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ABSTRACT

This paper suggests a novel lateral load-resisting solution for RC (high-rise reinforced con-
crete) frames using superelastic SMA wires as friction dampers. The suggested SMA-friction 
damper has some advantages, such as an easy-to-configure and affordable application, in ad-
dition to being able to control the frictional energy dissipation components mechanism in 
line with the design procedure based on the suggested effectiveness thanks to its self-centering 
SMA wires. With the least amount of SMA use, it may produce hysteretic behavior and an 
intense tendency for self-centering. The research used two distinct design modes—common 
and with the recommended damper—to construct two tall, 18- and 22-story RC frames. Ten 
far-field earthquakes were studied using OpenSees software in a nonlinear time history fash-
ion. Eighteen and twenty-two-story reinforced concrete frame high-rises were designed in two 
distinct ways: normally and with the recommended damper. Aside from the major advance-
ment in ductility, the lateral strength and stiffness gave an exceptional capacity for self-center-
ing, resulting in a substantial decrease in most drift and persistent distortions in the structure. 
The study’s findings showed that the suggested damper may improve the RC frame’s structural 
performance while using the fewest bracing spans and money.
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INTRODUCTION

The least amount of harm done to structural and 
non-structural systems occurs during mild earthquakes 
when standard seismic systems are used in concrete struc-
tures. However, the main seismic load-bearing members 
which are generally permanent members of their struc-
tural system should be replaced to create a strong resis-
tance to future severe earthquakes. Because of this, using 

a replacement hybrid passive control system in high-rise 
buildings becomes more crucial because it is neither prac-
ticable nor easy to implement in standard systems. One 
popular kind of non-permanent passive damper that is fre-
quently used to regulate seismic activity in buildings is the 
friction damper, which is employed as an energy absorber 
in this work [1-3]. Instead of the primary parts of the build-
ing yielding non-ductilely during the powerful earthquake 
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movements, friction equipment slides and dissipates a 
considerable portion of the vibrating energy into heat. 
Construction seismic behavior may be effectively improved 
with the use of hybrid friction dampers. It has a straight-
forward mechanism, is insensitive to temperature changes, 
and reduces earthquake energy by impacting friction.

While passive devices prevent damage to both structural 
and non-structural systems during seismic activity, their 
use frequently leaves significant and long-lasting residual 
deformation in the wake of a seismic event.

According to recent studies, it is preferable to rebuild 
a new structure rather than reconstruct or repair a dam-
aged one when the ratio of residual drift is more than 0.5% 
[4]. Because the integrated structure is made of concrete 
elements, this is a significant drawback for RC structures. 
The moment-resistant method is chosen by the designer 
since the concrete shear wall system is impractical for con-
trolling significant drifts, particularly in metropolitan loca-
tions with high-rise buildings adjacent to one another due 
to architectural needs for ventilation and illumination. For 
instance, following the Michoacán earthquake in 1985, the 
majority of the RC-damaged structures were demolished 
due to a significant, ongoing inter-story drift [5] .

It is now necessary to design structures using a per-
formance-based approach due to seismic concerns. As a 
result, new structural components and systems need to be 
more resilient to damage, capable of reversing or lessen-
ing irreversible deformations, and have better resilience to 
deformation.

Several investigations were created and evaluated for 
the SMAs application in civil engineering for devices with 
self-centering attributes [6-16]. Their efficacy in mitigat-
ing seismic activity within building structures has been 
demonstrated through numerical and experimental stud-
ies. Massah and Dorvar [17] looked at the impact of altering 
the hysteresis characteristics of SMA material, which was 
employed in eccentrically bracing frames as a passive con-
trol mechanism. According to the outcomes, using the SMA 
superelastic characteristic not only effectively increases 
ductility-stiffness and lateral resistance but also has great 
rehabilitation capacity. As a result, the structure’s greatest 
thrust and residual distortions are significantly reduced. 
Qian and Song [1] looked into the effects of seismic stresses 
on a friction damper that had SMA installed. According to 
the findings, a friction damper fitted with a SMA signifi-
cantly enhanced the structure’s dynamic reaction during 
strong earthquakes by absorbing a noteworthy amount of 
the input energy. Moreover, the structure may be repur-
posed to take on additional seismic loads without any resid-
ual drift because of the damper’s self-centering capability. 
Four distinct floors (3, 5, 7, and 9) of RC structures have 
been examined and exposed to near-field ground vibrations 
in the research given by Shiravand et al. [18]. Two types of 
reinforcement details are taken into consideration for each 
building: (1) RC frame (traditional steel reinforcement) 
and (2) SMA RC frame (steel-SMA reinforcement), where 

steel bars are utilized in some areas and SMA bars in plastic 
zones of beams. The “SeismoStruct” finite element program 
has conducted nonlinear time history studies. Based on the 
findings, it can be concluded that using SMA materials 
in the areas where the beams have plastic hinges reduces 
residual displacement and, in turn, the need for post-quake 
repairs. Shape memory alloys are generally thought to min-
imize structural damage and retrofit expenses. It has been 
noticed that there is no discussion about how the plastic 
hinge regions are modeled in the Opensees software for 
selected 18 and 22-story reinforced concrete structure 
frames [19,20].

In this study, we want to identify a hybrid device that can 
dissipate energy and provide self-centering capability. The 
purpose of this device is to use performance-based plastic 
design methodologies to decrease residual deformation and 
increase seismic performance in high-rise moment-resis-
tant frames. Due to the design approach, SMA wires have 
the maximum potential to restore the structure to its start-
ing condition while also making the most significant con-
tribution to the dissipation of energy in the friction damper. 
An additional technique for determining this objective is 
SMA trait evaluation. To study the potential uses of this 
kind of system for reinforced concrete (RC) buildings, an 
analysis of nonlinear time history is conducted on 18 and 
22-story RC frames, both with and without the proposed 
hybrid damper.

MATERIALS AND METHODS

By focusing on its non-linear behavior, the PHFD (pro-
posed hybrid friction damper) damper serves as a fuse 
inside the structure, preventing harm to other structural 
and non-structural elements as well as non-linear behavior. 
There are two components to the PHFD damper. The first 
part is a friction damper, which dissipates seismic energy 
by creating a perpendicular impact force between two con-
tact plates using high-strength bolts. This type of damper 
frequently employs steel-on-brass, steel-on-steel, and brake 
pad layers on steel as sliding surfaces. The selection of a 
base metal is crucial for the operation of a friction damper. 
For the duration of the device, a high corrosion resistance 
might frequently lower the estimated friction reduction 
coefficient. The sliding surface characteristics of low-car-
bon steel alloys deteriorated over time due to rust and 
corrosion. There was no more corrosion observed in exper-
iments conducted on stainless steel in contact with brass. 
Consequently, according to Lee et al. [21], these materials 
can be used as friction dampers. Friction dampers have 
their range of motion limited by slot holes that have slot 
lengths equal to S. Here, S denotes the highest degree of 
inter-story drift achievable at the specified efficiency level. 
The design strategy of the PHFD damper is centered on the 
objective of ensuring that the structure is constructed to 
resist the specified degree of seismic hazard. This construc-
tion prevents inter-story drift from exceeding the allowable 
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amount at the effectiveness level. The bolts crash into their 
end wall when the displacement hits S’s sliding limit, at 
which point the motion cannot slip anymore.

This self-centering damper, which is built on super-
elastic SMA wires, makes up the second half of the PHFD 
damper. The enormous force absorption and hysteric 
damping features of the superelastic NiTi wires are comple-
mented by their quasi-self-centering function. The device 
can reduce the seismic reaction of a building and restore 
it to its pre-quake state by intelligently placing and mod-
ifying the number of superelastic SMA wires. This allows 
for energy dissipation and self-centering capacity. SMA 
cables circumscribe the two bars. This indicates that these 
two bars can travel on the right side’s middle, lower, and 
higher steel plates by making a slot hole with a length of 
S. According to Figure 1, the tensile or compressive force 
range of each of these bars is identical, measuring S. The left 
bar is positioned S from the slot hole end, while the right 
bar is in contact with the slot hole at the beginning (V = 0). 
Due to the increase in frictional force and the SMA wires 
strengthening, the right rod moves to the right. However, 
the left bar remains stationary as the SMA wires continue 
to elongate. Eventually, the SMA wires will reach their max-
imum length and strength, causing the right middle steel 
plate to move even further until it collides with the left bar 
at the end of the slot hole. This research suggests that the 
design technique should find the optimal ratio of frictional 
force at the PHFD damper to SMA wires. Two dampers 
are ensured to work via coincidence, providing sufficient 
energy dissipation and self-centering capacity by seismic 
requirements.

Determination of the optimal ratio of SMA wires and 
friction damper 

Relative to the ultimate friction damper force (VF) and 
the inverted distortion yield force of SMA wires (VSMA, 

r), the proposed hybrid damper’s self-centering ability is 
mostly based on this relationship. The energy-absorbing 

friction damper utilizes the tensile force, r, of VSMA to apply 
it to SMA wires. This damper has a hysteresis loop that 
encompasses the whole range of strain and has a kinematic 
hardening value equivalent to 0% of the strain hardening 
ratio. This is caused by the loaded PHFD damper only 
deforming to the extent equivalent to Δr, or the deformation 
corresponding to the yield force of the inverted transforma-
tion of the SMA. In the meantime, the VF force-equipped 
friction damper dissipates energy, and the PHFD damp-
er’s total resistance becomes V (SMA.r) +VF. To clarify, for 
the PHFD damper to possess self-centering qualities and 
a flag-shaped hysteresis loop, the force VSMA,r has to align 
with the friction damper’s ultimate yield force, as expressed 
in Eq. (1).

  (1)

It should be noted that the maximum residual displace-
ment of the PHFD damper (Δresidual) is simply equal to the 
yield drift of the reversed deformation of SMA as Eq. (2).

  (2)

Therefore, the value β for SMA wires is equivalent to the 
ratio of the forward transformation yield force (VSMA, f) to 
the transformed evolution yield force (VSMA, r). 

The maximum movement of 1.5% of the floor height, 
which is calculated from the seismic design of the appropri-
ate capability level, determines the length of the SMA wires. 
Since the secondary hardening phenomenon results in an 
unexpectedly large resistance, the strain restriction  for 
SMA wires is meant to prohibit a reduction in their capac-
ity to re-center themselves as well as minimize damage to 
nearby structural elements and friction dampers. But to 
avoid staying in the early austenitic phase of stiffness, too-
long wires should be avoided. This means that Eq. (3) may 
be used to determine the length of the SMA wires.

Figure 1. Configuration of the PHFD damper.
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  (3)

Where the power absorption friction damper exhibits 
kinematic stiffening with a non-zero strain strengthening 
rate, as illustrated in Figure 2, the friction damper resistance 
mustn’t reach VF until the load-deformation has reached 
Δr. The resistance difference between VF and the friction 
damper resistance in Δr deformation during cyclic loading 
is called over resistance Va and can be written as Eq. (4).

  (4)

Where, ΔF.y and SF are respectively equal to yield drift 
and the strain hardening for the friction damper. The 
overall resistance of the PHFD damper with the loading 
deformation of Δr is equal to VSMA.r + (VF + Va). Hence, the 
requirement for the PHFD damper is as Eq. (5).

  (5)

It has been shown that the residual displacement of the 
PHFD damper rises as the addition strength of Va increases. 
Hence, the calculated value of residual displacement for the 
PHFD damper is adjusted according to Equation (6).

  (6)

According to Eq. (6) it is known that the higher addition 
strength and the lower secondary stiffness of the PHFD 
damper can increase its residual deformation. Even so, the 
primary source of the PHFD damper’s residual movement 
is still the inverse transformation yield drift of SMA. As a 
result, the self-centering capability of the PHFD damper 
is higher when the inverse transformation yield drift is 
reduced. Because of this, this section ignores the impact of 
the addition strength Va.

Equation (7) defines the force distribution design 
between the self-centering Shape Memory Alloy (SMA) 
wires in the PHFD damper and the energy absorber friction 
damper. It relates the design yield force (V) with the ratio of 
β, stating that V (SMA.r) is equal to β times V (SMA.f).

  

(7)

The necessary space for the SMA wire combination is 
obtained by finding the right balance between the required 
shear (V) for the PHFD damper model and the SMA rod 
setting tensile strength at a stress level of =280 MPa, as 
determined by Equation (8).

  (8)

Table 1 shows the distribution of shear force between 
SMA wires and friction damper in terms of different β val-
ues. It is found that increasing β will reduce the contribution 

Table 1. The distribution of shear force between SMA wires 
and friction damper

friction damper 
(%)

SMA wires 
(%)

β

0.0100.00.00
20.080.00.25
33.366.70.50
42.957.10.75
48.751.30.95
50.050.01.00

Figure 2. Hysteresis curve of SMA wires and friction damper.
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of SMA wires in the shear force so that at the value β = 0, all 
the shear force is transferred to the SMA wires, and at the 
value β = 1, the shear force is evenly distributed between the 
friction damper and the SMA wires.

In this section, to determine the proposed design 
method for determining the optimal SMA wire ratio, for 
specific sheer force of V=300 kN and different β values of 
0.5, 0.75, and 1.0, the hysteresis curves of SMA wires and 
the friction damper and the sum of these two are deter-
mined as the hysteresis curve of the PHFD damper. The 
allowable maximum displacement is assumed to be 50 mm. 
The loading protocol has an initial value of 5 mm and it 

increases by 5 mm after each of the three cycles to break 
the strips. The ultimate loading limit of displacement con-
trolled is 50 mm (Figure 3).

RESULTS AND DISCUSSION

Analytical models comprised of two high-rise, 18- and 
22-story RC frames with a 3.80-meter height per floor and 
five 6-meter bays divided into two groups—with or without 
the suggested damper—are used to assess the PHFD damper. 
A unique moment-resistant frame, or SMRF, was created at 
the life protective capability level and is included in the initial 

Figure 3. Hysteresis curve of the proposed damper designed with the proposed method for different β values
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set of models, as per the most recent version of the Iranian 
National Building Code and the earthquake standard. The 
second set of models uses the design methodology proposed 
in this study to construct a hybrid damper known as PHFD, 
which is composed of RC frames. The models’ tangible parts 
were created by ACI 318 [22] and IBC [23] requirements. In 
addition, steel rebars with an elasticity modulus equivalent 
to that of cement-based concrete with a modulus of elastic-
ity and compression strength are employed in the frames. 
Design live load and dead load values are deemed to coin-
cide with frames that are subject to gravity loads. The frame 
mass is determined by taking into account the live load and 
the dead weight of all components, both non-structural and 
structural, by the ASCE 41-06 standard [24]. In Table 2, the 
frames’ structural features are displayed. Furthermore, dis-
played in Figure 4 is the models’ elevation.

Considering that the PHFD damper members are yield-
ing, the non-yield members are introduced. A factor of 1.25 
Ry is used in their construction, which is comparable to 
the design of EBF in AISC341 [25]. Ry represents the ratio 
between the stress at which the projected yield occurs and the 
stress at which the lowest yield occurs. In the unstable buck-
ling region of the compression bracing, both the compression 
and tensile forces are double the buckling load (Pb). To avoid 
unstable buckling of the compression braces, the shear neces-
sary to construct the proposed hybrid friction dampers must 
exceed the total buckling loads of both braces’ horizontal 
components, multiplied by 1.25 Ry. AISC 341 [25] states that 
the Ry value of the plate-made pieces is 1.15. Consequently:

  (9)

The angle α between the brace and the horizon is given 
in Eq. (9). ‖(P〗_b)=Eq. (10) may be found using Eq. (9) in 
terms of the braces’ buckling strength.

  (10)

The braces are selected to have a computed buckling 
capacity minimum (Pb). For all models, certain bracings 
with a 2UNP120 section and a 996 kN buckling strength 
are responsive.

The suggested design procedure of the frame of RC 
with the PHFD damper

The 2D modeling application OpenSee [26] was uti-
lized to create numerical models of the frames. To model 
the P-delta effects, a vertical column was attached to the 
frame under the influence of a gravitational force. The axial 
column modeling incorporates an elastic beam-column 
component that is specifically constructed with an iner-
tia moment and substantial cross-section. This design is 
intended to accurately consider the impact of gravity col-
umns on the total response of the frame. To prevent any 
major moments from being carried by the gravity column, 
the beam-column parts are linked to one another by rotat-
ing springs with extremely little rotational stiffness. At last, 
the frame and the gravity column are joined by rather stiff 
truss components. Fixed and pinned are the initial story 
columns for the frame and gravity column at the base level.

To replicate a stiff diaphragm, every node of a par-
ticular floor is limited to its displacement in a horizontal 
plane. Every floor’s seismic mass is split evenly among the 
beam-column nodes. To ensure that the P-delta impact is 
accounted for in the frame, gravity loads or direct loading 
is utilized to the beam-column nodes and the gravity col-
umn. The software utilizes a Rayleigh command to specify 
the damping used for the elements and nodes. To replicate 
the rotating connection at the intersection of the braces 

Table 2. The beam and column members’ design requirements for the concrete sections 

Reinforcement*Width 
(mm)

Height 
(mm)

Section

Bottom SteelTop Steel
3φ204φ25500500B50x50
3φ254φ25600500B50x60
4φ255φ25650500B50x65
4φ256φ25700500B50x70

20φ20500500C50
24φ22550550C55
24φ25600600C60
24φ25650650C65
24φ28700700C70
24φ28750750C75
28φ28800800C80
32φ28850850C85

* Reinforcements φ Diameter number (in millimeters)
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with the column and beam, a single zero-length element 
with high stiffness is used solely in the transmission direc-
tion. The materials employed are based on the uniaxial 
material model, which considers the interaction between 
moment and axial forces and provides a one-dimensional 
stress-strain relationship. The OpenSees software defines 
the Concrete02 type confined and unrestricted concrete 
material model as well as the Steel02 type steel model. Five 
components comprise the nonlinear beam-column element 
with extensive plasticity that has been used to represent the 
beam, columns, and brace members. The foundation for 
the quartet of integral points in the element direction is 
provided by the law of Gauss-Lobatto. The fiber model was 
used to model all segments. According to FEMAP696 [27], 
nonlinear evaluations were carried out for concrete beams 
and columns, using flexural cracking coefficients of 0.5 and 
0.7. To accomplish this, two concrete materials were spec-
ified for the column and beam, with moduli of elasticity 
multiplied by 0.5 and 0.7.

The SMA wires numerical model was described by 
materials with uniaxial self-centering capabilities. This 
material, which resembles a flag, may be used to describe 
the superelastic behavior of an alloy with shape mem-
ory at a fixed temperature. Friction damper models are 
made using Steel01 materials that have hardening values 
near zero, which correspond to the elastic-perfectly plas-
tic model. Uniaxial parallel materials are coupled with the 
aforementioned materials to simulate each component of 
the PHFD damper and enable simultaneous operation. A 

zero-length element is then added to the simulation, placed 
beneath the concrete beam and above the Chevron brace.

Nonlinear time history analysis
In this part, the seismic behavior of models with and 

without a PHFD damper in response to earthquake vibra-
tions is investigated. The objectives of this investigation are 
to examine narrative drift, energy dissipation, and ductility 
variations. In light of an abundance of nonlinear time his-
tory data, nonlinear equations are solved by the MUMPS 
(multi-frontal massively parallel sparse direct solver) tech-
nique (OpenSees), which is part of the OpenSees program 
and its parallel computing engine. The MUMPS approach is 
quite effective in earlier studies and can solve large nonlin-
ear equations significantly more rapidly. Chopra [28] states 
that all investigations have used Newmark’s integration 
technique [29], which shows strong computational stabil-
ity of the equations even in areas with extremely non-lin-
ear structural behavior. The FEMA-P695 paper serves as 
the standard for nonlinear time history assessment. This 
paper states that the gravity load combination that should 
be applied to structures during analysis is 1.05D + 0.25L, 
where D stands for dead load and L for live load. The load-
ing is based on FEMA-P695 [27], which is based on ASCE/
SEI 41-06 standards [24].

Ten standardized far-field (FF)-type records—which 
are available in the FEMA-P695 [27]—have been utilized 
in this work for non-linear time history analysis (NLTH). 
Earthquakes in the far field were detected at a distance 

18st- SMRF 18st- PHFD 22st- SMRF 22st- PHFD
Figure 4. Design details of the concrete columns and beam of the employed models
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of at least 10 km from the epicenter. Every earthquake is 
considered a powerful earthquake event if it has a magni-
tude greater than 6.5 or a PGA of 0.2, and these statistics 
are gathered from the PEER database. Strong-magnitude 
earthquakes with extended periods of shaking are selected 
because they are significant for building collapse and pro-
vide prolonged shaking of the structure, both of which 
are critical for determining overturning safety. The record 
parameters are displayed in Table 3.

The PHFD damper is tested at two different perfor-
mance levels. The first performance level is LS (life safety) 
and prompt repairs of the fuse members that succumbed 
under the 10% incidence rate of earthquakes every 50 years 
after entering the inelastic phase, while the major structural 
parts are still in the elastic phase. To meet this performance 
goal, the building must instantly resume functioning when 
the fuse members are replaced. The fuse system’s primary 

function is to prevent the original structure’s members from 
surrendering. In the case of an earthquake with a 2% inci-
dence rate over 50 years, all structural elements are permit-
ted to enter the inelastic phase under the second efficiency 
level, known as collapse prevention (CP). Two-thirds (2/3) 
of the seismic risk spectrum at the highest evaluated earth-
quake (MCE) level should be included in the design earth-
quake spectrum, according to ASCE7-10, which addresses 
the minimum design loads for buildings. As a result, the 
DBE (design basis earthquake) from Iran’s 2800 earthquake 
standard—which has the same efficiency grade as LS—may 
be extracted, and its corresponding CP performance level, 
the MCE-level risk of earthquakes spectrum, may be cal-
culated by multiplying 3/2). Figure 5 shows the normalized 
seismic spectrum, mean, and the 5% damping DBE and 
MCE spectra.

(a) (b)
Figure 5. The first graph (a) shows the earthquake spectrum that has been standardized and includes the average and 5% 
damping. The second graph (b) shows the average of the standardized earthquake spectrum, as well as the MCE and DBE 
spectra, all with 5% damping.

Table 3. The characteristics of used acceleration

ID
No.

Record
ID

Name Year M
(Richter)

PGA
(m/s2)

EQ. Scale Factor

22 Story 18 Story

PHFD SMRF PHFD SMRF

CP LS CP LS CP LS CP LS
1 953 Northridge 1974 6.7 0.52 30.8 20.6 40.8 27.2 25.2 16.8 35.1 23.4
2 1602 Duzce, Turkey 1999 7.1 0.82 12.1 8.1 16.1 10.7 9.9 6.6 13.8 9.2
3 1787 Hector Mine 1999 7.1 0.34 18.6 12.4 24.6 16.4 15.2 10.2 21.2 14.1
4 169 Imperial Valley 1979 6.5 0.35 22.0 14.7 29.1 19.4 18.0 12.0 25.0 16.7
5 1111 Kobe, Japan 1995 6.9 0.51 20.8 13.9 27.5 18.4 17.0 11.4 23.7 15.8
6 1158 Kocaeli, Turkey 1999 7.5 0.36 8.0 5.3 10.5 7.0 6.5 4.4 9.1 6.0
7 900 Landers 1992 7.3 0.24 27.6 18.4 36.5 24.3 22.6 15.1 31.4 20.9
8 752 Loma Prieta 1989 6.9 0.53 11.3 7.5 14.9 9.9 9.2 6.1 12.8 8.5
9 721 Superstition Hills 1987 6.5 0.36 19.4 12.9 25.7 17.1 15.9 10.6 22.1 14.7
10 125 Friuli, Italy 1976 6.5 0.35 19.4 12.9 25.6 17.1 15.9 10.6 22.0 14.7
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To eliminate the anticipated variations in the demand 
spectrum caused by earthquake motions, earthquakes 
are adjusted to match the acceleration of the target spec-
trum at a given code-defined period (T). To do this, every 
record is adjusted based on the PGV (peak ground veloc-
ity), as advised in the FEMA-P695 guidelines. This means 
that each record’s PGV value needs to be normalized. The 
aggregate spectral acceleration of the recordings is matched 
to the maximum seismic response spectrum taken into 
consideration in compliance with the specified code. The 
scale coefficients of the ten chosen earthquakes are shown 
in Table 3 for the models at the CP and LS performance 
levels.

This is a thorough investigation of OpenSees’ two-di-
mensional dynamic nonlinear time history analysis, which 
was done to determine the two modes of high-rise RC frames 
with 18 and 22 stories’ seismic behavior: (1) designed using 
the most recent Codes approach, and (2) using the method 
of PBPD in conjunction with the damper of PHFD. The 
RDR (residual drift ratio) and IDR (inter-story drift ratio) 
for each story are the two generally used metrics that are the 
topic of this study. This makes it possible to assess a build-
ing’s seismic stability during an earthquake and to specify 
and analyze the stories with the greatest IDR and RDR. The 
IDR is utilized to describe the total stability of RC frames 
during earthquakes. Furthermore, the two aforementioned 
numbers may be utilized to compute an accurate assess-
ment of the damage that seismic loading has caused to both 
non-structural and structural components.

Ten earthquakes are originally applied on the frames. 
These earthquakes match the MCE-level earthquake exci-
tations (probability of 10%) and the DBE-level earthquake 
excitations (chance of 2% over 50 years). The non-lin-
ear time history (NLTH) study of 10 earthquakes yielded 
the maximum IDR and the average values for the 18 and 
22-story frames without and with the PHFD dampers, 
which are displayed in Figure 6 to evaluate each effective-
ness level. At both efficiency levels, the frames fitted with 
PHFD dampers are more responsive than the traditional 
frames. Furthermore, it reacts to all of the chosen earth-
quakes with a much more stable reaction—that is, a more 
consistent or equal reaction—regardless of the earthquake 
parameters (such as  content frequency) employed in the 
research. In traditional frames (SMRF), drift distribution 
happens unevenly at the structure’s height, with the stron-
gest IDR happening in the higher stories because of the 
earthquake’s whipping force. This is because RC frames are 
traditionally designed with the assumption that lower story 
beams and, in particular, lower story columns, have weaker 
sections as a result of reduced gravity loads. Thus, the end 
stories with the largest IDR put the buildings at risk of rup-
turing in earthquakes and when higher modes predominate 
at the highest degrees of structural deformation. However, 
because the PBPD develops the PHFD damper, all stories 
have a chance to lessen the earthquake’s lateral impact. The 
maximum IDR shift for these models is from the base story 

to the third floor and then down to the roof. This suggests 
that the IDR values become closer together as we approach 
the roof and that the numbers nearly equalize from the 
structure’s midway point to the top. This outcome demon-
strates that the design takes into account the impacts of the 
interaction using the suggested method and is according to 
how effectively the RC frame functions with the damper of 
PHFD. Consequently, a system for resisting lateral loads 
during seismic events is designed to work almost optimally.

The average value of the maximum IDR (inter-story 
drift ratio) in frames equipped with passive hybrid fric-
tion dampers (PHFD) has shown a more uniform distri-
bution at different floor levels and a notable reduction in 
the different degrees of damage compared to the principal 
frame. When comparing the mean maximum IDR of the 
18 and 22-story frames at different levels to the main case, 
the case with a PHFD damper had lower mean maximum 
IDRs by 69.8% and 57.9%, respectively, at the LS perfor-
mance level and by 67.7% and 56.6% at the CP level. (21). 
The mean of the highest IDR decreases as the models’ 
number of tales increases from 18 to 22. Furthermore, the 
lowering of the maximum IDR mean reduces little when 
earthquake strength increases from the DBE to the MCE 
level, which may be disregarded. It is known that utilizing 
RC frames with PHFD dampers may lower the maximum 
IDR mean by around 55-70%, irrespective of the number 
of seismic and story intensities. The aforementioned result 
demonstrates how a large elastic hardness SMA wire set, big 
flange-shaped hysteresis loop friction dampers, and large 
and stable hysteresis loop friction dampers worked together 
to enable the huge lateral force absorption by the PHFD 
damper. These components made it possible to design a 
system with substantial force absorption and lateral rigidity.

In this part, the ratio of RDR of RC frames with PHFD 
damper is compared with conventional RC frames. As pre-
viously stated, one of the innovations in the proposed design 
approach of the PHFD damper is to determine the optimal 
number of SMA wires that can have the highest effect in 
providing a reversible capacity for the structure, along with 
having a suitable mechanism with friction damper to dis-
sipate a large portion of the seismic forces applied to the 
structure. Figure 7 reveals the maximum RDR with their 
mean value for 18 and 22-story frames without and with the 
PHFD damper derived from the non-linear time history 
(NLTH) analysis of 10 earthquakes to study the self-cen-
tering capacity of the models. As it is clear from the figure, 
all models with PHFD damper at both LS and CP perfor-
mance levels have an RDR ratio of approximately zero, with 
a completely uniform distribution at the structural height. 
The two main reasons for this result are (1) a significant 
decrease in the maximum IDR and its uniform distribution 
in the height due to the use of the proposed design method; 
(2) the design of the SMA wire set with a special look at its 
self-centering property, and with the consideration of the 
SMA forward transformation yield strain ( ) in a mecha-
nism with friction damper in the proposed design method. 
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Figure 6. The study examines the efficiency compared between eccentrically braced frames, both with and without PHFD 
dampers, based on the Interstory Drift Ratio (IDR) at the CP (Collapse Prevention) and LS (Life Safety) performance 
levels.



Sigma J Eng Nat Sci, Vol. 42, No. 6, pp. 1683−1696, December, 2024 1693

However, in conventional RC frames, the RDR ratio with a completely non-uniform distribution at the structural 

Figure 7. The study aims to compare the performance of the eccentrically braced frame without and with a PHFD damper 
about the RDR (residual drift ratio) at the CP (collapse prevention) and LS (life safety) performance levels.
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height, although it is acceptable at the performance level, 
in terms of using the building after the earthquake and 
counteracting future earthquakes, puts the building in a 
bad situation. Also, in conventional RC frames, precisely 
at the location of changing of columns and beam dimen-
sions at the height of the structure, significant growth can 
be observed at the maximum RDR, particularly in higher 
stories of models due to the effect of the whipping force of 
earthquakes in the high-rise buildings. The authors of this 
article suggest using the PHFD damper with the proposed 
design procedure based on the performance to resolve the 
above-mentioned defects commonly found in common lat-
eral load-resisting systems, especially in conventional RC 
frames.

According to ASCE 41-06, the models’ structural per-
formance was assessed, and Tables 4 and 5 provide a sum-
mary of the results. Consideration was given to structural 
performance based on IDR and RDR. CP (collapse preven-
tion), IO (Instant occupancy), and LS (life safety) are the 
corresponding structural performance levels when IDR is 
less than 1.0%, between 1.0-2.0%, and more than 0.2%, and 
when RDR is 0.0%, between 0.0-1.0%, and more than 1.0%, 
in SMRF models, according to the ASCE 41-06 standard. The 
structural performance levels in PHFD models are identical 
to those in IO, LS, and CP when the IDR is less than 0.5%, 
between 0.5-1.5%, and more than 1.5%, and when the RDR 
is 0%, between 0.0-0.5%, and greater than 0.5%. As indi-
cated in Table 4, the 18st-PHFD, 18st-SRMF, 22st-PHFD, 
and 22st-SRMF models’ structural performance levels for 

Table 5. The model’s structural performance level under 10 earthquakes for RDR ratio

22st-PHFD22st-SMRF18st-PHFD18st-SMRFGround 
motions MCE LevelDBE LevelMCE LevelDBE LevelMCE LevelDBE LevelMCE LevelDBE Level

S.P.
level

RDR 
(%)

S.P.
level

RDR 
(%)

S.P.
level

RDR 
(%)

S.P.
level

RDR 
(%)

S.P.
level

RDR 
(%)

S.P.
level

RDR 
(%)

S.P.
level

RDR 
(%)

S.P.
level

RDR 
(%)

LS0.06LS0.04LS0.33LS0.25LS0.03LS0.04LS0.47LS0.31Northridge
LS0.04LS0.04LS0.38LS0.09LS0.03LS0.01LS0.22LS0.15Turkey (Duzce)
LS0.07LS0.03LS0.21LS0.17LS0.02LS0.01LS0.24LS0.30Hector Mine
LS0.07LS0.04LS0.54CP1.23LS0.02LS0.01CP1.39LS0.35Imperial Valley
LS0.04LS0.01LS0.18LS0.19LS0.01LS0.02LS0.25LS0.12Japan (Kobe)
LS0.19LS0.16CP2.38CP1.95LS0.08LS0.08CP1.33LS0.94Turkey (Kocaeli)
LS0.17LS0.08LS0.61LS0.52LS0.12LS0.05CP1.13CP1.16Landers
LS0.03LS0.02LS0.35LS0.16LS0.02LS0.01LS0.37LS0.25Loma Prieta
LS0.04LS0.03CP1.18CP1.05LS0.04LS0.02CP1.02LS0.74Superstition Hills
LS0.02LS0.01LS0.56LS0.30LS0.04LS0.03LS0.47LS0.29Italy (Friuli)

Table 4. The level of structural performance of models subjected to 10 earthquakes for the ratio of IDR 

22st-PHFD22st-SMRF18st-PHFD18st-SMRFGround 
motions MCE LevelDBE LevelMCE LevelDBE LevelMCE LevelDBE LevelMCE LevelDBE Level

S.P.
level

IDR 
(%)

S.P.
level

IDR 
(%)

S.P.
level

IDR 
(%)

S.P.
level

IDR 
(%)

S.P.
level

IDR 
(%)

S.P.
level

IDR 
(%)

S.P.
level

IDR 
(%)

S.P.
level

IDR 
(%)

LS1.45LS0.85CP2.37LS1.34LS0.96LS0.57CP2.27LS1.30Northridge
LS1.28LS0.84CP2.09LS1.24LS0.95LS0.61LS1.97LS1.22Turkey (Duzce)
LS1.42LS0.88CP2.48LS1.44LS1.08LS0.68CP2.42LS1.62Hector Mine
LS1.23LS0.77CP7.63CP3.82LS0.83LS0.51CP4.45CP2.47Imperial Valley
LS1.18LS0.76CP2.19LS1.33LS0.68IO0.44LS1.94LS1.20Japan (Kobe) 
CP2.09LS1.29CP4.34CP2.87LS1.28LS0.71CP3.72CP2.97Turkey (Kocaeli)
LS1.49LS0.78CP2.90CP2.41LS0.91LS0.51CP3.13CP2.47Landers
CP1.65LS1.22CP3.37CP2.72LS1.24LS0.78CP3.80CP2.52Loma Prieta
CP1.60LS1.13CP4.62CP4.07LS1.29LS0.81CP6.06CP3.45Superstition Hills
CP1.71LS1.18CP2.80LS1.83LS1.27LS0.79CP2.73LS1.97Italy (Friuli)
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the IDR of the DBE seismic level are (LS 50%, CP 50%), (CP 
0%, LS 100%), (LS 50%, CP 50%), and (CP 0%, LS 100%), 
respectively, and for the level of MCE seismic, they are (LS 
20%, CP 80%), (CP 0%, LS 100%), (LS 0%, CP 100%), and 
(LS 60%, CP 40%). It was discovered that whereas frames of 
RC with PHFD dampers gave 100% of the acceptable struc-
tural performance level, standard RC frames at the DBE 
seismic level only offered 50% of that level. Additionally, for 
RC frames with and without PHFD dampers, the suitable 
structural performance level at the seismic level of MCE is 
equivalent to 0–20% and 60–100%, respectively.

The RDR ratio’s structural performance level for the 
18st-PHFD, 18st-SRMF, 22st-PHFD, and 22st-SRMF mod-
els included (LS 100%, CP 0%), (CP 10%, LS 90%,), (CP 0%, 
LS 100%), and (LS 70%, CP 30%) at the level of DBE seis-
mic, and (LS 100%, CP 0%), (LS 60%, CP 40%), (LS 100%, 
CP 0%), and (LS 80%, CP 20%) at the level of MCE seis-
mic. For all seismic intensities and models, the RC frames 
with PHFD dampers achieved 100% of the level of targeted 
structural performance. However, standard RC frames, 
despite offering 60–80% and 70–90% of the structural per-
formance at the MCE and DBE seismic levels, respectively, 
have a residual drift of more than 0.5%, which places the 
structure in an unfavorable position to handle subsequent 
earthquakes (Table 5).

CONCLUSION

Using the performance-based plastic design technique, 
two high-rises, 18- and 22-story reinforced concrete build-
ings were constructed, either with or without PHFD damp-
ers, to investigate the potential benefits of a hybrid friction 
damper with SMA wire in decreasing the seismic response 
of tall reinforced concrete buildings. The RC frames and 
the PHFD damper’s interactions were taken into account 
during design. The study compared the temporal histo-
ries of ten far-field earthquakes with models. The findings 
revealed a decrease in all major indicators, such as the IDR 
(inter-story drift ratio) and the RDR (inter-story residual 
drift ratio). Specifically, the mean IDR of RC frames with 
PHFD dampers was found to be 55-70% lower compared 
to conventional RC frames. Additionally, the IDR distribu-
tion displayed more consistent behavior at different heights 
of the frames. The average maximum RDR may be signifi-
cantly reduced by 82%–97% when using a PHFD damper 
in RC frames as opposed to conventional RC frames. With 
consideration for the recommended constraint for SMA 
wires (strain below six percent to estimate the length and 
strain comparable to the inverted distortion yield strain for 
an ideal mechanism with a friction damper), this decrease 
happens when the design that is the performance technique 
is applied. RC frames with a PHFD damper not only have 
the maximum energy dissipation capacity, but they also 
have a respectable reversibility capacity.
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