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A B S T R A C T   

It is essential to estimate the earthquake-induced risks of buildings. However, most popularly used earthquake fragility curves of moment-resisting frame buildings, 
such as the Hazards United States (HAZUS) Earthquake model, did not consider the effects of different hysteresis behaviors. This study aims at analyzing the 
hysteresis effects on the earthquake fragility curves of the Moment Resisting Frame Structures (MRFs) to extend applications of these curves. The SAC projected 3- 
story and 9-story MRF buildings were used in this study as examples. Hysteresis behaviors of the beam-column joint were used to describe the different behaviors of 
different types of National Earthquake Hazards Reduction Program (NEHRP) MRF structures. ELEMENT 10 in the DRAIN-2DX program was adopted to model these 
hysteresis behaviors of MRF joints. The fragility curves of 3-story and 9-story steel and RC MRF buildings with different hysteresis behavior models were successfully 
constructed using the cumulative lognormal distribution function. Based on these fragility curves, the seismic damage safeties of all MRF buildings with different 
hysteresis models and at different damage limit states were analyzed and compared. The results suggested that designers could utilize some reduction factors to 
conservatively design the structures when using the existing earthquake fragility analysis procedure for MRF structures, such as HAZUS, given the hysteresis be
haviors of NEHRP MRF types. The earthquake fragility curves presented in this study could be directly adopted for the analysis of hysteresis behaviors of NEHRP MRF 
structures.   

1. Introduction 

To address the challenges of the damages of buildings and other civil 
infrastructures caused by hazards, civil engineers and researchers have 
developed many quantitative risk assessment methods for estimating or 
predicting the hazard-induced risks of buildings and other civil in
frastructures. As an effective and reliable method to assess the possible 
building damages by hazards, the fragility curve method is a commonly 
accepted risk assessment procedure. To estimate the effect of the hazard 
on the damage probability level of buildings, fragility curves are 
developed to predict the probability of exceeding a threshold of the 
damage. To develop fragility curves for damage risk assessments, it is 
usually needed to determine the characteristic of probability distribu
tions of the damaged status, such as the normal, lognormal, or uniform 
distributions. The lognormal distribution has been commonly accepted 
for residential building systems [17,16]. According to the curve cate
gories [32], the fragility curves have four types, i.e., empirical, judg
mental, analytical, and hybrid fragility curves. Rossetto and Elnashai 

[32] reported that empirical fragility curves are the most practical and 
reliable method for building risk assessment compared with the other 
three methods because they use real data. However, the method has 
drawbacks of highly specific to a particular situation and a specific type 
of building damages. Therefore, analytical fragility curves have been the 
most generated fragility curves. Initially developed by Veneziano et al. 
[43], the fragility curve for quantitative risk assessment of earthquake 
hazards was created in 1983. After that, the fragility curve method has 
been extended for the applications of other natural and non-natural 
hazards, such as tornados [24], hurricanes [41,14,18,26,2], flooding, 
tsunami [23,31,25], and fires [10]. 

The development of earthquake fragility curves needs to accurately 
estimate structure damages after seismic excitations and the quantifi
cation of ground motions. In practice, an earthquake fragility curve is 
commonly developed using the probability of the damage exceeding a 
critical threshold of a specified seismic intensity measure [47]. In their 
review paper, four different fragility analysis methods were discussed: 
(1) the safety factor method, (2) regression analysis; (3) maximum 
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likelihood estimation from a set of nonlinear time history analysis; and 
(4) the incremental dynamic analysis method. These four fragility 
analysis methods were applied to determine fragility curves for the 3- 
story reinforced concrete shear wall building, in which, none of them 

took the hysteresis effect into account. Monte Carlo method [28] and 
lognormal regression [20] are often used to evaluate the conditional 
probability. For example, Khalfan et al. [17] created empirical earth
quake fragility curves by the lognormal regression, focusing on non- 
engineered residential buildings using shaking intensity maps in a 
geographic information system (GIS) format. In their work, the derived 
fragility curves were considered to be reasonable, the test of root mean 
square error (RMSE) indicated that the curves’ predicts were within 
7–17% of the actual probability of exceedance from the data, probably 
because the hysteresis effect was not counted in the calculation. Bao 
et al. [3] investigated the fragility of a structure that subjected to the 
impacts of earthquakes. A new method taking into account of the effect 
of post-shock damage was developed to generate earthquake analytical 
fragility curves. However, their work did not consider the hysteresis 
effect in their far-in fault and near-fault seismic sequences. More 
advanced statistical techniques have also been adopted to more effi
ciently conduct earthquake risk assessments using earthquake fragility 
curves, such as artificial neural networks (ANN) [27,4], support vector 
regression [11], etc. For example, an ANN method was utilized by Wang 
et al. [44] for improving the computational efficiency of fragility curves 
by implementing the delta method and verifying the validity of the 
lognormal distribution. The Federal Emergency Management Agency 
[9,8,7] published analytical tool of Hazards United States (HAZUS) 
[9,7], in which, the fragility curve method is utilized to conduct quan
titative risk assessments for the damages resulted from hazards of 
tornados, hurricanes, earthquakes, and floods. The earthquake fragility 
curves in HAZUS have been extensively used by the governmental 
decision-makers to estimate potential losses by future earthquake haz
ards, which didn’t consider the hysteresis effect as well. 

As a popular building structural format, the moment-resisting frame 
(MRF) structure is usually assembled by rigidly connecting beams and 
columns. Fragility curves are often created to estimate the risk of MRF 

Fig. 1. Elevation view of two-dimensional MRF structures.  

Fig. 2. Joint models of the NEHRP steel MRF structures.  
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structures attacked by earthquakes. Shafei et al. [35] utilized the 
collapse fragility database and pushover curves to develop closed-form 
equations. Using the parallel fragility computing method, the collapse 
margin ratios of MRF structures were calculated by Hardyniec and 
Charney [13]. The effect of inherent uncertainties on the performance of 
MRFs during the earthquake was investigated by Asgarian and Ordou
badi [1] using the fragility analysis of seismicity. By considering ca
pacity limits, seismic fragility curves of MRFs with magnetorheological 
dampers were created by Cha and Bai [5]. 

Modern codes, such as FEMA 355F and 2009 NEHRP, proposed three 
types of steel MRF and three types of reinforced concrete (RC) MRF with 
different earthquake resistance capacities. They include Type C1 - Spe
cial Steel MRF, Type C3 - Intermediate Steel MRF, Type C4 - Ordinary 
Steel MRF, Type C5 - Special RC MRF, Type C6 - Intermediate RC MRF, 
and Type C7 - Ordinary RC MRF. Different types of MRFs have different 
earthquake damage fragilities. A numerical example in Yun et al. [45] 
investigated the performance of steel MRF during earthquakes and 
proposed the relationships between the probability and prevention 
performance level. Huang and Foutch [15] proposed the use of the 
hysteresis behaviors of the beam-column joints to model the perfor
mance of the different types of NEHRP MRFs. Hysteresis behavior is the 
lagging of the deformation of the building component after an earth
quake. After the earthquake, the component either immediately springs 
back to its original state or somehow changes from previous de
formations. However, Huang and Foutch didn’t explore the hysteresis 
effects on fragility curves. 

In summary, the literature review indicated that all reports regarding 
the fragility analyses of MRFs did not consider hysteresis effects during 
earthquakes. Studies discussed hysteresis behaviors of MRF during 
earthquakes, such as Huang and Foutch [15], did not perform fragility 
analyses. Thus, this present study initially proposed fragility curves with 
consideration of hysteresis effect and provided designers with reduction 

factors, which can be directly utilized to the practical NEHRP MRF 
structure design. The contributions of this research can be summarized 
as follows:  

(1) Explored the effects of hysteresis behaviors on earthquake 
fragility curves of moment-resisting frame structures. 

(2) Developed a group of earthquake fragility curves with consider
ation of hysteresis effects, which can be applied to designs of 
different NEHRP MRF structures and served as a measure of 
assessing structure vulnerability, providing decision-makers with 
a better understanding of structural behavior when an earth
quake occurs.  

(3) Provided a group of hysteresis behavior reduction factors that can 
be used for building design when designers and decision-makers 
adopting other existing earthquake fragility curves for MRF 
structures, such as the HAZUS model. 

2. Case study of moment resistance frame structures 

The buildings in this study were the SAC project prototype buildings 
with 3-story and 9-story steel MRF structures [46]. Elevation views of 
two-dimensional MRF structures of this study are presented in Fig. 1. 

For the 3-story building, there is no basement and no concrete wall 
anywhere. It is assumed that bay spans are 30 feet (total four spans of 
MRFs), and column heights are 13 feet. All beams and columns are 
bending about their strong axes. To prevent bi-axial bending, no corner 
column is employed for the MRF. 

For the 9-story building, there is one basement and concrete walls are 
used to prevent the lateral movement at the ground floor level, which 
was modeled by restraining the ground floor. Bay spans of the MRF are 
30 feet with a total of 4-1/2 spans. This means that 4 spans of the MRF 
have moment connections with beams connected to the strong bending 

Fig. 3. Joint models of the NEHRP RC MRF structures.  
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direction (x-x direction) of columns and one extra span of the MRF has 
moment connections with beams connected to the weak bending di
rection of columns. All columns have a height of 13 feet, as well. To 
avoid bi-axial weak axis bending, only one moment-connection was 
designed for each corner column. Columns were pin-supported at the 

basement level. 
Member dimensions for the 3-story and 9-story buildings are shown 

in Tables 1 and 2, respectively. The strength and stiffness of these 
buildings represented current steel MRF buildings being constructed 
today. RC MRF buildings with the same heights and similar plan con
figurations would likely be heavier and stiffer but have similar periods 
(natural frequencies) as these steel MRF buildings. Therefore, the 
readers should not consider this to be a study of steel MRF buildings. The 
material should be thought of as generic. Hysteresis properties were 
changed to represent hysteresis behaviors of both steel and reinforced 
concrete frames. 

Fig. 4. Joint models of the NEHRP MRF structures with different bolt slippery distances for steel MRF structures and different crack dimensions for RC 
MRF structures. 

Table 1 
3-story moment-resisting frame configuration.  

Member Steel Member Stiffness EI (x106 k-in2) 

C1 W14x283 111 
C2 W14x257 99 
B1 W27x114 118 
B2 W27x102 105 
B3 W18x50 23  

Table 2 
9-story moment-resisting frame configuration.  

Member Steel Member Stiffness EI (x106 k-in2) 

C1 W14x500 238 
C2 W14x455 209 
C3 W14x398 174 
C4 W14x283 111 
C5 W14x257 99 
B1 W36x150 262 
B2 W33x141 216 
B3 W30x116 143 
B4 W24x94 78 
B5 W18x60 29  

Table 3 
Mapping of NEHRP MRF structures and hysteresis models.  

Frames 
Type 

Frame Description Hysteresis Model Model 
Demo 

NEHRP Steel MRF   
Ideal steel MRF 0% SD Fig. 2a 

Type C1 Special steel MRF 10%SD Fig. 2b 
Type C3 Intermediate steel MRF 25%SD Fig. 2c 
Type C4 Ordinary steel MRF 40%SD Fig. 2d 
Slip Bolt connection slippage 30, 50, 70% 

Pinching 
Fig. 4 

NEHRP RC MRF   
Ideal RC MRF kD Fig. 3a 

Type C5 Special RC MRF kD + 10%SD Fig. 3b 
Type C6 Intermediate RC MRF kD + 25%SD Fig. 3c 
Type C7 Ordinary RC MRF Kd + 40%SD Fig. 3d 
Cracked Opening/closing of the 

cracks 
30, 50, 70% 
Pinching 

Fig. 4  
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In this study, hysteresis types considered consist of that for buildings 
with modern well-detailed steel and RC frames, and with moderate and 
non-ductile steel and/or RC constructions. This study focuses on those 
buildings that have strong columns and weak beams; therefore, the first 
yielding can always occur at components of beams. 

3. Analytical modelling of MRF 

The software of DRAIN-2DX [30] was selected to model steel and RC 
MRF structures in this study and to conduct nonlinear dynamic analyses 
because it can model different and complicated hysteresis behaviors of 
beam-to-column joints. 

The nonlinear centerline model with rotational springs of DRAIN- 
2DX was used to analyze MRF behaviors in this study, in which the 
panel zone effects were not considered. The elastic elements connected 
by the joints were utilized to simulate beams. The rotational springs 
were placed at the end of beam elements, being used to simulate the 
inelastic behavior of beams. Due to the full rigid connection behavior of 
rotational springs, the initial elastic stiffness was large, being assigned as 
k = 6 × 106 k-in. Thus, the initial stiffness of the frame can be provided 
by beam elements because of their elastic behavior. When the plastic 

Fig. 5. Flowchart for Incremental Dynamic Analysis (IDA).  

Table 4 
Ground motions for IDA.  

No. M Year Name PGA (cm/s2) Duration (sec) 

1 7.1 1992 Mendocino X 741.13 59.98 
2 7.1 1992 Mendocino Y 476.22 59.98 
3 6.7 1992 Erzincan X 593.6 20.775 
4 6.7 1992 Erzincan Y 529.06 20.775 
5 6.5 1949 Olympia X 878.23 79.98 
6 6.5 1949 Olympia Y 805.68 79.98 
7 7.1 1965 Seattle X 1722.4 81.82 
8 7.1 1965 Seattle Y 1364.7 81.82 
9 8 1985 Valpariso X 1605.5 99.975 
10 8 1985 Valpariso Y 1543.5 99.975 
11 7.9 simulation Deep Inter-plate 1 781.31 79.98 
12 7.9 simulation Deep Inter-plate 2 634.36 79.98 
13 7.9 simulation Shallow Inter-plate 1 524.55 79.98 
14 7.9 simulation Shallow Inter-plate 2 567.18 79.98 
15 7.9 simulation Shallow Inter-plate 3 735.22 79.98  

Fig. 6. Response Spectra of the 15 selected earthquake records scaled by Somerville [39].  
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Fig. 7. IDA curves for 9-story MRF buildings - Sa (T1, 3.6%) vs. dmax: (a) 0%SD, (b) 10%SD, (c) 25%SD, (d) 40%SD, (e) kD, (f) kD + 10%SD, (g) kD + 25%SD, (h) kD 
+ 40%SD, (i) 30%Pinch, (j) 50%Pinch, (k) 70%Pinch. 

Table 5 
Significance values of log-normality tests and means and standard deviations.  

Type Damage state Sample size Kolmogorov-Smirnov* Shapiro-Wilk  
Median 

Log Std Deviation Correlation R2 

Ideal steel Minor 15 0.181 0.133 0.590 0.174 0.9264 
Medium 15 0.200** 0.794 0.854 0.241 0.9257 
Severe 15 0.200 0.299 0.968 0.292 0.9254 
Collapse 15 0.200 0.561 1.016 0.328 0.9254 

Special steel Minor 15 0.200 0.415 0.643 0.206 0.9259 
Medium 15 0.184 0.203 0.793 0.251 0.9258 
Severe 15 0.200 0.340 0.849 0.290 0.9257 
Collapse 15 0.200 0.514 0.876 0.318 0.9258 

Intermediate steel Minor 15 0.131 0.396 0.596 0.177 0.9260 
Medium 15 0.174 0.170 0.664 0.225 0.9260 
Severe 15 0.091 0.156 0.690 0.257 0.9262 
Collapse 15 0.200 0.196 0.714 0.271 0.9260 

Ordinary steel Minor 15 0.200 0.570 0.516 0.129 0.9253 
Medium 15 0.200 0.180 0.586 0.167 0.9259 
Severe 15 0.200 0.199 0.601 0.188 0.9261 
Collapse 15 0.200 0.235 0.605 0.196 0.9262  

* Lilliefors Significance Correction [21]. 
** This is a lower bound of the true significance. 
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moment capacity was reached, the strain-hardening rate was assumed 
0.3% for the post-yield stiffness of the rotational spring. Using the 
DRAIN-2DX program, columns were considered as the beam-column 
elements. By considering the geometry nonlinearity, the P-Δand P-δ 
effects were considered when conducting the nonlinear time-history 
analyses. The P-Δ effects were calculated by applying a load combina
tion with 100% dead load and 25% live load on the frame elements and 
leaning columns. During the dynamic time-history analyses, the 4.3% 
damping was used for the 3-story building simulation, while 3.6% was 
used for the 9-story building simulation because these damping values 
have been recommended for the instrumented MRF buildings during 
earthquakes [12]. During the simulation, these damping values were 
assigned to the first and second modes. 

Hysteresis behaviors of the beam-column joint are important 

characteristics of MRF structures. The joint hysteretic behaviors include 
stiffness degradation (kD), strength degradation (SD), and pinching. SD 
is a typical hysteresis behavior of steel MRF joints. Due to the local 
buckling of steel beams, the joint strength could be reduced somewhat 
after each execution of yielding. The strength loss rate for each cycle is a 
function of the flange slenderness ration bt/2tf of the steel beam element 
and the maximum rotation θmax of previous cycles [45]. The kD model in 
accordance with the Takeda-Sozen model [42] represents the hysteresis 
behavior of the ideal RC MRF joints. This model was considered as an 
ideal theoretical model that cannot be used for simulating the behavior 
of an actual RC MRF building because the SD behavior inevitably occurs 
together with the kD behavior at large story drifts during vibrations. 
Using the kD model, according to different periods of cracking, yielding, 
and loading/unloading during the loading cycles, the stiffness 

Fig. 8. Fragility Curves of 3-story Steel and RC Moment Resisting Frame Buildings.  
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parameters of RC MRF structures were specified. Since the kD model is a 
peak oriented, the direction of the reloading stiffness degrades is 
developed towards the direction of the previous max peak point of the 
loading. According to the reports by LaFave and Wight [19] and Shin 
and LaFave [37], as one of the important properties for a hysteresis 
behavior, the pinching of the hysteresis loop can be caused by the 
opening/closing of the cracks and/or the slipping of debonded rein
forcing bars in RC structures, which is needed to be explored. According 
to the article by Schneider and Teeraparbwong [34], the bolt connection 
slippage under loading reversal in steel structures also caused pinching. 
Shi and Foutch [36] developed a new element (ELEMENT 10) in the 
software of DRAIN-2DX, which can model these hysteresis behaviors of 
the MRF joints. Base on the report of Huang and Foutch [15], Table 3 
shows the mapping of NEHRP MRF structures and different hysteresis 
models. 

4. IDA analysis 

Luco and Cornell [22] developed a method to analyze the hysteresis 
effect on earthquake risk assessment using the incremental dynamic 
analysis (IDA) procedure, being employed to develop data needed for 
creating fragility curves. Described in FEMA355f, the IDA procedure 
shown in Fig. 5 can be used to study the relationship between the in
tensity measure (IM) of ground motion and the engineering demand 
parameter (EDP) up to collapse during an earthquake. The IDA frame
work can be described as that the response history analysis of structures 
is executed according to the increasingly scaled historical earthquake 
data. IM and EDP are usually considered as peak ground acceleration 
(PGA) or approximately 5% damped fundamental spectral acceleration, 
Sa (T1, 5%), and the max inter-story drift ratio, dmax, respectively [6]. 

In this study, the IM was taken as the 4.3% damped fundamental 
spectral acceleration Sa (T1, 4.3%) for the 3-story MRF buildings and 

Fig. 8. (continued). 
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3.6% damped fundamental spectral acceleration Sa (T1, 3.6%) for the 9- 
story MRF buildings. The EDP was taken as the max inter-story drift 
ratio, dmax. Table 4 shows that fifteen ground motions from the SAC 
project, SAC-96-02 [33], were selected for the IDA to consider the un
certainty of earthquakes. Fig. 6 shows the response spectra of the fifteen 
ground motions using the Somerville [39] scaling criterion. The resulted 
IDA curves for 9-story steel and RC MRF buildings with different hys
teresis models are shown in Fig. 7. 

5. Earthquake fragility curves 

Earthquake fragility is the probability of exceeding a defined damage 
limit state of a structure with an intensity measure of ground movement. 
The present study utilized a mathematical method to develop the 
earthquake fragility curves using the method of IDA. As discussed in the 

previous section, the 4.3% and 3.6% damped spectral accelerations at 
fundamental periods of Sa (T1, 4.3%) and Sa (T1, 3.6%) were adopted as 
the earthquake intensity measure for the MRF buildings of 3-story and 9- 
story, respectively. Based on the analysis in Huang and Foutch [15], the 
maximum cutoff drift limit for the global collapse limit state was set at 
0.20 or the slope of IDA curves decreased to a value smaller than 0.2 of 
the median of their initial slope. According to the IDA curves in Fig. 7, 
the global minor damage limit state was set as 0.05 to simulate global 
‘yielding’ points on these IDA curves. Then, 0.10 and 0.15 were manu
ally picked as the two intermediate damage limit states (medium and 
severe) between the global minor and global collapse limit states. The 
analytical model for selected drift limits would not be realistic because 
local collapses and shambles of building contents would likely occur 
prior to this and/or the mathematical model would no longer be valid. 
However, the selected global limit states worked for this study because 

Fig. 9. Fragility Curves of 9-story Steel and RC Moment Resisting Frame Buildings.  
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the purpose of this study is to investigate the effects of hysteresis 
behavior on global collapses. 

This study used the lognormal probability distribution function for 
describing the fragility performance because it is the most popular 
model used for earthquake risk assessments currently [29]. The cumu
lative lognormal distribution function can be written as 

Fx
(
D ≥ dj|wi

)
= ∅

(
lnpi − μi

σi

)

(1)  

where, Fx is the probability of a damage limit state; D is a damage limit 
state equal to or greater than the jth damage limit state, dj, given the 
damped spectrum acceleration for the fundamental period, Sa (T1, -%), 
wi is the damage state number; Φ(*) is the function of normal CFD, pi is 
the random variate, namely, the air-blast incident overpressure (kPa), µi 
is the logarithmic mean and σi is the logarithmic standard deviation of 

the ith damage limit state. Eq. (1) can be written as: 

Fx
(
D ≥ dj|wi

)
=

1
2

[

1 + erf
(

ln(p) − μ
σ

̅̅̅
2

√

) ]

(2)  

where erf is the Gauss error function. There could be associated 
threshold levels for a given Sa (T1, -%), resulting in separate fragility 
curves for specific damage limit states. Then, the fragility curve with a 
random number could be used to evaluate whether damage occurs for a 
given Sa (T1, -%), depending on whether the random number is greater 
than the fragility value for that Sa (T1, -%). 

To confirm that if the function of the cumulative lognormal distri
bution is suitable for presenting the fragility relationships between the 
probability of exceeding a specific damage limit state and the damped 
fundamental spectral acceleration Sa (T1, -%), the statistic software SPSS 
(IBM SPSS 25) was utilized for testing the performance of the log- 

Fig. 9. (continued). 
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normality of the distributions. The Kolmogorov-Smirnov test (KS) [21] 
and the Shapiro-Wilk (SW) test were utilized to check if the data belong 
to the lognormal distribution. The Hypothesis was that the distribution 
of determined data is Not significantly different from a lognormal dis
tribution at a significant level of α = 0.05. 

As an example, data of the 9-story steel MRF building with no SD 
model (idealized 9-story steel MRF) was utilized for the normality tests. 
The test results are presented in Table 5. Because all the KS and SW 

Significance values in Table 5 are greater than α = 0.05, the hypothesis 
was proved as ‘accepted’. Both the KS and SW tests are the nonpara
metric tests of the equality of continuous probability distributions that 
can be used to compare a sample with a reference probability distribu
tion, which can serve for the goodness of fit tests. In the case of testing 
for lognormality of the distribution, samples are standardized and 
compared with a standard lognormal distribution. This is equivalent to 
setting the median and variance of the reference distribution equal to 

Fig. 10. IM50% values of the 3-story MRF buildings.  

Fig. 11. IM50% values of the 9-story MRF buildings.  
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the sample estimates, and it is known that using these to define the 
specific reference distribution changes the null distribution of the test 
statistic. Simard and L’Ecuyer [38] reported that the KS test is more 
powerful than the SW test because the SW test does not work well for a 
small sample size. Whereas, Steinskog et al. [40] pointed out that the SW 
test for normality is better than the KS test. Thus, both KS and SW tests 
were utilized in this study to doubly confirm the lognormality behaviors 
of these curves. The distributions were validated to be lognormal dis
tribution. Table 5 also shows the median and logarithmic standard de
viations of the curves. Using the same testing method as for the idealized 
9-story steel MRF building, all other 3-story and 9-story building models 
were examined by normality tests. It was confirmed that all cases were 
lognormal probability distributions. Thus, it was feasible to use 
lognormal distribution to develop the fragility curves of this study. 

The fragility curves of steel and RC MRF buildings for both 3-story 
and 9-story with different hysteresis behavior models were success
fully constructed using the cumulative lognormal distribution function. 
When performing the cumulative lognormal regression, the probability 
of each damage limit state was calculated by dividing the number of 
earthquakes being considered. The cumulative probability was then 
calculated by adding all the probabilities of damage limit states from the 
highest damage scale to the interested damage scale, representing the 
probability of reaching or exceeding a damage scale at Sa (T1, -%). The 
cumulative probability values were then fitted with a lognormal fragility 
function, as shown in Eq. (2). A cumulative lognormal curve-fitting 
program was developed in this study to examine the efficiency and ac
curacy of the developed curves. The coefficient of determination R2 was 
computed. As an example, the R2 for the data of the idealized 9-story 
steel MRF building are listed in Table 5. Figs. 8 and 9 show the resul
ted fragility curves expressing the probabilities of 3-story and 9-story 
MRF buildings reaching or exceeding each of the four damage limit- 
states, as a function of Sa (T1, -%), respectively. 

6. Seismic damage safety 

FEMA-P695 defines the damage margin ratio (DMR) as the safety 
measure of a building for an earthquake, which is a ratio of the spectral 
acceleration for 50% of the pre-define earthquake records causing a 
specific level of damages (IM50%) to the spectral acceleration of the max 
considered earthquake (MCE) ground motion (IMMCE). The larger value 
of DMR implies that the building has a higher level of seismic damage 
safety. 

Assume that all the buildings in this study were at the same locations 
and had the same values of IMMCE. Therefore, their IM50% values can 

represent their seismic damage safety status. According to the fragility 
curves in Figs. 6 and 7, the IM50% values of all buildings in this study 
were calculated. Fig. 10 compares the IM50% values of the 3-story MRF 
buildings with different building hysteresis models and at different 
damage limit states. Fig. 11 compares the IM50% values of the 9-story 
MRF buildings with different building hysteresis models and at 
different damage limit states. Based on the comparison with ideal steel 
and RC MRF models, Table 6 summarizes the calculated and recom
mended reduction factors for NEHRP MRF structures when using 
earthquake fragility methods and IM values, which could be helpful for 
building designers. 

7. Conclusions 

This study aimed at analyzing the hysteresis effects on the earth
quake fragility curves of MRF structures and providing seismic fragility 
curves for various NEHRP MRF structures. The SAC prototype buildings 
with 3-story and 9-story MRF structures were adopted in this study to 
represent the lower-rise and mid-rise MRFs. Hysteresis behaviors of the 
beam-column joint were used in this research to describe the different 
behavior of different types of NEHRP MRF structures. ELEMENT 10 in 
the DRAIN-2DX software was adopted to model these hysteresis be
haviors of the MRF joints. The fragility curves of steel and RC MRF 
buildings with different hysteresis behavior models were successfully 
constructed using the cumulative lognormal distribution function. Ac
cording to the fragility curves, the earthquake damage safeties of all 
MRF buildings with different hysteresis models and at different damage 
limit states were analyzed and compared. A group of hysteresis reduc
tion factors was proposed for modifying previous earthquake fragility 
analysis results of building behaviors, which can be used for building 
design when designers and decision-makers adopting other existing 
earthquake fragility curves for MRF structures. The developed fragility 
curves and reduction factors can also serve as a measure of assessing 
structure vulnerability, providing decision-makers with a better under
standing of structural behavior when an earthquake occurs. 

This study proposes future works, including the utilization of 
advanced data analytics techniques, e.g., the machine deep learning, 
geodatabase, and virtual information fabric such as VIFI, to explore 
more accurate earthquake risk assessment for all types of building 
structures. 
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