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A shapememory alloy based articulated quadrilateral bracing system is developed and experimentally tested for
seismic resisting applications. The articulated quadrilateral arrangement provides a scalable, reconfigurable, con-
venient means of combining nickel-titanium (NiTi) wires and energy dissipating elements. This configuration
creates a system with an adjustable amount of recentering and damping, which could potentially be used in a
wide variety of new and existing buildings. For these prototype tests, NiTi wire bundles were combined with
long C-shaped dampers to create a systemwith a good balance of recentering and energy dissipation. The system
was subjected to cyclic loading to assess the behavior. The systemmaintained strength, ductility, and recentering
after being cycled to 2% drift, which is a typical maximum in structural systems if non-structural elements are to
be preserved. An analytical case study demonstrated that shapememory alloy systems tend to distribute the de-
formationmore evenly over the height of the structure compared to traditional systems,which is a desirable seis-
mic performance characteristic. It is envisioned that, by using the samebasic bracing setup, awide range of force-
deformation responses can be at an engineer's disposal.
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1. Introduction

This study presents the design and proof-of-concept testing of a
shape memory alloy (SMA)-based recentering articulated quadrilateral
(AQ) bracing system. The 1994 Northridge and 1995 Kobe earthquakes
revealed deficiencies in a large number of welded moment frames [1],
which were previously held as the “gold-standard” in terms of ductile
seismic behavior. This unexpected performance under moderate earth-
quake shaking resulted in a reevaluation of the seismic integrity of steel
moment resisting frames. Moreover, researchers began to revisit other
lateral load resisting systems, giving the engineering community new
options in earthquake-resistant design.

Braced frames are one of the main viable alternatives to moment
resisting frames. To obtain the desired level of ductility, traditional
braced frame systems are designedwith special attention to the connec-
tions, slenderness ratios, and width-to-thickness ratios of the braces, as
well as to the effect of brace overstrength on adjacent members [2].
However, even with these special measures, traditional braces are
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logy.
characterized by a loss of load carrying capacity due to buckling and
by degrading behavior and fracture due to low-cycle fatigue and strain
localization.

To achieve improvedperformance, newer systems, such as buckling-
restrained braced frames (BRBFs), have become attractive and popular
options. The BRBF performance is generally characterized by a buck-
ling-restrained brace (BRB) with an elastoplastic-type response in
both tension and compression. The BRB generally has reliable energy
dissipation, controlled strength, and excellent ductility. Though the
BRBF has been shown to have a high level of performance, it provides
no specific mechanism with which to reduce residual drifts of a struc-
ture;whichmay be the determining factor inwhether a damaged build-
ing can be repaired [3]. Several researchers have noted this concern
with traditional braced frames as well as BRBFs [4–7]. Moreover, recent
events, such as the 2011 Christchurch Earthquake [8], have provided a
reminder of how important designing beyond the traditional “life safe-
ty” level can be (e.g., using low-damage systems [9]); the social and eco-
nomic impact can be significant even when “life safety” is largely
achieved.

As an alternative to a BRBF (or any other elastoplastic-type system),
several researchers have investigated the benefits of systems that have
deliberate recentering mechanisms [10,11]. Analytical and experimen-
tal studies have shown promise in recentering system response, dem-
onstrating that they are a viable alternative to both traditional and
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advanced systems, especially when residual deformations are of
concern.

In this study an SMA-based recentering system is developed and
tested (as part of a larger investigation of SMA applications [12]). This
system provides both recentering and damping in a scalable arrange-
ment. Driven by SMA's unique ability to recover strains of up to approx-
imately 8% through a diffusionless phase transformation, the
cornerstone of the bracing proposed herein is the ability to adjust the
energy dissipation in a recentering hysteretic loop through the use of
an AQ arrangement. SMA wire bundles are installed within the AQ
and are tested alone and in parallel with C-shaped steel dampers. A
schematic of the loading frame and the AQ is shown in Fig. 1. Though
C-shaped dampers are used, a variety of options are available to provide
paralleled damping, some of which are discussed in the next section.

To gain an understanding of the behavior of such a system, the de-
tails of the AQ are first outlined and then the experimental results
from three braced frame experiments are presented. The behavior is
then assessed in terms of strength, stiffness, recentering, and energy
dissipation. This behavior is then used in an analytical study to demon-
strate the potential benefits of the system.

2. Background

2.1. Articulated quadrilateral

As an alternative to a traditional bracing system, this study investi-
gates a tension-only system that has the ability to dissipate energy
and to recenter. Tension-only braced frames are typically not used in
seismic regions due to their poor cyclic behavior [13]. However, in this
work this deficiency has been addressed by inserting an articulated
quadrilateral (AQ) element at the center of the bracing system, keeping
the brace in tension over the entire cycle. Assuming rigid connecting el-
ements, when onediagonal goes in tension, the opposite diagonal is also
engaged in tension due to the kinematics of the AQ (i.e., for every unit
expansion of the diagonal that intersects the AQ acute angle corners,
the opposite diagonal has a contraction greater than that unit expan-
sion). Therefore, the braces are continuously engaged even during
load reversals. For non-rigid connecting elements, some slack is intro-
duced in the opposite diagonal but the elements in the center of the
AQ are essentially always actively engaged.

This AQ setup, pioneered by Pall andMarsh [14], has been investigat-
ed by several researchers in the past several decades in a variety ofways
[15–18]. Recently, Renzi et al. [19,20] inserted C-shaped elements along
the diagonal of the AQ to obtain energy dissipation. Though other op-
tions are available, in this study the authors selected the C-shaped ele-
ment for the energy dissipater due to the good response reported in
the literature. Collectively, the previous research has shown that
(a)

Fig. 1. (a) Loading frame schematic and (b) general articulated quad
tension-only AQ braces can produce stable cyclic behavior via either
friction or material yielding driven by the AQ kinematics.
2.2. Recentering systems

The key characteristic of the bracing system studied in this research
is its recentering ability. Recentering, as an approach to lateral load re-
sistance, has been studied by several researchers since at least the
early 1990s. Some of the first tests were a series of experiments on
post-tensioned precast concrete connections [21–24]. Other researchers
have expanded the idea to steel moment-resisting frames [25–27] and
bracing systems [28,29].

A comprehensive study on recentering systems was conducted by
Wang and Filiatrault [27]. This study consisted of shake-table testing
of a three-story post-tensioned steel frame and an accompanying in-
depth investigation into a single-degree-of-freedom system. Overall,
the study demonstrated that good seismic performance can be reached
with a recentering system. Peak story driftswere comparable to those of
a traditional system (i.e., elastoplastic response) while residual drifts
were essentially eliminated. However, the analysis did indicate higher
maximum accelerations for the recentering system. Similar observa-
tions are noted in other single-degree-of-freedom studies [30].

Additionally, recentering systems based on allowing the frame to
“rock” have gained attention in both the research and practitioner com-
munity. Several recent studies have shown the fidelity of such systems,
such aswork done by Eatherton et al. [31] and Roke et al. [32]. As a con-
sequence, several rocking systems have been implemented in recent
new buildings designs and existing building retrofits [33].
2.3. SMAs

SMAs have drawn considerable attention in the civil engineering
community over the past two decades because of their unique stress-
strain behavior. The combination of recentering and energy dissipation
makes SMAs ideal for applications in earthquake-resistant design. In the
1990s the European Commission launched a research initiative, known
as the MANSIDE (Memory Alloy for New Structural Isolation Devises)
project, to investigate and implement SMAs into civil engineering struc-
tures [34]. From this project, several retrofit schemes were investigated
and/or developed using SMAwires and bars [35–40]. Other researchers
have since investigated the mechanical properties of SMAs [41,42] and
their use in braced frames [43–45], beam-column connections [46–
49], bridge deck restrainers [50,51], and reinforced concrete [52].
Though each of these investigations has shown varying degrees of suc-
cess, limited applications have been implemented into real structures.
Thus, this research seeks to explore another method of implementing
(b)

rilateral (AQ) setup with shape memory alloy (SMA) elements.



(b)

Fig. 2. Details of the articulated quadrilateral (dimensions in mm).
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this unique material in which a tension-only system may be more
advantageous.

3. Test setup

3.1. General setup

The general setup of the AQ is shown in Fig. 1b with both the SMA
and C-shaped elements. Fig. 2 shows the resulting dimensions that
were selected for the AQ. The AQ links were made from 12.7 mm
152.4
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838.2

Ø22.2

Fig. 3. C-shape dimensions

Fig. 4. Articulated quadrilateral installed in the loading frame (LVDT= linear variable different
thick, 50.8 mm wide A36 flat bar. The joints were pinned with
22.2 mm diameter bolts made of American Society for Testing and Ma-
terials (ASTM) A490 grade steel. The anchor blocks, made from ASTM
A572 grade 50 steel, served to transfer the load from the cable assembly
to the SMAwire bundles via two 12.7mmgrade 8 coarse-threaded rods
connected to a 19.1 mm square bar combined with a 19.1 mm stainless
steel half-round (not shown).

The dimensions of the AQ were governed by the dimensions of the
loading frame (height-to-width ratio kept the same) and the length of
the available SMA wire bundles. The loading frame's height and width
(from the center of brace anchor points) were 4.18 m and 5.76 m, re-
spectively. The story height was taken as 4.37 m (clear-span) for drift
calculations. The SMA bundles were approximately 0.71 m long and
had a cross-section of 320 individual 0.71 mm diameter superelastic
NiTi wires (i.e., total cross-sectional area of 130 mm2). To keep the
SMA wires grouped together, they were wrapped in a rubber sheath.
Each wire bundle was wrapped around a thimble and clamped at the
ends. The effective length, defined as the distance from clamp-to-
clamp, was approximately 0.56 m.

The C-shape dimensions are shown in Fig. 3. Each C-shape was
fabricated from 203 mm wide, 12.7 mm thick ASTM A36 flat bar. A
plasma cutter was used to cut the shape and then the edges were fin-
ished with a grinder and a mill file. Two C-shapes were combined to
create the damper; one was placed on each side of the AQ face along
the diagonal. The two C-shapes were tied together with clamps to
prevent out-of-plane buckling (see Fig. 5). Additionally, the C-shapes
had slotted holes (see Fig. 3) to allow for additional deformation
capacity by relaxing the kinematic restraint that would otherwise
be present. Further discussion on the development of the AQ
41.3

44.5

(dimensions in mm).

Cable Assembly 

ial transformer, SG = strain gage). Clear span between the loading frame beams is 4.37 m.

astm:A490
astm:A36


(a) (b)                                         (c)

Fig. 5.Test setup for (a) the SMAonly test, (b) the C-shape only test, and (c) for theparallel test. (Note: the aluminumtubes behind theAQare usedas guides for the stringpotentiometers).
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arrangement (including the C-shaped damper characteristics) are
provided in the Appendix A.

The cable assemblies that connected the AQ to the loading frame
were made up of the following:

a) 25.4 mm 18–7 bright wire cable with thimbles and swag sleeves at
each end

b) 25.4 mm take-up turnbuckle with jaw-jaw ends
c) 22.2 mm Crosby shackle
d) tensile load cell made from 25.4 grade 8 coarse-threaded rod
e) pad-eye anchor attached to the testing frame with four 22.2 mm

A325 bolts

The entire bracing system is shown in the loading frame in Fig. 4.
The frame was instrumented to record base shear, cable forces, AQ

deformations, and slippage of the cable anchor points. The story shear
was captured via the actuator load cell (1000 kN capacity) and verified
using the set of tensile load cells. The actuator load cell has an expanded
uncertainty in the testing range of±3.5% (uncertainty is reported at the
95% confidence level assuming aGaussiandistribution). The cable forces
weremonitored via the tensile load cells installed in-linewith the cables
(expanded uncertainty ± 0.7% in testing range). The story drift and AQ
deformationsweremonitored via string potentiometers (expanded un-
certainty±0.6% in testing range). Additionally, slippage of the pad-eyes
was monitored via linear variable differential transformers (LVDTs).

3.2. Testing scheme

The SMAwire bundlewas first subjected to a one-sided cyclic test to
determine its mechanical behavior. Next, three braced frame tests were
conducted to determine the contributions of thewire bundle and the C-
shaped damper to the overall behavior. The first test was with the SMA
wire bundle only (Test A, Fig. 5a). The next test was with the C-shaped
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Fig. 6. Cyclic test of the SMA wire bundle with effective length taken as 5.6 m (see Test
setup section for discussion on measurement uncertainty).
damper only (Test B, Fig. 5b). Six tie clamps were installed to prevent
out-of-plane buckling. The final test was with the SMA and C-shaped
damper in parallel (Test C, Fig. 5c). In Test C, only two tie clamps were
installed on the C-shaped damper. Since C-shaped dampers are not
the only damping option in such an arrangement (see Section 2), sepa-
rating the behavior of the SMAwire bundle and C-shaped damper dem-
onstrate a clearer picture of the interaction of the two components.

For each test the cableswere pre-tensioned to approximately 6.7 kN.
The tests were performed at a room temperature of 26 ± 1 °C. The
braced frame was subjected to a cyclic loading protocol modeled after
that given in the Seismic Provisions for Structural Steel Buildings (AISC
341–05) Appendix S [53]. In general, the loading protocol consisted of
six cycles at 0.375%, 0.50%, and 0.75% drift, followed by four cycles at
1% drift, and finished with two cycles at 1.5%, 2%, and 3% drift. Higher
drift levels were not induced due to stroke limitations of the actuator
and load limitations on the tensile load cells.
4. Results

4.1. Mechanical test

A cyclic tension test was initially conducted on the SMAwire bundle
in a conventional universal testing machine. The far-field SAC loading
protocol [54] was selected for this test. The force-deformation response
from the SMAwire bundle is shown in Fig. 6. The bundle demonstrated
large ductility (stress plateau of approximately 5 times the transforma-
tion strain) and residual deformations less than 1% after being cycled
beyond 11% gross strain. The transformation force (i.e., force at which
the SMA transforms from austenite to martensite) was approximately
70 kN which corresponds to a stress of 54 MPa.
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Fig. 7. Base shear versus drift for Test A (SMA only).
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Fig. 8. Cable force versus deformation of AQ for Test A (SMA only).
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4.2. Test A

In Test A, SMA wire bundles were the only elements installed in the
AQ. The resulting base shear vs. story drift is shown in Fig. 7, assuming
the story height to be 4.37 m. The brace remained elastic through the
1.0% drift level, with recentering to approximately 0.25% or less at the
end of each cycle.

During the first 1.5% drift cycle, the SMA reached its transformation
stress, as is evident by the load plateau. Fig. 8 shows the cable force (av-
eraged from the two load cells on each diagonal) versus the AQ defor-
mation. This figure shows essentially the force-deformation plot of the
SMA elements, with the forward-slash (bottom-left to top-right mea-
surement) and back-slash (top-left to bottom-right measurement) ca-
bles being engaged in opposing directions.

During the 2% drift cycle, the SMA was stretched further along its
loading plateau but not completely into its martensitic phase. The
brace showedminimal strength degradation andminimal stiffness deg-
radation. To finish the test, the frame was cycled six times at 3% drift.
The brace began to display strength degradation and began to accumu-
late residual deformations (and therefore effective-stiffness degrada-
tion). However, the response stabilized after about four cycles. The
strength degradation in the first few loading cycles of shapememory al-
loys is a well-known phenomenon that can be reduced through cycling
of the material [39,40].
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Fig. 9. Base shear versus drift for Test B (C-shape only).
4.3. Test B

In Test B, two C-shaped dampers were installed in the AQ. The
resulting base shear versus story drift is shown in Fig. 9. The brace
remained essentially elastic through the 0.5% drift cycles, with only
small hysteretic loops forming. During the 0.75% and 1.0% cycles, the
hysteresis area increased, indicating the C-shaped dampers were
being deformed beyond their elastic limit. Fig. 10 shows the measured
cable force versus AQ deformation. This plot is similar to the force-de-
formation plot of the C-shaped damper. During the 1.5% drift cycles
(and beyond), the clamps that connected the two C-shapes together
began bearing against the AQ links. This resulted in a jump in stiffness
upon further loading and eventual flexural yielding of the AQ links.
This issue was corrected in Test C by adding fewer tie clamps while
still maintaining out-of-plane stability of the C-shaped damper.

At larger drift levels, the brace stiffenedwhen cycled to the left (neg-
ative drift). This response was caused by the tension/compression
asymmetry of the C-shaped damper which was the result of the defor-
mation transitioning from flexural rotation to axial stretching. To allevi-
ate some of the stiffening, slotted holes were introduced for Test C.
Nevertheless, the brace strength and stiffness were stable and the C-
shaped damper was able to deliver hysteretic damping. The test was
stopped after the first 3% cycle due to flexural yielding of one of the
AQ links caused by bearing of the C-shaped damper ties.
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Fig. 11. Base shear versus drift for Test C (PARA).
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4.4. Test C

In Test C, two C-shaped dampers were combined in parallel with
SMA wire bundles. The resulting base shear versus story drift is shown
in Fig. 11. The brace remained mostly elastic through the 1.5% drift cy-
cles, with recentering to approximately 0.15% at the end of each cycle.

During the 2.0% cycle, the SMA elements reached their transforma-
tion stress, as is evident by the load plateau in Fig. 11. Fig. 12 plots the
cable force versus the AQ deformation. This plot is similar to the force-
deformation plot of the SMA elements paralleled with the C-shaped
dampers.

During the 2.5% drift cycle (added for this test), the SMAwas pushed
further along its loading plateau. The brace showed little strength and
stiffness degradation. To finish the test, the frame was cycled twice at
3% drift and the resulting deformed shape is shown in Fig. 13. As expect-
ed, the brace began to display some strength degradation and began to
accumulate some residual deformations (and therefore stiffness degra-
dation). The increased damping of the parallel system was evident in
the hysteresis. Each of these observations are quantified and discussed
in the next section.

5. Discussion of results

The three braced frame tests demonstrated, in a progressivemanner,
how the recentering inherent in SMAs can be combined with energy
dissipating elements to produce a larger flag-shaped hysteresis. To as-
sess the behavior of the braced frame, a brief discussion is first given
on the general behavior of the bracing system. Next, changes over the
cyclic protocol in the following four response parameters are investigat-
ed: stiffness, strength, energy dissipation, and recentering. These four
response parameters are only presented for the two tests that included
the SMA elements: Test A and Test C.

5.1. General behavior

Before the response parameters are examined, the effect of the rela-
tive stiffness of the elements combined to make the bracing system
should be discussed. When SMA and elastic elements are combined in
series, a resulting force-deformation relationship will form as shown
qualitatively in Fig. 14. If the “elastic” element is rigid, the resulting se-
ries behavior would be exactly that of the SMA. However, if the “elastic”
element is not rigid, the length of the loading plateau relative to the
yield deformation (defined here-in as the plateau ductility factor, η)
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Fig. 12. Cable force versus deformation of AQ for Test C (PARA).
will decrease. For the series system, the plateau ductility factor is calcu-
lated by the following formula:

η ¼ β þ ΔF=ke
uy;series

ð1Þ

where uy,series is the “yield” deformation of the series system and β, ΔF,
and ke are defined in Fig. 14. To illustrate the combined effects, Fig. 15
shows the contributing elements and the series system for Tests A.
Note that the effective ductility of the “series” response is less than
that of the “SMA” response.

Tomaximize η, the brace elements combined in series with the SMA
element should be sufficiently stiff. For a perfectly rigid connecting
member, a η greater than four can be obtained (dependent on the
SMA). For this experimental setup, η was found to be approximately
2.5, which resulted in less ductility for a given stiffness. Though this ef-
fect is noted, it is not investigated further in this study. Additional inves-
tigation needs to be performed to understand the implications of this
behavior.

5.2. Stiffness and strength

Stiffness and strength are presented in terms of effective stiffness,
keff, and yield base shear, Vby, as defined by the straight-line approxima-
tions shown in Fig. 16. The keff and Vby values are found to have an ex-
panded uncertainty of approximately ±1.2%. For the strength, “yield”
corresponds to onset of the SMA phase transformation plateau. The
resulting trends for stiffness and strength are plotted in Figs. 17 and
18, respectively. The stiffness generally decreased with increasing drift
level, though the decrease was only 15% to 20% at 3% drift. Additionally,
the “series effect” reduced the resulting stiffness of the brace. Braces in
typical concentrically braced frames are expected to yield and buckle
at story drifts of about 0.3% to 0.5% [53], while this brace “yielded” at
1% to 1.5% drift, which is more in line with drift levels expected in mo-
ment frames.

The strength decreased moderately during cycling for both tests.
However, Test C decreased at a faster rate due tomore residual accumu-
lation. Additionally, Test C had larger stiffness and strength than that of
Test A due to the addition of the C-shaped dampers. As noted in Fig. 18,
the “yield” base shear was reached at different drift levels due to the ad-
joining cable assembly's elastic deformations. It is anticipated that the
system's effective stiffness before “yield” could be increased by increas-
ing the pretension in the cable assemblies, whichwould corresponding-
ly decrease the system's “yield” drift. Nonetheless, after the braces begin
to deform, the system's instantaneous stiffness would not change until
the onset of the SMA phase transformation or other nonlinear phenom-
enon in the brace assembly.
Fig. 13. Deformed shape of the AQ for Test C at 3% drift.



Fig. 14. Schematic illustrating the qualitative force-deformation characteristics of an SMA element combined in series with an elastic element normalized to the yield force, Fy, and yield
displacement, uy (additional definitions: β=SMA horizontal plateau length; ΔF= change in force over the SMA plateau; ksma, ke, and ks = stiffness of the SMA element, elastic element,
and series element, respectively).
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5.3. Energy dissipation

Energy dissipation is reported in terms of equivalent viscous
damping, ζ, defined as [55]:

ζ ¼ ED
4πEso

ð2Þ

where ED is the energy dissipated in one cycle and Eso is the energy
absorbed by an equivalent linear system loaded to the same maximum
Fig. 15. Contributions of the different b

Fig. 16. Straight-line approximations of the base shear versus drift respon
force and displacement level as used in ED. The energy dissipation (i.e.,
the area of the hysteresis loop) is assessed for the first and second cycles
of Tests A and C and is show in Fig. 19. The expanded uncertaintywas ap-
proximately±5% of the values shown in Fig. 19. The ζ varied from 3% to
9%, with the first cycle's damping generally greater than that of the sec-
ond cycle. At 0.375% and 0.5% drift, the ζ was greatly influenced by the
friction in the system. Friction had less of an effect at the 1.0% drift
level, therefore the damping dropped. However, at drifts greater than
1.0%, the ζ for both tests increased rapidly due to the SMA being pulled
into its transformation range.
race elements in series for Test A.

se to obtain the “yield” base shear, Vby, and the effective stiffness, keff.
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Fig. 17. Effective stiffness, Keff, over a range of drift levels for Tests A and C.
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For 1.5% to 3% drift, the ζwas approximately 6% to 8% for Test A due
to the hysteresis that formed in the SMA wires. For Test C, the ζ did not
increase as quickly because a higher drift level was needed to force the
SMAs into its phase transformation. This behavior was due to the in-
creased stiffness in the AQ elements which resulted in the cable assem-
blies having increased deformations. For 2% to 3% drift, the ζ was
approximately 7% to 9% for Test C.

Though recentering is the main focus of this bracing system, added
damping can have a positive impact on a recentering system's perfor-
mance [30]. The purpose of adding the C-shaped damper in parallel
with the SMA wire bundle was to enhance the brace's energy dissipa-
tion. In this regard, the ζ plots are slightly deceiving because the two
systems have different “yield” drifts and “yield” strengths. This
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Fig. 19. Equivalent viscous damping in the fi
effectively shifted the response of Test C′s ζ to the right by approximate-
ly 0.5% drift. With this in mind, the damping of Test Cwas enhanced by
the addition of the C-shaped damper, as would be expected.

5.4. Recentering

Recentering is assessed by looking at the residual drift (Δres) defined
as the point at which the force versus deformation curve crosses the
zero force level during each cycle. The residual drifts over the cycle his-
tories are shown in Fig. 20; the expanded uncertainty in the reported re-
sidual drift values is approximately ±1.0%. Test A exhibited the most
effective recentering behavior, having only 0.12% residual drift after
the frame had been subjected to 3.0% drift. Test C had approximately
four times more residual drift than Test A due to the C-shaped damper
preventing full recentering. Although not done in this study, improved
recentering behavior could likely be obtained by increasing the preten-
sion in the SMA wire bundles.

6. Analytical study

6.1. Model

To further investigate the effectiveness of the SMA-based bracing
system, the response of a seven-story building outlined in the 2005
NEHRP Design Examples (FEMA 451, Section 5.2, Alternative B [56]) is
investigated. The building layout and member sizes are not reproduced
here but are available in [56].

The buildingwasmodeled using the OpenSees [57] structural analy-
sis software. To simplify the analysis, only one direction of loading was
considered (North-South) and only one braced-frame bay was
modeled. Since the building was designed with four braces in the
North-South direction, one-fourth of the mass was lumped at each
floor height (half at each intersecting beam-column node). The lateral
resistance of the non-braced frames was ignored and torsion was not
considered. The columns were fixed at the base and the beam-column
connections were pinned, thus neglecting the gusset plate stiffness.

Four different brace behaviorswere investigated as shown in Fig. 21.
The stiffness and yield strength of all the braces were considered equal.
The special concentrically braced frame (SCBF) (Brace A) was calibrated
to buckle in compression at the design nominal capacity, Pn, and have a
post-buckling strength of 0.3Pn at 20 times the buckling deformation
using initial out-of-straightness and end rotational springs. The SMA
brace (Brace B) was created using a one-dimensional constitutive
model first proposed by Auricchio and Sacco [58] and later modified
and implemented into OpenSees by Fugazza [59] (note: at the time
this paper was written, this model no longer exists in the current ver-
sion of OpenSees). The brace made of the SMA and C-shaped damper
in parallel (PARA; Brace C) was created using a parallel element that
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combined the behavior of SMAs with that of the Steel01 (elastoplastic
with strain hardening) material model. The area of the parallel element
was made up of 80% SMA and 20% elastoplastic behavior derived from
the experimental results. The buckling-restrained braced frame (BRBF;
Brace D) was a simplified representation of a buckling-restrained
brace response created with the Steel01 material model. Engineering
judgement was used when determining the force-deformation re-
sponses without considering refinement of the design parameters (i.e.
R, Cd, and Ω0 factors). This refinement could be the subject of further
investigation.

The braced frame was subjected to a suite of ground motions from
the Los Angeles, California region (LA21 to LA40) with a 2% probability
of exceedance in 50 years taken from Somerville et al. [60]. No scaling
was applied to the ground motions.

6.2. Results and discussion

To illustrate the behavior of the four brace types, the base shear
versus first story drift in response to the LA25 ground motion is
shown in Fig. 22a–d and the first story drift response history is shown
in Fig. 22e. The maximum first story drifts for Braces A to D were 3.2%,
1.6%, 1.6%, and 2.3%, respectively. The residual first story drifts for Braces
A and D were 1.3% and 0.7%, respectively. Notably, Braces B and C
showed no residual drifts for this ground motion. Both systems with
SMA had approximately 50% reduction in themaximumdrift amplitude
compared to the SCBF and a 30% reduction compared to the BRBF. Fur-
thermore, the SCBF and the BRBF both exhibited significant residual
drift, as opposed to the SMA-based systems.

However, the results from the LA25 ground motion must be
reviewed with caution. The force levels in both SMA systems reached
up into the post-plateau stiffness region. Frommechanical tests, it is ap-
parent that SMAs begin to lose their superelasticity (and thus accumu-
late residual strains) in this region, which was not captured in the
analyses. Additionally, higher forces in these elements could be
Fig. 21. Brace models used for the analyses (F/Fy = the axial force normalized by t
problematic due to overloading of other elements. Further analysis is
recommended to determine appropriate design procedures to mitigate
these issues.

With respect to the entire suite of ground motions, the response of
each braced frame is summarized in Fig. 23. The following observations
are made:

▪ The SCBF had large drifts forming in the first, second, and third
stories. Drifts exceeded 3% in the second story for several ground
motions, whichmay result in collapse of the building. However, col-
lapse is not directly accounted for in the model.

▪ The SMA and PARA frameswere both effective in decreasing the drift
demands in the first three stories. However, as mentioned above,
care must be exercised in designing an SMA-based system to ensure
the load plateau is not being exceeded, otherwise forces being trans-
ferred to adjacentmembers could violate the capacity design philos-
ophy and result in yielding in other elements of the structure.

▪ The SMA and PARA frames had smaller maximum interstory drifts
compared to the SCBF and the BRBF. This was due to the SMA and
PARA frames' ability to distribute the drift demand more uniformly
along the height of the structure.

▪ In comparing the SMA and the PARA frames, the PARA system had a
slight performance advantage in terms ofmaximumdrifts. However,
the results are not conclusive. Further investigation needs to be con-
ducted tomore fully understand the impact of a PARA system on the
response of a complete structural system.

▪ The residual driftswere greatest in the SCBF,where thebottom three
stories had an average residual drift of 0.6%. The BRBFwas also prone
to accumulating residual drifts, though, on average, the residual
drifts were approximately half those seen in the SCBF.

From these observations, the SMA-based braced frames were effec-
tive in decreasing interstory drifts, did a good job of distributing the
drift demands over the height of the building, and significantly reduced
residual drifts.

Though the performance of this AQ system is promising, one practi-
cal challenge is the issue of scalability. The SMA wire bundle used in
these tests had a cross-sectional area of 130mm2. This area could be in-
creased by using larger thimbles andmorewire loops or by using sever-
al wire bundles in parallel. Additionally, rather than designing a system
to have the equivalent stiffness and strength as a traditional braced
frame, it may be more advantageous to take advantage of the SMA's
smaller elastic modulus. This reduced stiffness would facilitate a more
flexible system which would increase a structures fundamental period
and reduce the accompanying strength demand.

7. Summary and conclusions

In this study, an articulated quadrilateral bracing system was devel-
oped and experimentally tested as away to leverage the beneficial char-
acteristics of SMAs in the seismic load-resisting system of a building.
The articulated quadrilateral geometry allowed the shape memory
he yield force, u/uy = the deformation normalized by the yield deformation).
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alloy to be combined in parallel with an energy dissipating element. If
properly calibrated, it was envisioned that this bracing system can pro-
vide building recentering with optimized energy dissipation. The fol-
lowing observations and conclusions are made from this investigation:

▪ SMA wire bundles were able to recover large levels of gross strain
(11%).

▪ The relative stiffnesses of the elements combined to make the brac-
ing assembly influence the length of the load plateau relative to the
yield deformation, i.e. plateau ductility factor. To maximize this fac-
tor, which is desirable for robust seismic performance, the brace el-
ements combined in series with the SMA element must be
sufficiently stiff to fully utilize the beneficial properties of the SMA.
In our experiments, the brace had a plateau ductility factor of ap-
proximately 2.5.

▪ The C-shaped damper displayed stable hysteretic behavior and can
be fabricated to a variety of strength, stiffness, and deformation ca-
pacities.
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▪ The SMA-only bracing system was the best choice when residual
drifts needed to be minimized. The frame had residual drifts of less
than 0.1% after being pushed to 3% story drift.

▪ The combined SMA and C-shaped damper bracing system (PARA)
displayed increased damping. However, full recentering was
sacrificed to obtain this additional damping. The frame had residual
drifts of 0.5% after being pushed to 3% drift.

▪ Both SMA-only and the PARA systems had minimal loss in strength
and stiffness after repeated cycling.

▪ From the analysis of a seven story building subjected to twenty far-



(a)                                   (b)                                      (c)

Fig. 24. (a) Articulated quadrilateral with SMA bundles and C-shape dissipaters, (b) 3D view of SMA attachment, and (c) C-shape dimension variation for constant thickness, stiffness, and
yield force.
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field ground motions, the SMA and PARA systems had the best per-
formance in terms of interstory and residual drifts. These systems
both tended to distribute the drifts more evenly over the height of
the structure, thus reducing the likelihood of the formation of a
soft-story.

This investigation was exploratory in nature, focusing on the effects
of recentering vs. energy dissipation, and the feasibility of using shape
memory alloys in conjunction with damping materials. It is recom-
mended that furtherwork bedone to refine the articulated quadrilateral
device and more fully determine the performance advantages and
limitations. Some areas of future work could include the following:
varying the amount of pretension in the articulated quadrilateral and
the adjoining cable assembly, investigating other methods of adding
damping, and investigating the ability of such a system to handle full-
scale loads.
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Fig. 25. C-shape kinematic behavior assuming the center of C-sha
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Appendix A

One of the main goals of this bracing system was to create an effec-
tive way to combine SMA elements in parallel with supplemental ener-
gy dissipating elements. This idea was rooted in the following result
observed in previouswork [30]: a recentering systemwith amaximized
hysteretic loop will produce the best performance. To dissipate energy
by yielding or by friction, the dissipating element must be subjected to
load reversal (i.e., tension and compression). For a cable bracing system,
this is difficult to obtain without a special arrangement. The AQ config-
uration accomplishes this requirement in a unique way and facilitates
the use of a variety of dissipating elements.

Several options for dissipating elements have been identified includ-
ing torsional dissipators (either friction or yielding) at the AQ joints,
pe is axially inextensible and the arms are completely rigid.
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frictional dissipaters on the diagonals [14], flexural yielding of the AQ
members [17], and C-shaped dissipators on the diagonals [19]. The C-
shaped damper was chosen for this research because of the predictable
results shown in experimental work by Renzi [19]. Nevertheless, the
othermethods of providing energy dissipation should not be discounted
and have been found to be very successful in research and application.

The options for loading the SMA elements include torsion at the
joints and tension across the diagonal. The latter option was chosen be-
cause tension is the most efficient use of the material. Additionally,
superelastic NiTi wires have been shown to have excellent performance
in termsof inherent energy dissipation and recentering. A bundle of NiTi
wires was fabricated by Nitinol Technologies Inc. The full details of the
NiTi bundles are described in the component test section of this paper.

Fig. 24(a) and (b) shows a schematic of the complete AQ setup. The
SMA bundles cross in the middle and are anchored to square steel bars
at the ends. This steel bar is then mounted to threaded bars which are
inserted into a steel transfer block. This setup enables tightening of
the SMA bundles to either remove slack or to instill some initial preten-
sion while maintain a configuration that is as compact as possible. The
C-shaped damper members are attached at the corner joints with a
large diameter bolt functioning as a pin. Two C-shaped dissipators
were used in the same direction but on opposite faces of the AQ. Due
to the geometry implemented, out-of-plane ties were attached to the
C-shaped damper along the length. These ties effectively braced the
two dissipators together and forced flexure yielding to occur before lat-
eral torsional buckling.

The dimensions and the material properties of the C-shape deter-
mined its strength and stiffness.When selecting the dimensions, the fol-
lowing criteria were adhered to:

▪ The thickness of the C-shape should beminimized to ensure theAQ's
compactness (12.7 mm was selected in this study).

▪ The yield strength should be the fraction of the SMA element yield
that creates increased system damping while maintaining good
recentering. The yield strengthwas selected to be 22 kN, the approx-
imate end of the unloading plateau seen inmechanical testing of the
SMA wire bundle.

▪ The stiffness of the C-shape should be greater than or equal to the
stiffness that results in the C-shape yielding at the same deformation
as the SMA. This criterion ensures the C-shape is pushed beyond its
elastic range.

To show the effects of length change, Fig. 24c provides a graphical il-
lustration of how the dimensions of a C-shape change when thickness,
stiffness, and yield force are held constant and length is varied.

For this research, the length is predetermined by the length of the
SMAwire bundles. Because of the length, strength, and stiffness require-
ments, the C-shape is long. In Fig. 25 the relationship between hole sep-
aration, s, and arm rotation, f, is plotted for a range ofm/a ratios (defined
on the plot) and the governing equation is:

s ¼ 2 aþm
φ

� �
sin

φ
2

� �
−m ða:1Þ

This equation and corresponding plot assume that the C-shape body
(m portion) is axially inextensible and that arms (a portions) are rigid.
The maximum hole separation for each m/a gives the limitation of
each C-shape geometry. If further hole separation is induced, the defor-
mation mode will be axial extension rather than flexural bending. Slot-
ted holes were implemented in the experimental specimen to work
around this constraint.
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