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ABSTRACT

In this paper the performance of different nonlinear static analysis methods and their accuracy in predicting the seismic
response of structures isolated by sliding base isolators has been compared. For this purpose, first,5 and 10-story isolated
steel structures with special moment frames located in LA, US were designed according to AISC 360, AISC 341, and
ASCE 7 design requirements. In this study, friction pendulum system (FPS) has been used as isolation system. Results of
non-linear static pushover analyses of the models with triangular, uniform, and PSC (Protective Systems Committee)
load patterns, modal pushover analysis (MPA), and N2 method were compared with the results obtained by nonlinear
dynamic time history analysis as a criterion for accuracy in this study. According to the results, it was concluded that in
predicting the story shear responses, pushover analysis with triangular load pattern had accurate response compared to
other studied methods. Also in predicting floor displacement responses and story drifts, pushover analysis under uniform
load pattern, N2 and MPA methods resulted in more accurate responses regarding the other methods. Overall, N2
method had the most accuracy with respect to nonlinear dynamic analysis in predicting story shears, story drifts, floor
displacements and maximum hinge rotations in structures isolated by sliding base isolators.

Keywords: Nonlinear dynamic analysis methods, pushover analysis, load patterns, seismic response, sliding base

isolators.

INTRODUCTION

In recent years, the design and construction methods for
earthquake resistant structures of buildings, bridges, and
other structures in earthquake-prone areas, have been
greatly improved. New methods are mainly based on
structural control. In seismic isolation, structure is placed
on isolators that can have substantial lateral deformations.
In the event of an earthquake, a major translation occurs
at the isolation level(usually at the base), and the structure
moves like a rigid body with small deformations within
the super-structure. Installing an isolator increases the
period and damping ratio in structures, so instead of
increasing the seismic resistance of structures, seismic
demand is reduced (Ozdemir and Constantinou, 2010). In
other words, rather than entering earthquake energy into a
structure and taking measures to deal with it, earthquake
energy is prevented from entering the structure, and is
attenuated in isolation level.

Despite significant reduction in incoming forces and
according to economic considerations, structural response
can be somewhat beyond elastic behavior; therefore, it is
necessary to study the structural behavior beyond its
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elastic limit. Nonlinear analysis of structures is done
using both static and dynamic methods. Between these
two, nonlinear dynamic time history analysis is a better
method to evaluate structural behavior compared to
nonlinear static analysis; however, due to greater
complexity and the high dependency on input ground
motions, it is less used. Recently, nonlinear static analysis
methods have become popular tools in the evaluation of
structures. The amount of computation required is very
less for these methods compared to the non-linear
dynamic analysis ones, which has led to the increasing
use of this method of analysis. In this paper we try to
study the performance of nonlinear static analysis
methods in examining structural behavior with sliding
base isolators. In other words, we want to estimate
seismic response of structures isolated by sliding base
isolators using nonlinear static analysis methods.

MATERIALS AND METHODS

Base isolators

Base Isolation devices are commonly classified into two
types: rubber bearings, and sliding bearings. Although
rubber bearings have been used extensively, but sliding
bearings have also had wide applications, because they
have good performance in a wide range of frequencies,
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Fig. 1. Scheme of an FPS isolator.

and they can considerably limit the transmitted shear
force (Krishnamoorty and Saumil, 2005). One of the
important features of these bearings is that they are not
sensitive to frequency content of earthquake vibrations. In
this study we focus on a type of sliding system called
Friction pendulum system.

Friction pendulum system

In frictional isolation system, superstructure slide on a
spherical surface at the time of occurrence of large
earthquakes. Structure, once the shear force in the isolated
story exceeds the frictional force intended for the
isolators, begin to slide on them, and thus a large seismic
forces to the structure is avoided. Figure 1 shows the
scheme of a Friction pendulum system (FPS) isolator. In
this isolator, restoring force is generated by gravity and
the weight of the structure or by high-tension springs. In
the center of this isolator there is a stainless steel spherical
surface with a high resistance and low friction steel ball
on it.

The radius of curvature of the concave surface determines
the effective stiffness of the isolator and the isolation
period of the structure (Naeim and Kelly, 1999).

Determinant factors for the design of FPS isolator are:
radius of curvature of the concave surface (Rgps), friction
coefficient of spherical surface (), and dimensions of the
isolator: (Chen and Scawthorn, 2003)

Rypg is obtained as:
Rpps =g X5 )

Where g is the gravity, D is design displacement, and Tp
is design target point.

In this regard, effective damping ratio is computed as
follow:

Z

Steel ball

surface

Ceff =2/mtx M/ (pﬁ‘D/ Rerps )

2

Also effective stiffness of the isolator is design
displacement is written as:

. W +;.:H-"

"¢/ T Rees ' D 3)

Where, w represents the weight of superstructure.

Non-linear static analysis

Perhaps the study of non-linear behavior of structures
began by studies of Leibnitzon plastic behavior of fixed
and continuous beams (Baker, 1956), but the use of non-
linear static analysis methods in earthquake engineering
first was developed by Gulkan and Sozen (1974) where
they used single degree-of-freedom(SDOF) system to
study the structural behavior of a multi-degrees of
freedom systems. Later, non-linear static analysis method
was divided into three methods: capacity spectrum
(Freeman et al., 1975), displacement coefficient method
(DCM) (FEMA 273, 1997), and N2 method (Fajfar and
Fishinger, 1988). In all of these methods, structural
capacity is determined by force-displacement relationship
or capacity curve obtained from non-linear static analysis
with an assumed load pattern. For this purpose, base shear
forces and story displacement sturn into spectral
acceleration and spectral displacement of a single degree
of freedom, respectively to compare spectrum demand.
Their difference is mainly related to spectrum demand.
We also have examples of simple non-linear static
analysis methods developed by FEMA-356. Non-linear
static analysis methods have great application. Some of
these applications include validation of the design of new
buildings, seismic rehabilitation of existing structures, and
performance based design. With regard to the
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Fig. 2. Lateral load distribution patterns (a) uniform and (b) triangle.

development of regulations for loading and seismic
design for the next generation based on structural
performance, non-linear static analysis will become more
important over time.

Pushover analysis and its load patterns

Pushover analysis as the first and simplest method of
nonlinear static analysis has won a good position in the
last few years among different related methods. Pushover
analysis is wused to estimate seismic structural
deformations. It is an analysis used to record seismic
responses of a structure and evaluate the performance of
it. By this method we can present pushover curve or
force-displacement relationship for a structure. In this
method first step is to select lateral load pattern.

(1). Inverted triangle distribution (modal pattern);

(2). Uniform distribution;

(3). Load distribution based on linear elastic dynamic
analysis or response spectrum analysis of the building
(Tso and Moghadam,1997)

(4). The adaptive distribution, which is varied as the inter
story resistance changes in each load step (Bracci et
al., 1997)

(5). Distribution proportional to the product of the mass
and fundamental mode shape, which is used initially
until the first yielding takes place. Then the lateral
forces are determined based on the product of the
current floor displacement and mass at each step
(Fajfar and Fishinger, 1988).

(6). A distribution based on mode shapes derived from
secant stiffness at each load step (Eberhard and
Sozwn, 1993).

According to FEMA-356, there should be at least two
lateral load distribution patterns to bound the range of

design actions that may occur during actual dynamic
response.

Uniform and triangular load distributions are obtained
according to equations (4) and (5) and their patterns are
shown in figures 2 and 3.

Uniform load distribution:
Wy

Jr.l. =_——T

Zw; )
Triangle load distribution:

Waiky .
Fa = Ywih, (5)

Where, w, and w; areweights of stories, hy and h;
represents the heights of stories, and V is base shear force.

Pushover analyses with PSC load pattern

The inaccuracy resulted by neglecting inertia at the base
level was investigated by Protective Systems Committee
(PSC) of SEAONC. They proposed the use of an inverted
triangular load pattern over the height of the
superstructure with an additional concentrated force at the
base level proportional to base mass:

Ve — Fp)  WikF
F: — { - R l-r’" - . L '(
Yo wih; (6)
[4S
Fy = =1, o K
Where, © W' ~ and Vo = KegpDy

In above equation, F, is additional concentrated force at
the base level, Vy, is base shear ratio, Wy, is base mass, Dy
represents actual base displacement, K. = effective
stiffness of the selected isolator, and the coefficient k
introduced by ASCE is equal to 1. (Kilar and Koren,
2009).
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N2 method

N2 method is a new non-linear static analysis method first
proposed by Fajfar and Fishinger in 1988, and later
developed by Fajfar (1999) in a displacement-acceleration
format. The basic idea of this method came from the Q-
model of Saiidi and Sozen (1981). It is similar to capacity
spectrum method which has been included in ATC-40.
Their difference is that N2 method uses inelastic spectra,
while capacity spectrum method employs inelastic
spectra. In N2 method, inelastic demand spectra are
determined by finding reduction factors, and using them
in typical smooth elastic design spectrum. Fajfar (2000)
described the steps of N2 method. First we depict elastic
acceleration (S,) and displacement (Sg) spectrum
corresponding to Period T. Then to plot both spectra we
use acceleration- displacement (AD) format. For elastic
SDOF system we have:

T’:
Sde = Sae

aE 4zas (7)
For inelastic SDOF system we have:
T — SG?
Sa =75

)
S:__;.:{, _II_I TE _ I"-zg
“ _R.._’L:F_R;.*Tz_'a?_ktiﬂ': “ )

Where, S, is acceleration spectrum, S, is displacement
spectrum, p is ductility factor, and R, represents
reduction factor because of ductility.To obtain R, , we can
use the formula proposed by
Miranda and Bertero (1994) :

T

)

Ry=(—-1)—+1T < T,

T TTc (10)
RH=:.-:1 =i (11)

where T, is the transition period from constant
acceleration segment of the response spectrum to the
constant velocity segment of the spectrum.

In N2 method, we use following lateral load distribution
formula:
FP}=[ML{®} P, =m®; (12

Where P is vector of the lateral loads, M is the mass
matrix, @ represents assumed displacement shape, m; is
storey mass, and ®; is the i-th level of assumed
displacement shape. (Fajfar, 2000)

Modal Pushover Analysis

Modal Pushover Analysis (MPA) was proposed by
Chopra and Goel (2002) to consider the effects of higher-
mode contributions in predicting final seismic response.
The basis of this method is combining peak modal
responses according to the Square-Root-of-Sum-of-
Squares (SRSS) rule. Capacity curves for each modal
response are created by lateral forces proportional to the
amplitude of mode shape and mass of each floor. The

number of considered modes must have a 90% share of
mass. Here we discuss different steps of this method
according to Chopra and Goel (2002):

(1). Determining the natural period and mode For
linear elastic vibration which is obtained by linear
dynamic analysis of the structure;

(2).  Performing Pushover analysis for each mode, and
plotting base-shear — roof-displacement pushover
curve of the structure for force distribution:

(3) n = m@n (13)

Where m is the mass, ®, represents mode shape, and S,

is force distribution.

(3). Idealization of pushover curve as bilinear
according to FEMA356;

(4). Converting ideal bilinear pushover curve to
relation:

Fsn - D,

Ly (14)

Where, Fg, and L, are resisting forcesand D, is modal
coordinate. By this conversion, we achieve force-
displacement curve. To reach this pushover curve we use
following equations:

Fen _ Vbm
L, M; (15)
-
D, ="
Mér (16)
L, = Zﬂ:;{;:;
=1 (17)
. - Lo, mig
- R, m¢f (18)
_-'IJE = E_,.l_r.-L (19)

In above equations:

M= effective modal mass; U= roof displacement in n-th

mode; D,= displacement of SDF system; ®; = Mode

shape vector for i-th story; m= mass of i-th story; ®,= n-

th mode shape vector.

(5). Computing the peak deformation of the nth-mode
inelastic SDF system using following equation:
(Y=yield values)

LD,

N Feny (20)
(6). Computing peak roof displacement with the nth-
mode inelastic SDF system
(7). Calculating peak target displacement for each
mode using equation (21), and then nonlinearly-
static analysis of the structure;
:"r.-':-'__-. = r"!- Prn- D“. (21)

L -
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(8). Determining the total response by combining the
peak modal responses using the SRSS combination
rule:

nR=1

(22)
Where rypa represents peak value of the total response,
Iy, is value of nth-mode contribution, and j=number of
modes.

After discussing base isolation, base isolators, and
different nonlinear static analysis methods, in next section
we review previous related studies conducted in the
world.

Previous studies

In this section we have a look at the conducted studies on
nonlinear static and dynamic procedures for seismic
response analysis of buildings. Lew and Kunnath (2001)
examined the effectiveness of nonlinear static procedures
for seismic response analysis of buildings. Nonlinear
static procedures were recommended by FEMA 273
document in assessing the seismic performance of
buildings for a given earthquake hazard representation.
Three nonlinear static procedures specified in FEMA 273
were evaluated for their ability to predict deformation
demands in terms of inter-story drifts and potential failure
mechanisms. Their study showed that nonlinear static
procedures are not effective in predicting inter-story drift
demands compared to nonlinear dynamic procedures.
Providakis (2008) investigated the seismic behavior of
steel-concrete composite structures isolated by base-
isolation devices under near-fault earthquake excitations.
The seismic analysis was performed by means of the
static non-linear pushover analysis procedure conducted
on two five-story 3-D buildings with steel columns and
steel—concrete composite slabs. The results of this study
allowed the verification of the adequacy of the attachment
isolation system as well as the comparison of the behavior
of the seismic-protected building with or without bracings
to the unprotected buildings with or without bracings and
beams. Kilar and Koren (2008) examined the usage of a
simplified nonlinear method for seismic analysis and
performance evaluation (N2 method) for analysis of base
isolated structures. They applied the N2 method for
analysis of a fixed base and base isolated simple 4-storey
frame building designed according to EC8. Two
investigated different sets of base isolation devices were a
simple rubber (RB) and a similar lead rubber bearing
(LRB) base isolation system. For each system a Soft,
Normal and Hard rubber stiffness and three different
damping values were used. Kilar and Koren (2011) also
conducted another study on the applicability of N2
method to base-isolated plan-asymmetric building
structures. First some modifications implemented into N2
method such as the new three-linear idealization and

inclusion of isolator damping by reduction factor. They
used the proposed procedure for the seismic analysis of a
base-isolated 4-storey RC asymmetric building isolated
with lead rubber bearings (LRBs).They compared the
results of nonlinear dynamic time-history analyses with
the results of the N2 method in terms of obtained top,
base and relative displacements. Comparisons of the
results of the simplified method with the exact results of
the nonlinear dynamic analyses showed a very good
agreement. According to their findings, the presented
simplified approach might be a valuable tool for design,
analysis and verification of the behavior of symmetric as
well as moderately asymmetric base-isolated structures.

In another study conducted by Fragiadakis et al. (2014),
the applicability of nonlinear static procedures for
estimating the seismic demands of typical regular RC
moment-resisting frames were evaluated. This work,
conducted within the framework of the ATC-76-6 project,
shows the degree to which nonlinear static methods can
characterize global and local response demands vis-a-vis
those determined by nonlinear dynamic analysis for three
RC moment-frame buildings. The response quantities
(engineering demand parameters) considered are peak
floor displacement, story drifts, story shears, and floor
overturning moments. The single-mode pushover methods
evaluated include the N2 and the ASCE-41 coefficient
methods. Multi-modal pushover methods, such as MPA
and the consecutive MPA, were also evaluated. The
results indicated that the relatively good performance of
the single-mode methods observed for low-rise buildings
rapidly deteriorates as the number of stories increases.
The multi-modal techniques generally extend the range of
applicability of pushover methods, but at the cost of
additional computation and without ensuring the
reliability of the results.

Modelling structures

In this study we present a comparison between nonlinear
static analysis (NSA) methods in predicting the seismic
response of structures isolated by FPS base isolator.
These methods are: (1) pushover analysis with uniform,
(2) triangular, and (3) PSC load patterns, (4) N2 method,
and (5) MPA. Also dynamic time history analysis was
conducted on 5 and 10 story structures whose results is a
criterion for accuracy of our study in comparing NSA
methods. It should be noted that in N2 and MPA methods
which use structural modes, we used only the first mode
due to its higher impact. 5 and 10 story buildings with a
symmetric and regular plan, five 5-meter spans in X and
Y direction, and equal story heights of 3.2 meters located
in Los Angeles city, US were designed based on seismic
loading of ASCE 7-10 code given soil type B. Design of
steel structures is based on Load and Resistance Factor
Design (LRFD) method of AISC 360-10 specifications.
Assumed design loads are presented in table 1. Analysis
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and design of the models were performed using SAP2000
v.16 software.

Table 1. Gravity dead and live loads inputs.

Type of Load Loading (kg/m°)
Story live load 200
Story dead load 600
Roof live load 150
Roof dead load 600
Staircase live load 350
Staircase dead load 700
Wall dead load 210

Capacity ratio in all elements was at the range of 0.7 to 1.
Box and IPE sections were used to design columns and
beams, respectively. Also the response modification
factor(R) of the structures, given that the building was
isolated with sliding base isolators, was considered equal
to 2. In table 2, dimensions of the beams and columns in
both buildings are presented.

Table 2. Specification of beams and columns used in the
structures.

5-story building 10-story building
IPE 180 IPE 200
IPE 200 IPE 220
IPE 220 IPE 240
IPE 240 IPE 270
IPE 270 IPE 300
IPE 300 IPE 330
IPE 330 IPE 360
IPE 360 IPE 400
TUBO 100X100X8 IPE 450
TUBO 100X100X10 IPE 500
TUBO 160X160X10 TUBO140X140X10
TUBO 160X160X16 TUBO140X140X20
TUBO 180X180X10 TUBO140X140X25
TUBO 180X180X16 TUBO160X160X20
TUBO 200X200X16 TUBO160X160X25
TUBO 220X220X16 TUBO160X160X28
TUBO 240X240X16 TUBO180X180X25
TUBO180X180X30
TUBO180X180X35
TUBO200X200X25
TUBO200X200X35
TUBO220X220X25
TUBO220X220X30
TUBO220X220X35
TUBO220X220X40
TUBO240X240X30
TUBO240X240X35
TUBO260X260X30
TUBO260X260X35
TUBO260X260X40

Figures 3 and 4 depicts 3D scheme of the structures.

Fig. 4. A 3D view of the 10-stoy structure.

Modeling parameters a, b, ¢, and acceptance criteria:
Building Performance Levels of Collapse Prevention
(CP), Life Safety (LS), and Immediate Occupancy (I0)
were determined based on FEMA 356.

Design of the isolators

FPS base isolators used in the structures were designed
using equations (1) to (3). The design displacement of
isolators Dp , has been estimated using Equation (23). In
this regard, effective period of design displacement Tp, for
5 and 10-story buildings were considered as 3 and 3.5 sec.
respectively. Also, spectral acceleration at 1 sec period
Sp1 was calculated according to ASCE7-10, with respect
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to the location of structures in LA and given soil type,
whose result was 0.67 g. Also, Bp numerical coefficient
relative to effective damping of the isolation system,
given friction factor for the isolators (m,=0.06), was
determined as 1.7.
Dy = 5*5%1 Tp
4m*Bp (23)
Table 3 shows the results for both models.

Time history analysis

For time history analysis, seven pairs of far-field ground
motions were selected. The ground motion records were
obtained from Pacific Earthquake Engineering Research
Center (PEER)strong motion database. The average of the
SRSS spectra for all ground motions is calculated and
scaled to 1.4 times of ASCE7designspectrum for periods
between 0.2Tp and 1.5Tp . For each structure are shown
in table 4. Figures 5 and 6 show a comparison between

Table 3. Properties of selected isolators.

the scaled average of SRSS spectra for seven pairs of
ground motions and 1.4times the design spectrum in both
studied structures.

Comparison of NSA methods

In order to compare NSA methods, we used the average
value of peak base displacement obtained from time
history analyses using the scaled ground motions as a
target displacement in base level for all NSA methods.
Accordingly, we can evaluate the accuracy of lateral load
distribution in predicting seismic response of structures in
NSA methods with target displacement including story
shear and story drift.

Results and Discussion

According to nonlinear static (NSA) and dynamic time
history (TH) analyses performed on 5 and 10storymodels,
in this section the comparison of the results related to
shear forces, floor displacements, story drifts, hinge
rotations, and location of plastic hinges are presented-

FPS isolator parameters m, Tp (s) R pps (M) Dp (m) Kegr (KN/m)
5-story model 0.06 3 4.2 0.29 348.7
10-story model 0.06 3.8 8.6 0.37 383.65
Table 4. Earthquake Records.

No. Earthquake station Year PGA
1 LOMA PRIETA 1 SAGO SOUTH SURFACE 1989 0.2089
2 Northridge 1 LA Centinela St 1994 0.3686
3 Taiwan SMART SMART 1 1986 0.1707
4 PALM SPRINGS INDIO 1986 0.1245
5 LOMA PRIETA 2 PALO ALTO 1989 0.2089
6 Landers San Bernardino -E & Hospitality 1992 0.0838
7 Northridge 2 LA-Pico & Sentous 1994 0.1412

2

0 2
Period T(s)

spectral response acceleration
2

1.4*ASCE7 Response

Spectrum
TH Acceleration
records * 0.5303

Fig. 5. Average of the SRSS andl.4* ASCE?7 design spectrum for all ground motions in 5-story structure.
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Fig. 7. Shear force distribution of NSA and TH methods in 5-story structure.

5-story model

Shear force

Figure 7 shows the shear force distribution of 5 studied
NSA methods and TH for 5-story structure.

According to figure 7, it can be said that shear force
distribution in MPA and N2 methods are almost similar.
The highest difference with shear forces of nonlinear
dynamic analysis is belonged to pushover analysis with
uniform load pattern. Also shear force of this method

shows a high difference with shear force of dynamic
analysis which indicates low accuracy of this method in
predicting story shear of isolated S5-story structure.
Pushover analysis with triangular and PSC load patterns
have the highest accuracy among other methods
compared to dynamic TH method, and between these two,
pushover analysis with triangular load patterns have the
best results. Finally, comparison of story shear forces of
NSA and TH analysis for 5-story structure isolated with
FPS, shows low accuracy of NSA methods in predicting
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Table 5. Error percentage in estimating story shear of 5-story structure by NSA methods.

Floor MPA N2 push Ex push uniform PSC
Base 10% 8% 9% 22% 8%
1 8% 10% 4% 14% 13%
2 23% 24% 2% 31% 19%
3 37% 39% 13% 46% 28%
4 52% 53% 27% 60% 40%
5 65% 65% 44% 71% 53%
5
A
< 3 —&— MPA
=>
3 — N2
8 ——Time history
o 2
—+—PsC
—e— Push- Ex
! —@— Push-Uniform
0
0 0.2 0.4 0.6 0.8
Displacement (m)
Fig. 8. Floor displacement distribution of NSA and TH methods in 5-story structure.
Table 6. Error percentage in estimating floor displacement of 5-story structure by NSA methods.
Floor MPA N2 push Ex push uniform PSC
Base 2% 3% 1% 0 0
1 6% 9% 9% 5% 5%
2 11% 15% 18% 9% 10%
3 14% 18% 25% 12% 15%
4 17% 21% 30% 14% 19%
5 16% 20% 31% 13% 19%

shear forces. Table 5 shows the errors of each method in
the estimation of story shears relating to TH method.

Floor displacement

As shown in figure 8, the values for pushover analysis
with triangular load pattern is greater than other NSA
methods. In first and second floors, values of all methods
are close to each other, but in higher levels, there are
more differences where pushover analysis with uniform
load pattern is closer to dynamic TH method; therefore, it
can be said that he accuracy of NSA methods in

predicting floor displacements in higher floor levels
declines, and pushover analysis with uniform load pattern
have more accuracy compared to other NSA methods.
Errors of each method for estimating floor displacements
of each story related to TH method are shown in table 6.

Story drift

Figure 9 depicts Story drift distribution obtained from 5
NSA methods and dynamic TH method in S5-story
structure. As can be seen, three methods of N2, MPA, and
pushover analysis with uniform load pattern have similar
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Fig. 9. Story drift distribution of NSA and TH methods in 5-story structure

Table 7. Error percentages in estimating story drifts of 5-story structure by NSA methods.

Floor MPA N2 push Ex push uniform PSC

1 44% 49% 63% 43% 43%

2 41% 47% 63% 38% 45%

3 22% 29% 55% 15% 33%

4 8% 16% 47% 3% 26%

5 22% 15% 24% 33% 3%

Table 8. Maximum hinges rotations for 5- story structure.
Floor TH Pushover-ex Uniform N2 MPA PSC

1 0.00022 0.0123 0 0.00228 0.00143 0.00227
2 0.0004 0.0121 0 0.00033 0 0.00214
3 0.00075 0.00957 0 0 0 0.00079

4 0.00125 0.00355 0 0 0 0

5 0.00037 0 0 0 0 0

results. Pushover analysis with triangular load pattern had
the highest value for story drifts which indicates its very
low accuracy in predicting story drifts in 5-story structure
isolated by sliding base isolators. Pushover analysis with
PSC load pattern have is more accurate in predicting story
drifts compared to Pushover analysis with triangular load
pattern. It can be said that almost all of NSA methods are
not similar to nonlinear dynamic analyses in predicting
story drift response. In table 7, error in estimating story
drifts of each story in each method related to TH method
is presented.

Hinges rotation

Table 8 shows maximum hinges rotations in NSA and TH
methods in 5S-story structure. Based on the results, the
most hinges rotation occurred in floors under Pushover

analysis with triangular load pattern which had higher
numerical values compared to other applied methods, and
in comparison with dynamic time history analysis, had
lower accuracy in calculating the rotation of plastic
hinges. Although pushover analysis with uniform load
pattern for all floors had a value of zero, but it has the
lowest difference with dynamic TH method compared to
others. Pushover analysis with PSC load pattern,
compared to N2 and MPA methods, have lower accuracy
but has closer results to dynamic analysis compared to
pushover analysis with triangular load pattern.

Location of plastic hinges based on building
performance levels

Figure 10 illustrate the location of plastic hinges
determined by five NSA methods and dynamic TH
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method based on building performance levels: Safety (3-C), and Collapse Prevention (5-E).
Operational (1-A),Immediate Occupancy (1-B), Life

Push EX Push Uniform
o o @ @ @
2 | | | | | | | | | | |
Push MPA Push N2
Push PCS TH
Figures Guide
CPtoC )
LS to CP 9
IO to LS @
AtolO @

Fig. 10. Locations of plastic hinges determined by studied methods in 5-story structure.
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10-story model

Shear force

As shown in figure 11, in lower floor levels, story shear
forces in nonlinear dynamic analysis is not consistent with
NSA methods, but in floors higher than 3 all methods
have similar trend but with different values. Pushover
analysis with uniform load pattern, N2 and MPA methods
have the lowest values for story shear of isolated 10-story
building while pushover analysis with triangular and PSC
load patterns had larger shear forces which are closer to
the results of nonlinear dynamic analysis. Also it can be
said that shear forces in pushover analysis with PSC load

pattern have less accuracy compared to pushover analysis
with triangular load pattern. Table 9 shows error in
estimating shear forces of each story in each method
related to TH method.

Floor displacement

According to figure 12, pushover analysis with triangular
load pattern has the larger floor displacements and highest
error rate in predicting floor displacements compared to
other NSA methods. Pushover analysis with triangular
PSC pattern due to the impact of lateral force in this
method applied on isolated structures had better results

10 4

9

8

7
- 6 ——TH
g
K 5 —&—push - Ex
_8 —e—push - Uniform
e 2

—&— MPA

3 —N2

2 ——PSC

1

0

0 500000 1000000
Story Shear(kg)

Fig. 11. Shear force distribution of NSA and TH methods in 10-story structure.

Table 9. Error percentages in estimating shear forces of 10-story structure by NSA methods.

Floor MPA N2 Push Ex Push uniform PSC

Base 34% 32% 35% 40% 34%
1 5% 4% 12% 3% 2%
2 11% 11% 2% 16% 8%
3 23% 22% 6% 29% 15%
4 29% 29% 10% 37% 18%
5 34% 33% 11% 43% 20%
6 39% 38% 14% 49% 23%
7 47% 46% 23% 57% 30%
8 54% 53% 32% 65% 39%
9 67% 65% 49% 75% 54%
10 77% 73% 66% 84% 69%
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Fig. 12. Floor displacement distribution of NSA and TH methods in 10-story structure.

Table 10. Error in estimating floor displacements of 10-story structure by NSA methods.

Floor MPA N2 Push Ex Push uniform PSC
Base 1% 1% 1% 1% 0%
1 1% 1% 3% 3% 2%
2 4% 5% 7% 6% 5%
3 7% 7% 11% 9% 9%
4 10% 10% 14% 11% 12%
5 12% 13% 18% 13% 15%
6 15% 15% 21% 15% 18%
7 17% 17% 24% 17% 21%
8 18% 18% 26% 17% 23%
9 18% 18% 28% 17% 24%
10 17% 18% 28% 16% 24%

than pushover analysis with triangular load pattern.
Pushover analysis with uniform load pattern, N2, and
MPA had better performance in predicting floor
displacement. As can be seen, the accuracy of NSA
methods in predicting floor displacements in higher floor
level decrease. Table 10 presents error percentages in
estimating floor displacements in each method related to
TH method.

Story drift

According to figure 13, pushover analysis with triangular
load pattern had larger story drifts, and less accuracy
among NSA methods compared to nonlinear dynamic
analysis. Pushover analysis with uniform load pattern had
the nearest story drifts than nonlinear dynamic analysis.
Like floor displacement, errors in predicting story drifts in
pushover analysis with PSC pattern are more than errors
in methods of MPA, N2, and pushover analysis with
uniform load pattern which shows its lower accuracy in
predicting story drifts in an isolated 10-story structure.
Also, as can be seen, the accuracy of NSA methods in
predicting story drifts decrease in higher floor levels.

Table 11 shows error in predicting story drifts in each
NSA methods related to TH method.

Hinges rotation

Table 12 shows maximum hinges rotations in NSA and
TH methods in 10-story structure. Based on the results, in
TH method, plastic hinges are occurred only in 9 and 10
floors, and similar to that of 5-story model, it is almost
zero. Also we can say that MPA, N2, pushover analysis
with uniform and PSC load patterns have values closer to
the values of nonlinear dynamic analysis. pushover
analysis under triangular load pattern had the highest
difference in predicting maximum hinges rotation among
NSA methods which indicated its lower accuracy in
determining the rotation of plastic hinges for 10-story
model.

Location of plastic hinges

Figure 14 depicts the location of plastic hinges for 10-
story model determined by five NSA methods and
dynamic TH method based on building performance
levels: Operational (1-A),Jmmediate Occupancy (1-B),
Life Safety (3-C), and Collapse Prevention (5-E).
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Fig. 13. Story drifts distribution of NSA and TH methods in 10-story structure.

Table 11. Error in estimating story drifts of 10-story structure by NSA methods.

Floor MPA N2 Push Ex Push uniform PSC
1 62% 62% 66% 64% 62%
2 71% 62% 68% 63% 64%
3 62% 62% 70% 62% 66%
4 61% 61% 70% 60% 67%
5 56% 56% 68% 53% 64%
6 48% 49% 64% 44% 60%
7 45% 46% 64% 39% 60%
8 37% 38% 60% 28% 55%
9 17% 20% 49% 3% 44%
10 20% 15% 29% 31% 21%
Table 12. Maximum hinges rotations for 10- story structure.

Floor TH Pushover-ex Uniform N2 MPA PSC
1 0 0 0 0 0 0
2 0 0.00085 0 0 0 0
3 0 0.00032 0 0 0 0
4 0 0 0 0 0 0
5 0 0.00096 0 0 0 0
6 0 0 0 0 0 0
7 0 0 0 0 0 0
8 0 0 0 0 0 0
9 0.0007 0 0 0 0 0
10 0.00693 0 0 0 0 0




Yeganehfar and Mehrparvar

3669

Push Ex Push Uniform
Push MPA Push N2
—-— — - - - - —-— -— - - -— -—
Push PCS TH
Figures Guide
CPtoC o
LSto CP (%]
I0to LS -
AtolO @

Fig. 14. Locations of plastic hinges determined by studied methods in 10-story structure.
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CONCLUSION

In this study we attempted to compare nonlinear static
analysis methods including pushover analysis with
triangular, uniform, and PSC load patterns, modal
pushover analysis (MPA), and N2 method in predicting
the seismic response of structures isolated by FPS base
isolators. The studied structures were 5 and 10-story
buildings in LA, US. Nonlinear dynamic time history
analysis was applied as a criterion for the accuracy level
of five studied methods. According the force and
displacement distributions plotted for each method in 5
and 10-story models, we concluded that: The most
accurate methods in predicting the story shears were
pushover analysis with triangular and PSC load pattern,
and in predicting floor displacements and story drifts, the
most accurate methods were pushover analysis with
uniform load pattern, MPA and N2 methods.

According to the results of maximum hinges rotation,
pushover analysis with triangular load pattern had the
highest error compared to other NSA methods. Since the
maximum hinges rotation determined by nonlinear static
and dynamic methods are insignificant, we can realize the
effect of base isolators on structures in reducing seismic
demand. In determining the location of plastic hinges
based on performance levels, all NSA methods had good
accuracy. On average, we can say that N2 and MPA
methods have better performance than other methods in
predicting the seismic response of structures isolated by
sliding base isolators where N2 is more accurate than
MPA.
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