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Abstract. The behavior of moment resistant steel structures depends on both the beam-column connections and columns
foundations connections. Obviously, if the connections can meet the adequate ductility and resistance against lateral loads, the
seismic capacity of these structures will be linked practically to the performance of these connections. The shape memory alloys
(SMAs) have been most recently used as a means of energy dissipation in buildings. The main approach adopted by researchers
in the use of such alloys is firstly bracing, and secondly connecting the beams to columns. Additionally, the behavior of these
alloys is modeled in software applications rarely involving equivalent torsional springs and column-foundation connections.
This paper attempts to introduce the shape memory alloys and their applications in steel structural connections, proposing a new
steel column- foundation connection, not merely a theoretical model but practically a realistic and applicable model in structures.
Moreover, it entails the same functionality as macro modeling software based on real behavior, which can use different materials
to establish a connection between the columns and foundations. In this paper, the suggested steel column-foundation connection
was introduced. Moreover, exploring the seismic dynamic behavior under cyclic loading protocols and the famous earthquake
records with different materials such as steel and interconnection equipment by superelastic shape memory alloys have been
investigated. Then, the results were compared to demonstrate that such connections are ideal against the seismic behavior and
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energy dissipation.
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1. Introduction

One of the resistant structures against lateral loads is
moment resistant frame (MRF) in which the beams and
columns form a moment frame through a fixed support in
connections. The behavior of flexural steel structures
largely depends on the performance of column-beam
connections. Because of this importance, recently many
researchers have focused their investigation on beam to
column connection and behavior of MRFs. Experimental
results of three Reduced Beam Section Tubular TW-RBS
connections under cyclic loading have been conducted
(Saleh et al. 2016). The load transfer mechanism and load-
bearing capacity of cast steel joints for H-shaped beam to
square tube column connection based on the deformation
compatibility theory are studied (Han et al. 2015). The
optimum design of planar frames with semi-rigid
connections by standard sections from (AISC) table has
been studied (Artar et al. 2015). Steel bolted connection and
bolts satiation on connection plate for high strength steel
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connections built up with high strength bolts have been
investigated (0 ztekin 2015). However, in such systems, the
structural joints should be designed to provide structural
members and connections with adequate ductility and
resistance against lateral load. Basically, the lateral
resistance and ductility capacity of connections in flexural
structures are one of the most essential factors contributing
to the seismic capacity of these structures. The study on
sample frames in Fig. 1 demonstrated that lateral forces
supported by the moment frame depend not only on beam-
to-column connections, but also columns foundations
connections. The sample frames showed different
performances only due to differences in how columns are
connected to the foundations. In case the connections can
meet the adequate ductility and resistance against lateral
loads similar to beam-column connections, the seismic
capacity of these structures will be linked practically to the
performance of these connections.

The designer is in charge of deciding how to connect the
columns to foundations as well as on the performance of the
structure, this can develop the basis of a controlled
connection scheme, Fig. 2, functioning similar to fixed
connection if it entails infinite rotational stiffness and in the
absence of rotational stiffness, it will function similar to a
hinge connection, where the right materials can be used to
achieve great performance under cyclic and seismic
loading. The special dynamic performance of controlled
connection requires the special properties of elasticity,
resistance against large strains, energy dissipation,
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Fig. 1 Behavior of MRF in pushover analysis with Hinge
and fixed column-foundation connections

reversibility, etc. Applying the appropriate contrivances in
the connections, the lateral stiffness and ductility of steel
flexural structures (seismic-induced energy dissipation
capability) can be improved in addition to the seismic
elements such as type and technical characteristics,
stiffness, damping and so on). Hence, the application of
appropriate connections with great ductility, attenuation and
energy absorption can certainly improve the structural
performance on base stimulation.

Therefore, the dynamic controlled behavior of these
connections strongly requires the use of special materials.
Nowadays, these materials are known as shape memory
alloys (SMAGs).

2. Introducing the Shape Memory Alloy (SMA) and its
behavior

Shape memory alloys are exotic materials with magical
properties under visible permanent deformations by up to
10% or more. In addition, they entail metallic properties

) Ranae of anplvina controlled

Y

(A) fixed (b) controlled (c) Hinged
Fig. 2 Schematic view of controlled column-foundation
connections and the scope of application
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Shape memory effect (Path 6-1) and superelastic
effect(Path 13-7) can be seen. This reversibility effect is
a manifestation of solid-phase transformations between
a stable austenitic phase, high-temperature phase and
low-temperature martensitic phase.

Fig. 3 3D temperature-stress-strain diagram describing a
thermo-mechanical test(Ashwin Rao et al 2015).

such as strength, stiffness, high expenditure, cast ability and
so on (Lecce et al. 2015). In recent decades, a great deal of
research in civil engineering and structural engineering
have been focused on using intelligent systems in civil
development projects with an emphasis on structural
response control against vibration and seismic waves. A
Hybrid device consists of two main components; self-
centering wires of shape memory alloy (SMA) and steel
pipe section as an energy dissipater element has been used
in steel braced frames to control Seismic response (Salari et
al. 2015). Many innovative tools and systems have been
proposed mainly using shape memory alloys based on
Nitinol and copper so as to absorb some of the energy loss
caused by earthquakes and dampen the earthquake forces
aimed at structural retrofitting. Shape memory alloys have
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Fig. 4 Response of SMA wire under different temperature
regimes (Ashwin Rao et al. 2015)

temperature-dependent

two outstanding features including a shape memory and
superelastic behavior. The shape memory alloys are capable
of bouncing back to a preset shape when heating up over
the characteristic temperature of austenite transformation
(A¢). They are also capable of high strain recovery (about
8%). The stress-strain hysteresis due to mechanical loading-
unloading under isothermal conditions is known as
superelastic effect. Fig. 3 illustrates the conventional shape
memory effect on a path (1 to 6) and the superelastic effect
on a path (7 to 13) on temperature-stress-strain diagram
(Rao et al. 2015). In response to superelastic shape memory
alloys, the phase transformations lead to nonlinear
hysteresis reaction. This has given such materials superior
properties in energy dissipation as an excellent option for
damper materials. Due to the different crystal structures of
austenite and martensite, the shape memory alloys lead to
different superelastic responses in various parts, being
sensitive to operating temperature. Fig. 4 displays the
performance of a superelastic wire sample at different
temperatures. The classic Nitinol superelastic wires and
rods are among shape memory alloy applicable in structural
connections as adopted in the current paper. Many
innovative tools and systems have been proposed mainly
using shape memory alloys based on Nitinol and copper so
as to absorb some of the energy loss caused by earthquakes
and damped the earthquake forces aimed at structural
retrofitting. The variable stiffness in superelastic behavior
can be used to control the force and displacement in three
different strain scenarios. At strains lower than 1%, the
austenite modulus of elasticity can be employed to limit the
strains. In the middle strain levels more than 1% and less
than 6%, the reduced modulus can be used to limit the force

transferred to the structure, even if there is a large
displacement.

In large strains more than 6%, the increased modulus in
stress-induced martensitic phase can be used to control
displacement under earthquake induced stress conditions.
By the load removal, the low-stress path in reverse transfer
leads to the hysteresis energy loss, which is a desirable
feature control the vibrations exerted on structures.
Furthermore, the superelastic behavior provides the use of
austenite elements to self-centering property of shape
memory alloys. In fact, they obtain the original shape after
deformation caused by stress or temperature.

3. Literature review

Structural connection or beam-column connections are
vulnerable during earthquakes. Prior to the 1990s, resistant
steel structures composed of beam-column connections
were considered for a long time as a desirable system for
encounter the earthquake-induced forces. However, the
Northridge earthquake in 1994 witnessed the failure of
these connections, followed by numerous investigations to
strengthen the connections. To deal with this issue and cost-
effective reduction of repair processes, the high-strength
prestressed rods were applied on connections so as to reach
a good self-centering mechanism. Many researchers
proposed the adoption of shape memory alloy systems
because of the potential to create a simple, flexible
centripetal mechanism and unique ability to self-restore
strain as much as 8%. This was used to control the
frequency response of connections under high-vibration
earthquake, especially in steel structures. Their laboratory
studies on beam-column connections, Fig. 5 at actual scale
with and without Nitinol tendons reported (Leon et al.
2001). The tendons were designed to act in shape memory
mode (martensite behavior). At the end of the cycle, they
were heated until the connection restored to its original
status. Drawn after the periodic stains by 4%, the hysteresis
loops were almost identical. As a result, the connection
containing a shape memory alloy was capable of tolerating
the constant deformation without diminishing in resistance.
Taking advantage of the same shape memory effect tested a
steel beam to column connection through Nitinol shape
memory alloy strains under periodic and sequential quasi-
static loads (Ocel et al. 2004). This connection was
composed of four Nitinol shape memory rods linking the
upper and lower flanges to the column’s flange acting as an
initial torque transfer mechanism. After heating the tendons,
the displacement of residual on beam’s top was recycled up
to 76% and the reconnection was tested, indicating the
repetitive behavior and stability of energy dissipation. The
sample connection explored with the initial strain using four
shape memory aluminum-beryllium-copper rods with a
diameter of 3 mm (Sepulveda et al. 2011). The proposed
structure consisted of end plate connection between a
hollow structural beam and a wide flange steel column. The
shape memory rods in austenitic phase were used to
strengthen the end plate on the column’s flange. The
laboratory results showed that the beam-column connection
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Fig. 5 Beam-column connection in tests conducted by
(Leon et al. 2001)
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Fig. 6 Beam-column connection in tests conducted by
(Speichers et al. 2011)

indicated little superelastic behavior, balanced energy
dissipation and strength drop after going through multiple
cycles of 3% relative displacements.

The comparative studies conducted on interior beam-
column connections Fig. 6, using (1) steel tendons, (2)
martensitic  Nitinol shape memory alloys and (3)
superelastic Nitinol shape memory alloy and parallel
aluminum (Speichers et al. 2011). The superelastic shape
memory alloy connections were capable of 85%
transformation after a relative deformation of 5%, providing
the concentration of all non-elastic deformations on the
tendons when the other system components were in elastic
mode.

Exposure assessment to seismic vibrations in steel MRF
in the beam-column connections in two types of elements
contains shape memory alloy rods with large diameters,
using (1) superelastic shape memory elements with self-
centering capability (2) martensitic shape memory elements
with high energy dissipation, Fig. 7 has been tested
(Desroches et al. 2010). For this purpose, two steel
structures (three and nine floors) were employed to
demonstrate the capabilities of connections optimized by
shape memory alloys on a large structure. Numerous tests
showed that the shape memory alloy energy-dissipating
connections were more effective in reducing maximum
deformation, whereas connections involving superelastic
shape memory alloys were more ideal to curtail the residual
deformations.

The seismic behavior of steel structural models with
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Fig. 7 Model provided for connection involving shape
memory alloy (Desroches et al. 2011)

different numbers of floors are taken into account and
connection with shape memory alloys in the austenite phase
so as to explore the rotation behavior of connections was
tested (Rafooei et al. 2011). The relevant innovative
connection between steel beams and columns were filled
with concrete. Many studies also noted that bolted
connections properly designed with the correct details can
improve performance concerning earthquake resistance,
ductility and rigidity (Hu et al. 2011). An innovative
connection composed of an end plate and screws containing
shape memory alloys, continuity plates, flange stiffener and
web stiffener investigated (Ma et al. 2007). This innovative
connection proved great seismic performance because its
need for energy dissipation and ductility were fulfilled by
modifying the shape memory screws. In this case, the
plastic hinge is formed inside the connection, while the
structural components (e.g., beams, columns and end plate)
largely remain constant within the elastic range. The
resulting benefits include minimizing the repair operations
after the earthquake and the costs related to the structural
components. This concept was deeply investigated. (Fang et
al. 2014). They studied the cyclic performance of end plate
connections through normal shape memory alloy screws
with high strength Fig. 8. The shape memory connectors
demonstrated excellent self-centering and balanced energy
dissipation capacity with vibration dampening by up to
17.5%. The typical end plate connections with high-strength
bolts showed great energy dissipation capacity and ductility,
even though deformation was permanent. In addition, all
end plates acted as a thick plate in the shape memory alloy
screw connection, where there was not any non-elastic
deformation. When the length and diameter of the screw
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Fig. 8 model provided for connection involving shape memory alloy screws (Fang et al. 2014)

G,

Fig. 9 Parameters for calculating area and number of rods
for bearing of bending moments

was changing the behavior of connections, skinny screws
(long screws with small diameter) demonstrated higher
plasticity and better hysteresis stability.

4. Suggested connection

The schematic view of fixed column-foundation
connection in Fig. 9 is considered. It is assumed that the
axial strain and stress caused by axial force in the column is
tolerated by the base plate and foundation, where the
column can rotate as the moment on the column at the
support zone is tolerated by the couple in the tie rod shown
on the Fig. 9.

1
Fl = E X EAIPB X O-YIPB (l)
Fy = N X Apgr X Oyp,.

Assume an IPB for the column, different materials for
columns and rods are used. Assume triangular stress

distribution on cross-section is accrued from flange outside
the edge of column with entire plastic stress towards natural
axis of IPB with zero, so the equivalent diameter of rods
@y, can be calculated according to Eqg. (2).

2
nXNXD

a.
YIPB X

O-J’Bar

2
B B t
[(E_ tr)2 X t, +2 X (E_ff) X (bf.tf)]

Ppar =

Where the parameters include:

&, = Equivalent rod diameter used to bear moment on
the connection.

Apqr = Rod cross-section used to bear moment on the

connection.

Oy, = ROd yield stress used to bear moment on the
connection.

N = Number of rods used to bear moment on the
connection on each side.

B = Height of IPB (web height in addition to the
thickness of flanges).

D = Height of IPB plus distance between rod and
flanges, D = B + 2 X (5~10)°™

by = Width of profile flange (IPB).

tr = Thickness of profiles flange (IPB).

ty = Thickness of profile web (IPB).

oy, = Profile yield stress (IPB).

The @, for a few profiles can be obtained from Table 1
based on IPBL and in terms of number of rods needed for
different types of steel according to Eq. (2), diameters of
equivalent rods.

The free length of the rod before buckling can be
calculated in terms of diameter and materials according to
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Table 1 Equivalent diameters of rods for IPBy (made of
different materials), D =~ 10°™

d)bar (mm)

~ 240mpa oy, ~300mpa o, = 640mpa
Nbar Nbar Nbar
2 3 4 2 3 4 2 3 4

160 30 25 21 27 22 19 19 15 13
180 32 26 23 29 23 20 20 16 14
200 3% 28 24 31 25 22 21 17 15
220 37 31 26 33 27 24 23 19 16
240 40 33 28 36 29 25 25 20 17
260 42 34 30 3r 30 26 26 21 18
280 44 36 31 40 32 28 27 22 19
300 47 38 33 42 34 30 29 23 20

a.
IPB YBar

Sy
L)

R L5, .
A

Section A-A

>

....... P é

Fig. 10 Rod (column) assuming hinged ends with a circular
cross section

Fig. 10 and Euler differential Eg. (4) and behavior of
compressive and tensile performance of rods can be
changed in moment direction.
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By drawing Eq. (4) (L/D&os) and taking yield stress
limit ¢,=240 Mpa into account and the elastic modulus
E=210 Gpa, the ratio L/D was obtained according to
Diagram.1 (a) for different types of steel with different o
and diameter depending on length, according to Diagram.1

(b).

5. Anumerical example

This study focused on a structure composed of steel
columns and lumped mass on top (e.g., Arial water tank)
with IPB profile and a fixed connection to the foundation
under the specifications and behavior of the steel as shown

_ . x10
O =6
[ 5. " S A A S -
P B Wi o, =2.4x10°(Pas) ----- .
S H H H H
& :
— 1
B A e 4
=[5
5 @ :
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Diagram 1. (a) ratio L/D for steel 5,=240 Mpa, E=210 Gpa,
(b) D and L of steel rods with different o,

in Fig. 11.
5.1 Modeling and analysis with steel rods

The theoretical connection behavior model involved
several elements, nodes and constraints as shown in Fig. 12,
was exactly modeled, the macro version in OpenSees and
micro version in ABAQUS. According to B=20°", D=40 ",
H=10°", L=10°", HC=3.0™ and specifications of the steel in
Fig. 12 and IPB200, diameter of the rods according to Table
1. @y, =35™". Fig. 13 displays the adoption of two rods on
both sides of the connection, N=2 and pushover analysis on
macro and micro modes and comparative pushover analysis
for the base shear and axial forces in the rods. The results of
macro analysis in ABAQUS and OpenSees demonstrated an
acceptable consistency of elastic and non- elastic behaviors,
except that the computing costs at the same specifications
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B = Profile Number (profile height)

D = Distance between the rods , D = B + 2 x, (operating distance between
rods column, about 5 to 10 cm)

H = height (elevation) of rods-column connection on the base plate

Hc = column height, L = length of the rod, R = radius of the rod

Fig. 12 Theoretical connection model and versions in
OpenSees and ABQUS

had a very distinct difference by about 2,000 times so the
next sections in this paper performed all the analysis and
numerical calculations through OpenSees.
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Fig. 14 Superelastic stress-strain curve for Nitinol shape
memory alloy rods

5.2 Modeling and analysis with SMA's equipped rods
(superelastic Nitinol)



116 Reza Jamalpour, Masoud Nekooei and Abdolreza Sarvghad Moghadam

Table 2 Specifications of Nitinol shape memory alloy
(Desroches et al. 2004)

Property ' NiTi SMA .
Austenite Martensite
Physical properties
Density 6.45 g/cm®
Mechanical properties
Recoverable elongation up to 8%
Young’s modulus 30-83 GPa 21-41 GPa
Yield strength 195-690 MPa 70-140 MPa

Ultimate tensile strength 895-1,900 MPa
Elongation at failure 5-50% (typically 25%)
Poisson’s ratio 0.33
Chemical properties
Excellent (similar to stainless steel

Corrosion performance

The steel rods were removed from the connection and
replaced with shape memory alloy (superelastic Nitinol).
For this purpose, the behavior of shape memory alloy and
mechanical properties with similar behavior in tension and
compression, shown Fig. 14 were considered.

6. Designing the equivalent supperelastic (Nitinol)
SMA rod

Assuming the shape memory rods performs in a way to
provide the yield force of steel rods and equivalent stiffness,
a relationship can be obtained between shape memory rods
and the equivalent steel rods (Fugazza 2005). Assuming the
axial stiffness of the rod at K,=(ExA)/L and axial force of
yield for steel rod at F,=cy.A and selecting the classic
superelastic shape memory alloy rod given the rod type and
manufacturer, the modulus of elasticity E*™* is determined.
With respect to its characteristics and Fig. 15, the onset
stress in austenite to martensite phase is determined in
terms of o5™°. Hence, the cross section area and diameter of
the shape memory alloy rod were calculated according to

Eq. (5).

E, . o.
SMA _ Y _ 7Y SMA __ y
Ayin = —a5 = —as X A & Py = =X -5 A
Og s Og
5)
F, o 4 o
SMA _ Y _ Y SMA _ |~ Yy
AMax—GAS——ASxA & Dyax = nx_oASA
f f f

By substituting the parameters in Eg. (5) and the
connection rod under studying ®g,=35™", the diameter of
SMA rod was equal to @pi>""'=21™". Referring to Diagram
1 and selecting a stress curve such as o1,s=650 Mpa, the
maximum equivalent buckling length of the rod was
obtained to be L=35°". Given the sensitivity of the
connection behavior to the selective SMA rods and free
choice of rod length lower than 35°", the connection
response was examined under different seismic loads, as
well as different lengths of connection rods.

120

25.4 mm Rod : o
004 ... . 700
| 800
a0 4
0w 50 - 400 @
F 200
20 1 .
F 100
04 ; T r - ; [
©.00 0.01 0.02 0.03 0.04 0.05 0.08 0.07
Strain (infin)
7 Typical Loading History _
6
; b L)
g . A
= MA R
g, AT
) AT AT
. VUV VT T
0 100 200 300 400
Cyclic Loading Protocol
- 2% Strain Cycle 4% Strain Cycle
100 :
T w0
% w0 : :
. / Eeq=2.59% / Ee= 3.76%
20 = 0.14% : eg=0.31%
o0.00 001 0.02 003 004 005 006 0. 0.00 001 002 003 004 0.05 006 007
Strain {infin} Strain {infin)
1st 6% Strain Cycle 4th 6% Strain Cycle
Eo=3.97% Eom 3.66% o
ER— 0.55% y Eg= 0;73_% x g
. aa 400 E‘
. 100

0.00 001 002 003 004 0035 006 007 450 61 002 003 004 005 0.06 n.mP
Strain (infin) Strain (indn)

®,, = Equivalent Viscous Damping Ratio
q
& &g = Residual Strain

Fig. 15 Stress-Strain behavior curve for 25.4 mm NiTi rod
under quasi-static load (Desroches et al. 2004)

7. Verification of software results in modeling the
Superelastic Rods

An experiment test was conducted on the superelastic
properties of Nitinol wire and shape memory alloy rods, the
results of which have been explored below (Desroches et al.
2004). The samples were tested with the properties shown
in Table 2. A number of samples with different diameters up
to 25.4™ were tested.

The loading involved a cyclic strain of 1% to 5% at
increase by 1% and four 6% cycle at frequency of 0.025 Hz,
nearly equivalent to 0.3% per second strain used for the first
series of tests. The loading protocols and the results are
shown in Fig. 15.

The software modeling involved rods and results of
modeling and testing conducted by Desroches et al. (2004),
and results comparison have been given in Fig. 16.
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Fig. 16 Modeling and Comparison of testing results
conducted by Desroches, et al and Opensees model

8. Research methodology

After verification of the application, the structure shown
in Fig. 11 was evaluated. Given the mechanical behavior of
steel Fig. 12 and mechanical properties of shape memory
rods, Table 2, the diameters were calculated according to
Eq. (5) and the buckling length was also obtained according
to Fig. 1. Moreover, the details of the macro structure and
connection were simultaneously modeled in the software as
shown in Fig. 13. The structure was initially exposed to
cyclic loading and then earthquake records of Elcentro,
Tabas, Luma and Northridge. The results in the two
scenarios with and without SMA connections were analyzed
at different lengths in the software and then the results were
compared with each other.

8.1 Cyclic loading analysis

Cyclic loading was used according to protocol AISC
2005 similar to nearby areas in SAC 2000. This loading
protocol was proposed by the Institute for Steel Structures
for testing fixed end beam-column connections in moment
frames. This protocol involves middle story rotational drift,
where 6 cycles are in 6=0.00375™, 6 cycles in 6=0.005", 6
cycles in #=0.0075"™, 4 cycles in 6=0.01"¢, 2 cycles in
6=0.015", 2 cycles in #=0.0*" 2 cycles in 6=0.03"" and 2
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Fig. 17 Cyclic loading protocol for lateral displacement of

the column top, AISC 2005 and SAC 2000
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Fig. 18 Earthquake acceleration records under study
(Elcentro, Loma, Northridge and Tabas)

cycles in #=0.04™ and the loading per increase of #=0.01"
continues. Given the height of the column H=3.0" and
conversion of rotational drift to lateral drift according to Eq.
(6), the lateral displacement was calculated.

Then, the loading protocol for displacement from the top
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Fig. 19 Hysteresis response of displacement-baseshear
under cyclic loading AISC (2005) & SAC (2000)

of the column to A=20°" as in AISC 2005 and Fig. 17 was
inserted on the highest point of the column in the software.

gtotal = ﬁ il A= Htotal XH - A=606X% 30m (6)

8.2 Analysis under seismic loading

For seismic loading, the seismic acceleration records of
El Centro, Tabas, Loma and Northridge earthquakes were
selected from Fig. 18, and then the structure was exposed to
base stimulation by the above records so as to extract the
analytical results.

9. Results of analysis
9.1 Results of cyclic loading

The results of analyses carried out under cyclic loading
and time history response were explored. Figs. 19 and 20
display the carried out results of analyses (hysteresis
response of base shear and bars stress versus lateral
displacement of top of column) under cyclic loading on top
of column with suggested column-foundation connection
equipped with steel rods and SMA rods.
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Fig. 19(a) shows baseshear (KN) versus lateral
displacement of top of the column (m) due to cyclic loading
AISC (2005) & SAC (2000) in column-foundation
connection equipped with steel rods. In this connection for
lateral displacement equal to 2.5°" (and shearbase equal
45"N the steel rods have linear elastic behavior and then for
lateral displacement upper than 2.5°" the steel rods have
nonlinear elastic behavior and residual displacement will
have occurred. In the last unloading cycle the residual
displacement is near to 13.0°". Fig. 19(b) shows in column-
foundation connection equipped with SMA rods for lateral
displacement up to 8.5°™ (and shearbase equal 45N
according to which the SMA rods have linear elastic
behavior with various linear behavior (because of phase
transformation of austenite to martensite and Vice versa).
Although the SMA rods in lateral displacement upper than
8.5°™ have linear elastic behavior , column have nonlinear
behavior and residual displacement will have occurred. In
the last unloading cycle the residual displacement is near to
7.5,

Fig. 20(a) shows stress in left and right bars (Mpa)
versus lateral displacement of top of the column (m)) due to
cyclic loading AISC (2005) & SAC (2000) in column-
foundation connection equipped with steel rods. In this
connection for lateral displacement equal to 2.5°" (and
stress equal 240M) the steel rods have linear elastic
behavior and then for lateral displacement upper than 2.5
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the steel rods have nonlinear elastic behavior and residual
displacement will have occurred as same as Fig. 19(a). Fig.
20(b) shows in column-foundation connection equipped
with SMA rods for lateral displacement up to 8.5 (and
stress up to 600M"), the SMA rods have linear elastic
behavior with various linear behavior and various paths
(because of phase transformation of austenite to martensite
and Vice versa). Although the SMA rods in lateral
displacement upper than 8.5°™ have linear elastic behavior,
column have nonlinear behavior and residual displacement
will have occurred as same as Fig. 19(b). In the last
unloading cycle the residual displacement is near to 7.5°".

9.2 Results of time history loading

Figs. 21 and 22 show obtained analyses results of
suggested column-foundation connection (baseshear versus
column drift) equipped with steel and SMA rods under the
earthquake effects.

Figs. 21 and 22 show hysteresis response of column top
drift and baseshear under different selected earthquakes
(Tabas, Elcentro, Northridge Luma) and suggested column-
foundation connection equipped with steel and SMA rods
and their comparison. In all 4 figures, in the suggested
connection, the connection equipped with steel rods under
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| |

effect of any selected earthquakes has nonlinear behavior
and the connection equipped with SMA rods have linear
respons (because of phase transformation of austenite to
martensite and Vice versa) with various linear behavior and
various paths with an important effect in term of
selfcentering.

10. Conclusions

The summary of results obtained from analysis (cyclic
and seismic) revealed the following:

+ The suggested model for steel column foundation
connection showed a behavior fairly consistent with
reality. Moreover, it yielded good results in the micro
analysis as well as macro.

» Modeling Process shows that connection equipped
with/without shape memory alloy bars can be easily
modeled in software that analyzes the shape memory
elements especially the bars in macro mode and because
of conformity to the macro model with the operating
model, the suggested connection is easily implemented
in the structure, capable of using the exact model in the
macro mode.

« By comparing the performances of connection in
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cyclic loading based on the protocol, it was observed
that Nitinol rods and column deformations had a linear
performance over nearly the first 20 cycles and lateral
deformation of about 5°". Having passed the 20th cycle,
the non-linear behavior of column experienced and
residual deformations occurred, whereas the shape
memory rods went through extreme deformation and
shift from austenite to martensite phases and vice versa,
showed they had self-centring behavior. At the end of
the loading cycle, the residual deformations in Fig. 22,
concerns the column experiencing non-linear behavior
and large residual deformations.

« In examining the performance of connection equipped
shape memory alloys and seismic loading, the self-
recent ring is obvious because of the shape memory
element; so that none of the records affecting the
structure and hysteresis curve shown in Fig. 22 indicate
any residual deformation in the connection at the end of
the analysis.

« In addition to the self-centering of connection
equipped with shape memory alloy, there is significant
depreciation due to the special behavior of the
superelastic Nitinol shape memory alloy as well as
frequent shifts from austenite to martensite phases and
vice versa on the connection as shown in the hysteresis
curve.

* The suggested connection is extremely sensitive to the
length and diameter of the rods made of shape memory
alloy.
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