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Abstract. During recent years, Shape Memory Alloys (SMAs) have been e�ectively
used to control the seismic response of structural systems. Recovering the residual
strains upon unloading (super-elasticity) or by heating (shape memory e�ect) is the
main characteristic of SMA materials. This paper explores the e�ciency of a proposed
application of steel & SMA bolts in improving the seismic behavior of connections in
steel Moment Resisting Frame (MRF) structures. A new semi-rigid, end-plate, beam-
column connection is introduced, which is based on parallel application of steel and
austenite-phase SMA bolts. A number of 3-D steel MRF structural models with di�erent
numbers of stories and mass eccentricities are considered. These structural models that
are designed by employing the conventional rigid and the proposed semi-rigid connections
are subjected to bi-directional earthquake records that have been scaled according to
ASCE7-05 procedure. Extensive nonlinear dynamic time history analyses are conducted
to evaluate the e�ciency of the steel & SMA based connections in enhancing the seismic
performance of the structural models. The obtained results indicate that the proposed
steel-SMA connection is highly promising and can e�ciently reduce the seismic response
parameters of the structural systems. Steel bolts of the end-plate connections contribute
both to shear force transfer (from beam to column) and dissipation of the input seismic
energy through hysteresis behavior. On the other hand, parallel application of steel and
SMA bolts in the connections reduces the story drifts as well as the induced forces in the
structural elements while decreasing the permanent story displacements. The main goal
obtained is to keep the beams away from the formation of plastic deformation. OpenSees
platform is used for generating the structural models and performing the numerical
analyses.
© 2016 Sharif University of Technology. All rights reserved.

1. Introduction

Heavy structural damages caused by strong ground mo-
tions have persuaded the researchers to think of some
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precautionary measures to safeguard the buildings and
their equipment against the expected seismic hazards.
In this regard, the beam-column connections are of
extreme importance in any MRF structural systems for
maintaining the stability of the structural system while
dissipating the input energy through their hysteresis
behavior. The conventional welded steel MRF struc-
tures have su�ered substantial damages in the beam-
to-column connections during the 1994 Northridge and
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the 1995 Kobe earthquake episodes [1,2]. Di�erent
types of failure occurred in the traditional connections
of steel MRF structures during recent earthquakes have
led the researchers to search for alternative solutions to
the problem [3-6].

A number of follow-up studies were mainly fo-
cused on shifting the potential location of plastic hinges
away from the column face. In this way, the improved
ductility of the connection would be associated with
the formation of plastic hinges or local buckling in
the connected beam. These permanent deformations
necessitate a restoring process to be undertaken for the
damaged elements. The extended end-plate moment
connection types are equally subjected to these kinds
of problems under cyclic loadings [7]. However, in
the end-plate connection type, the existing repairable
connection gap provides the possibility of performing a
variety of modi�cations to improve its performance.

On the other hand, various supplemental damping
devices have been introduced to increase the energy-
dissipating capacity of the structural systems, while
reducing their seismic demands. More speci�cally,
the Shape Memory Alloys (SMA) have enjoyed the
attention of many researchers and engineers in recent
years due to their unique features such as super-
elasticity and shape memory e�ect that make them
attractive for vibration suppression of structural sys-
tems. According to recent studies, SMAs could be
used in di�erent ways to improve the seismic behavior
of structural systems [8-11], including those with end-
plate connections. [12]. A numerical study on bolted
end-plate connections using shape memory alloys in-
dicate that the deformations of the connections under
extreme loading are recoverable upon unloading [13].
Moreover, in contrast to the conventional bolted mo-
ment resisting connections, the SMA based connections
demonstrate moderate energy-dissipating capacity due
to the superelastic e�ect of the SMA bolts in each cycle.
However, the total energy dissipated through repetitive
loading-unloading phases would be much higher if high
resistance to sti�ness degradation is maintained.

An experimental study on t-stub connections
equipped with the superelastic SMA fasteners indicates
that their energy dissipating capacity is higher than the
t-stub connections with steel fastener for the particular
stress level under consideration [14]. The previously
described features of the SMAs could improve the be-
havior of the 
exible end-plate connection through both
re-centering capacity and high damping ability. Ocel
et al. proposed and tested a special steel connection
consisting of four SMA bars in the martensitic phase,
which played the role of a moment transfer mechanism
that were used at the top and bottom 
anges of a beam
in its connection to the column [15]. As the experimen-
tal results indicated, the proposed connection showed
su�cient 
exibility and high damping capacity.

Moreover, the hysteresis loops of the SMA bars
up to 4%-drift cycles were identical without any sign
of strength and sti�ness degradation or fatigue. This
implies that these hybrid connections could be re-used
in the following seismic events if the tendons are ap-
propriately heated to initiate the shape memory e�ect.
Ma et al. investigated a new connection consisting of an
extended end-plate with SMA bolts, continuity plates,
beam 
ange ribs, and web sti�eners [16]. The SMA
based connection increases load capacity without any
sign of local buckling in the connected beam during
loading process. Moreover, a considerable amount of
the induced curvature of the SMA based connections is
recoverable upon unloading.

SMAs can sustain large strains and recover upon
unloading in Austenite Phase (super-elasticity) or
by heating in Martensite Phase (Shape Memory Ef-
fect) [17-19]. Moreover, they can introduce a moderate
level of damping and considerable energy-dissipating
capacity due to their stable mechanical behavior [17,20-
22].

The phase transformation of SMA materials, as
shown in Figure 1, is speci�ed by its stress, strain,
and temperature states. In zero stress level, and
T < Mf , a fully Martensite phase would be present,
while for T > Af , the SMA material would change
to a complete austenitic phase. The super-elasticity
feature is achieved by the direct phase transformation
of SMA materials from austenite to martensite through
inducing stress, providing T > Af , and from a reverse
martensite to austenite through removing stress. The
Shape Memory E�ect (SME) feature is achieved in two
phases. First, under the stress at T < Mf , the SMA
starts to change to detwinned austenite phase from its
twinned martensite state. Then, upon a stress release,
the twinned martensite phase would form. In the
second phase, applying heat would lead to generation
of the undeformed shape in austenite phase, as shown
in Figure 1 [15,17,22].

Superelastic SMAs have several characteristics
that qualify them to be used as a means for vibra-
tion control and retro�t of structural systems. Some
of their unique characteristics include large elastic

Figure 1. The stress-strain-temperature behavior of NiTi
shape memory alloys (Reginald DesRoches et al. 2004
[18]).
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and recoverable inelastic strain levels, availability of
hysteresis damping in post-yield state besides the
re-centering capacity, sustaining many cycles before
fatigue happens, and providing a stress plateau, thus
preventing strain hardening [17,19,22,23]. DesRoches
et al. reported some experimental summaries of the me-
chanical properties of Ni-Ti shape memory alloys [18].
In austenite state, their Young modulus and yield
strength are reported to be 30-83 GPa and 195-690
MPa, respectively. Also, their recoverable elongation
can be assumed to be 8% at the most. In recent
applications that are mostly related to SMA wires
and thin SMA tendons, the e�ects of strain rate and
specimen size on residual strain, loading and unloading
plateau stress levels, and equivalent viscous damping
ratios of SMAs have been investigated. Auricchio
et al. have performed a numerical and experimental
investigation to identify the damping properties of
SMAs and create a comprehensive mathematical model
suitable for studying the dependence of the stress-
strain relationship on the loading-unloading rate [24].
The advantages of using SMA braces in a typical steel
frame were studied by McCormick et al. [21]. Their
results show that the SMA braces improve the response
of the braced frames.

In the present work, following a previous work
conducted by Rofooei and Farhidzadeh, a new end-
plate beam-column connection consisting of steel &
SMA bolts is proposed to reduce the seismic-induced
response of steel MRF structures [12]. In this study,
in
uence of using both steel ST-37 and austenite-phase
Ni-Ti SMA bolts in a parallel manner, the dissipated
energy per cycle, and the re-centering capacity of the
proposed connection are investigated. In addition,
sensitivity analyses are performed to evaluate the e�ect
of di�erent parameters on the performance of the
proposed steel-SMA end-plate connection.

2. Connection design procedure

As mentioned earlier, one of the recent applications
of SMAs in structural systems has been in the end-
plate, beam-to-column connections by using both SMA
and steel bolts in steel MRF. In the present work, an
extended end-plate, semi-rigid connection is introduced
using a number of SMA bolts along with steel bolts that
are placed at the farthest level away from the neutral

Figure 2. The proposed connection: (a) The beam
connected to box column using the proposed end-plate
connection equipped with steel & SMA bolts; and (b) steel
bolts with elongating washers (1) and SMA bolts (2).

axis of the connection face to provide a higher energy-
dissipating capacity based on parallel performance of
SMA and steel bolts.

The proposed connection, which is a modi�ed
version of Ma's model [13], is schematically shown in
Figure 2. To create enough moment resisting capacity,
an adequate number of steel bolts are placed at the
distance between the previously mentioned SMA level
and the neutral axis of connection face. Moreover,
an adequate number of steel bolts can be used at the
neutral axis of the connection face to create enough
shear-resisting capacity. Also, some elongating bolt
washers are used in steel bolts to equalize the axial
sti�ness of the SMA and steel bolts located at the same
distance from the end-plate neutral axis.

As a result, under a unit induced rotation in the
connection face, the amount of strain in SMA bolts
becomes larger than that of the steel bolts. This
approach leads to a greater contribution of SMA bolts
in dissipating the input seismic energy to the structural
system by formation of larger hysteresis loops. The
properties of superelastic SMA material, shown in
Figure 3, are listed in Table 1. The structural steel
material (st-37) is used to model the steel bolts with
E = 2:038e6 kg

cm2 . Furthermore, Figure 3 schematically
shows the hysteresis behavior of SMA as well as its
model in OpenSees program.

3. Structural models and selected ground
motions

A comprehensive study is carried out on the e�ective-
ness of the simultaneous application of SMA and steel
bolts in order to modify the previously proposed end-

Table 1. Mechanical properties of superelastic SMA (Hongwei Ma et al., 2008) [13].

Stress induced martensite transformation Reverse phase transformation

Starting stress �ASs : 375 MPa Starting stress �SAs : 208 MPa
Final stress �ASf : 430 MPa Final stress �SAf : 138 MPa

Maximum recoverable strain �"L : 0:09
Young modulus E0 : 27.58 GPa
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Figure 3. (a) Schematic hysteresis behavior of SMA. (b) The considered hysteresis behavior of SMA in OpenSees
program.

plate connection. As the obtained results indicate, us-
ing SMA material in parallel with steel bolts increases
the dissipated energy in comparison to the case without
parallel SMA material [25]. De�ning R1 as the ratio of
the cross sectional areas of the SMA and steel bolts:

R1 =
ASMA

ASteel
; (1)

a parametric study is conducted to see its e�ect on
the performance of the SMA material in reducing the
response of the structural systems. A number of 3-D,
3-, 6-, 9-, and 12-story steel MRF structural models,
located in California on soil type C with 0, 5%, 10%,
and 15% mass eccentricities, are designed using the
ASCE7-05 and AISC-LRFD99 Codes. All structural
models contain 3 bays, with spans of 5 meters along x
and y directions and 3.2 meters of story height. The 2-
way concrete slab is assumed as gravity 
oor system
behaving as a rigid diaphragm. The dead and live
loads are considered as 600 kg/m2 and 240 kg/m2,
respectively. All beam-column connections in the
considered structural models are modeled using the
details shown in Figure 2. Also, W and box sections are
used in the design of the beam and column elements,
respectively, in all models.

The conventional direct rigid beam-to-column
connections (DRCs) as well as the proposed connec-
tions with 70%, 80%, 90%, and 100% rigidities are
assumed for the parametric study. In all proposed
connections, the design procedure is based on ultimate
plastic capacity of connecting beam. Cross section
area, distance of bolts from neutral axes, and number of
bolts are the variables to achieve the demanded plastic
moment capacity. Based on the limited parametric
study conducted by the authors, the ratio R1 =
2 for the SMA and steel bolts placed in the end
plate was found to be optimal. All SMA bolts are
presumably preloaded to have a preloading stress of

138Mpa. Preloading the SMA bolts increases the
absorbed hysteresis energy as well as their re-centering
capacity.

Using elongating washers around steel bolts
placed in farthest distance from end-plate neutral axis
is another tool to induce larger strains in SMA bolts
and to better utilize SMA super-elasticity feature. This
concept is observable by considering a unit rotation in
the connection face. In this state, all the SMAs and
steel bolts placed in the same axes experience equal
elongations. Therefore, using half-length SMA bolts
together with the steel bolts in the same row will double
the stain in the SMA bolts in comparison to the steel
bolts. On the other hand, the utilized weak beam
and strong column concept used in preparation of the
structural models assures the formation of any possible
plastic hinges in beams.

The rigidity of the connections can be evaluated
using the Rigidity Index (RI), de�ned as:

RI =
Plastic moment capacity of connection

Plastic moment capacity of beam
: (2)

The OpenSees platform is used for preparation of
the structural models and performing the dynamic
non-linear analyses. The hysteretic characteristics of
the SMA and steel material were appropriately taken
into account using the capabilities of the OpenSees
platform.

Seven pairs of appropriate earthquake compo-
nents recorded on site soil C are selected and scaled
using the ASCE7-05 approach. Important features of
the earthquake records are presented in Table 2. All
the presented results, obtained from the nonlinear time
history dynamic analyses, are the average results of
7 records. Also, all the considered eccentricities for
the structural models as well as the input earthquake
records are bi-directional.
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Table 2. Important features of the selected earthquake records for this study.

Earthquake Station Magnitude PGA1 (g) PGA2 (g) Soil type

Loma Prieta Capitola 6.93 0.529 0.443 C
Imperial Valley Bonds Corner 6.53 0.775 0.588 C
Morgan Hill Gilroy Array #4 6.19 0.348 0.224 C
Kobe, Japan Takarazu 6.9 0.694 0.693 C
Northridge Sylmar - Hospital 6.69 0.843 0.604 C
Duzce, Turkey Bolu 7.14 0.822 0.728 C
Cape Mendocino Rio Dell Overpass - FF 7.01 0.549 0.385 C

Figure 4. The maximum base shear force (left) and maximum ductility demand of beams (right) of the 3-story building
model with (a) no eccentricity, (b) 5% eccentricity, and (c) 15% eccentricity.

4. Results

4.1. Structural members' force and
deformation demand

De�ning the maximum Flexural Demand Ratio (FDR)
as:

FDR =
�u
�y
; (3)

in which �u is the maximum induced rotation at the

edge of beam and �y is the corresponding rotation
at the beginning of yielding in the farthest �ber of
beam, the maximum base shear forces and maximum
FDR of beams (the maximum value on each 
oor)
are presented in Figures 4 to 7. These results are
for both conventional direct rigid beam to column
connections (DRC) and paralleled application of the
steel and SMA bolts based end-plate connections for
various RIs. For each story, the base shear forces
along x and y directions and their SRSS combination
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Figure 5. The maximum base shear force (left) and maximum ductility demand of beams (right) of the 6-story building
model with (a) no eccentricity, (b) 5% eccentricity, and (c) 15% eccentricity.

(named xy direction) are presented. Due to limited
space, the obtained results of structural model with
10% eccentricity are not presented here.

According to the obtained results, one can observe
that the base shear force in all of the considered struc-
tural models having di�erent eccentricities decreases
due to performance of the proposed steel-SMA connec-
tions with di�erent RI values. In the 3-story structural
models, utilizing the proposed connections causes 6%-
11% reduction in the base shear force depending on
di�erent RI values. Increasing the eccentricity slightly
reduces the e�ect of the proposed connections. Using
this connection in 6-story structural models is also
e�ective in reducing the base shear forces by 19%-26%.

In the 9-story structural models, depending again
on di�erent RI values and eccentricities, there is 14% to
25% reduction in the base shear forces. The decrease
in 12-story structural models is around 11% to 20%.
In 9- and 12-story structural models, a change in
the eccentricity causes a more tangible e�ect on the
connection performance in reducing the base shear
forces. It can be concluded from base shear forces that
the connections demonstrate a desirable performance

in damping the absorbed energy and eventually cause
a lower force demand on the structural members. The
decline in base shear force usually leads to a reduction
in column force demand in moment resisting frames. It
is important to notice that we are also assured of the
desirable behavior of the beams in keeping them from
formation of plastic hinges.

Using the proposed connections, the beam cur-
vature demands have been e�ectively reduced in most
cases. In this regard, the steel-SMA connection per-
formed up to the expectation in reducing the defor-
mation demands in beams. In the 3-story structural
models, noting that the shear behavior is the governing
one, deviation from the corresponding curvature of
yielding is lower in conventional connections. In the
worst-case scenario, there is a 37% deviation from
corresponding curvature of yielding. The FDR values
for the 3-story structural models having the proposed
connections with di�erent RI values are lower than one,
except for the structural model with RI=100%, for
which there is a nearly 6-percent deviation from �y. In
the 6-story structural models having conventional con-
nections, only for the structural model with RI=100%
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Figure 6. The maximum base shear force (left) and maximum ductility demand of beams (right) of the 9-story building
model with (a) no eccentricity, (b) 5% eccentricity, and (c) 15% eccentricity.

and 90% eccentricities, slight deviation from �y has
been recorded. The results obtained for 9- and 12-
story structural models and the proposed connection
also demonstrate a very desirable performance in terms
of deviation from �y.

One should observe that no signi�cant increase
in the natural periods of the structural models is pro-
duced upon utilizing semi-rigid connections compared
to structural models having conventional connections.
However, based on studies conducted by the authors
on the same structural models having the proposed
connections of Ma et al. [13], there is 60% base-
shear decrease along with an increase of almost 3
times in period values as well as 2 times deviation
from maximum drift code limits. This increase in
the period and the results obtained from the pushover
analyses showed that the performance of the structural
models having SMA based connections of Ma et al. [13]
was not desirable with regard to the maximum story
displacement and drifts. These defects are predicted
to be more acute in taller buildings. In Table 3,
the results of a comparative study are presented on
structural models equipped with the proposed steel-

SMA connection and one with connections based on
SMA bolts only. In SMA based connection cases, usage
of SMA bolts is increased to achieve a comparable con-
dition considering the fundamental period of structural
models. In these cases, usage of SMA materials is about
2.5 times that of the proposed connection cases.

4.2. Inter-story drifts
The primary purpose of examining story drifts is to
satisfy ASCE7-05 code limitations. In fact, the purpose
is not to reduce story drifts by means of the proposed
connections. It seems reasonable to predict that using
the proposed semi-rigid steel-SMA connections brings
about an increase in story drifts. It was observed in
Section 4.1 that a base shear decline and a desirable
beam behavior were achieved in the structural models
equipped with the proposed connections. However,
these achievements are useful if the drift values are
limited only to the code limitations. According to
ASCE7-05 speci�cations, and noting the characteris-
tics of the structural models, the allowable maximum
drifts obtained from a nonlinear time history analysis
(NLTH) should not be more than 1.25 times the drift
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Figure 7. The maximum base shear force (left) and the maximum ductility demand of beams (right) of the 12-story
building model with (a) no eccentricity, (b) 5% eccentricity, and (c) 15% eccentricity.

Table 3. Comparative study results of structural models equipped with the proposed steel-SMA connection and SMA
alone based connection.

Structural

Connection type

models

Traditional Proposed steel-SMA connection SMA alone based connection
DRC RI=70% RI=80% RI=90% RI=100% RI=90% RI=100%

T1
(sec)


a
1

T1
(sec)

PSb T1
(sec)

PSb T1
(sec)

PSb T1
(sec)

PSb T1
(sec)

PSb T1
(sec)

PSb

3-story 0.44 76% 0.51 14.2% 0.50 12.8% 0.50 11.7% 0.49 10.6% 0.55 24.1% 0.54 22.1%
6-story 0.57 73% 0.69 20.4% 0.68 18.1% 0.67 16.2% 0.66 14.8% 0.79 37.5% 0.76 31.7%
9-story 0.78 72% 0.95 21.9% 0.93 19.7% 0.92 18.4% 0.91 16.6% 1.02 30.9% 0.99 27.9%
12-story 1.03 69% 1.24 20.4% 1.22 18.1% 1.21 16.9% 1.19 15.3% 1.33 29.0% 1.30 26.2%

a
1: Modal mass participation ratio of the �rst mode.
bPS: Shifting period amount in percentage.

limitations in equivalent static analysis:

�NLTH < 1:25�a; (4)

where, �NLTH is maximum displacement obtained from
an NLTH analysis and �a is maximum displacement
obtained from the equivalent lateral force procedure.
For certain structural models used in this research, the
code drift limitations are the following:

�a

huc
= 0:025 for the 3-story structures

�a

huc
= 0:020 for other structures

(6-, 9- and 12-story structures); (5)

in which, huc is the story height.
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Figure 8. The maximum drifts for structural models with 5% eccentricity in (a) 3-story, (b) 6-story, (c) 9-story, and (d)
12-story building models.

An extensive parametric study is performed in
this regard, from which only the results of structural
models with 5% eccentricity are presented here. In
Figure 8, the maximum drifts for xy direction (SRSS of
x and y directions) are presented. The DRC index in
this �gure refers to conventional direct rigid beam-to-
column connections and the percentage values refer to
various assumed amounts of RI. Comparison of these
results with those presented in Section 4.1 for the
structural models equipped with the proposed semi-
rigid steel-SMA connections demonstrate the dramatic
decrease in force demand values. Based on the obtained
results for other structural models with other mass
eccentricities, the same results have been observed.
It is important to notice that based on the authors'
studies in similar structural models equipped with the
proposed connections of Ma et al. [13], drift values
are, in some cases, more than twice the allowable drift
values of the code.

4.3. Permanent displacement
According to the obtained results with regard to the
inter-story drifts, an important question to be answered
is the condition of the structures after an earthquake.
As discussed before, allowing the structures to experi-
ence the maximum code based story drifts is desirable
if no considerable permanent displacement appears at
the end of the earthquake episode. In case of satisfying
both of the conditions, one could be assured of the
acceptable performance of the structures equipped
with the proposed connections with regard to both
the force and displacement requirements. Therefore,
an evaluation of the permanent story displacements
of di�erent structural models using NLTH analysis
would be necessary. Figure 9 illustrates the residual
displacements for the 12-story structural model.

According to Figure 9, the story permanent dis-
placements in the 12-story structural model equipped
with the proposed connections are less than those of
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Figure 9. Permanent displacement of the 12-story buildings with (a) no eccentricity, (b) 5% eccentricity, (c) 10%
eccentricity, and (d) 15% eccentricity.

the structural models having conventional connections
for all considered eccentricities. Although not shown
here, in 3- to 6-story structural models, the permanent
displacement in both structural models with the con-
ventional and proposed connections is negligible. In
12-story structural models equipped with the proposed
connections, reducing the RI parameter from 100% to
70% leads to a decrease in the permanent displacements
of di�erent stories. In general, best results are gained
for RIs equal to 80% and 90%. In general, regarding the
12-story structural models, application of the proposed
connections reduces the permanent displacements of all
stories for the considered mass eccentricities.

5. Conclusions

� The obtained results indicate that the application
of end-plate connections with parallel application
of steel and SMA bolts has a signi�cant e�ect
in reducing the structural responses in comparison
to the conventional direct rigid beam-to-column
connections. In all structural models with di�erent
mass eccentricities, utilizing the proposed connec-
tions has a signi�cant role in reducing the base shear
force and 
exural demands of beams according to
the assumed features of the structural models.

� An increase in RI leads to an increase in the maxi-
mum base shear force. Another signi�cant result is
about the damage induced in beams by the use of
the proposed connections. This damage is de�ned as
the ratio of maximum rate of experienced curvature
of each story's beams to the corresponding value
for yield to occur, without considerable damages to
columns. Higher RI values result in an increase in
the induced curvatures of the beam ends and the
obtained results indicate that its value should not
be less than 70%. Moreover, the values greater than
100% for RI lead to an interruption in the expected

formation of hysteretic loops of SMA bolts, thus
reducing the expected performance of the proposed
connections.

� An increase in mass eccentricity not only reduces the
performance of the proposed connections, but also
increases the base shear forces in some cases in com-
parison to the structural models with conventional
connections.

� The maximum inter-story drift limits of all the
structural models according to ASCE-7 design code
are satis�ed using the proposed connection. More-
over, adequate reduction is observed in the maxi-
mum permanent displacement of di�erent stories of
structural models.
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