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A B S T R A C T   

Natural hazards can turn into crises with dangerous consequences in the absence of hazards reduction systems. 
Estimation of hazards quantitatively can lead to the prevention of these crises. Structural resilience is divided 
into different dimensions of social, economic, organizational, technical, etc. Qualitatively, it means predicting a 
set of factors in the shortest possible time to return the damaged structure to its former performance. In this 
study, due to the quantitative concept of vulnerability to reduce the direct economic hazards of the structure, six 
models of 3-story buildings with post-tensioned self-centering connections have been evaluated for resilience 
according to the damage curve. Based on Incremental Dynamic Analysis (IDA) and considering five scenarios 
with the onset times of various events, a new seismic resilience index has been developed based on the 
vulnerability curve for post-tensioned self-centering buildings. Another quantitative index has been proposed for 
rapid assessment of self-centering structures due to the importance of four different hazard levels of 2 %, 5 %, 10 
%, and 20 % in 50 years and the prediction of various event times. One of the important results of this research is 
the reduction of resilience and structural performance due to the increase in the occurred event times. If these 
indices were closer to 100 %, the resilience of buildings would be higher.   

1. Introduction 

Resilience in the term is the ability to improve a set of problems or 
return to their previous performance [1]. In mechanics in 1640, resil-
ience means the ability of a substance to absorb energy under an elastic 
deformation and return to its performance after unloading. In 1824, 
with the development of this term, the meaning of elasticity was chosen 
[2]. Thomas Tredgold first introduced the concept of resilience in En-
gland in 1818. This term was generally the resistance of wood timber to 
input loads [3]. The term was improved in 1856 by Mallett to consider 
material resistance to disorders [4,5]. 

In the 1970s, the meaning of resilience was introduced in the field of 
child psychology. Resilience means managing and improving adversity 
from the dangers ahead. Michael Rutter has introduced a new concept 
by combining risk experiences and their relative results [6]. In 1973, 

another meaning of resilience was introduced by Holling in the field of 
ecology. This definition addressed the ability of systems to withstand 
change and turbulence to maintain similar relationships between state 
variables. This meaning then developed into the ecosystem, human, 
cultural, and social contexts [7,8]. 

Unlike materials and engineering resilience, ecological and social 
resilience is focused on the persistence and redundancy of multi- 
equilibrium modes to maintain the existing performance of the sys-
tem. Engineering resilience refers to the ability of system performance to 
reduce hazards. According to this interpretation, resilience depends on 
how long a system returns to an equilibrium [9]. The MCEER1 re-
searchers presented four general characteristics of resilience, as shown 
in Fig. 1 [9]. Robustness is the ability of systems to withstand a certain 
level of stress without suffering the loss of function, Resourcefulness is 
the ability to identify problems and resources when threats may disrupt 
the system. Redundancy is the ability to have various paths in a system 
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by which forces can be transferred to enable continued function, and 
Rapidity is the ability to meet priorities and goals in time to prevent 
losses and future disruptions [1]. 

Bruneau et al. (2003) [10] presented four dimensions for resilience. 
The technical dimension of resilience refers to the response and per-
formance of physical systems against earthquake forces. The organiza-
tional dimension of the resilience, ability, and capacity of organizations 
in responding to emergencies is defined. The economic dimension of 
resilience addresses the system’s ability to reduce direct and indirect 
losses from destructive earthquakes. The social dimension of resilience is 
defined as the capacity of the system to reduce the adverse social effects 
and the damage of essential services after an earthquake. Since consid-
eration of quantitative variables is necessary for the numerical expres-
sion of seismic resilience in structures, Bruneau and Reinhorn [11] and 
subsequently Cimellaro et al. [1] proposed a definition of resilience: 
Resilience as a function states the capacity to maintain the level of ef-
ficiency or performance of a particular structure or vital networks of a 
community during a control time (TCL). TCL has been selected equal to 
the maximum recovery time of days for the un-retrofitted and retrofitted 
structures which is defined by the specialists or community. Therefore, 
resilience is considered a function of time and depends on natural and 
human events that reduce resilience. Since resilience is a time- 
dependent variable, a new variable called recovery time has been 
defined by Porter et al. [12], Bruneau and Reinhorn [11], and Cimellaro 
et al. [1]. Montuori et al. [13] worked on residual displacements for non- 
degrading bilinear oscillators under seismic actions. 

Recovery Time (TRE) is the necessary period of time to return a 
system to a desired performance level that could have its original per-
formance, or better or worse. The recovery time of a random variable 
with many uncertainties depends on the social-economic conditions in 
structures and infrastructures. In fact, it has played an important role in 
the recovery of construction and the suspension of business. However, 
the recovery time should be less than the control time. According to the 
previous definitions [14], resilience is calculated by Eq. (1): 

R =

∫ TOE+TRE

TOE

Q(t)
TRE

dt (1) 

The resilience is graphically shown in Fig. 2 as the shaded area below 
the performance curve Q (t). Q (t) is the variable statistical process and is 
defined as Eq. (2) [14]. 

Q(t) = 1 − L (I, TRE).[H(t − tOE) − H (tOE + TRE)]fREC(t,tOE,TRE (2) 

Where L (I, TRE) is the damage function, fREC (t, tOE, TRE) is the re-
covery function, H () is the step function (H stands for the Heaviside step 
function. The values of the quantities in this equation are less than one 
since the desired full functionality is equal to 100 %=1.0), TOE is the 
occurred event times, and I is the earthquake intensity. The value of Q(t) 
in Eq. (2) is less than or equal to one, which one is the optimal perfor-
mance or 100 %. As mentioned earlier, resilience is the area under the 
curve Q (t) during the time TRE when the event E occurs at the time TOE. 
This normalization is based on TRE with emphasis on the reversibility 
and recovery phase [1]. 

In recent years, new research has been presented on the subject of 
resilience. Sangaki et al. [15] worked on the probabilistic integrated 
framework and models compatible with the reliability methods for 
seismic resilience assessment of structures. Zhijun et al. [16] researched 
a measuring seismic resilience of building portfolios based on innovative 
damage ratio assessment model. 

Ranjbar et al. [17] investigated a probabilistic evaluation of seismic 
resilience for typical vital buildings in terms of vulnerability curves. 
Kashani et al. [18] studied on a resilience-based design for next- 
generation bridge design and construction. 

In the following, for the behavioral recognition of the studied frame, 
the way of formation and behavioral recognition of this frame is pre-
sented from the point of view of past research. The focus of this section 
has only been to recognize this frame and examine recent research in its 
behavioral analysis, which is derived from the results of laboratory and 
theoretical research. The initial experimental studies on posttensioned 
steel frames were conducted in 1998 by Garlock [19]. These studies 
adhere to the following three overall concepts: 1) an idea that followed 
the advances in connections after the Northridge earthquake, 2) 
research that evaluated the post-tensioned precast concrete systems, and 
3) focus on the semi-rigid or bolted steel connections with top and seat 
angles. These ideas ultimately led to a self-centering connection design. 
In order to determine damage control indices for steel moment frames 
with self-centering connections, Bavandi et al. and Kitayama et al. 
[20–25] developed the efficiency and reparability indices, which eval-
uate the efficiency of these connections. According to these researches, 
developing a resilience index idea has been formed based on the per-
formance level of structures. 

In this research, the seismic resilience index has been developed 
using the output of IDA and vulnerability curves. In this regard, six 
samples of self-centering connections are validated according to the past 

Nomenclature 

Cξ damping correction coefficient; 
CT period correction coefficient; 
Cθ drift correction coefficient; 
hf overall height of the frame; 
KfΔ stiffness of the frames; 
R response modification factor; 
Sa spectral acceleration of the first mode; 
T1 period of the first mode from modal; 
Tdes period of structure; 
VDBE base shear at DBE state; 

VMCE base shear at MCE state; 
V base shear; 
Δroof ,DBE displacement of frame at DBE state; 
Δroof ,MCE displacement of frame at MCE state; 
Δel− des static displacement of frame; 
θDBE rotation of frame at DBE state; 
θMCE rotation of frame at MCE state; 
θr,DBE connection relative rotation at DBE state; 
θr,MCE connection relative rotation at MCE state; 
Ω overstrength factor; 
ξ structural damping;  

Fig. 1. Four properties of resilience (Adapted from [9]).  
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studies by Garlock [26], Ricles [27], and Moradi [28], based on Gar-
lock’s [29] methodology. First, six models of self-centering three-story 
buildings with geometric specifications based on FEMA-355C [30] are 
analyzed under 11 records of far-field earthquakes based on FEMA P695 
[31]. In the following, IDA and the fragility curve of these frames are 
extracted in four performance levels, and then the vulnerability (dam-
age) curve is drawn based on the fragility curve. The seismic resilience 
index of three-story self-centering frames has been developed according 
to Fig. 3 for four hazard levels of 2 %, 5 %, 10 %, and 20 % in 50 years 
and then the final resilience relationship is proposed with nonlinear 
regression. Also, another new index has been developed that provides 
the amount of resilience by entering the spectral acceleration in various 
hazard levels and the occurrence of the event time. In general, two new 
indices are introduced for the first time about post-tensioned three-story 
self-centering frames. 

2. Validation of the models 

In this research, are provided six schematic models consist of Garlock 
et al. model named 20S-18 [26], three Ricles et al. models named PC2, 
PC3, and PC4 [27], and two Moradi et al. models named M1 and M5 
[28]. Various components of these connections include continuous 
strands, upper and lower angles, high-strength strands, beam rein-
forcement plates, shim plates, etc. ASTM-A572 grade 50 steel standard is 
used for all components except strands. The standards used for bolts and 
strands were ASTM-A490 steel and ASTM-A416 steel, respectively 
[26–28]. For all components, the modulus of elasticity and Poisson’s 

ratio are considered 200 GPa and 0.3, respectively. The OpenSees [32] is 
used to model these connections according to Fig. 4. For this purpose, 
columns are implemented by elastic elements. Then, two parallel springs 
with self-centering and Pinching4 materials [32] and Ibarra-Krawinkler 
materials were used to connect the column to the central node [33]. In 
order to the connecting beam and column to the base, rolling and pining 
support are used, respectively. According to the available data, Garlock 
et al. and Rickels et al models with hysteresis curves [26,27], and 
Moradi et al models [28] with backbone curves were validated. 

According to Fig. 5 (a) and Fig. 5 (b), self-centering and Pinching4 
are used in the connection, respectively. Self-centered materials are 
defined based on four parameters: k1 and k2 represent the initial stiff-
ness, sigAct represents the forces corresponding to the yield point, and β 
is a dimensionless parameter. On the other hand, Pinching4 material is 
presented using eight parameters: ePf1 to ePf4 are considered as the 
values of the forces corresponding to the displacements ePd1 to ePd4, 
which represent the positive part of the curve. The negative part of the 
curve is similar to the positive part. For the negative part of the curve, 
eNf1 to eNf4 are the values of the forces corresponding to the displace-
ments eNd1 to eNd4. According to the trial and error for the combination 
percentage of these two materials, the coefficient that represents this 
percentage is presented in the last. 

The required parameters for modeling of these six connection sam-
ples are presented in Tables 1 and 2. As shown in Fig. 5 (c), the column is 
connected to the central node with Ibarra-Krawinkler materials ac-
cording to Guan et al [32–34]. The six models which have been studied 
in this research, are presented by M1 (Model 1), M5 (Model 2), 20 s-18 
(Model 3), PC2 (Model 4), PC3 (Model 5), PC4 (Model 6), respectively. 
According to Fig. 6, these connections have been validated in the 
OpenSees with their reference model, which shown in red. In the vali-
dation of these connections, loading is applied at the upper point of the 
column, and also the beams are located at the rolling support and the 
column is located at the pin support. In short, the 20 s-18 model has the 
following specifications: All steel components follow ASTM A572 Grade 
50 standard, which have minimum yield and ultimate stresses of 345 
and 448 MPa, respectively. Each strand area is 140 mm2 and has a 
modulus of elasticity and tensile capacity of 199 GPa and 266 kN, 
respectively. The sections of beams and columns are W36 × 150 and 
W14 × 398, respectively, and the reinforcing shim plate has dimensions 
of 32 mm thick, 406 mm wide, and 292 mm long [26]. 

In the case of PC2 to PC4 models, sections W36 × 150 and W14 ×
398 are assigned for beams and columns, respectively. The reinforcing 
shim plate has of 275 × 254 × 9.5 mm dimensions. Each strand area is 
140 mm2 and has a modulus of elasticity and tensile strength of 199 GPa 
and 1,864 MPa, respectively. The angles are made of A36 steel and have 
a tensile strength of 236 to 376 MPa and yield strength of 456 to 465 
MPa. The length of the beam and column are generally 3658 and 6096 

Fig 2. Schematic representation of seismic resilience during recovery time (TRE)(Adapted from [1]).  

Fig. 3. Overview for the development of resilience index.  
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mm, respectively [27]. 
However, in the case of the M1 and M5 models, the sections of the 

columns are W14 × 398 and the beams are different according to the 
definition provided in the reference. The modulus of elasticity of the 
cables in the two models is 192 and 208 GPa, respectively. The length of 
the beams in the two samples is 6096 and 9150 mm, and the columns are 
3000 and 4000 mm, respectively [28]. 

3. Modeling of samples 

Based on six validated connection models, these connections are 
located in the peripheral frames of three-story buildings as shown in 
Fig. 7. The geometric parameters of these three-dimensional frames 
have been selected in FEMA-355C, and a connection has been used for 
each model. These frames have been selected based on the previous 
design procedure by Garlock et al. [29]. Fig. 7 shows the W-sections of 
the beams and columns. Two-dimensional modeling of six frames with a 
leaning column that considers the effects of p-Δ has been used in 
OpenSees [32]. 

Tables 3 and 4 report the material details of the studied frames. The 
evaluated models which have been investigated in this study are office 
buildings that located in Los Angeles with stiff soil and highly seismic 

hazard. In loading of these models, dead loads of floors and roofs are 
4.14 (KN)/m2 and 4.62 (KN)/m2, respectively. Also, live loads for floors 
and roofs are 2.4 (KN)/m2 and 0.96 (KN)/m2 based on minimum uni-
formly distributed live loads (ASCE 7–16), respectively [26,31]. After 
modal analysis of three-story frames, the average natural period of the 
first mode in structures was 0.94 s. 

4. Evaluation of behavior and seismic parameters 

According to Eqs (3) to (13) [29], the different steps for predicting 
performance levels of self-centering frames are determined. Also, the 
behavior of these frames is provided based on Fig. 8 at different per-
formance levels. Therefore, after evaluating the Equivalent Lateral 
Forces (ELF) based on the ASCE 7–16 [35] and determining the static 
displacement of the structure, the corresponding performance levels are 
obtained. At the output of this assessment, the drift corresponding to the 
hazard level of 10 % probability of exceedance in 50 years was equiv-
alent to the Immediate Occupancy (IO) performance level, and the 
hazard level of 2 % probability of exceedance in 50 years was equivalent 
to the Collapse Prevention (CP) performance level. The parameters of 
these equations are introduced in the notation section. 

Fig. 4. A) model for an interior pt connection with top-and-seat angles and b) the associated opensees modeling (Adapted from [25]).  
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Δroof ,DBE = CξCT RΔel− des (3)  

Δroof ,MCE = 1.5CξCT RΔel− des (4)  

θDBE =
CξCT RΔel− des

hf
(5)  

θMCE =
1.5CξCT RΔel− des

hf
(6)  

θr,DBE = θDBE −
CθVDBE

Kf Δhf
(7)  

θr,MCE = θMCE −
CθVMCE

Kf Δhf
(8)  

VDBE = ΩDBE × Vdes (9)  

VMCE = ΩMCE × Vdes (10)  

CT =
Tdes

T1
(11)  

Cξ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + 25ξ5%

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + 25ξ

√ , andξ5% = 0.05 (12)  

Cθ =
θ

θroof
(13) 

Fig. 5. Force-deformation response for (a) self-centering, (b) Pinching4 material and (c) Ibarra-Krawinkler materials (Adapted from [33,34]).  

Table 1 
Parameters of Self-centering material for six specimens.  

Model 
No. 

Self-centering material Fraction in 
parallel 

k 1 k 2 sigAct β 

(kN-mm/ 
rad) 

(kN-mm/ 
rad) 

(kN-mm) 

M1 2.80E+10 1.10E+07 7.10E+05  0.8  0.6 
M5 8.60E+10 2.00E+07 8.50E+05  0.9  0.82 
20 s-18 3.50E+10 3.70E+07 1.28E+06  0.98  0.9 
PC2 2.00E+08 7.00E+06 2.30E+05  0.12  0.85 
PC3 4.00E+08 7.10E+06 2.40E+05  0.27  0.85 
PC4 2.00E+08 8.30E+06 1.96E+05  0.52  0.95  

Table 2 
Parameters of Pinching4 material for six specimens.  

Model No. Pinching4 material Fraction in parallel 

ePf 1 ePf 2 ePf 3 ePf 4 ePd 1 ePd 2 ePd 3 ePd 4 

(kN-mm) (kN-mm) (kN-mm) (kN-mm) (rad) (rad) (rad) (rad) 

M1 6.80E+05 9.00E+05 1.13E+06 1.00E+06 1.00E-03  0.01  0.03  0.3  0.15 
M5 6.80E+05 9.00E+05 1.13E+06 1.00E+06 1.00E-03  0.01  0.03  0.3  0.1 
20 s-18 6.80E+05 9.00E+05 1.13E+06 1.00E+06 1.00E-03  0.01  0.03  0.3  0.1 
PC2 6.80E+05 9.00E+05 1.13E+06 1.00E+06 1.00E-03  0.01  0.03  0.3  0.1 
PC3 6.80E+05 9.00E+05 1.13E+06 1.00E+06 1.00E-03  0.01  0.03  0.3  0.1 
PC4 6.80E+05 9.00E+05 1.13E+06 1.00E+06 1.00E-03  0.01  0.03  0.3  0.1  
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Based on FEMA P695 [31], 11 pairs of accelerograms were selected 
and presented in Table 5. Fig. 9 shows the far-field earthquake spectra 
and the average period of evaluated buildings. 

5. Developing Resiliency indices for post-tensioned self- 
centering moment frames 

5.1. Resiliency index of post-tensioned self-centering frame 

In general, the resilience index of self-centering frames was devel-
oped based on Fig. 3. In summary, after selecting the studied structure 
and identifying the hazard levels of the area, this structure has been 

subjected to increasing dynamic analysis with various earthquakes. In 
the next step, its IDA curves are extracted and the fragility curves of the 
structure are obtained at four levels of low to high damage. Vulnerability 
curves are also derived directly from the fragility curve. In the last step, 
the performance curves are obtained, and the resilience index is calcu-
lated by integrating the area below this curve. In this regard, the first 
step was structural analysis. After selecting six connections and placing 
them in the peripheral of three-story buildings as proposed by Garlock 
et al. [36], these buildings were validated. After performing static 
analysis based on Equations (3) to (13), performance levels of these 
buildings have been obtained, which will be required in the next section. 
Tables 6 and 7 present the required parameters and the predicted 

Fig. 6. Comparisons of the OpenSees analysis and test results; lateral response of PT connection specimens, including (a) 20 s-18, (b) PC2, (c) PC3, (d) PC3 and (e and 
f) Moradi M1 and M5 (Adapted from [25]). 
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performance levels, respectively. Predicting these performance levels 
affects the accuracy of the next steps in developing the index. Also, based 
on the proposal FEMAP-1050–2015 (chapter 16) [37], 11 earthquakes 
have been selected for this research process. 

In IDA curve, the spectral acceleration is plotted in terms of the 
maximum inter-story drift. According to Fig. 10, a selected IDA curve is 
presented for M1 model under 11 far-field earthquakes. According to 
Shome et al. [38], 10 to 20 earthquake records have good accuracy in 

recognizing the vulnerability, for this reason, 11 far-field earthquake 
records were selected from FEMA P695 [31]. In the second step, the 
damage curve needs to be calculated to achieve the seismic resilience 
index. For this purpose, the probability of structural failure in different 
limit states should be calculated. Therefore, after performing IDA, the 
fragility curves for the studied frame should be extracted. In this 
research, based on HAZUS [39], the equivalent structure type was S2L 
(Steel Braced Frame (S2) with a low-rise level of height), and according 
to the office buildings, COM4 was selected for the building occupancy 
classes with the high seismic hazard level. 

The fragility curve is calculated in four proposed behavioral levels: 
Slight, Moderate, Extensive, and Complete based on HASUS [39] and 
shown in Fig. 11 according to the proposed HAZUS [39] drift, for four 
behavioral levels. To approximate all six models at once, the median of 
the responses has been used to reach a single graph. In this study, ac-
cording to Table 8, due to obtaining two real behavioral levels based on 
the first step, the CP level was equivalent to Complete based on HAZUS 
[39]. In order to extract the fragility curves according to HAZUS [39], a 
coefficient method has been used. In this method, it is assumed that 
parameter D has a normal log distribution and is related to the X vari-
able, which had a normal distribution (Eq. (14)) [39]. Therefore, D is 
expressed by the power model conforming to Eq. (15) [39]. 

Fig. 7. A) prototype geometry and, b) sizes and section details (Adapted from [30,36]).  

Table 3 
Details of Self-centering material for six specimens of 3 story buildings.  

Model 
No. 

Self-centering material Fraction in 
parallel 

k 1 k 2 sigAct β 

(kN-mm/ 
rad) 

(kN-mm/rad 
( 

(kN-mm) 

M1 2.80E+12 1.10E+08 7.10E+04  0.8  0.6 
M5 8.60E+12 2.00E+08 8.50E+04  0.9  0.82 
20 s-18 3.50E+12 3.70E+07 1.28E+06  0.98  0.9 
PC2 2.00E+12 7.00E+07 2.30E+06  0.12  0.85 
PC3 4.00E+12 7.10E+07 2.40E+06  0.27  0.85 
PC4 2.00E+12 8.30E+07 1.90E+06  0.52  0.95  

Table 4 
Details of Pinching4 material for six specimens of 3 story buildings.  

Model No. Pinching4 material Fraction in parallel 

ePf 1 ePf 2 ePf 3 ePf 4 ePd 1 ePd 2 ePd 3 ePd 4 

(kN-mm) (kN-mm) (kN-mm) (kN-mm) (rad) (rad) (rad) (rad) 

M1 6.80E+05 9.00E+05 1.13E+06 1.00E+06 1.00E-03  0.01  0.03  0.3  0.15 
M5 6.80E+05 9.00E+05 1.13E+06 1.00E+06 1.00E-03  0.01  0.03  0.3  0.1 
20 s-18 6.80E+05 9.00E+05 1.13E+06 1.00E+06 1.00E-03  0.01  0.03  0.3  0.1 
PC2 6.80E+05 9.00E+05 1.13E+06 1.00E+06 1.00E-03  0.01  0.03  0.3  0.1 
PC3 6.80E+05 9.00E+05 1.13E+06 1.00E+06 1.00E-03  0.01  0.03  0.3  0.1 
PC4 6.80E+05 9.00E+05 1.13E+06 1.00E+06 1.00E-03  0.01  0.03  0.3  0.15  
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X = ln(D) = ln(a)+ bln(IM) (14)  

D = a(IM)
b (15) 

Constant coefficients a and b were obtained according to regression 
analysis of IDA-curve data. In continue, according to Eqs. (15 to 17) 
[39], the fragility curve Pf at four performance levels for the probability 
of D passing through the capacity parameter C, on condition the IM 
event, is expressed based on Eq. (18) [39]. 

Pf = P(D > C|IM)= 1 − Φ(
lnC − mx(IM)

σX
(16)  

mx(IM) = ln(a(IM)
b
) (17)  

σX = σln(D) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

n − 2
∑n

i=1

[

ln(
δi

aIMb
i
)

]2
√

(18) 

For the general approximation between six self-centering frames in 
four performance levels, the median of the answers is extracted as a 
target of the fragility curve. Fig. 11 represents the six fragility curves for 

Fig. 8. Performance curve of self-centering steel moment frames. (Adapted 
from [26]). 

Table 5 
The features of far-field records (Adapted from [35]).  

ID No. M EARTHQUAKE Recording Station PGA (g) 

YEAR Name Name Owner 

1 6.7 1994 Northridge Beverly Hills-Mulhol USC 0.516 
2 6.7 1994 Northridge Canyon Country-WLC USC 0.482 
3 7.1 1999 Duzce,Turkey Bolu ERD 0.822 
4 7.1 1999 HectorMine Hector SCSN 0.336 
5 6.5 1979 ImperialValley Delta UNAMUCSD 0.351 
6 6.5 1979 ImperialValley ElCentroArray#11 USGS 0.379 
7 6.9 1995 Kobe, Japan Nishi-Akashi CUE 0.509 
8 6.9 1995 Kobe, Japan Shin-Osaka CUE 0.243 
9 7.5 1999 Kocaeli,Turkey Duzce ERD 0.357 
10 7.5 1999 Kocaeli,Turkey Arcelik KOERI 0.218 
11 7.3 1992 Landers Yermo FireStation CDMG 0.244  

Fig. 9. Seismic response spectra for 11 far-field earthquakes and average period of three-story buildings [35].  

Table 6 
θroof and θr at two seismic levels in self-centering buildings (Adapted from [25]).  

PROTOTYPE Cθ,AVG Cξ hf (mm) CT Vdes(KN) 

3 story  1.14 1  11887.2  0.77  2242.29  

Table 7 
Parameters required for estimating performance displacement of self-centering 
buildings (Adapted from [25]).   

Predicted design demand (rad)  

θroof θr 

3 story DBE  0.032  0.021 
MCE  0.049  0.036  
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developing the total resilience index. To obtain the fragility curves of 
non-structural components according to Tables 9 and 10, standard de-
viation and mean values for both acceleration and drift sensitive states 
have been extracted from HAZUS [39]. 

In the following, according to Figs. 12 and 13, fragility curves are 
presented for two states of non-structural components sensitive to ac-
celeration and drift. 

In this study, vulnerability curves which can indicate the overall 
damage of a structure to natural disasters such as earthquakes have been 
used to estimate the damage because these curves can be obtained 
directly from the fragility curves. To obtain the vulnerability curve, the 
cumulative probability in the fragility curve should be converted to a 
discrete probability [1]. In this regard, the probability of any state of 
failure is multiplied by the average damage factor. This coefficient is a 

central value of the damage coefficient range in that failure condition. In 
fact, according to HAZUS [39], discrete probabilities (in any case of 
failure) are proposed as Eq. (18) [39]. 

P[ds = Complete] = P[ds⩾Complete]
P[ds = Extensive] = P[ds⩾Extensive] − P[ds⩾Complete]
P[ds = Moderate] = P[ds⩾Moderate] − P[ds⩾Extensive]

P[ds = Slight] = P[ds⩾Slight] − P[ds⩾Moderate]

⎫
⎪⎪⎬

⎪⎪⎭

(18) 

In Eq. (18) [39], ds is the considered failure state. Finally, vulnera-
bility curves with a combination of all limit states are defined as Eq. (19) 
[39]. 

Vulnerability =
∑n

ds=1
{P[ds = DS] × MDFds } (19) 

MDFds = the central damage factor is the range of failure coefficients. 
In general, MDFds indicates the conditional probability of a level of 

failure event for a particular earthquake intensity. The values of MDFds 
in each case of failure according to HAZUS [39] are given in Table 11. 
Figs. 14 to 16 present the vulnerability diagrams of structural and non- 
structural components. 

The third step was to calculate the quantity amount of the damage 
function at different levels of performance. The damage by accidents 
such as explosions or other human accidents has many uncertainties, 
and each accident, have different characteristics from another accident. 
Nevertheless, a classification of damages that includes different types of 
damages can be provided. The damage function L (I, TRE) according to 
Eq. (20) [39] consists of two main parts: direct damage (LD) and indirect 
damage (LI). 

L(I, TRE) = LD +αI .LI (20) 

LD occurs momentarily during an accident while LI occurs tempo-
rarily. In Eq. (20), indirect damage is multiplied by the weighting factor 
αI, which depends on the importance of the structure and its effect on 
other structures. Direct and indirect damages are divided into two sub- 
categories: Economic damage (LDE; LIE) and life damage (LDC; LIC), direct 
economic damage is mainly structural and non-structural physical 
damage, which is expressed by the ratio of the cost of structural repairs 
to the cost of replacement according to Eq. (21) [39]. 

LDE,K =
∑n

j=1

[
Cs,j

Is

∏ti

i=1

(1 + δi)

(1 + ri)

]

.Pi

{
⋃n

i=1
(Ri⩾rlimi)|I

}

(21) 

Pi is the conditional probability of exceeding the limit state of per-
formance i when an accident of intensity I occurs. This probability is 
defined as a function of fragility. CS,j The cost of repairing a structure is 
related to a damage situation j. IS Costs of reconstructing the structure, ri 

is the fixed rate of bank decline in the time period, ti between the years of 
initial investment and the occurrence of the accident, δi is the annual 
depreciation rate. The total direct economic loss is obtained using the 
weighted average according to Eq. (22) [39]. 

LDE(I) =
( ∑n

K=1WK .LDE,K(I)
)

N
(22) 

In Eq. (22), Wk is the weighting factor for each structural and non- 
structural component in the building, and N is all structural and non- 
structural components. The damage function can be obtained for each 
hazard level from the vulnerability curves with Eq. (23) [39]. 

LDE,K(I) =
∑n

j=1

[
Cs,j

Is

∏ti

i=1

(1 + δi)

(1 + ri)

]

.Damage (23) 

In calculating the damage function, casualties are excluded and only 
direct economic damage is considered. Since the 20-year control period 
(TCL) has been used to calculate the financial losses, the inflation rate (r) 
is equal to 4 % and the depreciation rate (δ) is equal to 1 % in this study. 
In order to calculate the amount of direct economic damage and to 

Fig. 10. IDA curve of one sample of 3-Story buildings for11 far-field earth-
quakes (Adapted from [25]). 

Fig. 11. Overall fragility curve in four performance levels for the self-centering 
three-story frame. 

Table 8 
Drift values of four failure modes of structural components with high seismic 
hazard level [39].  

Building Type HAZUS Average Inter-Story Drift Ratio of Structural Damage States  
Slight Moderate Extensive Complete 

S2L  0.005  0.010  0.030  0.080  
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consider the 20-year cumulative depreciation, 
∏20

1
1+δi
1+r1

= 1.21669. To 
evaluate the damage function using the vulnerability curve, based on 
engineering judgment, 35 % damage is selected as the damage threshold 
for which the repair to replacement ratio (CS

IS
) is equal to 1. According to 

the different hazard levels according to the hazard curve extracted from 
USGS [40], the values of Sa corresponding to the four hazard levels of 2 
%, 5 %, 10 % and 20 % and the corresponding damage were obtained 

from the vulnerability curve. Figs. 17 and 18 show the hazard curve and 
response spectrum of an office building in California. 

According to Fig. 17, the spectral acceleration rate is presented in 
four different hazard levels according to Table 12. 

Table 13 presents the ratio of repair cost to displacement for struc-
tural and non-structural components sensitive to drift and acceleration 
according to HAZUS [39]. 

Finally, according to Eq. (23) [39], the total direct loss values for 
structural and non-structural elements in each of the different hazard 
levels are given in Table 14. 

The weight coefficients used in the combination of total damage due 
to structural and non-structural components have a significant effect on 
the calculated resilience. In this research, if the participation percentage 

Table 9 
Standard deviation values and mean of drift-sensitive of non-structural with high seismic hazard level [39].  

Building Type Median Spectral Displacement (inches) and Log Standard Deviation (Beta)  

Complete Extensive Moderate Slight  

Beta Median Beta Median Beta Median Beta Median 

S2L  0.86  0.84  1.73  0.9  5.4  0.97  10.8  0.92  

Table 10 
Standard deviation values and mean of acceleration-sensitive of non-structural with high seismic hazard level [39].  

Building Type Median Spectral Acceleration (g) and Log Standard Deviation (Beta)  

Complete Extensive Moderate Slight  

Beta Median Beta Median Beta Median Beta Median 

S2L  0.30  0.67  0.60  0.67  1.20  0.67  2.40  0.67  

Fig. 12. Fragility curves of drift sensitive non-structural components.  

Fig. 13. Fragility curves of acceleration sensitive non-structural components.  

Table 11 
Proposed table for central damage coefficient at performance levels [39].  

Damage state Damage factor range (%) Mean damage factor (%) 

None 0 0 
Slight >0–4 2 
Moderate 4–16 10 
Extensive 16–84 50 
Complete 100 100  

Fig. 14. Median vulnerability curve of six models of three-story self- 
centering buildings. 
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of all components is equal and 100 %, the minimum resilience is ob-
tained and if the structural elements are 70 % and non-structural ele-
ments are 30 %, the maximum resilience is obtained. According to 
Tables 15 and 16, the weight coefficients of this research and the final 
values of losses are presented by applying weight coefficients. 

The performance curves are plotted in the fourth step. The recovery 
process is complex and affected by many variables, including spatial and 
temporal dimensions. In summary, the recovery time shows the differ-
ence between various areas of a community, which indicates the rate 
and quality of recovery. This shows the complexity of the recovery 
model for a critical system. Different recovery functions are provided 
depending on the systems and the organization of the communities. 
According to Fig. 19, the three recovery functions may be linear, 
exponential, and trigonometric [1]. 

Recovery time (TRE) and recovery function (frec) are necessary to 
evaluate resilience and should be carefully calculated. In drawing the 
performance curves, the recovery time is different for each hazard level. 
Also, according to the accident level and available resources, based on 
Eq. (24) [39], the trigonometric recovery function has been used. 
Finally, the performance curves of the structures at different levels of 
hazard are obtained according to Eq. (24) [39]. In this regard, the 
constant coefficients are a = b = 1. 

frec =
a
2

{

1+ cos
[

πb(t − tOE)

TRE

]}

(24) 

Due to the direct effect of crisis management factors and various 
possibilities to start the recovery of the damaged structure faster, these 
curves are initially considered according to Table 17 for five scenarios of 
reconstruction start time or delay time at each hazard level. Various 
input parameters including six building frames, five different scenarios 
for predicting resilience, and 11 pair records for analysis have increased 
the accuracy of the conclusion. Also, according to a 2010 study by 
Cimellaro et al. [1] in a hospital building in California, they suggested 
recovery times for different levels of hazard. Due to the proximity of the 
project site to the office building of this research, these retrieval times 
(TRE) have been used. These times were 297, 228, 94, and 71 days for 
hazard levels of 2 %, 5 %, 10 %, and 20 % in 50 years, respectively. 

Fig. 20 shows the performance curves of five different scenarios at 
four hazard levels. Based on Fig. 20, the resilience is the shaded area 
below the Q(t) curve. According to Table 18, the resilience indices are 
calculated for five scenarios and four seismic hazard levels. The 
important conclusion in Fig. 20 is the late start in repairing the structure. 
This issue is seen at the earthquake level of 2 % in 50 years. Increasing 
the start times of the recovery operation at fixed recovery times is 
reduced the structural performance to less than 100 %. Also, by 
increasing the event start times with constant recovery times, the system 
resilience is decreased. 

Due to the importance of quick assessment of the resilience index for 
self-centering frames, this index has been obtained for the first time by 
regression of points in five scenarios, and four hazard levels according to 
11 pair records had become the final resilience relationship. According 
to Fig. 21 and Eq. (25), the resilience index of self-centering frames has 
been calculated based on the spectral acceleration of different hazard 
levels. The spectral acceleration parameter in equation 25 represents the 
different hazard levels corresponding to each structure. Each spectral 
acceleration in the IDA analysis curve can indicate a drift in the struc-
ture, hence the corresponding performance can be found. 

Resilience Index =
(− 1440 × Sa, Hazard + 1584)

((Sa,Hazard))
2
− 1402 × Sa, Hazard +1589)

(25) 

Based on five input scenarios, another new index has been developed 
that predicts the effect of the resilience index based on the TOE. This 
index can provide a quick resilience assessment of these structures. To 
develop this index, for each seismic hazard level, the resilience index 
curve against TOE is drawn as point data. Then, according to the expo-
nential regression according to general Eq. (26), the seismic resilience 
index of self-centering three-story steel buildings under different spec-
tral accelerations on the seismic hazard level is obtained. Fixed co-
efficients a and b are the differences of this index in different seismic 
hazard levels. Fig. 22 shows this exponential regression. 

ResTOE,Hazard = aeb×Sa,Hazard (26) 

In the following, according to writing a general equation that has all 
Sa and all TOE together, it was necessary to examine the constant co-
efficients a and b against four seismic hazard levels. The general equa-
tion of resilience was reached by nonlinear regression of these points. 
Fig. 23 shows the regression of this coefficient from Fig. 22. According to 
Eq. (27), the resilience index of the post-tensioned self-centering three- 
story steel moment frames in terms of the corresponding spectral ac-
celeration of different levels of seismic hazard levels and the time of 
occurrence of different events has been developed by placing the 
regression values of Fig. 23 in Eq. (26). 

ResTOE,Hazard = -2.6424(Sa,Hazard)3 + 3.3556(Sa,Hazard)2 –1.2894 
(Sa,Hazard)+

1.0819e(0.0844(Sa,Hazard)
1.3

+ 0.05518(Sa,Hazard)
0.2

− 0.1087(Sa,Hazard)− 0.0278)×TOE (27). 

Fig. 15. Median vulnerability curve of acceleration sensitive non-structural 
components of three-story self-centering buildings. 

Fig. 16. Median vulnerability curve of drift sensitive non-structural compo-
nents of three-story self-centering buildings. 
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6. Conclusions 

In order to develop the new indices that would satisfy the resiliency 
target of steel moment frames with self-centering connections, six 
models of three-story buildings have been evaluated in this study. In this 
research, the main advantage and goal are quickly approximating the 
resilience index of self-centering buildings. Considering the importance 
of the building repairability and the quick recovery to former operation 
after an earthquake, the resilience of the self-centering building has not 
been discussed so far. On this basis, the research conclusions are pro-

Fig. 17. Hazard curve of the studied area in California [40].  

Fig. 18. Response spectrum four hazard levels of the studied area in Califor-
nia [40]. 

Table 12 
Spectral acceleration values of different hazard levels were obtained from USGS 
[40].  

Seismic Hazard Level (%/50 year) Return Period (Years) Sa (T1) g 

20/50 2475  0.973 
10/50 975  0.649 
5/50 475  0.128 
2/50 224  0.0854  

Table 13 
Values of the repair-to-displacement cost ratio for structural and non-structural 
components sensitive to drift and acceleration [39].   

CS

IS 

Seismic Hazard 
Level (%/50 
year) 

Structural Non-structurally 
sensitive to 
acceleration 

Non-structurally 
sensitive to 
displacement 

20/50 0.945 0.660 0.793 
10/50 0.585 0.406 0.418 
5/50 0.211 0.154 0.103 
2/50 0.192 0.140 0.090  

Table 14 
Amounts of total direct loss to structural and non-structural members at different 
hazard levels.   

Loss (%) 

Seismic Hazard 
Level (%/50 
year) 

Structural Non-structurally 
sensitive to 
acceleration 

Non-structurally 
sensitive to 
displacement 

20/50 0.3801 0.1853 0.2681 
10/50 0.1457 0.0702 0.0744 
5/50 0.0190 0.0100 0.0046 
2/50 0.0157 0.0084 0.0035  

Table 15 
Values of weight coefficients of structural and non-structural losses.  

Weighting coefficients 

Structural Non-structurally sensitive to 
acceleration 

Non-structurally sensitive to 
displacement  

0.7  0.15  0.15  

Table 16 
The final values of the total losses to the post-tensioned self-centering 
three-story building.  

Seismic Hazard Level (%/50 year) Loss (%) 

20/50  0.334 
10/50  0.124 
5/50  0.016 
2/50  0.013  
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vided as follows: 

• The first important innovation in accurately developing the resil-
ience index was the use of actual structural performance levels 
instead of the use of HAZUS relationships. After drawing the IDA and 
fragility curves for the four modes of Slight, Moderate, Extensive, 
and Complete, the vulnerability curves are obtained directly from the 

fragility curves. Another innovation is the use of vulnerability curves 
instead of fragility curves in structural and non-structural elements 
to develop a seismic resilience index.  

• After extracting the hazard analysis relationships of the studied area, 
the spectral acceleration information corresponding to the hazard 
levels has been obtained. Another innovation was the use of accurate 
hazard data to predict resilience indices at different levels of hazard. 

Fig. 19. Reversible functions a) Trigonometric b) Exponential c) Linear [1].  

Table 17 
Different scenarios for the time of the accident at different levels of hazard.   

TOE (Days) 

Seismic 
Hazard 
Level 

Scenario 
1 

Scenario 
2 

Scenario 
3 

Scenario 
4 

Scenario 
5 

2 %/50 
Years 

60 130 200 60 100 

5 %/50 
Years 

60 80 100 60 100 

10 %/50 
Years 

30 40 50 30 35 

20 %/50 
Years 

15 25 35 30 35  

Fig. 20. The functionality of five different scenarios at four hazard levels for a self-centering three-story building.  

Table 18 
Seismic resilience index for 5 scenarios in four seismic hazard levels.   

Resiliency Index 

Seismic 
Hazard 
Level 

Scenario 
1 

Scenario 
2 

Scenario 
3 

Scenario 
4 

Scenario 
5 

2 %/50 
Years  

0.900  0.739  1.000  0.900  0.615 

5 %/50 
Years  

0.954  0.973  0.968  0.954  0.968 

10 %/50 
Years  

0.979  0.998  0.998  0.994  0.978 

20 %/50 
Years  

0.996  0.997  0.998  0.999  0.998  
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Spectral acceleration at four hazard levels of 2 %, 5 %, 10 % and 20 
% in 50 years were 0.973, 0.649, 0.128 and 0.0854, respectively.  

• Based on the calculated values of the repair cost ratio for structural 
and non-structural elements, the total damage of the structure has 
been calculated. In order to calculate the maximum amount of 
resilience in the try and error section, another innovation was the 
calculation of the weight percentage of the combined damage rate 
for structural and non-structural members. The highest resilience 
was observed in the system with a percentage of 70 to 30 in struc-
tural and non-structural elements, respectively.  

• After drawing the functionality curve, increasing the TOE at the fixed 
TRE reduced the structural performance to less than 100 % or 
decreased the resilience index. This is an important conclusion in the 
timely planning of the damage repair. 

• With the desired abundance of data for predicting structural resil-
ience, five different scenarios of accident time corresponding to four 
different hazard levels have been calculated. Finally, as another 
innovation with nonlinear regression of data obtained in five sce-
narios and four hazard levels, according to 11 pair records, the final 
relationship for the resilience index for post-tensioned self-centering 

Fig. 21. The regression of resilience data 5 scenarios in four hazard levels.  

Fig. 22. Regression resilience data of five scenarios in four hazard levels with different TOE.  

Fig. 23. Regression of the resilience index coefficients at four hazard levels with different TOE.  
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three-story steel moment frames has been developed. This index 
provides seismic resilience with the spectral acceleration input in all 
hazard levels except for four seismic hazard levels. If the index 
number is close to 100 %, the resilience of the structure is higher.  

• Another new index has been proposed considering various TOE. This 
index calculates the resilience index with the input of spectral ac-
celeration and TOE, obtained by two nonlinear regressions between 
the time of occurrence event (TOE), and resilience coefficients with 
the spectral acceleration of different hazard levels. If the index 
number is close to 100 %, the resilience of the structure is higher.  

• As a suggestion, researchers can consider the process of developing 
the resilience index for high-rise buildings with hybrid modes. 
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