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1. Introduction

Severe natural threats with low probability are significantly threatening for economic stability and public
safety. In order to decrease the direct/indirect damage caused by these natural disasters, various design
approaches and management strategies have been presented in the technical literature of structures and
earthquakes [1-3]. Since the strong ground motions are considered one of the greatly catastrophic natural
threats, scholars have proposed a variety of design methods for different buildings for reducing
earthquake damage [4-8]. From the perspective of researchers, base isolation is one of the most
appropriate approaches among design methods for controlling or protection of buildings and other
structures from severe damage of strong ground motions. This method is mainly based on the idea of
separating structures from lateral motions of earthquakes, which considerably reduces forces induced by
earthquake and enhances the seismic behavior of structures [9]. Seismic isolation relies on a flexible
device mounted on the base of structures to elongate the natural period of the structures to the low-
acceleration region of the design spectrum. Therefore, less design forces elastically are dedicated to an
isolated building, leading to elimination or reduction of structural damage in comparison to conventional
building (with fixed base) with inelastic response-based design. Furthermore, enhanced protection of
nonstructural components, building contents, and augmented energy dissipation and/or re-centering
capability will be feasible in isolated structures through lower floor accelerations [10,11]. There are many
isolated structures designed and evaluated based on the ASCE/SEI 7-10 [12] and ASCE/SEI 7-16 [13]
requirements. According to the superstructures’ lateral force-resisting system, these standards suggested
R-factors ranging between 1.0 and 2.0. The superstructure must be designed considering all relevant
requirements for non-isolated structures [12]. However, it is possible also to select the conventional steel
ordinary concentrically braced frames for the superstructure [13]. Substantial structural participation in
the first modes of the isolated structures is obtained through the flexibility of the moment-resisting frames
[14]. Thus, the following issues are raised:

(1) Can ordinary and intermediate RC isolated moment-resisting frames exhibit acceptable performance
in severe earthquakes?

(2) In terms of seismic responses, e.g., peak story drift, peak floor acceleration, base shear, and plastic
rotation of elements, what are the achievements of isolated structures with varying ductility levels in the
superstructure?

Although the isolated moment-resisting frames with varying levels of ductility have somewhat different
R-factors, the frames are designed according to the various requirements, including joint shear strength.
Therefore, it seems essential to evaluate their seismic responses. The answers of the above mentioned
questions can be achieved in some studies [15—-19]. A key result for an isolated building in these studies is
that accumulation of the ductility demands in the superstructure on yielding is quicker than a similar
fixed-base structure [14]. For improving the seismic functioning of vital structures, e.g., hospitals, base-
isolation systems should be considered in their design [20]. Consequently, the seismic susceptibility of
i1solated and fixed hospitals was evaluated by Mazza et al. [21] and shaking tables and numerical tests
were compared. This study aimed to evaluate a hospital setting, focusing specifically on assessing and
categorizing the functionality of essential medical equipment and nonstructural components. To this end,
two scaled models were developed with isolated and fixed bases — representing the hospital structure- and
shaking table tests were applied at the University of Kyoto. The conventional laminated elastomeric
bearing isolators are used as efficient technologies in protection of civil structures against earthquake.
However, they generally have large sizes and are heavy and costly. Thus, Ghorbi and Toopchi-Nezhad
presented a modern hollow circular (HC) fiber-reinforced elastomeric isolators for lightweight structures
by [22]. They introduced a preliminary design and analytical investigation of isolators. According to
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research findings, lighter weight and lower material volume of the HC isolator brings about economic
advantages. Unreinforced masonry (URM) structures are among highly vulnerable buildings in
earthquakes. Losanno et al. [23] examined the seismic fragility of base-isolated URM structures supplied
with recycled and classical rubber bearings in Himalayan regions. They reported a considerable decline in
vulnerability of isolated models. Moreover, recycled-rubber fiber-reinforced elastomeric isolators show
superior performance compared to classical laminated rubber bearings. Belbachir et al. studied improved
response of residential RC structures equipped by an innovative base isolation methodology [24]. They
examined the influence of Fluid Viscous Dampers (FVDs) on the process of changing seismic responses
of a short isolated residential RC structure by high—damping rubber bearings. This study offers valuable
insights for engineers regarding construction of resilient structures in the seismically active zones. Ding et
al. [25] studied the inelastic and elastic seismic response of non-structural elements of 3, 5, and 7 story
steel moment framed under a wide range of far- and near-field ground motions. In our study, some
relations were presented to anticipate the inelastic displacement ratios based on the results of sensitivity to
viscous damping and strain hardening. Kasai and Chimamphant [26] compared the seismic behavior of
nonstructural elements in isolated structures and fixed-based buildings. It was claimed that isolated
structures with longer period exhibit less floor acceleration and drift ratios.

Nie et al. examined dynamic properties and seismic functioning of a single-layer cylindrical grid shell
structure [27]. For this purpose, they considered different seismic isolation layouts involving the
establishment of layered rubber bearings and new 3D isolation bearings. Considering that extended-
duration velocity pulses result in unpredicted seismic demands of isolated structures, Sreeman and Roy
[28] investigated the performance of isolated structures with a shape memory alloy-based friction
pendulum system (FPS) subjected to near-fault earthquakes. This study showed that the optimal shape
memory alloy-based FPS causes an essential decline in the bearing displacement in comparison to the
FPS. The collapse of isolated structures in comparison to fixed base ones was evaluated by Kitayama and
Constantinou [29]. A 2D 6-story steel model was employed to assess the seismic collapse functioning in
fixed and isolated structures with steel Special Moment-Resisting Frame (SMRF), Special Concentric
Brace Frame (SCBF), and Ordinary Concentric Brace Frame (OCBF) lateral-resisting systems. For
constant behavior coefficient (R), it was shown that the probability of collapse reduces with increment of
displacement capacity. Zhang et al. (2023) implemented three-layer isolation systems in elevated
buildings and evaluated their seismic response [30]. They demonstrated that the triple-layer isolation
device in the studied shear structures outperforms the double-layer and single-story isolation devices
under rare earthquakes. Moreover, many studies have assessed 2D models for the seismic performance
evaluation [26-29]. 3D models are needed because 2D models cannot provide a precise description of the
actual behavior of isolated buildings. Furthermore, the requirements of the previous version of [13] have
been used for designing the isolated structures in various studies. However, since these codes have been
developed during recent years, there are a few comparative evaluations on isolated RC moment-resisting
frames that have been designed based on [13].

It seems that a comparative 3D investigation is required to examine seismic behavior of isolated and fixed
RC moment-resisting structures considering different ductility levels. DFPB is selected for assessing
seismic behavior of isolated and fixed structures, as proposed by different scholars. DFPB is an enhanced
version of the FPS that has been extensively employed in recent periods because of the suitable seismic
functioning [31]. Despite introduction of new generation of friction pendulum bearings to the literature
for attaining high energy dissipation capacity, it is still required for carrying out a more complete
investigation on DFPB. In our work, the impact of ductility level on the seismic behavior of isolated and
fixed structures containing RC moment-resisting frames is evaluated using nonlinear dynamic analysis.
Hence, three story RC models with fixed and isolated bases and considering ordinary, intermediate, and
special ductility are designed. 3D models are implemented in Open Sees software [32] that is appropriate
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finite element software for numerical analysis. These models (6 cases) are assessed under 20 pairs of
strong ground motion records with 2475-year return periods, which have been scaled based on [13].

After determination of the response spectrum (with 5% damping) for isolated buildings, the Square Root
of Sum of Squares (SRSS) was computed for response spectrum for two horizontal components. Seismic
scenarios were scaled to align with the target spectrum within the interest period range, defined from
0.75TM (based on the upper bound) to 1.25TM (based on the lower bound isolation system features). For
periods within this range, the average of 20 SRSS combinations was greater than or equal to the Risk-
Targeted Maximum Considered Earthquake (MCER) spectrum. For the conventional structures, the
maximum of the two horizontal components was considered instead of SRSS. Thus, a maximum-direction
spectrum extracted based on two horizontal components of ground motion for each pair. Based on the
same scale factor, which has utilized for two horizontal components, ground motions are scaled so that
the average of the maximum-direction spectra from all scenarios equals or greater than the target response
spectrum in the period span of 0.2T to 2.0T (T = the maximum fundamental period of structure), which
should consist the periods needed for more than 90% mass participation in two directions of the structure.
For periods within the specified range, the average of 20 spectra is greater than 0.9 times the MCEr
spectrum [13]. Table 1 reports the scale factors for ground motions. Seismic responses of studied models
are calculated in terms of base shear, plastic rotation of columns, maximum floor acceleration, and peak
story drift.

Table 1. The scale factors of the strong ground motions.

Building Scale factor
OMRF 1.0000
Conventional IMRF 1.0000
SMRF 1.0000
OMRF 1.0010
Base-isolated IMRF 1.0010
SMRF 1.0373

2. A brief review of DFPB

DFPB has a joint slider sliding on two steel spherical surfaces. Low-friction materials, such as
Polytetrafluoroethylene (PTFE), coat the slider. This material can slide on the spherical surface [31]. The
sliding system usually presents changes in its response in two major phases: (1) the phase of sticking, and
(2) the phase of sliding. In first phase, one or both velocity components are very low or zero, while
motion starts in both directions in the second phase. Sliding begins at the primary movement of the
sliding reversals and isolator (stick—slip phase), and extent of the static friction coefficient related to these
instances is considerably greater than the extent when the isolator slides [33]. The capacity for enduring
greater horizontal displacement is the main advantage of DFPB over the isolator with a single friction
pendulum (SFPB). It is a system containing two plates at the bottom and top of the stainless steel, with
the bottom plate having a radius of curvature, R; and the coefficient of friction, pi, and the top plate
having a radius of curvature, R> and the coefficient of friction, p> (Fig. 1).
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Fig. 1. Double friction pendulum bearing (a) identical plates, (b) non-identical plates [31].

The distribution and cost of displacement between sliders were decreased by using a similar coefficient of
friction for two plates. The overall behavior of the isolator is due to the combination of two different
slides on two different surfaces, where the sliding order has an important impact on the overall
performance. The hysteresis curve of this isolator includes three steps.

Step 1: No motion occurs until the lateral force is less than the isolator plates’ friction force. As the lateral
force increases and reaches the plate’s friction force with a smaller friction coefficient, the slide at this
plate will begin.

Step 2: As the lateral force increases and attains the friction force of the plate with a larger friction
coefficient, the second plate displacement begins. At this moment, displacement has reached a certain
amount. With the onset of the second phase and increasing displacement, the slide occurred
simultaneously on the two plates and this phase stops when the slider touches the displacement retainer of
each plate.

Step 3: Third phase starts after the slider meets the displacement retainer, and the slide only occurs at the
plate where the slider has not hit its displacement retainer. At this phase, loading of the first plate with a
lower friction coefficient may occur before loading of the second plate with a higher friction coefficient
(Phase III(a) in Fig. (2) or vice versa (Phase III (b) in Figure (2). In the present study, DFPB with similar
friction coefficient and radius for two plates are used.

Sliding Regime TTI(b):
Uy oy > Uy + 2Rpﬁg (pﬂ-l“ll)

Horizontal Force
1

—O0— Sliding Regime III(b)
Sliding Regimes I - I1I(a)

Total Displacement, u

Fig. 2. Hysteresis curve of double friction pendulum bearing in three different steps [31].
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3. Studied models

3.1. Design of the studied buildings

In this paper, we considered three story buildings, which had been assessed in the NEES-TIPS project
[34], with the difference that the RC moment resisting system was selected for all frames. The length of
spans and height of stories were reduced according to Fig. 3. It should be noted that this building has been
used in different studies, e.g., [10,14,35,36]. Six models with isolated and fixed bases were developed in
accordance with ASCE/SEI 7-16 [13] and ACI 318-14 requirements, and the intermediate, special, and
ordinary ductility levels were considered.

3@3.4m

Fig. 3. Visual schematic of the studied buildings with fixed and isolated bases: 3D view.

Since these office models were in Los Angeles, California (Longitude -118.25, Latitude 34.05), D class of
soil, importance factor equal one (I=1.0), and second occupancy category were considered. For this
location, spectral acceleration at period of 1s (S1) and short periods (Ss) are 0.703g and 1.974g, according
to the USGS site [37] (g denotes gravity acceleration). The site coefficient values were assumed as F,; =
1 and F, = 1.7. The concrete’s compressive strength was considered 28MPa, and the reinforcement type
was assumed as A615G40 with the yield strength of 340MPa and the ultimate strength of 500MPa. Table
2 presents the structures’ response modification factors. The allowable story drift was considered 1.5%
and 2.5% of story height for buildings with isolated and fixed bases, respectively. For the isolation
system, Double Friction Pendulum Bearings were used. The isolation systems and base-isolated structures
were designed using an iterative process [38].

Table 2. Response modification factors.

Building Response modification coefficient (R)
OMRF 3
Conventional IMRF 5
SMRF 8
OMRF 1.125
Base-isolated IMRF 1.875
SMRF 2

The procedure presented by Constantinou et al. [39] was used to calculate upper and lower limits of p (the
friction coefficient of plates of isolators). Based on Eq. 1, the maximum isolation system displacement is
calculated at the rigidity centre at the MCER spectrum (Dy,):

gSm1T
Dy = #}MM (1)
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Where S, = 1(s); Ty= effective isolation period; By= modification coefficient of spectrum for
damping. The total maximum D,, at MCERr spectrum (D7), including the displacement caused by
accidental and actual torsion, was obtained based on Eq. 2:

12
Dr = b |1+ () 253 ®

Where y denotes the space between the rigidity centres of all isolators and the particular element vertical
to the direction of the studied seismic loading [in. (mm)]; e is considered as the sum of the measured
actual and accidental eccentricity in plan between the centre of the structure mass above the isolation
level and the rigidity centre of the isolation system; b and d are dimension of plan; Py is the effective
ratio of the translational to torsional period of the isolation system. Equations 3-5 were used to obtain the
minimum lateral seismic force to design structural components under the level of the base, isolation
system, and foundation (V;), and the minimum and unreduced lateral seismic design force for structural
components beyond the base level (Vs and V;):

Vy = ky Dy (3)
— Vst
V=2 4)

(1-2.56m)
W,
) 5)

Ve = Vi (32
Where W, shows the structure’s effective structural seismic weight beyond the isolators, except the
effective seismic weight of the base level; k,, denotes the effective stiffness of the isolation system at D,;
R; is the superstructure’s response modification factor; ), is the effective damping, and W is the
effective structural seismic weight above the isolators. Columns and beams of the case studies were
designed based on the distributed minimum lateral seismic design force over the structure’s height above
the base level. Parapet and wall dead load were 4.81 and 3.92 kPa, respectively. Dead and live loads were
2.55 and 0.96 kPa for roof. Live and dead loads were 2.4 and 2.01 kPa for other floors. The floors were
composite with metal decks. Partitions live load and snow load were 1.45 and 0.23 kPa. The effective
seismic weights of structures and the final section of structural components are presented in Tables 3 and
4. Figure 4 presents the columns’ reinforcement details. Table 5 presents the final design values of base-
isolated buildings and isolation systems.

Table 3. Effective seismic weight of the fixed and isolated models.

Effective seismic weight (kN)

Building Base level First floor Second floor Th(i::)iof})oor Total
OMRF - 11354.78 9688.79 6165.95 27209.52
Fixed-base IMRF - 9968.87 10057.05 6165.95 26191.87
SMRF - 8620.62 8476.71 4970.99 22068.32
OMRF 9095.1 9445.79 7640.22 4970.99 31152.11
Isolated IMRF 8977.66 9118.64 7584.56 4881.01 30561.88
SMRF 8105.79 8319.43 7130.2 4483.84 28039.26
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Table 4. Final cross sections of structural components.

Sections of the beams Fixed-base building Isolated building
and columns OMRF IMRF SMRF OMRF IMRF SMRF
Beams in — — — B50x45cm  B50x50cm B45x40cm
Base x-direction
level  Beams in — — — B50x50cm  BS50x50cm B45x45cm
y-direction
Beamsin = poo coem  BSSxS0cm  B4Sx4Scm  BSOxd4Sem  BS0xS0cm B45x40cm
x-direction
First — Beams in B60x60 B55x50 B45x45 B50x50 B50x50 B45x45
floor y-direction
Column C65x65cm C55x55cm C45x45cm C60x60cm C50x50cm C50x50cm
oumns (28028) (20028) (16925) (24028) (20928) (20928)
Beamsin = posisoom  BSSxSSem  B4Sx4Scm  B35x35em  B40x40cm B35x35cm
x-direction
Second Beg ms .1n B55x50cm B55x55cm B45x45cm B40x40cm B40x40cm B40x35cm
floor y-direction
Columns C55x55¢cm C55x55cm C50x50cm C50x50cm C40x40cm C40x40cm
(2028) (2028) (20D28) (2028) (1225) (1225)
Beamsin - pio 4sem B4sxdSem  B35x35cm  B35x35em  B35x35cm B30x30cm
x-direction
. Beams in
Third . . B45x45cm B45x45cm B35x35cm B35x35cm B35x35cm B35x30cm
y-direction
floor
(roof) C30x30cm
Columns C45x45cm C45x45cm C40x40cm C40x40cm C35x35cm (8d25),
(16D25) (16D25) (1225) (1225) (1225) C35x35cm
(12925)

Despite some uncertainties, finite element (FE) modelling is still known as a robust instrument to evaluate
the behaviour of structural elements under different loading conditions [40-42], the 3D-models of six
structures were implemented in Open Sees software [43]. The mass of stories was concentrated in the
centre of mass. Rigid diaphragm constraint was considered for slabs and modelled with the “rigid
Diaphragm” [32] command in the software.

28028
24525
20528
cpooopod
o o | T12@100 16028 000000
- M 000 o0 o o o | $12@100
E o oL Bizet00 [T . o
Q { o lepize100 | ° } O lapizeico | © o 0120100 | o o
a l 5] o |I Q (o] 1 O |a%12@100 fe] O |4T12&100
O s) O [o] o o] O o
olbolboboo oo oooo o000 o 0000000
CE5xE5 (28]28) C35x55 (20028) C45x45 (16025) CE0x60 (240D28)
20028
12025 12025

o000 T128100 85

o o

(o] f Q 4&12@1&0 ° o ﬂnza]m QO O-0

o 1 S fe) O o 4 T12@100 R

o o | | 9 zpizerco o | o 2B12@100 o o |U128100

O 00 o000 o o o o o0 o0 o o o
C50x50 (20028) C40x40 (12025) C35x35 (12025) C30x30 (8025)

Fig. 4. Reinforcement details of columns.
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Table 5. Summary of design of isolated buildings and isolation systems.

OMRF IMRF SMRF )
Parameter Unit
Lower bound Upper bound Lower bound Upper bound Lower bound  Upper bound
u 0.0685 0.1148 0.065 0.1153 0.07 0.1176 —_
Dy 0.61 0.45 0.62 0.45 0.64 0.47 m
Resr 2 2 2 2 2.6 2.6 m
key 19074.28 235233 18485 23111.57 13851.12 17800.11 kFN
Ty 2.564 2.309 2.58 2.307 2.855 2.518 s
Bu 0.1168 0.2151 0.1103 0.2157 0.141 0.2509 %
Dyy 0.7015 0.5175 0.713 0.5175 0.736 0.5405 m

The material “Concrete01” [32] was used for the modelling of concrete, and “ReinforcingSteel” was
employed for rebar [44—46]. The rebar’s ultimate strength and yield strength were considered 500 and 340
MPa. Force-based nonlinear beam-column element "element forceBeamColumn" with five integration
points as distributed plasticity was selected for implementation of all beams and columns. Similar to
[47,48], the rectangular sections with fibre sections were designated for columns and beams in all models,
which considered the relations between moment and axial force at every analysis step. Rayleigh damping
[49] was used for all buildings. Rayleigh damping is calculated by Eq. 6:

¢ = ay[M] + BrlKcurrent] + Brinit[Kinitl + Brcomm [Kiastcommit] (6)

Where [M], [Kcurrentls [Kinicl> and [Kigstcommic] are the mass matrix, current stiffness matrix, initial
stiffness matrix, and last committed stiffness matrix, respectively, and ay, Bk, Brinit> a0d Bxcomm are the
factors of these matrices, respectively, obtained from Eq. 7 and 8.

_ 2$a)iwj
aM - wi+a)j (7)
__ 2
ﬁ - wi+a)j (8)

3.2. Implementation of models

In the current work, Sy and Sxcomm Were set to zero. For the first two modes in structures with isolated
bases, we set mass proportional term to zero, and only stiffness proportional damping was applied instead
of Rayleigh damping [50]. We also used the "integrator Newmark 0.5 0.25" and "algorithm Newton" for
nonlinear time history analysis.

3.3. Modeling of isolators

The DFPBs were installed separately beneath each column. The “element single FPBearing” was selected
for isolators while torsional, moment direction, and axial direction materials of isolators were considered
by “uniaxial Material Elastic” and “uniaxial Material ENT” (Elastic, no Tension), respectively [32]. For
modeling of isolators, a “Zero Length element” was described between two nodes with the same
coordinates described beneath each column. Among different types of coefficients of friction for the
frictional isolators (velocity dependent, axial and velocity force dependent, constant, pressure and
velocity-dependent and multi-linear velocity), the velocity dependent case was selected and assigned by
“frictionModelVelDependent” [32], which can be calculated based on Eq. 9 [51]:

U= HUrast — (Aufast - AuSlOW)' e~ )
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Where @ = velocity at the sliding interface; a = a rate parameter; Usqqr and [ig,, and = friction
coefficient at a fast and slow velocity. The above parameters were considered in the current study:

Hpast = I Hstow = 0.5¢ a =250
In the above parameters, p denotes the friction coefficient calculated from designing isolation systems.
The results of the experiment presented in [31] were employed to validate the model used for the DFPBs.
The characteristics and configuration of the experiment were modelled analytically. Fig. 5 compares the
results of our analytical modelling with the experimental research, showing a good fit. Table 6 presents
the elements used in OpenSees for modelling both fixed-base and isolated buildings.

4. Seismic scenarios

20 pairs of strong ground records were obtained from the PEER center for conducting nonlinear time
history analysis [52]. The selected records had magnitude range of 6-7.35 (Table 7) for soil class D. In
addition to two horizontal elements of the records, vertical element was employed for analysis, according
to [13]. These pairs of horizontal ground motions are identical to records employed in NEES-TIPS project
[34], which were scaled to the MCERr spectrum of [13] in the current work. The amplitude method was
applied for scaling selected records of ground motion [13].

a) Analytical b) Experimental

0.2 0.2
= 0.15 0.15
< 01 0.1
8 0.05 2 005
2 =3
z 0 8 0
§ -0.05 2 -0.05
5 -0.1 % 0.1
T 015 S 015

0.2 2 02

-200 -100 0 100 200 2200 -100 0 100 200

Total Displacement, u (mm) Total Displacement, u (mm)

Fig. 5. Validation of DFPB modeling, (a) Our results, (b) Results from [31].

Table 6. Elements utilized in Open Sees.

No. Open Sees Element Discerption
1 rigid Diaphragm Rigid Diaphragm
2 Concrete01 Concrete Material
3 Reinforcing Steel Rebar Material
4 element force Beam Column Concrete Beam and Column
5 element singleFPBearing FPB Element
6 uniaxial Material Elastic FPB Material in Moment Direction
7 uniaxial Material ENT FPB Material in Axial Direction
8 frictionModel Vel Dependent Coefficient of Friction of FPBs

The response spectrum with 5% damping was calculated for isolated models using normalized
components. In the following, the SRSS of response spectrum was determined for horizontal elements.
With scaling the seismic scenarios, an MCERr was met in the desired range of period, which was specified
as 0.75T),. It was computed by upper limit of characteristics of isolator to 1.25T,, from their lower bound
[38]. For these periods, the average of 20 SRSS of records was greater than one time the MCER
spectrum. The maximum horizontal component is applied rather than SRSS in the conventional
structures. Fig. 6 shows the earthquakes’ mean spectrum in comparison to the standard spectrum.

10
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5. Results of nonlinear dynamic analysis

We carried out the nonlinear time history analysis for all studied models under 20 pairs of ground motion
records. For each desired seismic result, related parameters, such as the peak story drifts at the corner of
story, the peak floor accelerations at the center of mass, the base shear of the buildings and the plastic
rotation of columns, and the maximum values were determined, and the average values were given for the
buildings. Since many seismic responses were obtained from nonlinear dynamic analysis, the 84"
percentile was utilized to obtain seismic responses along with the average values. The 84" percentile was
described as X + o where X, and o0 were mean and SD, respectively and determined by Eq. 10 and 11
[14].

n
- i=1 Xi
X === (10)
T
S —— (11)
Figures 7, 8, and 9 indicate the time history graphs for Kobe earthquake.
Table 7. Characteristics of pairs of horizontal ground motion.
No . . m
Name Year Station M Mechanism ~ Rjp(km) Ry, (km) Vs, (T)
1 Tabas, Iran 1978 Dayhook 7.35 Reverse 0 13.94 471.53
2 Imper‘%16va”ey' 1979 Cerro Prieto 6.53  strikeslip  15.19  15.19  471.53
3 San Salvador 1986 Geotech Investig Center 5.8 strike slip 2.14 6.3 489.34
4 San Salvador 1986 National Geografical Inst 5.8 strike slip 3.71 6.99 455.93
5  LomaPrieta 1989 APEEL 7 — Pulgas 6.93  Reverse .6 4186 41527
Oblique
6  LomaPricta 1989 BRAN 693  Reverse 385 1072 476.54
Oblique
7  LomaPricta 1989 LGPC 693  Reverse 0 388  594.83
Oblique
8  LomaPrieta 1989 Saratoga - Aloha Ave 693  Reverse 7.58 8.5 380.89
Oblique
9  LomaPrieta 1989 WAHO 693  Reverse 11.03 1747 38833
Oblique
10 Northridge-01 1994 Beverly Hills - 12520 Mulhol 6.69 Reverse 12.39 18.36 545.66
11 Northridge-01 1994  ‘ensen Filter Plant Administrative ¢ 65 p oy 0 543 373.07
Building
12 Northridge-01 1994 Sunland - Mt Gleason Ave 6.69 Reverse 12.38 13.35 402.16
13 Northridge-01 1994 Sylmar - Converter Sta East 6.69 Reverse 0 5.19 370.52
14 Kobe, Japan 1995 Nishi-Akashi 6.9 strike slip 7.08 7.08 609
15  Duzce, Turkey 1999 Lamont 1058 7.14 strike slip 0.21 0.21 529.18
16  Duzce, Turkey 1999 Lamont 1059 7.14 strike slip 4.17 4.17 551.3
17 Duzce, Turkey 1999 Lamont 1061 7.14 strike slip 11.46 11.46 481
18 Parkféid'oz’ 2004 Parkfield - Cholame 3E 6  strikeslip 495 555  397.36
19 Parkf('ljid-OZ, 2004 Parkfield - Gold Hill 4W 6 strike slip 7.74 8.27 421.2
20 Parkféeid-OZ, 2004 Parkfield - Gold Hill 5W 6 strike slip 11.11 11.52 441.37
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Fig. 6. The mean spectrum of the earthquakes compared to the standard spectrum (a) Fixed-Base Buildings, (b)
Isolated Buildings.

5.1. Peak floor accelerations

84" percentile and average of peak floor acceleration are presented in Fig. 10 for three-story buildings.
The results show that whether in the average or the 84™ percentile in buildings with fixed-base, the peak
floor acceleration of the second floor in the OMRF, IMRF, and SMRF structures are nearly equal (OMRF
building slightly larger than the other two), but for the first and third floor (roof) the relation for this
seismic response is SMRF > IMRF > OMRF, with a slight difference; for example, peak floor
accelerations in the x-direction in the first floor are 0.31g and 0.44g in fixed-base OMRF and SMRF,
respectively. In the fixed-base models, the peak floor acceleration for different ductility levels increased
with the number of stories. However, in the isolated models, the values of peak floor accelerations are
approximately equal in all three buildings. The floor acceleration of the isolated models on the 1% floor is
greater than that of the fixed-base ones, and lesser on the other floors. The results obtained from the 84"
percentile case are nearly 1.5 times those obtained from the average case. The findings imply that the use
of isolators has a positive influence on decreasing peak floor accelerations, and this impact elevates with
increasing the model’s height, reaching 55% on the third floor. Also, ductility level of superstructure has
trivial effect on the floor accelerations in the isolated models. Moreover, the peak floor acceleration in
OMRF and IMRF low-rise buildings with isolated base has proper range the same as the SMRF
superstructure.
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Fig. 7. Time history graph (a) IMRF buildings in x-direction, (b) IMRF buildings in y-direction.
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Fig. 8. Time history graph (a) OMREF buildings in x-direction, (b) OMREF buildings in y-direction.
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Fig. 9. Time history graph (a) SMRF buildings in x-direction, (b) SMRF buildings in y-direction.
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direction, and (d) 84" percentile in the y-direction.
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5.2. Peak ratio of drifts

The peak drift ratio of stories was determined by the nonlinear time history analysis. Then, the average
and 84" percentile values were calculated for the models and reported in Fig. 11. The results show that
the relation of peak drift ratio for different levels of ductility is as SMRF > IMRF > OMREF in the fixed-
base buildings; for instance, peak average drift ratios in the x-direction in the first floor are 0.21% and
0.69% in fixed-base OMRF and SMREF, respectively.

N1/ j\l//f
) /974

N

2 1 g
n [75]
0 0
0.00 0.50 1.00 0.00 020 040 060 0.80 1.00
Drift Ratio (%) Drift Ratio (%)
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Drift Ratio (%) Drift Ratio (%)
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# Fixed Base IMRF Isolated IMRF Fixed Base OMRF Isolated OMRF Fixed Base SMRF Isolated SMRF

Fig. 11. Peak drift ratio (a) average in x-direction, (b) average in y-direction, (c) 84" percentile in x-direction, and
(d) 84™ percentile in y-direction.

In fixed-base models, the difference between peak drift ratios for various ductility levels decreased with
the number of stories. The maximum drift ratio of IMRF and SMRF models are about 100% and 220%
larger than the OMREF building at the first floor, respectively (the maximum difference in both direction),
while these values are 25% and 100% at second floor. The drift ratio of the third floor (roof) in the OMRF
and IMRF buildings is approximately equal and about 40% lower than the SMRF building. In buildings
with isolated bases, this seismic response in the third floor of IMRF and OMRF buildings are
approximately equal and about 40% smaller than the SMRF building. The relation between the results in
the first and second floor of isolated buildings is SMRF > IMRF > OMREF, with the maximum difference
as 50% (in y-direction at third floor). The results obtained from the 84" percentile are about two times
larger than the average case. The peak drift ratio of structures with isolated base reduced from 49% to
80% in comparison to similar fixed-base structures. Also, the OMRF and IMRF superstructures showed a
proper seismic performance, even better than the SMRF superstructure, in the case of peak drift ratio.

5.3. Base shear of the studied models

Figure 12 presents the 84" percentile and average base shear for the studied structures. The average base
shear of the OMRF and IMRF buildings are almost equal and about 35% greater than the SMRF structure
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for fixed-base buildings in x-direction. However, the base shear of the IMRF and OMREF buildings are
about 25% and 40% larger than the SMRF building in y-direction, respectively. However, this seismic
response in structures with isolated base in both y- and x-direction is approximately equal for different
ductility levels. The results calculated from the 84™ percentile are about 1.8 times larger than the average
values. As it is observed, employing DFPB isolators has a positive effect (55% to 77%) on reducing the
structures’ base shear, while the ductility level of superstructure has trivial influence on the base shear in

base-isolated low-rise RC buildings. Also, the isolated OMRF and IMRF buildings present an acceptable
performance.
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Fig. 12. Base shear (a) average in x-direction, (b) average in y-direction, (c) 84" percentile in x-direction, and (d)
84™ percentile in y-direction.

5.4. Plastic rotation of columns

After calculation of the peak plastic rotation of columns, the 84" percentile and average values were
determined for the studied models and reported in Fig. 13. The average plastic rotation of columns of
conventional buildings for the third floor (roof) of the OMRF and IMRF buildings is about 30% and 40%
less than the SMREF, respectively. This response for the second floor in the OMRF and SMRF buildings is
approximately equal and about 30% greater than the IMRF building, and in the first floor of the IMRF
and OMRF buildings, it is about 50% and 70% less than the SMRF building, respectively. Also, this
seismic response in the base-isolated models for the third floor of the IMRF and OMRF buildings is 20%
and 65% lower than the SMRF buildings, respectively. For the second floor, the result of IMRF and
OMREF buildings is about 10% and 70% less than the SMRF superstructure, respectively, and for the first
floor of the three isolated buildings, it is nearly equal. Using DFPB significantly affects the reduction of
the plastic rotation of columns, where this effect is higher than 90% in all cases. Even, in some studies,
this effect has been reported as about 100%.
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Fig. 13. Plastic rotation of columns (a) average in x-direction, (b) average in y-direction, (c) 84" percentile in x-
direction, and (d) 84" percentile in y-direction.

6. Conclusion

In the current work, the impact of ductility levels was reported as a comparative numerical survey on the
seismic behavior of isolated and fixed RC moment-resisting frames. To this end, we designed 3D models
of the symmetric three-story building, which were implemented in Open Sees software at different
ductility levels (ordinary, intermediate, and special). For the isolation system, a DFPB was selected, and
20 pairs of scaled ground motion records were employed for conducting nonlinear dynamic analysis.
Seismic responses of models, which include peak floor acceleration, base shear, plastic rotation, and peak
story drift of column were calculated and investigated. These conclusions were drawn considering the
obtained results:

e The ductility level of the superstructure influences the columns’ plastic rotation and peak drift ratio
in both fixed and isolated RC moment-resisting frame structures. Peak average drift ratios in x-
direction in first floor are 0.21% and 0.69% in fixed-base OMRF and SMRF, respectively. The
maximum differences in drift ratio between SMRF and OMRF are 50% and 220% for base-isolated
and conventional structures, respectively. The peak difference in plastic rotation of columns is
nearly 70% for both kinds of buildings.

e The ductility level slightly influences the base shear and peak floor accelerations of RC moment-
resisting base-isolated frames, while it has remarkable effect on conventional structures. Peak
average floor accelerations in the x-direction in first floor are 0.31g and 0.44g in the fixed-base
OMRF and SMREF, respectively. The maximum difference between SMRF and OMRF is about 40%
for the fixed-base buildings.

17



S.A. Razavian Amrei et al. Journal of Rehabilitation in Civil Engineering 14-1 (2026) 2107

e Using DFPB has a desirable effect on the seismic responses of RC moment-resisting frame
buildings. The most significant decline of peak drift ratio, peak floor acceleration, plastic rotation,
and base shear of columns was obtained as about 80%, 55%, 75%, and 100%, respectively.

The ordinary and intermediate low-rise isolated RC moment-resisting frames showed suitable
performance for the severe strong ground motions with 2% exceeding in 50 years, the same as the SMRF.
The demands fall within an appropriate range and can be reliably predicted for the seismic scenario.

It is worth noting that the modeled buildings are low-rise structures, and utilizing DFPBs in high-rise
structures with varying ductility levels will bring different seismic responses. In addition, the effects of
shear flexibility in the joint and bar slip have not been considered in this study. Overall, research on the
impact of ductility levels on seismic behavior of isolated buildings can be broadened to include various
areas, like the use of elastomeric isolators, assessing the influence of building height, and performing
analyses to evaluate the collapse performance of these buildings.
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