Structures 32 (2021) 1871-1887

Contents lists available at ScienceDirect

Structures

journal homepage: www.elsevier.com/locate/structures

ELSEVIER

Performance evaluation of RC-MRFs with UHPSFRC and SMA rebars el
subjected to mainshock-aftershock sequences

Marziyeh Ghasemi®, Hossein Khorshidi ", Nader Fanaie ™"

@ Department of Civil Engineering, Babol Noushirvani University of Technology, Mazandaran, Iran
Y Department of Civil Engineering, K. N. Toosi University of Technology, Tehran, Iran

ARTICLE INFO ABSTRACT

Keywords:

Mainshock-aftershock

Seismic sequence

Reinforced Concrete (RC) frame

Shape Memory Alloy (SMA)

Ultra-High- Performance Steel Fiber Reinforced
Concrete (UHPSFRC)

Although structures are generally subjected to mainshock-aftershock sequences, the current structural design
process merely considers the main seismic event. This study aims to compare the performance of Reinforced
Concrete Moment Resisting Frames (RC-MRFs) with Shape Memory Alloy (SMA) and Ultra-High-Performance
Steel Fiber Reinforced Concrete (UHPSFRC) under the influences of mainshock and aftershock sequence. To
achieve this aim, 3, 6, and 8-story five-span frames were simulated considering three different approaches: (i) RC
frames; (ii) RC frames with SMA rebars in the plastic hinge length of the beams; (iii) RC frames with UHPSFRC
and SMA in the plastic hinge length of the beams.

Each frame was analyzed under two different scenarios, with and without considering seismic sequences to
assess the post-earthquake performance of damaged RC frames. Time history analyses were conducted using
seven real accelerograms. Maximum transient inter-story and roof drifts, as well as residual inter-story drifts,
were determined and compared in undamaged and damaged structures to assess the effect of seismic sequence.
As the performance evaluation of the damaged structures appears to be essential to make repair policy decisions
and rescue operations, damage states were defined according to FEMA-356 based on maximum transient and
residual drifts. Numerical results illustrate the salient effect of using SMA and UHPSFRC synergistically in
reducing transient and residual drifts and enhancing the functionality of structures in both mainshock and
aftershock.

1. Introduction have investigated the effects and properties of the aftershocks in a

seismic sequence, such as the 1994 Northridge earthquake, 1999 Kocaeli

Current structural design codes, which are based on conventional
seismic design strategies, consider one earthquake as the mainshock
event, while the post-earthquake scenarios and its effects are generally
neglected. Structures are frequently not merely subjected to a single
earthquake event called the mainshock, but also to a mainshock-
aftershock sequence. Aftershocks occur during the following days to
years with different magnitude, duration, frequency, amplitude, and
other characteristics compared to the corresponded mainshock. For
instance, an earthquake with a magnitude (M) 7.8 struck Gorkha,
Nepal on 25 April 2015, which caused fatalities as well as widespread
structural damages, was followed by a series of aftershocks, including an
M,y 7.3 event on May 12, 2015 [1].

Since aftershocks might occur in a short time after the mainshock,
repair or retrofit activities are often impractical, and identifying the
damaged structures after a major earthquake is critical. Several studies
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earthquake, and 2015 Gorkha earthquake [2-4].

Over the past years, numerous studies have been carried out to assess
the performance of concrete and steel buildings during seismic se-
quences. Guo et al. [5] investigated the incremental seismic damage
development in RC frames subjected to seismic sequences. Raghunandan
et al. [6] studied the aftershock collapse vulnerability of ductile rein-
forced concrete frames. They showed that considerable damages due to
the mainshock decrease the average collapse capacity of the frame by
40% to resist aftershock. However, the aftershock collapse fragility of
the building which is not severely damaged during the mainshock is not
changed significantly. Jeon et al. [7] studied the aftershock fragility
curves of RC frames damaged by the mainshock. The results of their
study proved that damage vulnerability increases for frames with
considerable damage caused by the mainshock. Furtado et al. [8]
assessed the mainshock-aftershock damage of in-filled RC frames. An 8-
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Fig. 1. (a) Plan view, (b) Elevation view.

story RC structure with infill walls with and without considering out-of-
plane non-linear behavior was investigated. In this study, a methodol-
ogy to perform seismic assessment of damaged structures due to seismic
sequences was proposed. They also assessed the seismic vulnerability of
undamaged and damaged intended structures. Shafaei and Naderpour
[9] conducted a study on the behavior of ordinary RC frames retrofitted
with Fiber Reinforced Polymers (FRPs) exposed to seismic sequences.
Their study confirmed that whilst FRP enhances the collapse capacity,
the aftershock plays an important role in reducing the structural ca-
pacity of retrofitted frames. Dong and Frangopol [10] presented a
framework for probabilistic seismic performance evaluation of highway
bridges exposed to mainshock-aftershock.

Recently, various methods have been employed to improve the
performance of RC structures, including using different steel braces to
retrofit RC frames [11], Glass Fiber Reinforced Polymer (GFRP) bars
[12], super-elastic shape memory alloy rebars [13-16], SMA-FRP rein-
forced concrete [17], SMA bars and ultra-high performance concrete in
the critical zones of the structures [18], high-performance concrete and
very-high-performance concrete elements with Ni-Ti reinforcements
[19], and the Engineered Cementitious Composites (ECC) in the beam-
column joints [20,21].

SMA has gained acceptance as one of the construction materials in
civil engineering applications due to their characteristics, such as the
capability to tolerate cyclic deformations and energy dissipation [22].
SMAs have two fundamental properties: Super-elasticity Effect (SE) and
Shape Memory Effect (SME). While SMAs with SE can recover their
initial shape after loading and unloading, SMAs with SME return to their
first shape by heating [23]. A variety of compositions have been used in
SMA, while Ni-Ti which refers to Nickel and Titanium is the most suit-
able composition for structural achievement due to its large recoverable
strain, super-elasticity, and corrosion resistance [24]. In this paper, SMA
refers to those made up of Ni-Ti.

UHPSFRC is a novel material that has been recently introduced to
protect civil engineering structures against earthquakes. Relevant
studies have shown that it has multiple cracking behaviors [25] as well
as high compressive strength and improved tensile strength [26].

This paper aims to investigate the maximum transient and residual
drifts response of reinforced concrete moment resisting frames in which
ordinary steel rebars were replaced with SMA in the plastic hinge of the
beams to limit the residual drifts of the structure in seismic sequences.
As SMA rebars have an elasticity modulus that is less than that of steel,
greater transient drifts in the frames were expected. To deal with this
problem, using UHPSFRC was suggested and conventional concrete is
also replaced with UHPSFRC in the plastic hinge of the beams.
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Table 1
Column size and reinforcement details.
Story ID  Floor level Column ID
C1 Cc2
Size (mm) Reinforcement Size (mm) Reinforcement
3-Story 1to3 375 x 375 8 $15 300 x 300 4 ¢ 20
6-Story 1to3 450 x 450 8¢ 25 300 x 300 6 ¢ 20
4to6 450 x 450 8 ¢ 20 300 x 300 4¢20
8-Story 1to3 500 x 500 8 ¢ 25 300 x 300 6 ¢ 25
4to8 500 x 500 6 ¢ 25 300 x 300 6 ¢ 20

Mainshock-aftershock nonlinear time history analyses were conducted
to study the effects of pre-existing damage in three different cases.

2. Numerical modeling of RC-MRFs
2.1. The geometry of frames

In this study, reinforced concrete buildings with different number of
stories (3, 6, and 8) were extracted from the research conducted by Alam
etal. [15]. The frames had a span length of 5 m along each direction and
a story height of 3 m for all stories. The typical plan view and side view
of the 6-story frame are illustrated in Fig. 1(a) and (b), respectively.

Tables 1 and 2 declare the size of columns and beams and rein-
forcement details. Fig. 2 exhibits the reinforcement details of a typical
beam.

Each building had different types of material in the plastic hinge
zone of the beams as denoted in Table 3. A two-part notation system was
used for identification: the first letter shows the concrete type, whereas
the second letter denotes the rebar type. Because the first letter of steel
and SMA resulted in the same name for the models, the second letter of
SMA, M, has been used for CM. Notably, the columns of all frames were
made up of conventional RC.

As noted in recent studies [13,15], there is no specific difference
between models that were fully reinforced with SMA in their beams and
those that had SMA rebars in plastic hinge zones and steel bars in the
remaining area of the beams. Thus, in order to restrict the cost of ma-
terial due to using SMA, in this study the use of SMA in all parts of the
beams was neglected.

In recent studies, no specific research has been conducted for
computing the length of the plastic hinge in the frame elements, which
are made up of UHPSFRC and SMA bars. Therefore, the Paulay and
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Table 2
Beam size and main reinforcement details.
Story ID Beam ID Floor level Size (mm) Reinforcement
Section 1-1 Section 2-2 Section 3-3
Top Bottom Top Bottom Top Bottom
3-Story Bl 1to3 300 x 450 2¢ 20 2¢ 20 2¢ 20 2¢20 2¢20 2¢ 20
6-Story Bl 1to3 300 x 500 3¢25 4¢25 3¢ 25 4¢25 5¢ 25 4¢ 20
B2 4106 300 x 500 2¢ 20 2¢20 2¢ 20 3¢ 20 2¢ 20 3420
8-Story Bl 1to3 300 x 500 3¢25 425 3¢25 4¢25 5¢ 25 4¢20
B2 4106 300 x 500 3¢ 20 3¢ 20 3¢ 20 3¢ 20 3¢ 20 3¢ 20
A——1500——~ 1670 1670
I +
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o © o o
Fig. 2. Longitudinal section of beam reinforcement.
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Where [, is plastic hinge length, [ is the length of the beam, dj, is the
diameter of the longitudinal bar and fy. is longitudinal steel yield stress.
The plastic hinge zone of the beams and its location is demonstrated in
Fig. 1.

1, = 0.081+0.022dyf;.

2.2. The finite element model of frames

To conduct this study, the OpenSees software [29] was used to
perform the inelastic analyses. This software considers both geometric
and material nonlinearities and is able to model the spread inelasticity
along the element length and across the section by the use of fiber
techniques.

Although 3D models are more authentic for the probabilistic analysis
of seismic demand, in this paper, the analyses were performed on inte-
rior 2D frames selected from each of the three-dimensional structures.
The reason for this simplification was to decrease the time of analysis
regarding a large number of time-consuming analyses for 3D models. To
assume the damping parameter in dynamic analysis, a 2.5% Rayleigh
damping ratio was considered for the first and third modes.

The uniaxialMaterial Concrete 02 model was used to simulate con-
crete behavior with tensile strength and linear tension softening. For
confined concrete material parameters, the equations proposed by
Mander et al. [30] were used as represented in Egs. (2) and (3).

2¢. ( & >2
0.002K  \0.002K

£ =Kf. { @

t
Compressive strain (E.)

Fig. 3. Confined and unconfined concrete stress—strain curves [30].

Psfon
fe

where fy, is the hoops yield strength, p; is the ratio of the volume of
hoop reinforcement to the volume of the concrete core, f. and ¢ are the
concrete longitudinal compressive stress and strain. In Fig. 3, variable
Kf’'c and ¢, are the ultimate compressive strength and compressive
strain of the confined concrete.

The uniaxialMaterial Steel02 model was selected to predict the
uniaxial steel material with isotropic hardening proposed by Menegotto
and Pinto [31].

To simulate UHPSFRC material, the uniaxialMaterial ECCO1 model
was applied based on the model by Han et al. [32]. While this model is
relatively simple, it is capable of reasonably describing the complex
cyclic behavior of the intended material. The parameters of this model
are limited and also easy to determine with simple experimental re-
searches. In this study, the parameters for UHPSFRC material were
extracted from the study conducted by He et al. [26], which were vali-
dated by experimental research undertaken by Xu et al. [33].

The uniaxialMaterial SMA was also used to capture the behavior of
NiTi SMA bars in the numerical model. The behavior of SMAs is sym-
metric and is identical in tension and compression. This model is pro-
posed by Fugazza [34] and is a modified version of the model by
Auricchio and Sacco [35]. The advantages of this model are simplicity, a
limited number of required parameters, and showing the partial and

K=1+

3

1873



M. Ghasemi et al.

(£,.0,)
(£.,,0)

Structures 32 (2021) 1871-1887

e %@m) .
;
\F—‘e 5 Strain L LE

; L)

Eut = By Ermax

(&emin>Ocmin)

(£,.0,,)

(a)

(£,,0)
Cam s
Oam_s
Omas
Omas
A E Strain
& -
-—»

(b)

Fig. 4. Stress-strain curve of: (a) UHPSFRC, (b) SMA.

Table 4
Assumed properties of materials.

Material Property Value

Concrete Compressive Strength —35 MPa
Tensile strength 3.5 MPa
Strain at peak stress 0.002

Steel Modulus of elasticity 200,000 MPa
Yield strength 400 MPa
Strain hardening parameter 0.005

UHPSFRC Cracking strain (gy0) 0.0007
Cracking stress (6y9) 8.1 MPa
Peak strain (eg/ €cp) 0.04/-0.01
Peak stress (Gp/ Ocp) 14/-115 MPa
Ultimate strain (gq,/ €cy) 0.07/-0.04
Residual strain parameter (By/pc) 0.4/0.3

SMA Modulus of elasticity (E) 60,000 MPa
Austenite to Martensite starting stress (cam_s) 400 MPa
Austenite to Martensite finishing stress (6am r) 500 MPa
Martensite to Austenite starting stress (Ga_s) 300 MPa
Martensite to Austenite finishing stress (oya ) 100
Super-elastic plateau strain length (1) 6

complete phase transformations. The main disadvantage is the lack of
consideration for the speed of loading and temperature in the model.
This model describes the behavior of super-elastic materials under
seismic loadings in terms of several hysteresis loops within the main
loop (complete phase transformation). The consideration of identical
elastic modules for austenite and martensite phases is another assump-
tion used in this model.

The stress—strain curve of UHPSFRC and SMA used in this study are
indicated in Fig. 4. Table 4 reveals the assumed properties of materials

Integration Points

employed in the finite element model.

The fiber section was utilized to model the frame cross sections by
assigning defined geometry and material, in which, for more accuracy,
the core concrete was divided into 20 (in width) by 20 (in length), and
cover concrete was divided into 6 (in thickness) by 20 (in length) fiber
segments. The final response of the section was determined by the
integration of the stress-strain response of all parts. This section pro-
vides the distributed plasticity capability for the elements.

Nonlinear displacement-based beam-column elements with distrib-
uted plasticity were applied to model the beams and columns. Fig. 5
discloses the analytical modeling technique for beams. As shown, each
beam contains three various reinforcement details. In addition, in the
plastic hinge of the beams (Ip), UHPSFRC and SMA rebars have been
used. As illustrated in Fig. 5, seven integration points were considered in
beams and columns simulation.

2.3. Validation of the numerical model

To verify the modeling approach, the TS-SS50-Lam5.3-N0.20 col-
umn of UHPSFRC is extracted from the experimental study by Xu et al.
[33]. The parameters of uniaxialMaterial ECCO1 to define UHPSFRC
material in numerical model are presented in Table 4, the loading pro-
tocol and other details can be found in Ref. [33]. Moreover, Youssef et al.
[36] conducted an experimental study on beam-column joints rein-
forced with SE SMAs under reversed cyclic loading. The JBC-2 specimen
in which the steel rebars in the plastic hinge region of the beam were
replaced with SMA bars was employed for validation.

The adopted finite element model for UHPFSRC column and SMA
beam-column joint are depicted in Fig. 6(a) and (b) respectively. The
bond-slip effect in the numerical models is adopted using bond-slip

Element

Lp Lp

Section

(a) (b)

Sl Reinforcement Fiber
Cover (Unconfined) Concrete Fiber

Core (Confined) Concrete Fiber

Force-Deformation
(Stress-Strain)

(c)

Fig. 5. The analytical technique used for simulating elements: (a) Schematic division of beam elements (b) Integration points, (c) Fiber section.
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Steel reinforced concrete section
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Fig. 6. The finite element models: (a) UHPSFRC column, (b) SMA beam-column joint.
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Fig. 7. The comparison between experiment and numerical results: (a) UHPSFRC column, (b) SMA beam-column joint.

spring in the zero-length element based on the study by Zhao and Sri-
tharan [37], as shown in Fig. 6. As shown in Fig. 7(a), it is evident that
the uniaxialMaterial ECCO1 is able to simulate the hysteric behavior of
UHPSFRC accurately. Fig. 7(b) shows a good agreement with the
experimental results of SMA beam-column joints.

It is noted that this work is a preliminary study to investigate the use
of novel materials (SMA and UHPSFRC) in RC frames. Considering the
variety of materials in the beam end region of frames, and to avoid
introducing many variations, in this study, it is assumed that a perfect
bond exists between steel and SMA bars, and regular concrete and
UHPSFRC. However, the modeling accuracy can be improved by using
the zero-length element and rotational spring (as mentioned in the
validation part).

2.4. Eigenvalue analysis

Table 5 presents the first mode period of the frames in this study.
Eigenvalue analyses were performed to establish the fundamental
period of structures and verify the accuracy of modeling and assump-
tions. As expected, the fundamental period of CM and UM frames in-
creases compare to CS because of SMA’s and UHPSFRC’s lower stiffness
than that of steel and concrete respectively. The periods are in agree-
ment with the prior study which also shows the proper mass distribution
from 3D to 2D model. Additionally, pushover analysis has been

1875

Table 5
The fundamental period of frames.

Story ID Frame ID Fundamental period (sec)
This study Ref. No. 15
Before gravity load After gravity load
3-story CS 0.40 0.45 0.39
CM 0.41 0.46 0.41
UM 0.48 0.49 -
6-story (&) 0.66 0.70 0.67
CM 0.69 0.76 0.70
UM 0.84 0.86 -
8-story Cs 0.84 0.90 0.86
CM 0.89 0.98 0.93
UM 1.07 1.11 -

conducted to verify the models in nonlinear behavior terms and the
results will be presented in what follows.

Eigenvalue analyses were also performed to determine the changes
in the stiffness of different models after applying gravity loads. It is
evident that the difference between the fundamental period of frames
before and after gravity load is 8.6%, 10.8%, and 2.7% for CS, CM and
UM frames respectively. This increment in CM frames is due to the lower
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Fig. 8. Pushover curves of models: (a) 3-story, (b) 6-story, (c) 8-story.

modulus of elasticity of SMA than that of steel which leads to more
deformation and cracking in concrete in CM frames compared to CS.
However, in UM frames the tensile strength of UHPSFRC is higher than
that of conventional concrete, which leads to undergo loads without
cracking in sections compare to CS and CM models.

2.5. Pushover analysis

To assess the lateral strength and post-yield behavior of the frames,
pushover analyses were performed by using a static displacement-
control loading with a load pattern based on the first mode shape of
the structure. The 2D pushover curves for each frame were shown in
Fig. 8. It can be observed that the initial stiffness for all the frames is
similar while CS has a slightly higher initial stiffness. According to this
figure and by considering the differences between software and material
definitions, the results coincide with a slight difference from that of the
study by Alam et al. [15]. This fact verifies the modeling assumptions in
terms of geometric, material, section, and element definitions in Open-
Sees software. Likewise, according to the pushover figures, due to
improvement in material parameters in plastic hinges by using
UHPSFRC, the UM frame has better performance due to its higher
capacity.

3. Sequential seismic records

A total of seven mainshock-aftershock ground motion records were
selected from the Pacific Earthquake Engineering Research Center

(PEER) NGA database [38] to conduct seismic sequence analysis on the
frames. These real ground motion records were recorded at the same
station. The magnitudes of both mainshocks and aftershocks were
considered to be equal or greater than 5.0, and also the Peak Ground
Acceleration (PGA) of records were selected to be greater than 0.05g
[39].

Table 6 demonstrates the characteristics of the ground motions used
in this study. The accumulation of energy in an earthquake is related to
Arias Intensity, Al, which is presented in Eq. (4).

00

u a(t)dt

Al =

== 4
22 ), ()]

where g is the gravity acceleration and a(t) is the time history for the
ground acceleration [40].

Fig. 9 shows the 5% damped spectral response acceleration of each
selected ground motion record.

4. Technique of dynamic analysis

Each record was scaled such that the average value of the 5% dam-
ped spectral response acceleration for the selected ground motion re-
cords was not less than the design spectral response acceleration for
periods ranging from 0.2 T and 1.5 T, where T is the fundamental period
of the frame [41]. Fig. 10 shows the 5% damped spectral response ac-
celeration of the scaled ground motion records, and Tables 7 and 8
present the scale factors for mainshock and aftershock records,
respectively.

Table 6
Mainshock-aftershock characteristics.
No. Event name Year Station Sequence My PGA () Al (m/s)
R1 livermore 1980 San Ramon-Eastman Kodak Main 5.8 0.150 0.2
After 5.42 0.280 0.3
R2 Imperial Valley 1979 El Centro Array #3 Main 6.53 0.267 1.2
After 5.01 0.138 0.1
R3 Irpinia, Italy 1980 Calitri Main 6.9 0.136 0.8
After 6.2 0.176 0.5
R4 Whittier Narrows 1987 Mt Wilson-CIT Seis Sta Main 5.99 0.180 0.3
After 5.27 0.155 0.1
R5 Northridge 1994 Castaic-Old Ridge Route Main 6.69 0.568 3.2
After 5.93 0.138 0.1
R6 Chi-Chi, Taiwan 1999 CHYO035 Main 7.62 0.251 1.6
After 6.2 0.134 0.3
R7 Northridge 1994 Moorpark-Fire Sta Main 6.69 0.292 0.9
After 5.93 0.184 0.2

1876



M. Ghasemi et al.

Structures 32 (2021) 1871-1887

_ Livermore 1 Imperial Valley 06 Irpinia, Italy 1 Whittier Narrows
e Mainshock @ G C
5 c 5 s
% Aftershock % 5 04 2
g 02 305 < $ 05
o 8 Q O
© © © 0.2 T
© = f 5 s =
o ] ] 5
5 ] @ 3
g o0 &0 & 0 a o
Y0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Period (sec) Period (sec) Period (sec) Period (sec)
2 Northridge—Castaic 1 Chi-Chi, Taiwan 1 Northridge-Moorpark
C) C) C)
5 5 5
© 5 2
[J] —
T 1 < 05 205
O ] O
o ® ®
g T :
2 /_J& S g
A 0 & 0 g o
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Period (sec) Period (sec) Period (sec)

Fig. 9. The 5% damped spectral response acceleration of un-scaled records.

Nonlinear time history analyses were conducted on the initial RC-
MRF model by using scaled mainshock data. Subsequently, a time gap
of 40 s was considered at the end of the mainshock to allow the structure
to damp the earthquake energy and vibration before the occurrence of
aftershock. This gap was assumed by adding zero to the acceleration
values after the mainshock and before the aftershock. The scaled after-
shock record was finally applied to the damaged frame to determine the
behavior of the structure under the mainshock-aftershock sequence. The
time histories of the record R1 are illustrated in Fig. 11.

Moreover, to achieve the maximum damage of structures exposed to
the mainshock-aftershock sequence, while the direction of the main-
shock was assumed to be constant, the aftershock record was applied in
both directions (negative and positive values). The maximum value of
the structure response was considered as the analysis result. Fig. 12
shows the time history of roof displacement for the 6-story CS frame
under R7.

5. Results and discussion

To attain the effects of seismic sequence on RC MRF drift, the tran-
sient and residual drift limits for different damage states were consid-
ered. FEMA-356 presents a range of structural performance
requirements [42]. The level and damage limits determined in FEMA-
356 are correlated closely with the most prevalent structural perfor-
mance requirements. Table 9 presensts the drift limits for both transient
and residual terms according to FEMA-356 [42].

5.1. Transient inter-story drift ratio

Figs. 13 and 14 illustrate the maximum inter-story drift ratio (MIDR)
due to mainshock and aftershock for 3, 6, and 8-story frames
respectively.

Figs. 15 and 16 show the median MIDR for all frames in the main-
shock and aftershock respectively. The transient drift limits according to
FEMA-356 are shown in Figs. 13-16.

1877

It is observed that for 3-story frames the maximum of median MIDR
occurred at the first story level in mainshock and aftershock, and for 6-
story frames, this occurred at the fourth story level. Regarding 8-story
frames, in the case of CS and UM, the fourth story level experienced
the maximum of median MIDR in mainshock and aftershock. The fifth
and the sixth story levels in the 8-story CM frame showed the maximum
of median MIDR in mainshock and aftershock respectively.

Considering mainshock only, in CM frames, the median MIDR is
50%, 7.5%, and 14% higher than that of CS in 3, 6, and 8-story frames,
respectively, which is due to the SMA lower module of elasticity. In the
UM frame, by replacing conventional concrete with UHPSFRC, the
median MIDR is 17%, 24%, and 25% lower than that of CS frames in 3, 6,
and 8-story frames, respectively. Although the elasticity module of
UHPSFRC is lower than that of conventional concrete, its superior ten-
sile and compressive strength result in improved performance.

In the aftershock, the median MIDR in CM frames is 40% lower than
that of the CS frame for the 3-story frame, and for the 6 and 8-story
frames, this is 8.9% and 5.6% higher than that of the CS frame. In the
case of UM frames, the median MIDR is 35%, 31%, and 27% lower than
that of CS frames in 3, 6, and 8-story frames, respectively. The results
show the effect of using UHPSFRC and SMA in reducing the MIDR in
aftershocks.

According to Fig. 15, 3-story CS and CM frames exceeded the 10
limit, while the UM frame had a lower median MIDR than the IO limit. In
6 and 8-story frames, the CS and CM exceeded the LS limits, and the UM
went beyond the IO limit state.

In the aftershock, as shown in Fig. 16, there are similar trends to the
mainshock in the behavior of all frames, except for the 3-story CM frame
that did not exceed the IO limit.

Fig. 17 reveals the ratio of median MIDR in aftershock to those in
mainshock. It can be seen that in all frames, the upper story levels have
greater potential to experience higher MIDR in the aftershock. The 8-
story CS frame has the highest relative MIDR, which reaches 1.6 times
in the 8th story.
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Table 7 5.2. Transient roof drift ratio
Scale factors for mainshock records.
Story ID R1 R2 R3 R4 R5 R6 R7 Figs. 18-20 indicate the maximum roof drift ratio (MRDR) in
3 stor 374 200 i1 312 .99 223 192 mainshock and aftershock for 3, 6, and 8-story frames respectively. It is
6_st0r§ 3.34 1.87 3.67 278 0.88 1.99 171 observed that for 3-story frames, in mainshock the median MRDR for the
8-story 3.41 1.91 3.74 2.84 0.90 2.03 1.75 CM frame is 57% higher and for the UM frame, it is 18% lower than the
CS frame. However, in the aftershock, the medians MRDR for the CM
and UM frame are 16% and 19% lower than that of the CS frame
respectively.
Table 8 In 6-story frames in mainshock, the CM frame has 17% higher me-
Scale factors for aftershock records. dian MRDR in comparison with the CS frame and UM has a similar
Story ID RI R2 R3 R4 R5 R6 R7 median MRDR to the CS frame. In aftershock, it is 45% and 42% lower
ot e e 358 206 255 a7 y for the CM frame and UM frames, respectively.
-story ¥ . X . X . R . . .
6-story 1.79 3,62 2.84 399 3.61 374 271 In s—story fr.ames, in the mainshock, the .Ingdlan MRDR for the CM
8-story 2.29 4.64 3.64 412 4.62 4.79 3.47 frame is 49% higher and for the UM frame, it is 8% lower than the CS
frame, while in the aftershock, it is 14% higher for the CM frame and the
UM frame, it is 25% lower than the CS frame.
0.3 Mainshock
Aftershock
@ . 40 sec .
c 0.1 b >
2 : :
® o :
° v :
[ 20 30 40 50 60
O 0.1 . .
< : :
-0.3 Time (sec)
Fig. 11. Acceleration time history for mainshock-aftershock sequence of R1.
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Fig. 12. The effect of aftershock direction on the 6-story CS frame.
Table 9

Drift limits according to FEMA-356 [42].

Performance Drift limit Damage definition
level X K K
Transient ~ Residual Primary Secondary

10 1% Negligible ~ Minor hairline cracking, Limited yielding at a few parts, No Minor spalling in a few locations in ductile elements, Flexural
crushing. cracking in elements.

LS 2% 1% Extensive damage to beams, Spalling of cover and shear cracking  large cracks and occurrence of hinges in ductile elements, Limited
for ductile columns, Minor spalling in non-ductile columns. cracks or failure in some non-ductile columns, Serious damage in

short columns.
CP 4% 2% large cracks and occurrence of hinges in ductile elements, Limited =~ Widespread spalling in elements, Serious joint damage, Some

cracks or failure in some non-ductile columns, Serious damage in  rebars buckled.
short columns.
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Fig. 13. MIDR in mainshock: (a) 3-story frames, (b) 6-story frames, (c) 8-story frames.
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Fig. 14. MIDR in aftershock: (a) 3-story frames, (b) 6-story frames, (c) 8-story frames.
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Fig. 20. The MRDR for 8-story frames: (a) Mainshock, (b) Aftershock.

Overall, in both mainshock and aftershock, UM frames have the
lowest median MRDR in 3, 6, and 8-story frames. In the mainshock, CM
frames have the highest median MRDR in 3, 6, and 8-story frames. But in
the aftershock, CS frames have the highest median MRDR in the 3 and 6-
story frames. In the case of 8-story frames in the aftershock, the CM
frame experienced higher median MRDR compared to the CS frame,
while the ratio decreases compared to the mainshock (49% in main-
shock and 14% in aftershock).
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This trend could be associated with the shape recovery of SMA and
the high strength of UHPSFRC in compression and tension.

5.3. Residual inter-story drift ratio

It is essential to consider the residual drifts to evaluate the perfor-
mance of a structure not only after an earthquake and during the
following seismic sequences, but also to make any decisions about
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retrofitting or repairing. Residual drifts were calculated by continuing
the analysis for some seconds by adding zero values to the end of the
main and aftershock records.

Results from dynamic time history analysis indicated that residual
inter-story drift ratio (RIDR) of CM and UM frames in all story levels in
all records in both mainshock and aftershock did not reach the LS limit
(1%), while for CS frames some story levels reach the LS and CP limit in
some records.

The median RIDR for the frames are exhibited in Figs. 21-23. It is
observed that for all 3-story frames the median RIDR occurred at the first
story level in mainshock, while for 6-story CS and CM frames, this
occurred at the sixth story level. For the 6-story UM frame and all 8-story
frames, this occurred at the fourth story level. In aftershock, the median
RIDR for all frames occurred in that story level with the highest median
RIDR in the mainshock.

As expected, all CS and UM frames experienced the highest and
lowest median RIDR demand respectively in both mainshock and
aftershock.

According to Fig. 21 for the 3-story frames, the following results can
be obtained:

e In mainshock: CM and UM frames experienced 59% and 75% lower
RIDR demand compared to that of the CS frame, respectively.

e In aftershock: CM and UM frames experienced 71% and 84% lower
RIDR demand compared to that of the CS frame, respectively.

From Fig. 22 for the 6-story frames:

e The RIDR demand for CM and UM frames was 57% and 77% lower
than that of the CS frame, respectively in the mainshock.

e The RIDR demand for CM and UM frames was 47% and 73% lower
than that of the CS frame, respectively in the aftershock.

For 8-story frames (Fig. 23):

e CM and UM frames in the mainshock have 83% and 81% lower RIDR
demand in comparison with that of the CS frame, respectively.

e CM and UM frames in the aftershock have 75% and 83% lower RIDR
demand in comparison to that of the CS frame, respectively.

Overall, the synergistic effect of using SMA and UHPSFRC leads to a
considerable decrease in median RIDR.

Fig. 24 represents the mean RIDR for all frames to elucidate the
general behavior of frames in terms of residual drifts. It is evident that all
frames experience higher mean RIDR in the aftershock compared to the
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mainshock. This increase for CS frames is 61%, 77%, and 51% in 3, 6,
and 8-story frames, respectively. In the case of CM frames, this increase
is 26%, 39%, and 56% for 3, 6, and 8 story frames, respectively. 3, 6, and
8-story UM frames experienced 21%, 40%, and 36% more mean RIDR in
the aftershock, respectively.

Additionally, in all story levels, CS frames have the highest mean
RIDR, while UM frames have the lowest value of mean RIDR in both
mainshock and aftershock. In 3-story frames, the CS, CM and UM frame
have the mean RIDR value of 0.3%, 0.1% and 0.07% in the mainshock
and 0.48%, 0.13% and 0.09% in the aftershock, respectively. The mean
RIDR in 6-story frames, for CS, CM and UM in the mainshock is 0.36%,
0.1% and 0.08% and in the aftershock, it is 0.64%, 0.14% and 0.11%,
respectively. In 8-story frames, the CS, CM and UM frame experienced a
mean RIDR value of 0.32%, 0.07% and 0.05% in the mainshock and
0.48%, 0.11% and 0.06% in the aftershock, respectively.

Furthermore, from Fig. 24 it could be observed that the 6-story CS
frame is the most vulnerable frame to damage in both the mainshock and
aftershock.

6. Conclusions

This study was conducted to assess the improved behavior of RC
frames incorporating SMA and UHPSFRC as novel materials in the
plastic hinge length of the beams and to provide a comparison between
transient and residual drifts. Three different heights of each frame type
were considered. Dynamic time history analysis was conducted by
considering seven real mainshock-aftershock records to evaluate the
effects of pre-existing damage in different cases. The following are the
main conclusion of this study:

o In both mainshock and aftershocks, CM frames had the highest me-
dian MIDR in almost all cases, and UM frames experienced the lowest
median MIDR and did not exceed the LS limit.

In both mainshock and aftershock, UM frames have the lowest me-

dian MRDR. CM frames have the highest median MRDR in main-

shock, but in aftershock about all CS frames have the highest median

MRDR.

The RIDR for CM and UM frames in all story levels for all records in

both mainshock and aftershock did not reach the LS limit. All CS and

UM frames experienced the highest and lowest median RIDR demand

respectively in both mainshock and aftershock.

e All frames experience higher mean RIDR in aftershock than in
mainshock. Additionally, in all story levels, CS frames have the
highest mean RIDR while UM frames have the lowest value of mean
RIDR in both mainshock and aftershock.



M. Ghasemi et al.

In conclusion, using SMA in the plastic hinge of beams (i.e., CM
frames) causes a decrease in residual drifts, but it leads to an increase in
transient drifts, which is obvious in the mainshock. However, the syn-
ergistic effect of using SMA and UHPSFRC (i.e., UM frames) leads to a
considerable decrease in residual and transient drifts in both mainshock
and aftershock. By reducing residual drifts, the post-earthquake func-
tionality of the structure will increase and the cost of repair will
decrease. This fact shows the necessity of designing low damage and
high-performance structures.

It is of great significance that this paper was a primary study and has
the following limitations that could be considered for future researches:
using a large set of real and artificial seismic sequences is proposed to
more thoroughly estimate structural performance under seismic loads.
Moreover, because UHPSFRC has higher strength compared to conven-
tional concrete and SMA has a lower modulus of elasticity compared to
steel, further study is needed to develop a performance-based design
procedure for these types of frames. The accuracy of numerical modeling
could be improved by considering slippage between different types of
rebar and concrete materials. Experimental research is also needed to
study the seismic behavior of frames with SMA and UHPSFRC under
shake table loading.
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