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1. Shape Memory Alloys (SMAs)
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Fig. 1. SMA behaviors: (a): Shape memory effect (b): Super-
elastic effect [3].
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Fig. 2. Configuration of the 6-stories frame and position of
the bracing.
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Table 1. Section properties of column, beam and brace of the
3-stories frame.
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Stor Lateral Middle Beam
Braces
y Columns  Columns s
IPE27 TUBO
1-2 HE180A  HE260M 0 140%140%7.1
IPE27 TUBO
3-4 HE160A  HE240B 0 140%140%7.1
IPE27 TUBO
5-6 HE140A  HEI140A 0 100x100%7.1

Table 2. Section properties of column, beam and brace of the
6-stories frame.
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Fig. 3. Details of SMA bar connection to the bracing system

ol 3 eslial 3p e SN S-S g e
Sl S e b e g s,
rle DBl 3 edd i e elul /0
Olse b 5 o35 [18] Menegotto-pinto ¢ 55 5| « S| 2l 5o
SUT 3 5 - 5 e (8) K5 )5 555 g 4l stl-mp
el 0 03l 0L S lsalasl

M lsalasl- ST 5 S - i e £ JKS

Stress
ESMA
2200 -----==-==-2
200---
120 -f--—--=
100 |- /
7/
ESMA ;[ Strain
/ d—b‘l
/
, 0.05
, .

Fig. 4. Stress- Strain curve of SMA bar.
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Story é:;f;?lll Cl\(/)[li:g:; Beams Braces
1-4 HEISIZO H400x467 IPE400  TUBO 140x140x8.0
sg M08 H400x383 IPE400  TUBO 140x140%7.1
9-12 HE280B HE300M IPE400 TUBO 140x140x7.1
13-16 HEI\EIOO HE240M IPE400  TUBO 120x120x8.0
1720 MO HE180M IPE300  TUBO 120x120x7.1

Table 3. Section properties of column, beam and brace in
20-story frame.
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Material Properties Value Unit

Modulus of elasticity for austenite 10 GPa

Austenite to martensite starting stress 200 MPa
Austenite to martensite finishing stress 220 MPa

Martensite to austenite starting stress 120 MPa

Martensite to austenite finishing stress 100 MPa
Design strain limit 5 %

Table 4. SMA Material properties.
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1 1989 Loma Prieta Gilroy #6 57383 90 7.1 166.9
2 1989 Loma Prieta Saratoga 58065 0 7.1 494.5
3 1989 Loma Prieta Monterey 47377 0 7.1 71.60
4 1989 Loma Prieta Saq 58130 90 7.1 110.8

Francisco
5 1989 Loma Prieta Yerba 58163 90 7.1 66.70
6 1994 Northridge Castaic 24278 360 6.8 504.2
7 198  MorganHin  Oavilon 47006 67 68 950
College

Table 5. Properties of the earthquake records [19].
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Fig 6. Comparison of structural response of the 4-stories
braced frame utilizing SMAs diagonal brace applied in this
study via Ref. [4].
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Kargarmoakhar
This study 712 821 00375 0.168 11338

Table 7. Comparison of shear and displacement values of
yield and ultimate of 4-stories steel frame with diagonal
bracing with SMA rod by reference [4].
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Story Outer Inner Beam bracing SMA
Column  Column (cm?)

1 IPE330 IPE400 IPE330 TUBE 60x60%8 9.5

2 IPE270 IPE360 IPE330 TUBE 60x60x5 8.6

3 IPE240 IPE300 IPE330 TUBE 60x60%4.5 6.8

4 IPE200 IPE220 IPE330 TUBE 60x60%3.6 4.6

Table 6. 4-stories frame sections of the Ref. [4].
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Fig. 5. 4-Stories braced frame model utilizing SMA bar of the
Ref. [4].
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Drift
Failture

Level Low Middle ngh
Rise Rise Rise
Slight 0.005 0.0033 0.0025
Moderate 0.01 0.0067 0.005
Extensive 0.03 0.02 0.015

Complete 0.08 0.0533 0.04

Table. 8. Limits of drift in different failure levels
according to the HAZUS [21].
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HAZUS Jasll) 520 Gillae cilims = V-

No. Slight Moderate Extensive Complete
1 0.124 0.188 0.589 0.952

2 0.201 0.335 0.845 1.32

3 0.259 0.356 1.171 1.80

4 0.204 0.612 1.421 1.571

5 0.204 0.713 1.867 2.844

6 0.313 0.619 1.663 1.936

7 0.569 0.917 2.107 2.615

Table 9. Results of PGA for DSF-SMA-12St in different
failure levels according to the HAZUS.
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Fig. 10. Fragility curve of 3, 6, 9, 12, 15 and 20 story
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Table 10. Percentage of damage reduction for DSF-SMA
and DSF structures in different failure levels
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Abstract

In addition to the stiffness, strength, and ductility, that are the main requirements of earthquake-resistant
buildings, the necessity of reversibility is also essential, and one of the ways to meet this demand is to use
materials with high elasticity and low residual strain, such as shape memory alloys (SMAs). Among the main
applications of SMAs is the inhibition of plastic displacements or plastic deformations at the end of
earthquakes. Due to their microscopic and macroscopic properties such as high damping capacity, durability,
ultra-elastic or quasi-elastic properties, large and reversible deformations and strains that are not found in
traditional materials, SMAs have applications in many fields; including structural engineering. There are two
mechanisms for the reversibility of deformations in SMAs: memory retention (repair of residual strain by heat)
and super-elastic behavior (residual strain repair by loading). Probabilistic methods are suitable for controlling
and evaluating the performance of the structures against earthquakes. Due to the percentage of departure from
the desired performance level, mainly due to the lack of complete similarity between the acceleration
characteristics of selected maps, in this study, the fragility curves of dual steel bending frames with diagonal
convergent bracing with SMA bars in structures with the various number of stories are drawn as short-rise,
medium-rise and high-rise buildings are derived. It should be noted that the definition of the range of short to
high-rise buildings is following the HAZUS guideline as the classification of steel and concrete buildings with
one to three floors are described as short-rise and 4 to 7 floors as medium-rise, and buildings with 8 and higher
floors are defined as high-rise structures. Incremental dynamic nonlinear analysis of models with SMA (DSF-
SMA) and without it (DSF) at different performance levels are compared, and the reversibility of structures
with SMA are examined separately. Survey the fragility curves of the partial failure level of alloyed structures
in different stories, it was concluded that the rate of damage reduction for 3 and 6 stories structures was 23%
and 18%, and for structures with more stories, it was limited to 4% to 9%. At the level of average failure, the
same reduction between structures with different classes using this type of alloy has been seen by an average
of 30%. The reduction was about 40% in extensive damage for short and medium-sized structures, while this
reduction was limited to 15% for structures of 12 to 20 stories. In addition, in the level of general failure, the
use of SMA has not had much effect in reducing damage, especially in high-rise structures. On the other hand,
the reduction in residual displacement for high-rise structures with alloys has been between 80 and 95% of the
residual displacement of structures without alloys. Therefore, in terms of reducing damage at different levels,
the presence of shaped memory alloy in short-rise structures is more effective than high-rise structures. In
terms of reversibility, using these materials can be a positive point in reducing damage due to residual
displacement in operating time for high-rise structural buildings.

Keywords: steel moment dual eccentric diagonal bracing frames, shape memory alloy, incremental dynamic
nonlinear analysis, fragility curve.
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