
which is the ratio of restoring moment, Mp7;, to the moment
that is resisting self-centering, M., given in Equation 9. If
the self-centering ratio, Oigc, is greater than unity, then the
system is expected to return to near zero drift when the lat-
eral loads are removed.

Mpri _ AprOprifurr ©)
Mise Agp fyED

Osc =

Two more equations that are useful in designing the SCB
and understanding its behavior involve predicting the story
drift ratios associated with post-tensioning strand yielding,
Yrry- and fracture of the MBRB, Yy s If the PT strain at
yield is assumed equal to 0.01 in./in. to be consistent with
ASTM A416 (ASTM, 2005), then the story drift ratio at PT
yield can be expressed by Equation 10. Similarly, if a limit-
ing average strain for fracture of the MBRB core is defined,
€fuse,Lim» and the length of the MBRB core is given as Leoye,
then the limiting drift ratio for fuse fracture, s s~ can be
expressed by Equation 11.
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Table 1. Test Matrix for Self-Centering Beam Experimental Program

SCB Fuse Fuse PT Flexural | Predicted
Depth, Core Yield PT Total PT Stress | Initial PT Self- Strength, Drift at
dscs Area, Agp| Force* | Diameter | Area, Apr| Ratio, Force Centering M, PT yield,
SCB | (in) (in.2) (kips) (in.) (in.2) opri (kips) | Ratio, asc | (kip-ft) | 1yery (%)
1 17.0 1.07 67.0 0.5 0.612 0.41 70.0 1.05 195 6.50
2 17.0 1.42 89.0 0.6 0.868 0.69 163 1.82 357 3.80
3 24.5 1.42 89.0 0.6 0.868 0.38 89.0 1.00 364 4.90
4 24.5 1.12 71.0 0.5 0.612 0.69 114 1.62 377 2.70
5 24.5 0.98 62.0 0.6 0.868 0.33 77.0 1.38 284 5.20

* The yield strength was calculated based on the measured yield stress of 62.8 ksi.

0.01 Lpr

Yrry=———(1-0tpr) (10)
dscp
€ fuse,Lim Lwre
Y fuse, fr = —fuseLim Zcore an
dscp

The effectiveness of the equations presented in this sec-
tion for predicting behavior of the SCB will be evaluated
against experimental results in subsequent sections. How-
ever, with the aid of these equations, it is possible at this
point to conceptualize a design procedure. The design goals
for the SCB are to have sufficient stiffness and strength (M,,)
required for the specific application while maintaining a
desired level of self-centering capability (0.s¢) and deforma-
tion capacity. The following design procedure can produce
an SCB that satisfies these design goals:

1. The section sizes for the SCB body (including the
We-shape and two concentric tubes) can be selected to
provide sufficient stiffness (Maurya, 2016).

2. Then, the moment associated with the post-tensioning,
Mpr;, and the MBRBs, M, can be found by
simultaneously solving Equation 6 and Equation 9
using the required flexural strength and desired self-
centering ratio.

3. Combinations of the post-tensioning area and initial
stress can then be checked using Equation 7 and
Equation 10 to provide the required post-tensioning
moment, Mpz;, while not yielding the strands at the
desired design drift.

4. Finally, the MBRB core area and length can be found
to produce sufficient flexural strength, My, using
Equation 8, while limiting the strain as necessary using
Equation 11.
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EXPERIMENTAL PROGRAM DETAILS

A large-scale testing program was conducted at the Thomas
M. Murray Structural Engineering Laboratory at Virginia
Tech to validate the concept of the SCB, evaluate the effi-
cacy of the design equations presented in the previous sec-
tion, and investigate the effectiveness of the detailing. This
section describes the experimental program, including test
matrix, test setup, instrumentation, and construction process.

Test Matrix

The matrix of test specimens is presented in Table 1, includ-
ing design details such as depth, dscp, MBRB core area,
Agp, and total area of PT strands, Apr, as well as behavior-
related design parameters such as flexural strength, M,
self-centering ratio, 0.s¢, and predicted drift associated with
PT yielding, ypry, calculated using Equations 6, 9, and 10,
respectively.

The testing program was designed to strategically vary
the design parameters. The SCB are approximately two-
thirds scale relative to the beams in a three-story proto-
type building described by Gupta and Krawinkler (1999).
The flexural strength, M,, of the SCBs varied between
195 kip-ft to 377 kip-ft, which represents the range of total
moment demand (sum of the two end moments) in the proto-
type building moment frame beams as scaled for similitude
to the two-thirds scale. See Maurya (2016) for additional
details. The self-centering ratio, oisc, is another key design
variable that affects system behavior and was varied from
1.00 to 1.82. SCBs with lower values of self-centering ratio
are expected to lose their ability to eliminate residual drift
after some PT seating losses and strain-hardening in the
fuse. Conversely, the larger values of self-centering ratios
are expected to enforce minimal residual drift but exhibit
less energy dissipation. To examine the effect of post-ten-
sioning yield and fracture on the behavior of the SCB sys-
tem, the predicted story drift associated with PT yield was
varied from 2.7% to 6.5%, which results in an initial PT



stress between 33% and 69% of the PT ultimate strength.
SCB specimens with small expected drift at PT yield were
included to investigate PT related limit states (i.e., yield and
fracture), while SCB specimens designed to delay PT yield
demonstrate that the SCB can be designed to create excep-
tionally large ductility and deformation capacity.

To achieve the desired variations discussed here and
listed in Table 1, two SCB assemblies were built with depths
dscg = 17 in. and dgcp = 24.5 in. The five SCB specimens
were created by replacing the post-tensioning strands and
MBRB components, but the two SCB assemblies (i.e.,
beams, tubes, and connections) were reused for all tests and
showed no permanent damage.

Detailing and Fabrication of the SCB

The SCB was detailed with end plate connections to the col-
umn that were easily removable and connections to the end
plate that allow damage-free rotation up to large story drifts.
Because of detailing choices like these used to facilitate the
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with 8 shear planes

—IEE +

7 in. A490 bolts through
long-slotted holes in a

test program, the resulting SCB may not be commercially
competitive in its current form due to related cost and com-
plexity. However, the detailing of the SCB could be stream-
lined to make it more efficient and economical in the future.
Additional details about the SCB detailing and construction
can be found in Maurya (2016).

The SCB detailing is shown in Figure 4, and Figure 5
shows pictures of specimen SCB 2. The ends of the tubes
as well as the bottom flange of the I-shaped beam were
machined to have equal length. The top wall of the outer
tube was removed as shown in Figure 4(c) to allow assembly.
The inner tube with the cruciform end connection pieces and
sliding anchorage plates already attached was laid inside the
outer tube before the outer tube was welded to the bottom
flange of the I-shaped beam. Before assembly, greased plas-
tic spacers were attached to the surface of the inner tube on
all four faces and at four locations along the length to keep
the inner tube centered in the outer tube. The thickness of
the spacers was selected to produce a tight fit against the
inside of the outer tube.
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Post-tensioning strands were then threaded through the
inner tube. The PT stressing operation was conducted with
the SCB lying flat on the floor and was done before the end
plates were installed on the ends. A multi-use, mono-strand
chuck anchorage system was used as pictured in Figures 5(b)
and 5(c). As shown in Figure 5(b), a load cell (blue) was
placed under the chuck at the left ends and as shown in Fig-
ure 5(c), a steel spacer (red) was placed under the chuck at
the right end to facilitate easy removal of the post-tensioning
strands. Procedures described by Bruce (2014) were used to
calculate the proper jacking force to apply that would result
in the target PT force after seating losses. Seating losses are
associated with wedge displacement into the chuck body
when the jacking force is removed. In most cases, the PT
forces achieved in each strand were within 5% of the target
PT forces.

The connection at the top and bottom flanges to the end
plate were designed with a true pin and detailed to be verti-
cally aligned with each other and horizontally aligned with
the center of the flange at the top and center of tube at the
bottom. As shown in Figure 4(a), the pin at the top flange is
part of a finger joint that has eight shear planes while the pin
at the bottom flange is a large-diameter (2.0 in. or 2.25 in.)
pin in double shear. The tolerance in the pin holes has an
effect on the stiffness and load-deformation behavior of the
SCB, and therefore it is desirable to make the tolerance as
small as possible; a tolerance of Y40 in. was selected to be
as small as possible while large enough to allow relatively
easy assembly. The shear connection between the SCB and
the end plate was accomplished with 7-in.-diameter bolts in
slotted holes. The shear bolts were finger tightened and thus

(b) Left-end connection

(c¢) Right-end connection

Fig. 5. Pictutre of specimen SCB 2 at 6% story drift.
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allowed SCB end rotation without any damage. At this stage
of construction, the SCB can then be bolted to the columns.

The miniature buckling restrained braces (MBRBs) are
small-capacity, buckling restrained braces that were specifi-
cally designed and developed to produce the yield strength
and deformation capacity needed for the SCB (Maurya et
al., 2016). With a core plate that is ¥ in. thick and a restrain-
ing tube that is 2 in. in diameter, the MBRBs are smaller
than commercially available buckling restrained braces.
The study by Maurya et al. (2016) determined the proper
proportioning and detailing necessary to avoid buckling and
create full hysteretic behavior up to average core strains of
3.5% during fully reversed cyclic loading. The core plate
geometry for the MBRBs used in this study have a thick-
ness of ¥ in. with a width equal to 0.71 in., 0.94 in., 0.94 in.,
0.74 in., and 0.65 in. for SCBI through SCBS, respectively.
Maurya et al. (2016) found that smaller aspect ratios are
more susceptible to early fracture, and the aspect ratios used
in this study (1.7 to 2.5) are representative of MBRBs that
were capable of sustaining large inelastic strains in Maurya
et al. (2016).

A total of four MBRBs were used in each specimen as
shown in Figures 4(a) and 5(a) to produce a symmetric con-
figuration with a center point coincident with the center of
the tubes. One end of the MBRB [the left side in Figure 4(a)]
was attached to a wing plate that passed through a slot in
the outer tube and welded to the inner tube, while the other
end was attached to a WT that was welded to the outer tube.
In this way, the MBRB was subjected to axial deformation
as the inner and outer tubes experienced relative movement
(telescoping). The attachment at the ends of the MBRB was
accomplished by welding the core plate to a connection plate
that was, in turn, bolted to the wing plate or WT stem, thus
allowing easy replacement between tests.

Material Properties

The materials used for the SCB were as follows: I-shaped
beam, ASTM A992; tubes, AS00 Gr. B; pins, Gr. 1554;
plates, ASTM A572 Gr. 50; post-tensioning strands, ASTM
A416; MBRB core plate, ASTM AS572 Gr. 50; and welds,
E70 electrodes. Measured properties of the MBRB core
plate were obtained from two coupons as described in Mau-
rya et al. (2016). The resulting material properties were yield
stress equal to 62.8 ksi, ultimate strength equal to 81.1 ksi,
and a maximum elongation of 26%.

The nominal ultimate strength for the post-tensioning
strands is 270 ksi, and the measured material properties
based on five tests of each diameter were yield stress F, =
257 ksi, ultimate strength F, = 296 ksi, and modulus of
elasticity E = 28,900 ksi for 13-mm-diameter strands and
F, =256 ksi, F,, = 291 ksi, and E = 28,900 ksi for 15-mm-
diameter strands. The yield stress was taken as the stress at
1% strain as specified in ASTM A416 (ASTM, 2005). Bruce

and Eatherton (2016) describe a detailed study on the behav-
ior of the post-tensioning strand material and the PT sys-
tem behavior (with anchorage) with the same material and
anchorage used in the SCB. The work by Bruce and Eath-
erton (2016) includes characterization of the PT material,
seating losses during stress transfer, seating losses during
cyclic loading, strain at initial wire fracture, progression of
wire fracture, and ductility in the PT system.

Test Setup, Instrumentation, and
Displacement Protocol

The test setup is shown in Figure 6 and consists of a one-bay
SCB moment frame with a 240-in. distance between column
centerlines and a 104-in. height from column base pin to
actuator force. The height of the column simulates the ideal-
ized height between inflection points in the prototype build-
ing column when the moment frame is subjected to lateral
loading. It was necessary to test a full bay moment frame, as
opposed to a single-sided moment connection test, because
the post-tensioning extends the full length of the SCB, and
the flexural strength of the SCB is the sum of the moments
produced at the two ends as described by Equation 4. Down-
ward force was applied at the third points of the SCB to sim-
ulate the gravity loads coming from two intersecting beams
that would be supported by the SCB in the prototype build-
ing. Based on the tributary area of the intersecting beams,
the assumed dead and live loading given for the prototype
building, and a load case with full dead load and 25% of the
live load, a gravity force of 11.9 kips was calculated. See
Maurya (2016) for additional details. The SCB was later-
ally braced at these same locations to simulate the lateral
restraint provided by the intersecting beams and also the
columns were laterally braced at the height of the actuator.

Some of the instrumentation is shown in Figure 6, includ-
ing (1) six wire potentiometers that measured lateral trans-
lation of the columns, (2) four linear potentiometers that
measured the gap openings at the ends of the tubes, (3) two
wire potentiometers that measured the axial deformation of
the MBRBSs, and (4) four inclinometers used to measure the
drift angle of the columns and rotation of the SCB ends. In
addition to the instrumentation shown in Figure 6, the fol-
lowing instrumentation was also included: (1) load cells on
every PT strand as shown in Figure 5(b), (2) four load cells
to monitor the gravity force, (3) load and displacement from
the actuator, and (4) approximately 50 strain gages. The
strain gages were arranged in strain-gaged sections where
a group of 18 strain gages were used to capture the average
axial strain, major axis curvature, and minor axis curvature
in the SCB at three locations along its length. Because the
SCB body remained elastic, this allowed the calculation of
axial force in the SCB at each of the three locations and, in
turn, the axial force in the MBRBs.

The reversed cyclic displacement protocol specified in the
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AISC Seismic Provisions (AISC, 2016) for qualification of
special moment frames was used up to 6% story drift, at
which point the specimen was subjected to repeated cycles
at 6% story drift until the MBRB or PT fractured. It is noted
that 6% story drift is on the upper end of what is expected
for a self-centering moment frame subjected to a maximum
considered earthquake ground motion (Lin et al., 2013). The
loading rate was 2 in./min for the first 18 cycles (0.375%,
0.5%, and 0.75% story drift cycles) and 3 in./min for the rest
of the test.

EXPERIMENTAL RESULTS

Several aspects of the SCB test results were analyzed to
evaluate the performance of the overall SCB, behavior of the
components, and efficacy of the proposed design equation.
This section is organized into the following parts: (1) self-
centering capability, (2) stiffness of the SCB, (3) flexural
strength of the SCB, (4) deformation capacity, (5) behavior
of the restoring force mechanism, and (6) MBRB behavior.

Self-Centering Capability

The global load-displacement behavior of the SCB speci-
mens is shown in Figure 7. The vertical axis is normalized
moment, which is the measured actuator force multiplied by
the story height, 2 =104 in. (see Figure 6) and divided by the
predicted flexural strength, M, as calculated using Equa-
tion 6 and given in Figure 7 and Table 1. The horizontal
axis is the horizontal story drift measured using WP-1 (see
Figure 6) divided by the same story height, 4.

The load-displacement behavior of all five SCB speci-
mens exhibited the expected flag-shaped hysteresis loops
that return to near-zero story drift when the applied

lateral force is removed. For SCB specimens with low self-
centering ratios (i.e., 0igc near 1.0 like specimens SCB 1 and
SCB 3), the drift at zero force stays negligible through cycles
up to 2% or 3% story drift. Strain hardening in the MBRB
core and losses in the post-tensioning strand stress due to
anchorage wedge seating, strand yielding, and wire fracture
lead to increasing drifts at zero force.

Table 2 tabulates the average residual story drift ratio after
the lateral force was removed (average of positive and nega-
tive excursions) during the first cycle at 2% and 4% story
drift. Specimen SCB 3, with a small self-centering ratio,
osc = 1.0, exhibited negligible drifts of 0.11% at zero force
during the cycles at 2% story drift but, during larger cycles
up to 4% story drift, lost the ability to eliminate residual
drifts and experienced story drifts of 1.3% when the lateral
load was removed.

Conversely, specimen SCB 2 had a self-centering ratio,
osc = 1.82, and exhibited negligible drift at zero force
through the 4% story drift cycles (0.14%) and throughout
the test up to and including cycles at 6% story drift. Speci-
men SCB 4 had a large self-centering ratio of ogc = 1.62,
but because the initial post-tensioning stress was high,
apr; = 0.69, the post-tensioning strands had individual wires
fracture, which led to loss of post-tensioning force and an
increase in the drift at zero force up to 0.84% during the 4%
story drift cycle.

While the drift at zero force is an adequate measure of the
maximum possible residual drift that can occur if the lateral
load is slowly removed after an excursion to the peak drift,
the actual residual drifts during an earthquake are expected
to be much smaller (Eatherton and Hajjar, 2011; Eatherton et
al., 2014). Self-centering seismic force-resisting systems that
can eliminate, or reduce to negligible magnitude, the story
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Fig. 6. Self-centering beam test setup and instrumentation.
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Table 2. Selected Experimental Results
Post- Story Story Ratio of
Drift at Drift at Initial |Gap-Opening| Drift at Drift at | Predicted | Measured
Zero Zero Stiffness Stiffness Fuse PT Yield, Drift at Yoty to
SCB SC Ratio Force* Force** (kip/in.) (kip/in.) Yield YeTy PT Yield | Predicted
1 1.05 0.08% 0.31% 31.0 4.00 0.64% — 6.5% —
2 1.82 0.06% 0.14% 48.0 5.60 0.711% 4.6% 3.8% 1.21
3 1.00 0.11% 1.30% 78.0 11.7 0.40% 51% 4.9% 1.04
4 1.62 0.14% 0.84% 79.0 9.00 0.45% 3.1% 2.7% 1.15
5 1.38 0.16% 0.70% 64.0 11.7 0.40% — 5.2% —
* Taken during 2% story drift cycles
** Taken during 4% story drift cycles

drift after lateral load is removed are sometimes referred
to as having full self-centering capability. However, previ-
ous studies on self-centering systems have proven that full
self-centering is not required to reliably eliminate residual
drifts. Nonlinear response history analyses on numerous
prototype buildings have shown that self-centering ratios as
low as oge = 0.50 result in near-zero residual drifts after
design earthquakes (Eatherton and Hajjar, 2011; Eatherton
et al., 2014; Eatherton and Maurya, 2018). Even though the
hysteretic behavior does not explicitly eliminate the possi-
bility of residual drifts, if there is some restoring force pres-
ent then there is an increased probability for yielding toward
zero drift after large-story drift excursions. This creates a
propensity to shake down to near-zero residual drift during
the earthquake, which has been referred to as probabilistic
self-centering (Eatherton and Hajjar, 2011).

Stiffness of the SCB

The initial stiffness and post—gap-opening stiffness of the
SCB specimens is summarized in Table 2. As expected,
specimens SCB 1 and SCB 2, which had a shallower depth
and smaller steel section [see Figure 4(c)], exhibited smaller
initial stiffness than the other three specimens. Perhaps less
intuitive is the dependence of the initial stiffness on the post-
tensioning force, which can be observed by comparing the
initial stiffness of SCB 1 and SCB 2. SCB 2 had the same
steel section as SCB 1, but a larger post-tensioning force by
a factor of 2.33 and exhibited 56% larger stiffness. It might
be expected that before gap opening, the SCB would have
a stiffness equivalent to a moment frame for which the
anchorage plates are rigidly attached (e.g., welded) to the
ends of both tubes. In this case, the initial stiffness would be
identical for specimens with the same steel section. The the-
oretical stiffness of the SCB specimens was derived based
on this assumption (Maurya, 2016) to be 167 kip/ft and
328 kip/ft for the smaller SCB (specimens SCB 1 and
SCB 2) and the larger SCB (specimens SCB 3, SCB 4, and

SCB 9), respectively. The initial stiffnesses given in Table 2
are between 3 and 5 times smaller than the theoretical stiff-
ness and have a clear correlation to the post-tensioning force.

To gain some understanding of the SCB initial stiffness,
an excerpt of the results for specimen SCB 1 is investi-
gated in Figure 8. The gap-opening ratio (vertical axis) is
a measure of the rotation angle at the end of the SCB. If
the gap-opening mechanism were perfect (i.e., gaps open at
both ends instantaneously) and there was no increase in lat-
eral loads after gap opening (i.e., no MBRBs or increase in
post-tensioning force), then the idealized gap opening versus
story drift response would be exactly zero until the applied
moment reached the post-tensioning moment, Mpr;, and then
the slope would sharply change to unity. Figure 8 shows that
the gap opening behaves more like a gradual progression.

The inner and outer tubes were saw cut to be nominally
the same length and then a grinder was used to smooth out
the surface, but the bearing surfaces were not perfectly flat
nor perfectly even with each other. It is estimated that the
lengths of the two tubes and the I-shaped beam were all
within V42 in. of each other. However, because the inner and
outer tubes have different areas and thus different axial stiff-
ness, even if they are exactly the same length, they do not
equally share the post-tensioning axial load. As a result of
imperfections and the difference in axial stiffness, the gap-
opening joint is not perfectly rigid prior to gap opening, and
this flexibility is observed as the nonzero initial part of the
slope in Figure 8. The slope of the initial gap-opening ratio
of 0.18 relative to the story drift ratio is approximately 20%
of the post—gap-opening slope and, thus, is contributing to a
significant reduction in the initial stiffness of the SCB. This
also explains the dependence of the initial stiffness on post-
tensioning force because the gap-opening joint becomes
more rigid because there is more clamping force applied by
the post-tensioning.

Maurya (2016) calibrated a set of equations to predict
the stiffness of the SCB in which the post-tensioning force
is used to determine how close the initial stiffness is to
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the upper bound (stiffness assuming a rigidly closed gap-
opening joint) or the lower bound (the post gap-opening stiff-
ness). Maurya further developed a procedure to calculate an
equivalent moment of inertia that could be used in simple
elastic models during design. However, it is expected that
higher initial stiffness of the SCB system could be obtained
by (1) machining the tubes, I-shaped beam, and anchorage
plates to have tighter tolerances for length and flatness and
(2) using tubes that have the same area.
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Flexural Strength of the SCB

The measured flexural strength was determined as the inter-
section of two lines fit to the initial stiffness and the post—
gap-opening stiffness, and the resulting values are given in
Table 3. As shown in Table 3, the predicted flexural strength
calculated using Equation 6 was between 1% unconserva-
tive for specimen SCB 2 and 12% conservative for specimen
SCB 1, with an average error of 5% on the conservative side
relative to the measured flexural strength. The predicted
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Fig. 7. Hysteretic behavior of self-centering beams.
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Table 3. Comparison of Predicted and Measured Behavior
Predicted Measured
Flexural Flexural Ratio of Ratio of
Strength, M, Strength Measured M,, | Predicted Mpy; | Measured Mpr; | Measured Mp;;
SCB (Kip-ft) (Kip-ft) to Predicted (Kip-ft) (Kip-ft) to Predicted
1 195 219 1.12 99.0 107 1.08
2 357 352 0.99 230 234 1.02
3 364 366 1.00 182 198 1.09
4 377 393 1.04 233 250 1.07
5 284 302 1.06 158 174 1.10

flexural strength will tend toward conservative because the
prediction is based on the initial post-tensioning force, but
the post-tensioning strands experience additional elongation
and force by the time the MBRBs yield.

As predicted in Figure 2(c), the beginning cycles exhib-
ited a change in stiffness (i.e., softening) before reaching
the flexural strength, M, [e.g., see Figure 7(a) for SCB 1].
Subsequent cycles, after the MBRBs have yielded, reach M,
without softening and fill out the corner of the flag shape.
This effect was most pronounced for specimen SCB 1 and
was minor for other specimens.

As discussed previously, the predicted flexural strength,
measured flexural strength, and the vertical axes in Fig-
ure 7 are all based on total moment, which is the sum of the
moments at the two ends of the SCB. Figure 7(b) examines
the distribution of moment between the two ends and was
obtained from a strain-gaged cross section on each end of
the SCB. Figure 7(b) shows that prior to gap opening, the
moments at the two ends are similar, and during gap open-
ing, there is a shifting of moments back and forth.

After gap opening, there is a steady trend wherein the
actuator side takes larger moments during positive excur-
sions and the far side experiences larger moments during
negative drift excursions. This can be explained by exam-
ining the free-body diagram of Figure 3, which could be
viewed as showing positive story drift if the actuator side is
on the left. The post-tensioning force, Fpr, is applied to the
inner tube at the left end, which corresponds to the actuator
end. Because the post-tensioning force is closer to the actua-
tor side, it contributes to a larger reaction, Fy;, at the actuator
side and a smaller force, Fg, at the far side. Thus, the cor-
responding moment is larger at the actuator side and smaller
at the far side for positive story drift. At the peak drift,
the larger end moment is as much as 60% larger than the
smaller end moment. This difference in SCB end moments
and the peak moment that is likely to occur at one end of the
SCB should be considered in the design of the columns. A
computational study examining the distribution of moment
between the two beam ends is presented in by Huang et al.
(2017) and design recommendations are presented by Mau-
rya (2016).

05F

05¢F

Actuator side
Far side

0.18

Gap Opening Ratio (34, / dscp) %

-1 -0.5

0 0.5 1

Story Drift (5 / h) %

Fig. 8. Gap-opening behavior for SCB 1.
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Deformation Capacity

Figure 7 shows that the SCB moment frame has exception-
ally large deformation capacity. All SCB specimens were
subjected to cycles up to 5% or 6% story drift, and there
was no observable damage to the I-shaped beam, tubes,
anchorage plates, or connections. Strain gages confirmed
that the steel shapes that comprise the SCB remained elastic.
Inelastic damage was confined to the MBRBs and the post-
tensioning. Because the test setup was limited to 6% story
drift, some specimens were subjected to multiple cycles at
6% and were stopped only when there was fracture of the
post-tensioning strands or fracture of the MBRBs.

The deformation capacity of the SCB can be controlled
in the design process using Equations 10 and 11. The story
drift at which post-tensioning yield is expected is shown in
Equation 10 to be a function of the post-tensioning strand
length, Lpy, divided by the depth of the SCB, dgcp, and the
post-tensioning stress ratio, Opz;. Selecting a larger ratio,
Lpr/dscy, or a smaller value for opr; leads to larger story
drifts before post-tensioning yield. Similarly, Equation 11
shows that fracture of the MBRBs is a function of the ratio of
the core length, L., to the depth of the SCB, dgcp. Longer
MBRB cores (i.e., larger ratios of Lc,./dscp) lead to larger
deformation capacity before MBRB fracture. It is possible to
design SCB configurations with drift capacity well in excess
of 6% story drift before undesirable limit states occur.

Table 2 summarizes the story drift associated with fuse
(i.e., MBRB) yield and post-tensioning yield. The story drift
at fuse yield was determined as the point when there was
significant change in stiffness in the MBRB component,
whereas the story drift at post-tensioning yield was deter-
mined as the point when the post-tensioning strain reached
0.01 in./in. Table 2 shows that the prediction of story drift
for post-tensioning yield using Equation 10 was between
4% and 21% smaller than the experimentally observed drift
at post-tensioning yield. Equation 10 is derived assuming
all components of the SCB behave as rigid bodies and the
story drift ratio is equal to the gap-opening ratio. Although
the flexibility of the SCB, column, and connections makes
Equation 10 somewhat conservative, it is still deemed useful
for design purposes.

One of the objectives of the SCB configuration, as com-
pared to previously proposed self-centering moment frames,
is to keep the columns the same distance apart so there is
no deformation incompatibility between the SCB and dia-
phragm. By comparing the rotations measured from the
inclinometers (INC-5 and INC-1 in Figure 6) and comparing
the displacements of the two columns (WP-4 and WP-3 in
Figure 6), it is possible to estimate the degree to which the
columns are staying equidistant apart during large drift
cycles. The rotations of the two columns were found to be
nearly identical. The difference in the column displacements
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at the height of the SCB was found to be approximately '/ in.
on average during excursions to 6% story drift. This differ-
ence in column displacements is likely due to pin hole toler-
ances and is found to be a negligible fraction of the length
of the bay. Therefore, the hypothesis that the frame does not
expand during lateral drift is verified.

Behavior of the Restoring Force Mechanism

The behavior of the restoring force mechanism is examined
in Figure 9 with plots of the normalized PT moment ver-
sus the gap-opening ratio. The post-tensioning moment was
found as the measured force in the PT strands multiplied by
the depth of the SCB and normalized to the calculated ini-
tial post-tensioning moment using Equation 7 and listed for
each specimen in Figure 9. The horizontal axes are the gap-
opening ratio, which, as described previously, is the mea-
sured gap opening divided by the depth of the SCB.

Figure 9 clearly shows the expected bilinear elastic
behavior described in Figure 2(a). The figure also shows
that the predicted gap-opening moment, Mpy;, is fairly accu-
rate at predicting the moment associated with decompres-
sion and gap opening because the stiffness changes occur
at a moment ratio equal to unity. Table 3 summarizes the
comparison of measured to predicted moment at gap open-
ing and indicates the experiments produced a moment
that was 7% larger than Equation 7 on average. The post—
gap-opening stiffness is also relatively straightforward to
predict and is a function of the PT area, length of PT strands,
and the square of the SCB depth. The derivation of an equa-
tion for post-gap-opening stiffness and evaluation of the
equation’s accuracy is not included here, but details can be
found in Maurya (2016).

A reduction in the post-tensioning moment is observed
for all specimens in Figure 9 following large cycles of story
drift. The effect is most pronounced in specimens with
large initial post-tensioning stress ratios, Osc, like specimen
SCB 4. The losses in PT force are associated with seating
losses, PT strand yielding, and fracture of individual wires
in the seven-wire PT strands.

To understand the causes for losses in PT force, it is con-
venient to examine the average stress versus average strain
behavior for the group of PT strands in specimens SCB 1
and SCB 4 as shown in Figure 10. The average stress is cal-
culated as the total measured PT force in all strands divided
by the nominal area and normalized to the nominal ultimate
strength (taken as 270 ksi), while the average strain is cal-
culated as the elongation of the PT strands (assumed to be
equal to the measured gap opening) divided by the length of
the strands between anchorages, which was 185 in. This cal-
culation of average strain neglects the axial deformation of
the tubes. As mentioned on Figure 10, specimen SCB 1 was
stressed to 41% of the nominal ultimate strength, whereas



specimen SCB 4 was stressed to 69% of ultimate, which
leads to significantly larger total PT strains during testing
and allows more exploration of PT-related limit states.

As shown in Figure 10, the PT strands in specimen SCB 1
exhibit some nonlinearity during cycles of stress between
0.4 and 0.8 times the ultimate strength. Because the peak
stress in the strands was 93% of the ultimate strength, it is
unlikely that the nonlinearity is due to inelasticity. Instead,
most of this nonlinearity and associated loss in PT stress
when the strain returns to its starting point is associated with
seating losses. Seating losses for these types of PT strand
systems were studied in detail and characterized by Bruce
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and Eatherton (2016). Seating losses occur when the wedges
sink down into the conical barrel of the chuck anchorage
when the strand is subjected to stresses greater than those
previously experienced. Seating losses are not as impor-
tant for design of prestressed concrete structures because
the strands are typically stressed to levels close to the yield
stress, and the strands are not subjected to large variations
in stress. In self-centering seismic systems where the initial
stresses may be small and the PT stress variations can be
large during earthquake events, the effect of seating losses
on self-centering capability may need to be considered. See
Bruce and Eatherton (2016) and Maurya (2016) for details.
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Fig. 9. Isolated behavior of the restoring force system.
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Specimen SCB 4, shown in Figure 10(b), demonstrates
the behavior of the PT strands when subjected to large
strains past yield. As the average strain passes 1% and the
PT stress ratio exceeds 0.9, yielding of the PT strands is
assumed to occur. At an average strain of 1.13%, one wire in
one of the four PT strands fractured, and at 1.18% strain a
wire in a different strand fractured. For each fracture, there
was a reduction in the PT force of about 5% of the total load.
The loss of two wires in the set of four PT strands, each
consisting of seven wires, implies a small loss of PT area
(2 out of 28 wires) and load-resisting capacity. Because of
the mode of failure whereby individual wires fracture, the
post-tensioning system has considerable redundancy.

For the other four specimens (other than specimen
SCB 4), none of the PT strands experienced fracture while
the average strains exceeded 1.2% in some cases. Bruce and
Eatherton (2016) found that the average strain associated
with first wire fracture was 2.3% with a standard devia-
tion of 0.5% for the exact same PT strand and multi-use,
chuck-style anchorage system used in this study (based on
12 specimens). The reason that specimen SCB 4 experienced
unexpectedly early wire fracture was likely due to the fact
that the post-tensioning anchorage was reseated on the same
part of the strand during the stressing process. Reseating is
when the pressure on the stressing jack is released, allowing
the anchorage wedges to bite into the strand, but then the
stressing jack is pressurized again and the chuck anchorage
moved slightly before releasing the jack pressure a second
time. Reseating the wedges on the same part of the strand
causes damage to the PT strands and should not be allowed
during the post-tensioning process.

Figure 10 shows that specimen SCB 1 experienced 11%
loss of the initial PT force, and specimen SCB 4 lost 56% of
its initial PT force as the specimens were cycled beyond 5%
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(a) Specimen SCB 1

story drift. If self-centering capability after extreme story
drifts is part of the performance goals of the SCB, these
losses in PT force could be accounted for in design by calcu-
lating an effective self-centering ratio using Equation 9 with
areduction in the term Olpz; fy,pr7.

MBRB Behavior

The axial load versus deformation behavior of the MBRBs
is shown in Figure 11. The MBRB force, F, was based on
the difference in the inner tube force on either side of the
MBRB connection as measured using strain gages. The ver-
tical axes are normalized to the predicted MBRB strength,
Ffyse, calculated as the measured yield stress multiplied
by the area, which is reported in Figure 11 and tabulated
in Table 1. The average core strain was calculated as the
measured axial deformation of the MBRB, &y, divided by
the core length, L., = 36 in. It is noted that the measured
axial deformation includes the elastic deformations of the
end regions of the MBRB (outside the core), but this is not
expected to cause significant error in the average core strain
measurement.

In all five specimens, the MBRBs exhibited full and
stable hysteretic behavior as shown in Figure 11. Because
specimens SCB 1 and SCB 2 had a shallower depth
(dscp = 17 in.) as compared to specimens SCB 3, SCB 4,
and SCB 5 (dscp = 24.5 in.), the MBRBs did not experi-
ence as large axial deformations for the same magnitude of
story drift. The MBRBs in specimen SCB 2 experienced the
smallest axial deformations of approximately 2% average
strain, in part because the bolted connections at the ends
of the MBRB were slipping. For subsequent specimens, the
bolts were fully pretensioned and did not experience sliding
at the bolted connection.
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Fig. 10. Response of post-tensioning strands.
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Fig. 11. Response of miniature buckling restrained braces.
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For the rest of the specimens (besides specimen SCB 2),
the MBRBs were subjected to axial deformations up to
approximately 3% average core strain before fracture of the
MBRB core. The failure started with crushing of the gyp-
sum cement that was used as grout, followed by protrud-
ing deformation in the restraining tube [see Figure 11(f)],
at which time MBRB strength would degrade, and the core
was assumed to fracture. The peak strains experienced by
the MBRBs before fracture of the MBRB core ranged from
2.5% to 3.5% average core strain. These results are consis-
tent with the component tests on the MBRBs (Maurya et al.,
2016).

Fracture of one of the MBRB cores out of the four total
MBRBs that were part of each specimen led to an approxi-
mate 25% drop in the MBRB strength as expected. For
example, SCB 3 experienced a 25% drop in MBRB strength
during the second cycle at 6% story drift, which was associ-
ated with 3% average core strain in the MBRB. One of the
challenges associated with the current configuration of the
SCB is that it uses four MBRBs such that the forces become
unbalanced when one of the MBRB cores fracture. For this
reason, and to protect the SCB body, the test was stopped
after a significant enough drop in the MBRB force to sug-
gest one of the MBRB cores fractured.

Figure 11 also shows that the strength in compression
(negative core strain) was approximately 20% to 35% larger
than the strength in tension (positive core strain). This trend
is consistent with typical buckling restrained braces for
which Poisson’s effect causes the cross section of the core
to expand during compression, which increases the friction
between the core and the grout. This increased compres-
sion strength, as well as strain-hardening behavior of the
MBRBs, was studied and characterized in Maurya et al.
(2016).

SUMMARY AND CONCLUSIONS

A self-centering beam (SCB) moment frame is a seismic
force-resisting system that can control residual drift during
earthquakes and concentrate structural damage in replace-
able elements. The body of the SCB consists of an I-shaped
beam with a pair of concentric tubes at the bottom flange
that are post-tensioned to encourage them to stay aligned,
thus producing restoring force. Seismic energy is dissipated
through miniature buckling restrained braces (MBRBs).
SCB moment frames are expected to result in significantly
smaller structural repair costs and shorter business down-
time after large earthquakes as compared to conventional
steel moment frames. In addition to this expected perfor-
mance that is typical for all self-centering seismic systems,
the SCB also offers two key advantages as compared to
some existing self-centering systems: (1) The SCB can be
shop fabricated and installed in the field with typical field
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construction methods (e.g., bolting). (2) The gap-opening
mechanism that is typical to most self-centering systems is
configured to be internal to the SCB; therefore, there is no
deformation incompatibility with the floor diaphragm.

In this study, equations were derived to predict the flex-
ural strength, self-centering capability, and deformation
capacity of the SCB, and a design procedure was described.
An experimental program was conducted including five
specimens that were two-thirds scale relative to a prototype
building and represented beams in both an upper and lower
story. SCB specimens were tested in a setup consisting of a
full, one-bay frame, and the set of specimens were designed
to vary key design parameters such as the depth of the SCB,
dscs, the self-centering ratio, Oigc, the initial PT stress ratio,
o,pri, the area of the post tensioning, A py, and the strength of
the MBRB, Fj,,. Based on the results of the experimental
program, the following seven observations were made:

1. It was found that the self-centering ratio was effective
in controlling the ability of the SCB system to eliminate
residual drift. Higher self-centering ratios, such as
specimen SCB 3 with ogc = 1.82, were shown to retain
their full self-centering ability (i.e., negligible drift
when the lateral load is slowly removed from the peak
drift) throughout the test. Phenomena like PT seating
losses, PT strand yielding, PT wire fracture, and
MBRB strain hardening cause a loss of self-centering
capability during large cycles. However, past research
shows that smaller self-centering ratios, as small as
osc = 0.50, can reliably eliminate residual drifts during
design earthquakes because of a probabilistic self-
centering in the presence of any restoring force.

2. The initial stiffness of the SCB was smaller than
would be expected if the gap-opening mechanism
were rigidly held closed. The reduced initial stiffness
occurs because the bearing surfaces at the gap-opening
interfaces are not perfectly flat or even, and there is a
difference in axial stiffness of the tubes, which means
the PT force is not shared evenly. While methods have
been proposed to predict the initial stiffness of the
SCB, it is expected that the initial stiffness could be
increased by making the tubes the same area and using
tighter tolerances for the bearing surfaces.

3. It was shown that the flexural strength at the two ends
of the SCB are not independent, and thus, the total
flexural strength (sum of the two ends) should be used
in design. The measured SCB end moments were found
to be similar until gap opening and then diverged such
that the moment at one end was as much as 60% larger
than the other end.

4. Anequation was proposed to calculate flexural strength
of the SCB and was shown to predict experimental



flexural strength within 5% on average. Equations to
predict flexural strength associated with the MBRB
and PT components were also proposed and shown to
be reasonably accurate.

5. The SCB was shown to exhibit substantial deformation
capacity and survived cycles of 6% story drift.
Furthermore, the drift capacity can be controlled in
design by careful selection of the initial post-tensioning
stress, Olpr;, post-tensioning length, Lpr, and length of
the MBRB core, L.

6. The restoring force mechanism and associated post-
tensioning strands were shown to have predictable
behavior. The equation to predict the story drift at
PT yield was found to be slightly conservative, but
it is still useful for design purposes. PT strands were
subjected to cycles up to 1.2% average strain, and
specimen SCB 2 was the only specimen that suffered
two individual wire fractures, although this was linked
to reseating of the PT strand anchorage during the
post-tensioning process. The PT strands were shown
to have considerable redundancy because each strand
is composed of seven wires, and the wires fracture one
at a time.

7. The MBRBs were shown to have full and stable
hysteretic behavior up to approximately 3% axial
strain over the core length before fracture. Fracture
of one of the four MBRB cores led to an approximate
25% reduction in the MBRB strength as expected.

Based on this work, it is concluded that the SCB moment
frame is a viable self-centering, seismic-force-resisting sys-
tem that could be used in practice. Future research is war-
ranted to improve the initial stiffness, and streamline the
configuration and detailing to make the SCB more econom-
ically viable.
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