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Abstract
Seismic performance evaluation of a large inventory of old structures with no
design document is a time-consuming and costly task. In this research, a fuzzy-
based method and its toolbox are developed to efficiently approximate the seis-
mic performance of structures with lack of structural information. The uncer-
tain parameters are approximated as fuzzy numbers based on statistical studies
on existing buildings, empirical formulas, alternative analysis methods, visual
assessment, and design codes. The statistical database provided in this research
can be valuable to make approximation for seismic performance of structures.
The accuracy and applicability of the developed method are demonstrated using
two real structures. Furthermore, the applicability of this study is demonstrated
using the sensitivity and life-cycle cost analysis of the case study structures.
It is observed that the proposed method can approximate the seismic perfor-
mance of a structure in a considerably short time with an acceptable trade-off
compared with more costly and time-consuming site evaluations and detailed
computations.

1 INTRODUCTION

Seismic performance evaluation of structures is a costly
endeavor in terms of labor and time for material strength
tests, site evaluation, and nonlinear modeling/simulation,
especially for old structures with no design document left.
This makes the current state of the art for seismic perfor-
mance evaluation of large inventory of old buildings infea-
sible. For example, in the first stage of urban regeneration
projects of old towns, a rough outline of the seismic sta-
bility of the building stock in the region is important for
government officials and other decision makers.
Many studies have been carried out to estimate the seis-

mic vulnerability and resilience efficiently (Perez-Ramirez
et al., 2019; Shwe & Adeli, 1993; Xiong et al., 2019). For
instance, the FEMA P-154 (2015) methodology tries to
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indicate the expected seismic performance of buildings
under the maximum considered earthquake (MCE) using
a scoring system obtained from a side-walk survey and
rapid visual screening. This methodology is very efficient
in qualitative indication of vulnerable structures for fur-
ther investigation, but is highly subjective in quantitative
seismic performance evaluation. There are seismic perfor-
mance evaluation methods using fragilities obtained from
empirical, analytical, or hybrid evaluation of structures,
usually categorized based on structural systems, age of
structures, number of stories or height, and the observed
damage (Kalman Šipoš & Hadzima-Nyarko, 2017; Kappos
et al., 2006; Miano et al., 2020; Yu et al., 2020). These dam-
age states are usually subjective and are chosen based on
some ranges of loss, which is considered to be one of the
associated shortcomings (Miano et al., 2020).
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Novelli (2017) developed a framework for seismic vul-
nerability assessment based on a hybrid approach that
identifies the probable failure mechanism category and
approximates the quantitative seismic performance. This
approach has been applied to a test bed in Slovenia which
showed an accuracy between 50% and 80% (Bosiljkov et al.,
2015).
Different fuzzy analysis methods have been developed

over the years for seismic performance evaluation of struc-
tures (Tesfamaraim & Saatcioglu, 2008; Sánchez-Silva &
García, 2001). They use the qualitative assessment of struc-
tures and scoring systemwhich finally assign the structure
to a damage group. In thesemethods, the quantitative seis-
mic performance, for example, interstory drifts which are
generally required in design codes, is not accounted for,
and only a qualitative damage level and risk are obtained.
In addition, the scores for the condition of structures and
their corresponding ranges are determined subjectively.
The aim of this study is to directly estimate the quan-

titative seismic performance using limited or minimum
knowledge to preclude time-consuming site evaluation,
material strength tests, and detailed modeling/analysis.
Themain purpose of the developedmethods is to assess the
seismic performance of large inventory of buildings rapidly
and provide valuable information to decision makers in
the first stage of urban regeneration projects. For practical
application, the performance evaluation is based on realis-
tic database for structural characteristics constructed from
existing structures. A fuzzy analysis method is developed
to treat the uncertainty caused by not performing field tests
for material strength, rebar contents, etc. Two different
fuzzy seismic performance evaluation tracks and a toolbox
are developed based on the given knowledge level. A sta-
tistical study is conducted for estimating missing parame-
ters or reducing the analysis time. The method is applied
to two real case-study structures, and their seismic perfor-
mances and the effects of each uncertain fuzzy parameter
on the seismic performance are investigated using sensitiv-
ity analysis. Furthermore, the applicability of this method-
ology to more sophisticated seismic life-cycle cost evalua-
tion is demonstrated.

2 FUNDAMENTALS OF THEMETHOD

2.1 Performance evaluation

Among different seismic performance evaluation tech-
niques, the N2 method (Fajfar, 2000) is a simple yet rela-
tively accurate nonlinear static approach that is also uti-
lized in Eurocode 8 (CEN, 2005). In this method, the

base shear-top displacement of the structure obtained from
pushover analysis is idealized to a bilinear curve with a
secondary slope of zero, yield strength of Fy, and the yield
displacement ofDy. Themulti-degree-of-freedom (MDOF)
structure is transformed to an equivalent single-degree-
of-freedom (SDOF) system using the modal participation
factor Γ.
In the developed method, the effective fundamental

period of the structure is used to obtain the yield dis-
placement because the fundamental period can be easily
estimated, and there is extensive research on this subject.
Given the effective fundamental period of structure T, the
yield displacement at the effective height of the structure
heff can be calculated from the pushover analysis (Crowley
& Pinho, 2004):

𝐷𝑦,ℎ𝑒𝑓𝑓 =
𝑇2𝐹𝑦

4𝜋2𝑀𝑒𝑓𝑓
(1)

where𝑀𝑒𝑓𝑓 is the effective mass of the first mode shape,

𝑀𝑒𝑓𝑓 =

(∑
𝑚𝑖𝜙𝑖

)2
∑
𝑚𝑖𝜙

2
𝑖

(2)

where𝑚𝑖 is story mass of 𝑖th story, and 𝜙𝑖 is corresponding
component of normalized elastic first mode shapewith the
value of 1 at the top. Effective height of structure ℎ𝑒𝑓𝑓 is
height to center of seismic force which can be determined
as:

ℎ𝑒𝑓𝑓 =

∑
𝑚𝑖𝜙𝑖ℎ𝑖∑
𝑚𝑖𝜙𝑖

(3)

where ℎ𝑖 is height to the 𝑖th story. Given the yield dis-
placement at the effective height 𝐷𝑦,ℎ𝑒𝑓𝑓 , the yield dis-
placement at the top of the building 𝐷𝑦 can be obtained
using the exact mode shape or can be approximated by
assuming a linear displacement along the height of struc-
ture. Given 𝐷𝑦 and the other parameters, the yield dis-
placement and the displacement demand 𝑆𝑑 of the equiv-
alent SDOF system can be obtained. In the developed
method, the elastic response spectrum is defined accord-
ing to ASCE 41-13 (2013) using 𝑆𝑋𝑆 and 𝑆𝑋1 which are
respectively elastic spectral acceleration for short peri-
ods and 1 s. Hence, the characteristic period 𝑇𝐶 for
short-period structures is equal to 𝑆𝑋1∕𝑆𝑋𝑆 in the N2
method. The outputs of the N2 method are the reduc-
tion factor 𝑅𝜇, ductility factor 𝜇, and top displacement of
structure at target displacement 𝐷𝑡 = Γ𝑆𝑑. The displace-
ment of each story at target displacement is obtained as
𝐷𝑖 = 𝜙𝑖 𝐷𝑡.
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2.2 Problem formulation

The demand for an interstory drift ratio is the most impor-
tant measure for seismic performance evaluation and is
calculated for the 𝑖th story as follows:

𝛿𝑖 = 𝐷𝑖 (𝜙𝑖 − 𝜙𝑖−1) ∕ (ℎ𝑖 − ℎ𝑖−1) (4)

Hence, the required parameters for a structure are story
mass𝑚, story levelsℎ𝑖 , effective fundamental period𝑇, dis-
placements of normalized elastic first mode shape 𝜙𝑖 , and
yield strength of structure𝐹𝑦. The input parameters related
to the demand are elastic response spectrum parameters,
namely 𝑆𝑋𝑆 and 𝑆𝑋1.
Story mass and response spectrum parameters can be

easily determined,while story heights need somemeasure-
ment. In order to obtain the fundamental period, mode
shapes, and the yield strength, usually the detailed model
of the structure is established and then the eigenvalue and
pushover analyses are carried out. To this end, comprehen-
sive site evaluation and strength tests need to be carried
out to provide material strength, reinforcement details,
and detailed analysis model, which are excessively costly
and time-consuming. Nevertheless, these three parame-
ters can be estimated as fuzzy numbers without any spe-
cific field measurement for a “Rapid” or “Preliminary”
evaluation using simpler methods yet with a degree of
uncertainty.
In the present research, the fuzzy analysis is employed in

order to carry out approximate seismic performance evalu-
ationwith lack of knowledge and subjective data. Contrary
to probabilistic variables which reflect the random nature
of phenomena and follow statistical laws with objective
data, a fuzzy variable characterizes the lack of knowledge
and informal uncertainty with subjective information con-
tent. The difference between the randomness and fuzzi-
ness has been properly addressed and treated using the
fuzzy randomness theory (Möller & Beer, 2004). Fuzzy
variables are handled using the fuzzy set theory (Jiang &
Adeli, 2008) which can be used in decision-making (Adeli
& Sarma, 2006; D’Urso et al., 2018) and optimization of life-
cycle cost (Sarma & Adeli, 2000).
A fuzzy number �̃� is a set of numbers 𝑥 with their cor-

responding membership values 𝜆(𝑥) ∈ [0, 1] which define
the degree of uncertainty. A crisp subset of a fuzzy num-
ber with elements having membership values greater than
or equal 𝛼𝑘 is called the α-level set. An efficient method
to run analysis using fuzzy input parameters is the α-level
optimization. This technique finds the range of output
result at α-level 𝛼𝑘 by using the corresponding α-level of
input parameters as the search domain and determining
the minimum and maximum outputs. For more detailed
information about the fuzzy analysis readers are referred

to the studies of Möller and Beer (2004) and Javidan and
Kim (2019).

2.3 Evaluation tracks

Based on the knowledge level and computation time, three
evaluation tracks are distinguished in thismethod; namely,
“Detailed,” “Rapid,” and “Preliminary” evaluation tracks.
As summarized in Table 1, thesemethods relate to compre-
hensive, limited, and minimum knowledge levels, respec-
tively. In all these tracks, the elastic response spectrum
parameters, story mass, and number of stories are known
and are considered to be the certain parameters. Even
though not considered in this study, floor mass may have
uncertainty due to the presence of movable partitions,
different floor finishing, presence of mechanical/electric
service systems, etc. The uncertainty in story mass can
also be introduced into the developed framework sim-
ilar to other parameters. Effective fundamental period,
mode shape, and yield force are generally obtained by
a detailed structural analysis using material properties,
reinforcement details, and geometric dimensions which
include section dimensions, story heights, locations of
beams and columns, etc. All these data are available in
the “Detailed” evaluation track, and the detailed struc-
ture model is used in conjunction with detailed analysis
methods like pushover or nonlinear time history analysis
(NTHA) for seismic performance evaluation.
In the other tracks, it is tried to bridge over the struc-

tural data, approximate the structural characteristics, and
find the performance using the N2 method and the esti-
mated fuzzy input parameters. The overall representation
of the N2 method with fuzzy parameters is depicted in
Figure 1. There are enough materials in the literature and
practice for estimation of fundamental period at yield state,
while less attention has been paid to the estimation of
yield force and lateral resistance of structures. In this study,
statistical data for the yield strength of 50 low-rise rein-
forced concrete (RC) moment frames located in Korea and
Europe are prepared from reviewing the literature or carry-
ing out pushover analysis using the structural information
obtained from design documents, seismic retrofit project
reports, etc.

3 INPUT PARAMETERS AND
ESTIMATIONMETHODS

3.1 Story heights

In the developed method, story heights are utilized in esti-
mating the effective fundamental period using empirical
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TABLE 1 Different seismic performance evaluation methods based on knowledge level

Requirements Knowledge level
Comprehensive Limited Minimum

Scope “Detailed” evaluation “Rapid” evaluation “Preliminary” evaluation
Condition assessment Comprehensive Visual assessment Visual assessment
Response spectrum
𝑆𝑋𝑆, 𝑆𝑋1

Available Available Available

Mass𝑚𝑖
Number of stories
Geometric dimensions Available Available N/A
Material properties Tests Typical values
Reinforcement details
Fundamental period 𝑇 Analysis of detailed model Fuzzy period and mode

shape from elastic model
and empirical formulas

Fuzzy period from
empirical formulas

Mode shape 𝜙 Fuzzy mode shape from
overall configuration

Yield force 𝐹𝑦 Fuzzy value from
approximate pushover,
practice and condition

Fuzzy value from practice
and condition

F IGURE 1 Illustration of N2 method using fuzzy input
parameters in this study

formulas, obtaining effective height, yield displacement,
and drift ratios. The geometric dimensions are assumed to
be available in the “Rapid” evaluation track, and the story
heights are input as certain parameters; however, only the
number of stories is enough to estimate the performance
in the “Preliminary” evaluation track. The height of each
story with a minimum level of knowledge can be consid-
ered to be a fuzzy triangular number with a mean value
of 3 m at 𝛼𝑘 = 1 and a ±10% interval at 𝛼𝑘 = 0, unless a
better estimation is available.

3.2 Effective fundamental period T and
mode shape 𝝓

The N2 method uses the equal displacement rule for
medium and long-period structures which means that the
displacement demand of the SDOF 𝑆𝑑 equals the elas-
tic spectral displacement 𝑆𝑑𝑒. In that case, the displace-
ment demand only depends on the effective fundamen-
tal period of the structure, and the yield strength does not
contribute to the seismic performance.Usually, nonseismi-
cally designed old structures arewithin this range of period
due to the low stiffness. As the design documents are usu-
ally missing in old buildings, this is a great advantage in
seismic performance evaluation of old buildings.
To apply the N2 method, the effective fundamental

period corresponding to the first branch of the idealized
pushover curve needs to be estimated. It is possible to
directly determine the fundamental period of the structure
using on-site micro tremor measurement within the scope
of “Rapid” evaluation.
Another source for estimation of effective fundamen-

tal period of structures is empirical formulas. Extensive
studies have been performed on empirical period-height
expressions (Crowley & Pinho, 2004; Goel & Chopra, 1997;
Masi & Vona, 2010), and design codes and guidelines also
utilize empirical formulas. Design code formulas inten-
tionally underestimate the period by 10%–20% to provide a
safer design (Goel & Chopra, 1997). Empirical formulas are
derived based on measurements with the participation of
nonstructural elements and infill walls, and therefore the
difference with analytical period should be considered.
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To estimate the effective fundamental period using a
fuzzy triangular number, it is recommended that the
empirical code formula of the associated country is used
as the lower bound of α-level 𝛼𝑘 = 0. Certainly, this period
is short enough and corresponds to newly built structures
and provides a lower bound for a safe design. Herein, the
formulas proposed in the research ofMasi and Vona (2010)
for nonseismically designed RC frames are used as the
upper bound. These formulas are 𝑇 = 0.085𝐻 for frames
with negligible contribution of infills and 𝑇 = 0.05𝐻 for
infilled and partially infilled frames, where 𝐻 is height of
the structure in meters and 𝑇 is fundamental period in
seconds.
To estimate the effective fundamental period, story

heights are measured and available in the “Rapid” evalua-
tion track, whereas in the “Preliminary” evaluation track,
they are estimated as a fuzzy number using ⟨2.7, 3, 3.3⟩m.
Thus, a defuzzified value of 3m and empirical formulas are
used to estimate the period using a fuzzy triangular num-
ber built upon these bounds at 𝛼𝑘 = 0 and their average at
𝛼𝑘 = 1.
Since the geometric data of the structure are available in

the “Rapid” evaluation track, there are better sources for
estimating dynamic properties. By knowing the locations
of columns and structural members and section dimen-
sions, the elastic model of the structure can be easily estab-
lished, and the effective fundamental period and the first
mode shape can be estimated using the eigenvalue analy-
sis. By applying recommended stiffness reduction factors
for effective stiffness of cracked RC sections, the mode
shapes and effective fundamental period can be estimated
with a high accuracy without any data on reinforcement
details. The effective moment of inertia of RC members
have been reported in codes and different studies (ASCE
41-06, 2006), and the obtained natural period can be con-
sidered as fuzzy triangular variable with the membership
value of 𝛼𝑘 = 1 and ±10% uncertainty at 𝛼𝑘 = 0.
Mode shape 𝜙 is used in estimation of modal participa-

tion factor Γ, mass of equivalent SDOF, effective mass of
first mode shape, effective height, top displacement, and
interstory drift demands. In the developed method, each
component of the mode shape can be input as fuzzy num-
ber, except for the top story which is normalized to 1. In the
“Rapid” evaluation track, the mode shape can be obtained
using the eigenvalue analysis of the elastic model with
effective moment of inertias. There might be some errors
on this mode shape and period due to the stiffness reduc-
tion factors, participation of infills, rebar contents, and
damage state of building. Therefore, it is rational to con-
sider these uncertainties in the mode shape and input the
components of the mode shape as fuzzy numbers. In this
study, the mode shape is considered as a fuzzy triangular
number. The obtained values from the eigenvalue analy-

sis are more precise and can be considered as the results
corresponding to 𝛼𝑘 = 1. The error and uncertainty can
be considered as ±10% tolerance on the obtained value in
defining the fuzzy mode shape at 𝛼𝑘 = 0. In the “Prelimi-
nary” evaluation track, the mode shape should be approxi-
mated based on the engineering judgement and the con-
dition of the structure. A linear displacement along the
height of structure might be a preliminary assumption for
newly built structures. If the building has irregularity or
other conditionswhich can be easily assessed visually, then
the mode shape can be assumed based on the observation.
At any rate, components of mode shape vector should be
defined as fuzzy numbers, with the estimated values at
𝛼𝑘 = 1 and a minimum tolerance of ±10% at 𝛼𝑘 = 0.

3.3 Yield strength Fy and lateral
resistance

If the building is a short-period structure, the yield strength
is required in the N2 method to evaluate seismic perfor-
mance. It is also possible that the periods of some originals
in fuzzy analysis are shorter than the characteristic period.
Therefore, it is necessary to input the yield strength in anal-
ysis, although its effect is eventually canceled out for long-
period structures.
The lateral resistance of precode RC frame structures

practiced in Europe and Korea is investigated and summa-
rized in Table 2. Overall, 16 European precode buildings
are studied in the literature which include full-scale tests,
real case-study structures, and analytical studies (Abbas-
nia et al., 2010; Fajfar et al., 2006; Kappos et al., 2006; Kres-
lin & Fajfar, 2010; Mazza, 2014; Pinto et al., 2002). These
structures are designed without considering seismic forces
and are representative of structures from 1950s to 1980s
built across south Europe, Greece, Italy, and Slovenia. The
pushover results for all structures are idealized following
ASCE 41-13 (2013) except for the post-yield stiffness which
is considered to be zero in theN2method, and they are nor-
malized using their seismic weight. Similarly, 10 Korean
precode structures built from 1970s to 1980s including com-
mercial buildings, schools, government buildings, etc. are
evaluated in detail. The mean value𝑀 and standard devi-
ation 𝑆𝐷 of the studied parameters are reported in Table 2,
and their distributions are depicted in Figure 2.
It is observed that the old precode buildings from both

Europe and Korea withstand a lateral load about 14%–
16% of their own seismic weight on average. The distribu-
tions are scattered between 7% and 21% for European RC
frame structures and between 9%and 32% forKorean struc-
tures. The data for European precode structures show sym-
metric distribution, whereas it shows positive skewness in
Korean structures. These data can be used as source of
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TABLE 2 Statistical study on yield strength 𝐹𝑦 and design overstrength Ωd of reinforced concrete (RC) moment frames based on practice
and literature

Parameters
𝑭𝒚∕𝑾 𝛀𝒅 = 𝑭𝒚∕𝑭𝒅

Structure type
Number of
buildings

Number of
data (𝑴, 𝑺𝑫)

Number of
data (𝑴, 𝑺𝑫)

European precode 16 18 (0.14, 0.038) N/A N/A
Korean precode 10 24 (0.16, 0.058) N/A N/A
European high-code 24 24 (0.35, 0.127) 15 (2.18, 0.28)

F IGURE 2 Distribution of structural characteristics in reinforced concrete (RC) framed structures based on data from practice: (a)
Lateral resistance of European precode structures; (b) lateral resistance of Korean precode structures; (c) overstrength of European high-code
structures

information when estimations need to be made, and they
can be further expanded using new data for RC structures
and other structural systems as well. Based on the practice
of any country, the same approach can be used for other
types of structures. With the known seismic weight of the
structure, the yield strength of the structure can be easily
estimated using a fuzzy triangular number with the mean
value at 𝛼𝑘 = 1 and a confidence interval at 𝛼𝑘 = 0.
The lateral resistance of high-code structures can be

approximated by calculating the design base shear follow-
ing the code and multiplying it by an overstrength factor.
Elnashai and Mwafy (2002) studied the overstrength of 12
RC frame and frame-wall structures designed according to
Eurocode 8 (CEN, 2005) which are representative of con-
temporaryRC structures. In addition to those 12 structures,
the pushover data from twomore structures from Rozman
and Fajfar (2009) are idealized, and their overstrength fac-
tors are recalculated to use them in the database. Another
structure tested by Negro and Verzeletti (1996), which was
designed based on Eurocode 8, is also analyzed in this
study, and it is further used as a case study structure. These
overstrength factors are calculated and their mean and

standard deviations are reported in Table 2, while their dis-
tribution is demonstrated in Figure 2c.
The design base shear for the “Preliminary” track can be

calculated by using the fuzzy effective fundamental period
approximated earlier. The design base shear is then multi-
plied by the mean overstrength and its confidence interval
to find the mean yield strength and the lower and upper
bounds for approximating the yield strength as a fuzzy tri-
angular number.
As another source of information for the “Rapid” evalu-

ation track, the elastic model used in the eigenvalue anal-
ysis can be further used for nonlinear pushover analysis
using approximate rebar ratios obtained from the practice.
The reinforcement details of Korean precode structures
studied herein are gathered to provide statistical measures
for estimation of reinforcements for buildings with lack of
knowledge. The mean and the standard deviation of rein-
forcement ratios are reported for longitudinal reinforce-
ment of column sections, top and bottom reinforcement of
beam center, and beam end sections. These statistical data
are listed in Table 3, and their distributions are shown in
Figure 3.
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TABLE 3 Reinforcement ratios of Korean precode buildings

Elements
Number of
buildings

Number of
data (𝑴, 𝑺𝑫) %

Column 8 35 𝜌𝑐 = (1.7, 0.6)

Beam end 8 107 𝜌′ = (0.9, 0.3)

𝜌 = (0.6, 0.2)

Beam center 7 105 𝜌′ = (0.6, 0.2)

𝜌 = (0.8, 0.3)

F IGURE 3 Distribution of reinforcement ratio in Korean precode reinforced concrete (RC) framed structures (unit: %): (a) Top and
bottom reinforcement at beam end; (b) longitudinal reinforcement of columns; (c) top and bottom reinforcement at beam centre

3.4 Summary of the method and
developed toolbox

The overall procedure of the method for the different eval-
uation tracks is depicted in Figure 4 as a flowchart. The
three distinguished performance evaluation tracks based
on the knowledge level can be observed where the one
corresponding to the comprehensive knowledge level fol-
lows the conventional practice. In the ‘‘Detailed’’ track
with the comprehensive knowledge level, the seismic per-
formance can be obtained by nonlinear analyses of the
detailed model. The most accurate technique is NTHA
which is also used along with detailed pushover analysis

to check the accuracy of the proposed method in two real
case applications.
As summarized inTable 1, the proposedmethod requires

the response spectrum parameters, seismic mass, and
number of stories as certain parameters, while the effec-
tive fundamental period, mode shape, and lateral yield
strength can be approximated or determined using the
statistical measures provided. The outcomes are seismic
responses, seismic life-cycle cost, and sensitivity of input
parameters to the outputs.
It should be noted that the provided statistical mea-

sures need more refinement in further studies to draw
better inferences for confidence intervals and should be
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F IGURE 4 Overall procedure of the developed method for efficient performance evaluation considering uncertainties

expanded to other structural systems. Currently, the confi-
dence intervals are based on themeanplusminus one stan-
dard deviation which covers 68% of the data if normally
distributed. The database prepared in this research can be
further extended for determination of more accurate con-
fidence intervals.
To make the proposed fuzzy seismic performance evalu-

ation possible, a toolbox is developed in MATLAB (Math-
Works, 2019), which is applied to the case study structures.
The classes of fuzzy number are developed in the tool-
box using the object-oriented programming method, and
the parameters either fuzzy or double can be given to a
fuzzy performance evaluation function. The output results
are obtained using the α-level optimization method, and
themaximum andminimumoutput results corresponding
to each α-level are found using a mesh search technique
with the low discrepancy Halton sampling method (Dai &
Wang, 2009). Therefore, the considered α-levels 𝛼𝑘 and the
number of originals per each α-level should be also given
as input parameters. The output results are determined as
fuzzy numbers and functions are provided for visualiza-
tion.

4 APPLICATION TO STRUCTURES

In this section, the provided method, statistical measures,
fuzzy analysis techniques, and the toolbox are applied to
two real case-study structures and the results are com-
pared with the “Detailed” evaluation results. The safety
of the structures with stipulated limit states is also inves-
tigated and discussed in depth. The fuzzy analyses of the
case study structures are carried out at 5 α-levels 𝛼𝑘 =
0, 0.25, … , 1.0 using the mesh search technique with
100 samples from the low discrepancy Halton sampling
method (Dai & Wang, 2009).

4.1 Three-story structure

4.1.1 Details of structure

The first case study building is a three-story RC frame
structure which was built in Korea in the 1970s without
considering seismic loads on soil class type D. The plan
of the structure and details of the sections are shown in
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F IGURE 5 Interstory drift ratio of three-story structure: (a) Detailed pushover and nonlinear time history analysis (NTHA); (b)
comparison of “Rapid” evaluation track results with detailed pushover analysis; (c) comparison of “Preliminary” evaluation track results with
detailed pushover analysis

Figure 5. The details of the structure were obtained
from site evaluations and strength tests of materials.
The expected compressive strength of concrete and yield
strength of steel are 𝑓′𝑐 = 18MPa and 𝑓𝑦 = 300MPa,
respectively. Considering the age of the building, the cor-
responding default lower bound values are 𝑓′𝑐 = 15MPa

and𝑓𝑦 = 240MPa according to theKorean code. The story
height is 3.0 m for all stories except for the first story
which is 3.6 m. The dead and live loads are 5.4 kN∕m2 and
4.0 kN∕m2, respectively, and the seismic mass of 228.8 ton
is considered for all stories including the self-weight of
the elements. The site response spectrum for the design
basis earthquake (DBE) hazard level has the parame-
ters of 𝑆𝑋𝑆 = 0.5 g for short periods and 𝑆𝑋1 = 0.29 g at
the period of 1 s. This hazard level corresponds to 10%
exceedance probability in 50 years, which is 2/3 of theMCE
level with 2% exceedance probability in 50 years.

4.1.2 Seismic performance evaluation

The seismic performance of the structure is evaluated
using the three evaluation tracks under the MCE level
earthquake ground motions, and its safety is checked with
the code-stipulated limit state. As part of the “Detailed”
evaluation track, the detailed model of the structure is
developed using the OpenSees platform (Mazzoni et al.,
2006). The uniaxial Concrete01 material model with zero
tensile strength is used for concrete and Steel02 for rein-
forcements. Beam-column members are modeled using
force-based elements with fiber sections and five inte-
gration points per element. The capability and accuracy
of this modeling technique have been previously verified

(Shayanfar & Javidan, 2017). The rigid diaphragm is used
at each story level and the story mass is lumped at the
center of mass. The model consists of 280 six-DOF nodes
for the pushover and NTHA methods. The capacity curve
obtained from the detailed pushover analysis is utilized to
find the performance using the N2 method where calcula-
tions are done by considering the structure as an MDOF
system with three DOF located at the centers of mass.
Calculations using the N2 method with detailed val-

ues also involve uncertainty, and it is better to validate
it with the NTHA results. To this end, 22 pairs of earth-
quake records recommended in FEMA P695 (2009) are
obtained from the PEER NGA database (PEER, 2014), and
they are scaled to the site response spectrum. The results
of pushover analysis and the earthquakes records scaled
to the DBE spectrum are shown in Figure 6. The parame-
ters obtained from the detailed pushover analysis are used
for performance evaluation using the N2 method, and the
interstory drifts are compared with the median maximum
interstory drift ratios (MIDRs) obtained from NTHA. By
using a PC with the Intel R© CoreTM i7-7700K processor,
the parallel NTHA using 22 ground motion records takes
around 30 min, and the pushover analysis takes around
5 min. In addition to the analysis time, the time and
expenses for the strength test of materials, nondestructive
test for rebar information, development of nonlinear anal-
ysis model, etc. should be considered in the detailed anal-
ysis. On the other hand, in the “Preliminary evaluation”
they are not needed and the input parameters for the N2
method are approximated directly, while the analysis takes
a fraction of second.
The input parameters for the three evaluation tracks

are summarized in Table 4. The yield strength of the
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F IGURE 6 Fuzzy seismic performance evaluation result of three-story reinforced concrete (RC) structure using “Preliminary” and
“Rapid” tracks compared to accurate results from “Detailed” track with corresponding membership values

TABLE 4 Structural characteristics of the three-story reinforced concrete (RC) structure for different seismic performance evaluation
tracks

Parameters

Evaluation tracks based on knowledge and time
“Detailed” “Rapid” “Preliminary”

𝑆𝑋𝑆 (g) 0.98 0.98 0.98
𝑆𝑋1 (g) 0.57 0.57 0.57

𝑀 (ton)

⎡⎢⎢⎣

228.8

228.8

228.8

⎤⎥⎥⎦
⎡⎢⎢⎣

228.8

228.8

228.8

⎤⎥⎥⎦
⎡⎢⎢⎣

228.8

228.8

228.8

⎤⎥⎥⎦

𝐻 (m)

⎡⎢⎢⎣

3

3

3.6

⎤⎥⎥⎦
⎡⎢⎢⎣

3

3

3.6

⎤⎥⎥⎦
⎡⎢⎢⎣

⟨2.7, 3, 3.3⟩
⟨2.7, 3, 3.3⟩
⟨2.7, 3, 3.3⟩

⎤⎥⎥⎦
𝑇 (s) 0.62 ⟨0.56, 0.62, 0.68⟩ ⟨0.34, 0.55, 0.77⟩

𝜙

⎡⎢⎢⎣

1

0.77

0.48

⎤⎥⎥⎦
⎡⎢⎢⎣

1

⟨0.75, 0.83, 0.91⟩
⟨0.5, 0.55, 0.61⟩

⎤⎥⎥⎦
⎡⎢⎢⎣

1

⟨0.67, 0.75, 0.82⟩
⟨0.45, 0.5, 0.55⟩

⎤⎥⎥⎦
𝐹𝑦 (kN) 1069 ⟨687, 1214, 1468⟩ ⟨687, 1077, 1468⟩

structure is 𝐹𝑦 = 1069 kN which is equal to 16% of its
seismic weight. The fundamental period of the structure
and its mode shape are found to be 𝑇 = 0.62 s and 𝜙𝑇 =
[1, 0.77, 0.48] from the eigenvalue analysis with the effec-
tive mass ratio of 93%, which means that the first mode
is dominant and the N2 method can give relatively accu-
rate results. The height of the structure is 9.6m, and the
code-based period for the “Preliminary” evaluation track
is 𝑇 = 0.0466 × 9.00.9 = 0.34 s which can be selected as
the lower bound. The formula proposed by Masi and Vona
(2010), 𝑇 = 0.085 × 9.0 = 0.77 s, can be used as the upper
bound period.
For the “Rapid” evaluation track, the structure is mod-

eled using geometric dimensions with nominal material
properties from guidelines without reinforcement details,

and the fundamental period and the first mode shape are
obtained as 0.62 s and𝜙𝑇 = [1, 0.83, 0.55]using the eigen-
value analysis. These values are considered as the mean of
fuzzy period and fuzzymode shape for the “Rapid” evalua-
tion track. The upper and lower bounds of the fuzzy period
and mode shape are built upon ±10% tolerance on the
obtained values. It is observed that the fundamental period
obtained in this way is almost equal to what is obtained
from the detailed model, whereas the mode shapes are
slightly different.
Although the characteristic period is 0.58 s and the peri-

ods of originals will be mostly longer than this threshold,
the yield strength should be provided to complete the fuzzy
analysis. The fuzzy yield force for the “Preliminary” eval-
uation is based on the mean and mean plus minus one



JAVIDAN and KIM 791

F IGURE 7 Structural details of three-story commercial building structure: (a) Plan layout; (b) cross-sectional details

standard deviation of 𝐹𝑦∕𝑊 values available in the sta-
tistical data provided in Table 2. The mean of fuzzy yield
force for the “Rapid” track is obtained using exact geomet-
ric dimensionswith average reinforcement ratio of precode
buildings given in Table 3 with the same bounds provided
for the statistical data.

4.1.3 Analysis results

The seismic performance of the structure obtained from
the detailed pushover analysis and NTHA are compared
in terms of interstory drift ratio demand in Figure 7a. The
values from NTHA are the median of MIDRs obtained
using the 22 pair of earthquakes. It can be noticed that
the maximum interstory drift ratios are very close in both
types of detailed analyses. In Figure 7b and c, it can be
observed that the results from both “Preliminary” and
“Rapid” tracks give very close results at 𝛼𝑘 = 1, while
there is uncertainty at 𝛼𝑘 = 0. It is worth mentioning that
the results of the “Preliminary” evaluation are obtained
with a minimum knowledge about the structure without
any modeling and structural analysis. The range of results
at 𝛼𝑘 = 0 provides a practical estimation of the output
results, and it is expected that the accurate performance is
covered within this range. The results of the “Rapid” eval-
uation track have a smaller range of uncertainty compared
to the “Preliminary” track.
In addition to the interstory drift ratio, the other out-

puts of the N2method are also obtained as fuzzy numbers,
which are presented for the “Preliminary” and “Rapid”
tracks in Figure 8. The outputs from the “Detailed” evalua-

tion track are depicted alongwith the correspondingmem-
bership values. They suggest the accurate results with a
high degree of certainty, and they are mostly close to the α-
level of 𝛼𝑘 = 1. It is seen that the output results related to
the displacement have smaller ranges of variation for the
“Rapid” evaluation track, whereas there is a slight differ-
ence between “Preliminary” and “Rapid” analysis results
for the yield acceleration and the reduction factor.
Fuzzy numbers can provide valuable information on

the range of uncertainty at different α-levels, skewness,
nonlinearity of output based on input parameters, safety
margin with a limit state, etc. Although defuzzifying a
fuzzy number leads to loss of important information, it
can be helpful for decision-making or giving an approx-
imate solution. The output results from the two approxi-
mate evaluation tracks are defuzzified using the level rank
method (Möller & Beer, 2004) and summarized in Table 5.
It is observed that the defuzzified results from all tracks
are in good agreement, while there is a huge difference
in terms of computation time, which might vary from a
few minutes to weeks due to site evaluation, tests, mod-
eling/simulation, etc.

4.1.4 Safety assessment

Safety assessment of structures is of paramount impor-
tance for government authorities and decision makers,
and some of these methods were described earlier in
the literature review. To this end, the MIDR obtained
from detailed analysis under a specific hazard level is
compared with a code-stipulated limit state, which is
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F IGURE 8 Detailed analysis of three-story reinforced concrete (RC) structure: (a) Pushover curve; (b) 22 ground motion records scaled
to the spectral acceleration at period of structure

TABLE 5 Results from detailed performance of three-story structure and defuzzified results from “Preliminary” and “Rapid” tracks

Output

Evaluation method
“Detailed” “Rapid” “Preliminary”

MIDR 0.015 0.017 0.017
𝐷𝑡 (m) 0.111 0.110 0.099
𝑆𝑑 (m) 0.090 0.092 0.080
𝑆𝑎 (g) 0.171 0.179 0.171
𝑅𝜇 5.15 5.21 5.75
𝜇 5.15 5.21 6.4

Abbreviation: MIDR, median maximum interstory drift ratio.

0.025 for the case study structure under the MCE level
earthquakes.
An easy method for safety assessment in the “Rapid”

and “Preliminary” tracks is to compare the defuzzified
MIDR with the given limit state, and based on this stan-
dard, the example structure satisfies the given safety limit
state. However, the information about the safety margin is
lost.
Another method is to directly investigate the fuzzy

MIDR (Möller & Beer, 2004). If all elements of the fuzzy
MIDR are smaller than the stipulated limit state, the safety
is fulfilled, while it is not fulfilled when all elements are
higher. The safety is partially fulfilled when the limit state

is an element of the fuzzy MIDR, and therefore some ele-
ments meet the target and some do not. In that case, the
fuzzy MIDR should be split into two subsets as shown
in Figure 9, and the maximum operator is applied to the
membership values of the two subset elements to deter-
mine the safetymeasures, namely 𝜆1 and 𝜆2. The final deci-
sion is made based on a subjective threshold for these val-
ues. In order to be on the safe side, intuitively, 𝜆1 should be
1 and 𝜆2 should be lower than 0.5. As shown in Figure 9,
the case study structure turns out to be safe with the degree
of 𝜆1 = 1 and unsafe with degree of 𝜆2 = 0.08 according to
the “Preliminary” analysis, which means that the possibil-
ity of exceeding the limit state is 8%. On the other hand, the
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F IGURE 9 Safety assessment of three-story structure using fuzzy median maximum interstory drift ratio (MIDR) and stipulated limit
state: (a) “Preliminary” evaluation track; (b) “Rapid” evaluation track

“Rapid” analysis shows that the structure is very safe with
the exceedance possibility of 𝜆2 = 0.0. The results of the
detailed NTHA show that the building is safe with enough
margin, which is consistent with the efficient safety assess-
ment results.

4.1.5 Sensitivity analysis

To show the effect of each parameter on the output, local
sensitivity analysis (Javidan et al., 2018; Javidan, 2021) is
carried out with all parameters fixed at their best estima-
tion except for the one of interest, and the output variability
due to that parameter is checked. In this study, the param-
eters are fixed at their defuzzified value and the analysis
is done for each parameter one by one, and the results
are shown in Figure 10. The membership values of the
results are depicted using the contour and arranged in the
descending order based on their effects and associated out-
put variability.

Sensitivity analysis can be used for increasing the
accuracy of output results by systematically controlling
the uncertainty of input parameters. It is observed that
the most influential parameters in the “Rapid” evaluation
track are mode shape of the first story, period, and mode
shape of the second story, respectively. The 10% possible
errors for these parameters have a different influence on
the MIDR, and it should be tried to measure or obtain the
period and the modal shape of the first story more accu-
rately to obtain more precise results. The fundamental
period of the structure is longer than the characteristic
period, and therefore the yield strength 𝐹𝑦 does not affect
the output for both “Rapid” and “Preliminary” evaluation
tracks.
The effective fundamental period is the most influential

parameter in the “Preliminary” track, and it can signifi-
cantly affect the output result. The height and the modal
shape of the first story are the next important parameters
in the “Preliminary” track. The properties related to the
first story are more influential due to larger drifts at this
story.
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F IGURE 10 Sensitivity analysis of seismic performance for three-story structure: (a) “Rapid” evaluation track; (b) “Preliminary”
evaluation track

F IGURE 11 Four-story reinforced concrete (RC) frame structure: (a) Elevation; (b) plan layout

4.2 Four-story structure

4.2.1 Details of structure

The second case study model is a four-story RC frame
structure designed as per Eurocode 8 and used for the full-
scale experiment by Negro and Verzeletti (1996). The struc-
tural plan and elevation are depicted in Figure 11. The aver-
age compressive strength of concrete in the tested structure
is 𝑓′𝑐 = 46.8MPa, and the yield strength of steel is 𝑓𝑦 =
570MPa. By using the pseudodynamicmethod, the seismic
performance of the structure was tested in one direction.
An artificial earthquake recordwas generated based on the
Friuli ground motion and matched to the DBE response
spectrum with the peak ground acceleration of 0.3 g and

soil type B according to Eurocode 8, that is, 𝑆𝑋𝑆 = 0.75 g

and 𝑆𝑋1 = 0.45 g.

4.2.2 Seismic performance evaluation

The structure is modeled using the PBEE toolbox (Dolsek,
2010) which uses the MATLAB interface to develop the
model code for the OpenSees solver and to post-process
the results. The beam-column elements are modeled using
elastic elements and concentrated nonlinear springs at
both ends. The developed three-dimensional model for
detailed analysis consists of 217 nodes with six DOF in
each node. The analysis model is established and veri-
fied by comparing the analytical and experimental results.
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F IGURE 1 2 Verification of analysis model using experimental data: (a) Reference ground motion used in test; (b) comparison of
experimental and analytical top displacement under reference ground motion

F IGURE 13 Pushover curve of four-story reinforced concrete
(RC) frame structure from detailed analysis

The reference ground motion and the top displacement of
the structure obtained from the experiment and the estab-
lished analysis model are shown and verified in Figure 12.
It is noticed that the analysis model is in good agreement
with the test results.
The verifiedmodel is used to run detailed pushover anal-

ysis, and the first components of the 22 earthquake records
are scaled to the DBE response spectrum for NTHA. The
results of the pushover analysis are shown in Figure 13.
The analysis time is similar to the first case study structure.
The yield strength of the structure is 𝐹𝑦 = 956 kNwhich is
28% of its seismic weight, and its overstrength isΩ𝑑 = 2.3.
The fundamental period of the structure is 𝑇 = 0.73 s,
first mode shape 𝜙𝑇 = [1, 0.85, 0.6, 0.29], and the effec-
tive mass ratio of the first mode is 87% which is lower than
90%, showing that the first mode shape is not completely
predominant.
The fundamental period and the mode shape of the

structure for the “Rapid” track is approximated as 0.78 s
and 𝜙𝑇 = [1, 0.86, 0.62, 0.31] using the elastic model

developed in SAP2000 (CSI, 2017) with the effective stiff-
ness ratios. The fuzzy period and mode shape for the
“Rapid” track are built using these values as the mean at
𝛼𝑘 = 1 and a ±10% tolerance at 𝛼𝑘 = 0. The effective fun-
damental period for the “Preliminary” track is obtained
using the defuzzified story heights and the empirical for-
mulas (CEN, 2005; Masi & Vona, 2010) as 𝑇 = 0.085 ×

12 = 1.02 s for the upper bound and𝑇 = 0.075 × 120.75 =
0.48 s for the lower bound. The fuzzy period is built using
these two values as the lower and upper bounds at 𝛼𝑘 = 0

and their average 𝑇 = 0.75 s at 𝛼𝑘 = 1. Since the structure
is newly designed using seismic loads, it is expected that
the drifts are distributed more evenly with a linear mode
shape.
All elements of the fuzzy fundamental period are larger

than the characteristic period 𝑇𝑐 = 𝑆𝑋1∕𝑆𝑋𝑆 = 0.6 s, and
therefore the yield strength does not affect the displace-
ment demand. Nevertheless, it is approximated to run the
analysis and check the applicability of the provided meth-
ods and statistical measures. As the structurewas designed
following the codes, one of the sources for yield strength
estimation is the design base shear 𝐹𝐷 multiplied by the
overstrength factorΩ𝑑. In Table 6, the design base shear is
calculated using themean and the lower and upper bounds
of the fuzzy period and ismultiplied by themean andmean
plus minus one standard deviation of the overstrength fac-
tor. The range of the fuzzy yield strength at 𝛼𝑘 = 0 is deter-
mined using the possible lower and upper bounds from
these values for both “Preliminary” and “Rapid” evalua-
tion tracks, which are 562 kN and 1237 kN, respectively.
Themean of the fuzzy yield strength at𝛼𝑘 = 1 for the “Pre-
liminary” track is considered to be the average of possible
outcomes from Table 6, which is equal to 𝐹𝑦 = 872 kN and
is close to the accurate value.
For the “Rapid” track, the mean of the fuzzy yield

strength at 𝛼𝑘 = 1 is obtained from the approximate
pushover using the certain geometric dimensions and
average reinforcement from common structures designed
according to Eurocode 8 (Negro&Verzeletti, 1996; Rozman
& Fajfar, 2009). The longitudinal reinforcement of 1.7% is
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TABLE 6 Estimating yield force of structure (unit: kN) using overstrength factor and design base shear from fuzzy period

𝑭𝒚 = 𝛀𝒅𝑭𝒅

𝑻 (𝐬)

0.48 0.75 1.02
(𝑀 − 𝑆𝐷)𝐹𝑑 = 1.9𝐹𝑑 955 764 562
𝑀𝐹𝑑 = 2.18𝐹𝑑 1096 877 645
(𝑀 + 𝑆𝐷)𝐹𝑑 = 2.4𝐹𝑑 1237 989 728

TABLE 7 Structural characteristics of four-story reinforced concrete (RC) structure used for different seismic performance evaluation
tracks

Parameters

Evaluation tracks
“Detailed” “Rapid” “Preliminary”

𝑆𝑋𝑆 (g) 1.125 1.125 1.125
𝑆𝑋1 (g) 0.675 0.675 0.675

𝑀 (ton)

⎡⎢⎢⎢⎢⎣

83

85.9

85.9

86.9

⎤⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎣

83

85.9

85.9

86.9

⎤⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎣

83

85.9

85.9

86.9

⎤⎥⎥⎥⎥⎦

𝐻 (m)

⎡⎢⎢⎢⎢⎣

3

3

3

3.5

⎤⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎣

3

3

3

3.5

⎤⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎣

⟨2.7, 3, 3.3⟩
⟨2.7, 3, 3.3⟩
⟨2.7, 3, 3.3⟩
⟨2.7, 3, 3.3⟩

⎤⎥⎥⎥⎥⎦
𝑇 (s) 0.73 ⟨0.7, 0.78, 0.86⟩ ⟨0.48, 0.75, 1.02⟩

𝜙

⎡⎢⎢⎢⎢⎣

1

0.85

0.6

0.29

⎤⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎣

1

⟨0.77, 0.86, 0.95⟩
⟨0.56, 0.62, 0.68⟩
⟨0.28, 0.31, 0.34⟩

⎤⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎣

1

⟨0.67, 0.75, 0.83⟩
⟨0.45, 0.5, 0.55⟩
⟨0.22, 0.25, 0.28⟩

⎤⎥⎥⎥⎥⎦
𝐹𝑦 (kN) 956 ⟨562, 778, 1237⟩ ⟨562, 872, 1237⟩

chosen for column, top and bottom reinforcement ratios
of 𝜌′ = 0.6% and 𝜌 = 0.5% for beam end, and 𝜌′ = 0.5%

Doles 𝜌 = 0.5% for beam center sections.
The mean cylinder compressive strength of 33MPa is

chosen for C25/30 concrete based on default values in
Eurocode 2 (CEN, 2004) and the nominal yield strength
of 500MPa for steel. Pushover of the structure with these
nominal properties gives the lateral resistance of 778 kN.
All these data are summarized in Table 7 for the different
evaluation tracks.
It can be observed that the period and mode shape of

the structure can be approximated with a good accuracy
using the eigenvalue analysis without information of steel
rebars. Unlike the previous case, the mean of the fuzzy
period for the “Preliminary” track is very close to the val-
ues obtained from the other tracks, while the actual period
is safely covered within the wider upper and lower bound
range. Although the precise mode shape is not within the
support range of the fuzzy mode shape, it is consistent
along the height of the structure and very close to the upper
bound of the mode shape components. The yield strength
is also characterized by a wider range that can provide the
related gamut of the possible lateral resistance.

4.2.3 Analysis results

The analysis results obtained from the different tracks are
depicted in Figure 14. The interstory drift ratios obtained
from the proposed tracks are compared with the results
from NTHA and the experiment. It is observed that the
MIDR from the NTHA is 0.021 and is close to the detailed
pushover analysis which is 0.017. The NTHA result is the
median of drift demands for the 22 earthquakes, whereas
the test was conducted using one ground motion record
with the MIDR of 0.024. Although the results cannot be
directly compared, the demand for an earthquake is close
to the median result. This median can be also approx-
imated using the pushover analysis, given the detailed
input parameters.
Since the N2 method is utilized in the efficient tracks,

the results are compared with the detailed pushover anal-
ysis. It can be observed that the accurate result is cov-
ered properly by the fuzzy interstory drift ratios close to
the mean values. Due to the less available information
and higher uncertainty in the input parameters, the out-
put uncertainty of the “Preliminary” track is higher than
that of the “Rapid” evaluation track.
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F IGURE 14 Inter-story drifts of four-story reinforced concrete (RC) structure: (a) Detailed pushover and nonlinear time history analysis
(NTHA); (b) “Rapid” and detailed pushover analysis; (c) “Preliminary” and detailed pushover analysis

The other outputs of the N2 method are depicted and
compared for the “Preliminary” and “Rapid” tracks in
Figure 15. Similar to the previous case study structure, the
corresponding outputs from the “Detailed” analysis and
their membership values are denoted as well. The out-
put results of the “Rapid” evaluation track have smaller
range of uncertainty compared to the “Preliminary” eval-
uation track. Due to the narrower range of uncertainty, the
detailed results are associated with smaller α-levels.
The defuzzified results from the efficient tracks are com-

paredwith the detailed analysis in Table 8. It can be noticed
that the defuzzified MIDR and 𝐷𝑡 are very close to the
detailed analysis results, while there can be huge differ-
ence in terms of costs and efforts.

4.2.4 Safety assessment

According to Eurocode 8, the interstory drift ratio should
be controlled for the serviceability earthquake with 10%
exceedance probability in 10 years. To this end, the design
interstory drift ratio is multiplied by a reduction factor of
0.5 accounting for the lower return period of the earth-
quake based on the importance of class. The obtained drift
ratio should be lower than 0.01 for structures with nonin-
terfering nonstructural elements.
The obtained fuzzy MIDR from the “Preliminary” and

“Rapid” tracks are evaluated to check how accurately the
proposed method can estimate the safety of the structure

with the minimum and limited knowledge. The defuzzi-
fied MIDR of 0.009 meets the limit state with small safety
margin. The advantage of subjective safety assessment over
defuzzification is quantifying the degree of notmeeting the
limit state. For this purpose, the fuzzy MIDR is checked
using the crisp limit state of 0.01 in Figure 16. According to
the “Preliminary” analysis, it is observed that the structure
is safe with the degree of 1.0 and unsafe with the degree
of 0.54 which is higher than 0.5, suggesting that there is
a high possibility of exceeding the limit state. This possi-
bility is higher for the “Rapid” evaluation track which is
determinedwithmore accurate data. As can be seen in Fig-
ure 14, the results of theNTHA show that themedian inter-
story drift ratio of the structure barely satisfies the limit
state, while the structure fails to meet the limit state for
some earthquake ground motions like the one used in the
test.

4.2.5 Sensitivity analysis

The results of fuzzy sensitivity analysis for the “Prelim-
inary” evaluation track are shown in Figure 17. It is
observed that the most effective parameter is the effec-
tive fundamental periodwhich can change theMIDR from
0.008 to 0.019. The ±10% uncertainty in modal displace-
ments causes larger uncertainties for upper stories that
have larger displacements. As the drift ratios are evenly
distributed along the stories, any change in the input
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F IGURE 15 Fuzzy seismic performance evaluation result of four-story reinforced concrete (RC) structure using “Preliminary” and
“Rapid” tracks compared to accurate results from “Detailed” track with corresponding membership values

TABLE 8 Results from detailed performance of four-story structure and defuzzified results from “Preliminary” and “Rapid” tracks

Output

Evaluation method
“Detailed” “Rapid” “Preliminary”

MIDR 0.017 0.018 0.016
𝐷𝑡 (m) 0.160 0.172 0.168
𝑆𝑑 (m) 0.126 0.136 0.125
𝑆𝑎 (g) 0.33 0.287 0.317
𝑅𝜇 2.72 3.15 3.10
𝜇 2.72 3.15 3.10

Abbreviation: MIDR, median maximum interstory drift ratio.

parameter of a story can lead to the governance of the
MIDR from other stories. Thus, as can be seen in Figure 17,
the lower bound of sensitivities for all parameters except
for the period is limited to a value around 0.014, which is
consistent with the assumptions.

5 LIFE-CYCLE COST ANALYSIS

In this section, the applicability of the developed meth-
ods is further investigated by estimating the seismic life-
cycle cost of the three-story model structure with a mini-
mumeffort. In order to consider the seismic loss during the

life span of a structure, a fragility curve should be derived
by analyzing the structure using NTHA under different
seismic intensities and earthquake ground motions. The
fragility is utilized in conjunction with the seismic hazard
curve which indicates the annual exceedance probability
of a given seismic intensity. By having these two results,
the drift hazard and the expected loss can be calculated
as described by Cornell et al. (2002) and NourEldin et al.
(2019).
The seismic hazard curve is obtained considering that

it follows the Poisson process, and the specified DBE and
MCE spectral accelerations have a return period of 475 and
2475 years, respectively (ASCE, 2013). Three limit states for
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F IGURE 16 Safety assessment of four-story structure using fuzzy median maximum interstory drift ratio (MIDR) and stipulated limit
state: (a) “Preliminary” evaluation track; (b) “Rapid” evaluation track

the immediate occupancy, life safety, and collapse preven-
tion states are considered to be the maximum drift ratio of
1.0%, 1.5%, and 2.0%, respectively. The seismic loss incurred
by exceeding these limit states are assumed to be 30%, 70%,
and 100% of the initial construction cost which is estimated
based on the International Construction Market Survey
(2019) for the present value.
The required fragility curves for life-cycle cost analysis of

the three-story structures are obtained according to FEMA
P695 (2009) using 22 earthquakes and 15 different seismic
intensities from 0.2 g to 3.0 g with the increment of 0.2 g.
The analysis time using a PC with the Intel R© CoreTM i7-
7700K processor takes around 4 h using the parallel pro-
cessing technique on a pool of 30 workers or several days
without parallel processing.
By using the framework of this research, the fuzzy

median collapse intensity for each limit state is obtained
by calculating the spectral acceleration giving the drift

ratio equal to the limit state. The seismic life-cycle cost is
determined for the “Rapid” and “Preliminary” evaluation
tracks for a life span of 50 years and is compared with the
detailed analysis results in Figure 18. In both tracks, the
computation time takes only 1 min. The drastic reduction
in the computation time is resulted from the use of the N2
method for calculations, instead of incremental dynamic
analyses.
It is observed that the fuzzy life-cycle cost results are

consistent with the detailed analysis results; the “Rapid”
and “Preliminary” life-cycle cost evaluation results are
respectively < $1.15, $1.20, $1.25 > m and < $1.10, $1.17,
$1.35 > m, while the “Detailed” result is $1.11 m. Consid-
ering the costs and time for site-evaluation, tests, mod-
eling, and nonlinear dynamic analyses involved in the
“Detailed” track, the developed method can provide a
rapid approximation for life-cycle cost with a reasonable
accuracy.
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F IGURE 17 Sensitivity analysis of the four-story structure
using “Preliminary” evaluation track

F IGURE 18 Life-cycle cost of three-story structure for a life
span of 50 years

6 CONCLUSION

In this research, a seismic performance evaluationmethod
along with its toolbox and statistical database was devel-
oped which provides quick seismic performance of struc-
tures with lack of structural information. Themissing data
from skipping field measurements and material tests were
approximated as fuzzy numbers using empirical formu-
las, statistical data gathered in this study, etc. The struc-
tural responses and the safety of the structures were eval-
uated in detail and the effects of each assumed parameter
were checked using sensitivity analysis. To further validate
the capability and efficiency of the proposed method, the
seismic life-cycle cost was evaluated using the established
framework.
It was observed that the developed method could pro-

vide satisfactory results, while the required time and labor

costs were significantly reduced, especially in the seis-
mic performance evaluation of old buildings with no
design document left. The results of safety assessment
and life-cycle cost analysis obtained from the proposed
method were in good agreement with the time-consuming
“Detailed” analysis results.
The proposed method may be useful in practice when a

large inventory of structure is involved and their seismic
performances need to be estimated quickly without com-
prehensive tests and sitemeasurements, as in the decision-
making phase of urban regeneration projects. The effi-
ciency of the proposed method can be further increased
when intense computational work is involved in the task
as in the case of life-cycle cost evaluation.
It needs to be noted that there is inevitably a degree

of subjectivity involved in the proposed methods such as
mode shape approximation, confidence intervals, etc., and
further validation of the proposed methods needs to be
made using case study buildings with different dynamic
characteristics and structural systems.As the validity of the
fuzzy analysis depends on the confidence interval defined,
the building database needs to be further expanded to
other structural systems with various sizes/configurations
to reduce the uncertainty associated with the proposed
method.
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