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Summary

Conditional spectra are a recent development in this field, which utilizes the advan-

tages of spectral shape indicators, for example, epsilon and eta. The application of

an eta indicator in conditional spectra calculations depends mainly on calculating

the peak ground velocity epsilon, data about which are not readily available in the cur-

rent literature. This issue has been solved by linear regression between the conven-

tional epsilon and the peak ground velocity epsilon. However, not enough attention

has been paid in the literature to the disaggregation of the eta indicator. For this

reason, the disaggregation of seismic hazard based on the use of an eta indicator

has been investigated in this paper, based on a simplified linear seismic source. The

obtained results were compared with the available approach in the literature, which

shows that this refinement has a meaningful effect on the conditional spectra

specifically in the short period range. Furthermore, eta‐based conditional spectra

are used at different hazard levels to select ground‐motion records. A three‐

storeyed building is then analysed, and the corresponding annual probability of failure

is calculated based on the full dataset as well as on the records, which were selected

based on conditional spectra.

KEYWORDS

epsilon, eta, genetic algorithm, ground‐motion prediction equation (GMPE), seismic hazard analysis

1 | Q7INTRODUCTION

The selection of appropriate ground motion is a crucial element when assessing the seismic resistance of structures. Several methodologies have

emerged, which are intended for use in the selection and scaling of ground‐motion records (GMRs), for response history analyses[1–4]; other

methods have also been proposed to further reduce the number of required ground motions while maintaining certain level of accuracy by using

numerical techniques such as genetic algorithm.[5,6] The uniform hazard spectrum (UHS) is one of these developments that have been widely used

in performance‐based earthquake engineering. However, the implementation of UHS is somewhat conservative when it is used as a proxy for the

ground‐motion selection process. The reason is that it is challenging to find a record that has a spectrum as high as the UHS.[7] Furthermore, using

the UHS may have a significant effect on fragility curves.[8]

Spectral shape indicators, for example, epsilon[9] and eta,[10] have been recently proposed. Conditional mean spectra have been obtained by

employing the prementioned indicators, and they can be used as target design spectra, for example, conditional mean spectrum (CMS)[11] and

eta‐based conditional mean spectrum (ECMS).[12] Another approach is that of the generalized conditional intensity measure (GCIM), which has

been proposed for the selection of ground motions for any form of seismic response analysis.[13–16] It has been shown that the estimation of

seismic demand based on exact conditional spectra is unbiased in most considered cases. However, evaluations by the GCIM can be even more

accurate, because they were unbiased for most—although not all—of the examined cases where estimates from the exact conditional spectra

are biased.[17]
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The idea of this paper comes from the fact that the eta indicator employs a conventional spectral acceleration epsilon (εSa ) in combination with

the peak ground velocity (PGV) epsilon (εPGV). As the εPGV is not common in seismic hazard disaggregation, a simple correlation formula was

proposed and used in another study[10] to approximately assess the target εPGV based on the conventional εSa . However, the validity of this simple

formula needs to be further investigated, which is the primary focus of this paper. For this purpose, a case of the seismic hazard disaggregation of

eta has been illustrated in this paper, to obtain the εPGV explicitly. An ideal site with a single linear fault was assumed. The results show that the

exact εPGV differs to a certain extent from the results based on the available simple formula in the literature and that the resulting conditional

spectra are sensitive to this refinement especially in the low period range.

2 | SPECTRAL SHAPE INDICATORS

Earthquake magnitude and distance parameters have been widely used to quantify earthquake events. The epsilon indicator, as defined in

Equation (1), is also employed as a complementary parameter in such cases.

ε ¼ lnSa T1ð Þ − lnSa T1ð Þ
σlnSa T1ð Þ

; (1)

where lnSa(T1) is the (pseudo) spectral acceleration corresponding to the first period of a given structure and a specified damping ratio, that is,

Sa(T1,5%), for a given record; lnSa T1ð Þ and σlnSa T1ð Þ are the mean and standard deviations of the above‐mentioned spectral acceleration obtained

from a specific ground motion prediction equation (GMPE), respectively, for example,[18] CB08. Epsilon in Equation (1) should be calculated for an

unscaled record and ideally has a zero mean and a standard deviation equal to unity. In other words, epsilon defines the number of standard devi-

ations that a given record spectrum differs from the mean spectrum predicted by a specific GMPE.

The definition of epsilon is generalized, as written in Equation (2), in which it is based on an arbitrary.[10]

εIM ¼ ln IMð Þ − μ ln IMð Þ
σ ln IMð Þ

; (2)

where IM is an arbitrary IM for a given record; σlnIM and μlnIM are the mean and standard deviation of the IM obtained from a specific GMPE,

respectively, for example,[18] in this study.

The eta parameter was defined as a linear combination of the conventional εSa and the εPGV. It has shown better performance when compared

with the traditional[10] εSa . It was also demonstrated that eta has a higher correlation coefficient with the structural response when compared with

the conventional[10] εSa . The original idea of introducing eta was aimed at combining the time domain IMs (i.e., the peak ground acceleration [PGA],

the PGV, and the peak ground displacement) with the frequency domain IMs (i.e., the spectral acceleration). Several linear combinations were

examined to find an appropriate formulation, and the best case was named eta as written in Equation (3), which had the highest correlation with

the structural response.[10]

η ¼ εSa − 0:823εPGV : (3)

Each epsilon as calculated by Equation (2) reflects some inherent information about the considered record. Thus combinations of a time

domain IM with a frequency domain IM tend to increase eta efficiency. This efficiency is defined as the correlation between a given IM and

the nonlinear structural response (here chosen as the collapse capacity). Figure F11 shows an example of an arbitrary single degree of freedom

system considering eta and εSa . However, as a shortcoming, epsilon should be obtained for a specific hazard level. The standard probabilistic

seismic hazard analysis (PSHA) usually, for a given magnitude and distance, provides particular ground‐motion parameters besides epsilon and

does not reflect any information about the PGV epsilon. Assuming equal values for these two epsilons seems inappropriate because similar

FIGURE 1 The correlation between the
nonlinear structural response (collapse
capacity) of an arbitrary SDOF Q8oscillator for (a)
spectral acceleration epsilon and (b) eta index
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amounts for the conventional spectral acceleration epsilon‐ and eta‐based epsilon do not necessarily correspond to a specific hazard level. For this

reason, the correlation between the traditional spectral acceleration epsilon and eta‐based epsilon, at different periods, was studied, and a linear

regression was obtained as written[10] in Equation (4). It is worth mentioning that the eta concept was derived based on a relatively large bin of

earthquake events, which consists of 267 pairs of worldwide shallow crustal records with the magnitudes greater than 5.5 and distances[19] less

than 100 km.

εPGV ¼ C1εSa þ C0: (4)

As a direct approach to the record selection procedure, the eta‐based epsilon is obtained based on Equation (4) for a specific hazard level.

Equation (3) is then utilized to calculate the target eta. The records, which have the closest eta value to the target eta, are then chosen for further

investigations in performance‐based earthquake engineering. Another approach aims at calibrating Equation (3), to obtain a target eta, which

would be identical to the target spectral acceleration epsilon. For this purpose, the coordinate transformation in Equation (3) was assumed as is

shown in Equation (5).

η ¼ k0 þ k1 εSa − 0:823εPGVð Þ: (5)

By substituting Equation (4) into Equation (3) and equalizing the target eta with the target spectral acceleration epsilon, values for the

constants k0 and k1 were obtained, as are shown[10] in Equation (6).

k0 ¼ bC0

1 − bC1
¼ 0:485; k1 ¼ 1

1 − bC1
¼ 2:454: (6)

By substituting these values into Equation (5), a new definition of eta was introduced, as is shown[10] in Equation (7).

η ¼ 0:485þ 2:454εSa − 2:020εPGV : (7)

The target eta is now equal to the target spectral acceleration epsilon if Equation (7) is implemented.[10] In other words, and based on the

eta concept, there are two possible approaches, which can be used when attempting to correctly select ground motion records (GMRs) for

nonlinear dynamic analyses: (a) the target PGV epsilon is calculated based on Equation (4) versus the target epsilon, which is obtained based

on the PSHA disaggregation analysis for a specific site. Equation (3) is then employed to get the target eta, which can be used to select

records, that is, those records whose eta values—calculated for a specific record using Equation (3)—are closest to the target eta. (b) As a more

straightforward approach, Equation (7) can be used to calculate each record's eta. Then those records, which have values of eta that are the

closest to the target spectral acceleration epsilon (the target spectral acceleration epsilon is the same as in the previous approach), are

selected.

This approach was verified by other researchers, for example, Eads et al. implemented epsilon, eta, and a new proposed spectral shape

indicator and concluded that using eta produces a significantly stronger correlation with the logarithmic collapse intensities than when using a

conventional epsilon, indicating that eta is indeed a better measure of spectral shape than epsilon.[20]

3 | DISAGGREGATION OF THE SEISMIC HAZARD

PSHA statistically combines all the possible earthquake events, which are likely to occur at a specific site. Additionally, it is possible to use a set of

GMPEs, within the PSHA framework, to account for the epistemic uncertainty. The most convenient form of PSHA, for a single seismic source, is

that shown[21] in Equation (8).

λ yð Þ ¼ ν∬fM mð ÞfR rð ÞP Y > yjm; r½ �dmdr; (8)

where λ(y) is the rate of occurrence of earthquakes with an IM > y. f M(m) and f R(r) are the probability density functions associated with M and R,

respectively. P[Y > y|m, r] is derived from an appropriate GMPE, and ν is the rate of occurrence of earthquakes for a specific seismic source. Any

additional seismic parameters, other than the magnitude and distance, can be accounted for within this integrant. For example, Equation (8) can be

rewritten into Equation (9) by taking epsilon, as a function of the ground motion randomness, into consideration.

λ yð Þ ¼ ν∭fM mð ÞfR rð Þfε εð ÞP Y > yjm; r; ε½ �dmdrd ε: (9)

The most conventional IM is the (pseudo) spectral acceleration, which corresponds to the fundamental period of vibration of a given structure

and a selected damping ratio, that is, Sa (T1,5%). Sa (T1,5%) is used because the majority of hazard curves are available regarding spectral

acceleration as a result of the PSHA values, which can be obtained from well‐known ground‐motion databases (e.g., those of the United States

Geological Survey).
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Disaggregation of seismic hazard, for a specific return period, was also introduced to obtain the contribution of the different seismic

scenarios[21] within Equations 8–9. The disaggregation analysis is performable for an arbitrary set of seismic parameters, for example, M, R, and

epsilon. The mathematical forms of the standard disaggregation for the parameters mentioned above are presented in Equations 10–12.

fM∣Sa mð Þ ¼ ν∬fM mð ÞfR rð Þfε εð ÞP Y > yjm; r; ε½ �drd ε
λ yð Þ ; (10)

fR∣Sa rð Þ ¼ ν∬fM mð ÞfR rð Þfε εð ÞP Y > yjm; r; ε½ �dmd ε
λ yð Þ ; (11)

fε∣Sa εð Þ ¼ ν∬fM mð ÞfR rð Þfε εð ÞP Y > yjm; r; ε½ �dmdr
λ yð Þ : (12)

In this equation, fM∣Sa mð Þ is the contribution of the different magnitudes to the total hazard, and λ(y) is obtained from Equation (9). Equation (10)

can be reorganized so that it can provide the disaggregation of distance, Equation (11), and different epsilon definitions, Equation (12). In this

study, two different epsilon definitions were used, which are the conventional epsilon for spectral acceleration IM, as well as the epsilon for

PGV. The disaggregation of the eta indicator is then calculated by combining the results of the two epsilons at the same hazard levels. The

disaggregation epsilon bins were selected from −3 to 3, with an increment step of 0.05.

4 | WHY DO WE NEED CONDITIONAL SPECTRA?

As suggested by most design regulations, the input for the estimation of the seismic response of structures consists of a set of GMRs in which the

combined spectra of the records are compatible with a given design spectrum. It is clear that the most commonly used design spectrum is UHS.

However, UHS ordinates in different period ranges are based on different event characteristics. In other words, UHS is not a good representation

of a specific earthquake event because only rare events have spectra as high as UHS.[22,23] Thus, estimates of the seismic response of structures

are frequently conservative when UHS is used as the target spectra.[22,23] To deal with this issue, new target spectra, referred to here as

“conditional spectra,” were introduced to cope with the shortcomings of the UHS.[11] The advantages of spectral shape indicators can be used

within this context to obtain more realistic spectra than the conventional UHS. The conditional spectra, based on spectral shape indicators, are

briefly described in this section. A simple example is then provided to further clarify this issue.

4.1 | Conditional spectra based on the spectral acceleration epsilon indicator

The steps, which need to be performed in the calculation of conditional spectra, based on the spectral acceleration epsilon indicator, are

summarized below[11]:

Step 1. The target spectral acceleration epsilon, the target magnitude, and the target distance are obtained based on the seismic disaggregation

analysis.[21] The seismic disaggregation analysis is performed for a specific point on the design spectra, which is usually at a period that is the

same as the fundamental period of vibration of a given structure.

Step 2. The mean and standard deviation for the spectral acceleration, μ lnSa M;R;Tð Þ andσ lnSa Tð Þ, is obtained based on a specific GMPE. It should be

mentioned that in this paper, the CB08 model is used.[18]

Step 3. The spectral acceleration epsilon corresponding to periods other than the target period is obtained based on a correlation model, as is

shown in Equation (13).

με Tið Þ∣ε T*ð Þ ¼ ρ Ti; T*ð Þε T*ð Þ; (13)

where με Tið Þ∣ε T*ð Þ is the mean conditional epsilon at the period Ti, ρ(Ti, T*) is the correlation between the epsilon values at the periods Ti and T*, and

ε(T*) is the target epsilon at the period T*. A correlation model was proposed in another study,[9] as stated in Equation (14), which is valid for the

period range of 0.05 to 5 s.

ρ Tmin;Tmaxð Þ ¼ 1 − cos
π
2
− 0:359þ 0:163I Tmin<0:189ð Þ ln

Tmin

0:189

� �
ln
Tmax

Tmin

� �
; (14)

where I Tmin<0:189ð Þ is a function that is equal to unity in the case of Tmin < 0.189, otherwise it has a value of zero. Tmin and Tmax are the two assumed

period values in which the correlation is investigated. More sophisticated correlation models have been proposed in other studies.[24,25]
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Step 4. The CMS is obtained based on Equation (15).

μ lnSa Tið Þ∣ lnSa T*ð Þ ¼ μ ln Sa M;R;Tið Þ þ ρ Ti;T*ð Þε T*ð ÞσlnSa Tið Þ; (15)

where μ lnSa M;R;Tð Þ and σ lnSa Tð Þ are calculated based on a GMPE model and the ρ(Ti, T
*) value is obtained either based on an available closed‐form

model or based on an analytical correlation from the ground‐motion database. It should be emphasized that there are, in general, two available

CMS, which are the approximate CMS[9] and the exact CMS.[26,27] The approximate CMS is based on the mean causal M, R, and the spectral

acceleration epsilon, whereas the exact CMS combines all the M, R, and spectral acceleration epsilon cases from the disaggregation analysis.

4.2 | Conditional spectra based on an eta indicator

An eta indicator was proposed in a previous work.[10] It has a higher level of correlation with the nonlinear structural response when compared

with the case of the conventional spectral acceleration epsilon. For this reason, it was used as a new proxy for the calculation of the conditional

spectra.[12] The target spectral acceleration epsilon and the target eta are necessary to calculate the conditional spectra. However, the standard

seismic disaggregation analysis only provides the target spectral acceleration epsilon, and no information about the target eta is available. On

the other hand, in the study given in a previous study,[10] a linear‐calibrated eta has used in which the target spectral acceleration epsilon was

identical to the target eta. A CMS, with this assumption, was therefore proposed, as is shown in Equation (16).

Sa Tð Þ ¼ e
μ lnSaþηtargetσ lnSa Tð Þ

ρ
η Tð Þ;η T*ð Þð Þþ1:730

2:730

� �
;

�
(16)

where ρ η Tð Þ;η T*ð Þð Þ is the correlation coefficient between eta(T) and eta(T*). Equation (16) can be rewritten as Equation (17), where ρ0η Tð Þ;η T*ð Þð Þ is

obtained based on Equation (18).

Sa Tð Þ ¼ exp μ lnSa Tð Þ þ η*σ lnSa Tð Þρ0η Tð Þ;η T*ð Þð Þ;
�

(17)

ρ0η Tð Þ;η T*ð Þð Þ ¼
ρ η Tð Þ;η T*ð Þð Þ þ 1:73

2:730
; (18)

A closed form model was proposed in a previous study[12] to obtain ρ0
η Tð Þ;η T*ð Þð Þ. The stepwise calculation of the conditional spectra, based on

the exact eta, is as follows:

Step 1. Considering the seismic source and its characteristics and the structural properties like the first mode period (T*), PSHA can be

performed, and the results can be obtained regarding Sa versus hazard and PGV versus hazard.

Step 2. By considering a hazard level and obtaining its equivalent Sa, it is possible to compute a related probability density function based on

Equation (10) and the mean value of magnitude using Equation (19). The mean value of the distance can also be calculated using Equation (19).

M ¼ E MjSa > yð Þ ¼ ∑ jmjP M ¼ mjjSa > y
� �

: (19)

Step 3. By employing the same approach as Step 2 for a known PGV, it will be possible to compute the mean εPGV using Equations 20–21:

fεPGV∣Sa ;y εPGV ; yð Þ ¼ 1
γ PGV > yð Þυ∬fM;R;ε m; r; εð ÞP PGV > yjm; r; εð Þdrdm; (20)

εPGV ¼ E εPGV jPGV > yð Þ ¼ ∑ jεPGVjP εPGV ¼ εPGVjjPGV > y
� �

: (21)

Step 4. Using Equation (3), it will be possible to calculate η(T*) for any desired hazard value and obtain an η(T*) versus hazard diagram.

Step 5. Having M; R and employing GMPEs, it is possible to compute σ lnSa M;R
� �

and μ lnSa Tð Þ M;R;T
� �

for a specific value of T.

Step 6. Computation of ρ(Ti, T
*), which is the correlation between the η values at the periods Ti and T*, that is, an ensemble of 267 ground‐

motion pairs, were selected and processed by using CB08 to obtain η for a period range between 0.01 and 5 with an increment of 0.01 s.

Step 7. Repeating the above steps to calculate the exact ECMS by using Equations 22a–22c.

að Þμ lnSa Tð Þ ¼ μ lnSa Tð Þ þ σ lnSaε; bð Þμ lnSa Tð Þ ¼ μ lnSa Tð Þ þ σ lnSaε; cð Þμ lnSa Tð Þ∣ lnSa T*ð Þ ¼ μ lnSa Tð Þ M;R;T
� �þ σ lnSa M;R

� �
ρη T*

� �
þ 0:823εPGV

h i
: (22)

The process of calculating the proposed ECMS for a specific hazard level and a given value for T* is shown in Figure F22.
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5 | THE CONDITIONAL SPECTRA FOR AN IDEAL SITE

As mentioned in the previous section, the goal of this paper is to calculate the conditional spectra based on the refined eta approach. Therefore, an

ideal site was assumed with a single line source as shown in Figure F33. The line source length is equal to 30 km, and the site is located 15 km (in the

middle) from this source. The Gutenberg–Richter parameters were assumed as a = 1.29 and b = 1.32. The other seismic parameters[18] were

assumed as Mmax = 7, M0 = 5, Rjb = 2 km, Δ = 90, and Vs30 = 460 m/s2. Mmax is the maximum earthquake the source can produce or upper

magnitude limit, M0 is the minimum magnitude or lower magnitude limit, Rjb is the Joyner–Boore distance (km), Δ is an average dip of the rupture

plane (degree), and Vs30 is shear wave velocity averaged over top 30 m (m/s).

By assuming a uniform distribution for the probability of exceedance, the cumulative distribution function for the distance parameter is

written in Equation (23).

FR rð Þ ¼
0 r < 15

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 − 152

p
30

15 ≤ r < 21

1 r > 21

8>><
>>:

: (23)

FIGURE 2 The process of calculating the proposed eta‐based conditional mean spectrum for a specific hazard and T*

FIGURE 3 The ideal line source as the only causal event
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The probability density function of the distance parameter is thus written in Equation (24).

fR rð Þ ¼ d
dr
FR rð Þ ¼

r

15
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 − 152

p 15 ≤ r < 21

0 otherwise

8<
: : (24)

The magnitude and distance models were used with an appropriate GMPE (CB08 in this study) to obtain the seismic hazard curves based on

Equation (8). The results are shown in Figure F44 for the PGV and Sa (T = 1 s, 5%).

It is worth mentioning that Equation (10) is used to obtain the magnitude distribution that causes Sa > y. This equation is adapted in the cases

of distance and epsilon by using Equations 11–12. The mean values of M, R, and epsilon, are then obtained, which are named the target

magnitude, the target distance, and the target spectral acceleration epsilon, respectively. In other words, these target values are obtained for each

point of the hazard curve. These target values are calculated for all of the hazard curve points in the case of magnitude, distance, PGV epsilon, and

spectral acceleration epsilon, as are shown in Figure F55a–d.

The seismic hazard versus the eta indicator is obtained by combining Figures 5a,b. Note that this combination is performed based on

Equation (3) for equal hazard values. The result is called the specific target eta and will be compared with different approximate eta values.

Two different approximate eta values are named: (a) a previous study[10] proposed that Equation (4) should be used in Equation (3). With this

simplification, there is no need to have a target PGV epsilon, and (b) the relationship between the PGV epsilon and the spectral acceleration

epsilon is computed for each period considered using disaggregation, and then linear regression is performed on these exact data to obtain a

new approximation. As seen in Figure F66, a meaningful difference is observed between the approximation presented in the previous study[10]

and the exact solution for a specific period. As seen in Figure F77, the calculations for other natural periods are repeated and compared with the

approximate value suggested in the previous study.[10] The proposed relationship between εPGV and εSa is given in Equation (25).

FIGURE 4 (a) Seismic hazard curve versus peak ground velocity; (b) seismic hazard curve versus Sa (T = 1 s, 5%)

FIGURE 5 The mean values of (a) εPGV, (b)
εSa , (c) magnitude, and (d) distance (km)

obtained from the disaggregation analysis
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Figure F88 shows the hazard curve versus the eta parameter for three cases: the exact hazard curve based on Equation (3) and combining

Figures 5a,b, the approximate hazard curve based on the proposal,[10] and the approximate hazard curve based on Equation (25). As can be seen

in Figure 8, the approximate hazard curve based on the previous study[10] has meaningful differences with the exact solution especially in the low

range of eta values. Additionally, the proposed relationship based on Equation (25) can be adequately matched with the exact answer.

FIGURE 6 The exact and approximate relationship between εPGV and εSa in the case of T = 1 s

FIGURE 7 The exact and approximate relationship between εPGV and εSa in the case of all the considered spectral accelerations

FIGURE 8 Eta versus hazard based on the exact and different approximate approaches.
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However, there remains a concern, which has not yet been addressed. This is how much the conditional spectra are sensitive to this

refinement. For this reason, the UHS, the ECMS based on the[10] approximation, and the ECMS based on the eta disaggregation for T* = 1 are

shown in Figure F99. As can be seen from this figure, the difference between the two mentioned ECMS cases are apparent in the low range of

periods, that is, 0.3 to 1 s. However, in the extended period range, all the conditional spectra are well matched.

εPGV ¼ 0:8509εSa þ 0:0495: (25)

6 | APPLICATION OF THE PROPOSED REFINED ECMS IN GROUND‐MOTION SELECTION

In this section, the results of the proposed refined ECMS are compared with the results of the CMS and ECMS based on the previous study.[10]

The mean annual frequency (MAF) of failure, Equation (26), defined in another study,[28] was considered as a measure of accuracy, which is a kind

of convolution of the fragility and hazard curve.
PPL ¼ ∫

∞

0
pLS xð Þ:∣dλIM xð Þ∣; (26)

where pLS(x) is the fragility curve or the probability that a definite limit state is reached in a definite IM (IM = x) and that ∣dλIM(x)∣ is the absolute

derivative of hazard. A three‐storey building, which will be defined later, with laboratory test results, was used for the analysis. First, the general

definitions and assumptions are discussed, and then the numerical results are presented. Figure F1010 shows the steps involved in the determination

of PPL for all ground motions by using incremental dynamic analysis (IDA)[29] and reduced set selected based on the conditional spectra for the

three‐storey multidegree of freedom system (MDOF). To further reduce the numerical effort and check the efficiency of the studied and proposed

methods, a set of 20 ground motions out of a set of 44 were selected using the genetic algorithm, to obtain the parameters of the reduced number

of ground motions, which are shown by the index “r.” By defining the errors as (PPLf − PPLr)/PPLf, a negative error value implies overestimation of

PPLf. The results of all ground motions in a set are considered as the best estimate of the response.

FIGURE 9 Uniform hazard spectrum, conditional mean spectrum, eta‐based conditional mean spectrum (ECMS) based on[10] approximation, and
ECMS based on exact η disaggregation

FIGURE 10 Steps involved in the
determination of PPL using incremental
dynamic analysis and conditional spectra
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6.1 | Input data and general definitions

A hazard curve based on PSHA is considered to determine the PPL for the the three‐storey MDOF system. In this hazard curve, Sa (1 s) for 50% in

50 years, 10% in 50 years, and 2% in 50 years are equal to (0.19, 0.4, 0.65)g, respectively. The site was located at a distance of 15 km from an

active fault on very dense soil and soft rock (Vs30 = 460 m/s, NEHRP Site Class C). It is usually beneficial to estimate the hazard especially in

the region of interest by a power–law relationship[30]: HSa = k0 (Sa)
k. In this case, the constant coefficients were defined as k0 = 1 × 10−4 and

k = − 3.4396. A damping ratio of 5% was assumed for all the analyses.

Furthermore, a confidence level (CL) is computed corresponding to an allowable probability noted[31] as P0. In Equation (5), kx is the standard

Gaussian variate with the probability x of not being exceeded, and βU is the dispersion measure representing the total epistemic uncertainty in the

IM‐based approach.

ekx ≤
P0
PPL

e−kβU : (27)

kx and the corresponding CL is computed by solving Equation (27) and using the usual distribution table. In the calculation of fragility curves, to

determine the probability and the MAF of collapse, a dispersion of 0.34 was taken into account and added to the randomness dispersion

computed from the IDA analyses to account for the modelling uncertainty as suggested by Haselton.[32] The error definition for CL is the same

as the error defined previously for PPL computation.

A general far‐field ground‐motion set as suggested by FEMA,[33] consisting of 22 ground‐motion pairs recorded at sites located more than

10 km from the fault rupture, was selected from another study[34] to calculate IDA curves needed for the PPL estimation. Figure F1111 shows the

acceleration spectra of the ground‐motion chosen records, their means, and their respective means ± standard deviations. The SGMRs details

are listed in Table T11.

6.2 | Three‐storey RC Q11structure

The three‐storey 3D RC structure designed by another study[35] for which a pseudodynamic experiment was performed at full scale at the ELSA

Laboratory, within the European research project SPEAR (“Seismic performance assessment and rehabilitation of existing buildings”)[36] was

selected. The first natural period (T1) is equal to 0.85 s, and the idealized period for the corresponding first mode equivalent SDOF system is

0.92 s (see Figure F1212). A more detailed explanation of the model and a comparison of experimental and numerical results can be found in a

previous research.[37] The nonlinear response history analyses (NLRHA) were performed for the weak (X) direction of the structure. Figure 12

shows the IDA curves, the pushover curve in the X direction, and the equivalent SDOF backbone behaviour. The force‐displacement envelope

of the SDOF model was obtained by dividing the forces and displacements of the idealized pushover curve by the transformation factor[38] Γ.

Theoretically, the introduced method can be used for any structure like bridges, dams, storage, and tanks. In the modelling of structures,

advanced topics can also be considered, which has not been addressed in this research.[39–41]

To evaluate the annual probability of failure using the proposed method, it is first essential to compute the mean spectra using a different

method discussed in this manuscript, that is, UHS, CMS, ECMS,[10] and the refined ECMS (see Figure F1313).

6.3 | Performing the IDA

IDA is a powerful tool in performance‐based engineering. Performing IDA is necessary to evaluate the seismic demand and capacity and their

distributions.[42] The results can be used to calculate the fragility curve, which is needed in PPL calculations. The obtained results for all the ground

FIGURE 11 Acceleration spectra of the 22 selected ground‐motion records, the mean, and the respective mean ± standard deviation
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motions in the far‐field set are considered as the best estimate, then using genetic algorithm a reduced set of ground motions will be selected to

compare the results and evaluate the efficiency of conditional spectra.

In order to use a genetic algorithm, a fitness function should be introduced. In this study, the area under mean acceleration response spectrum

has been selected as fitness parameter such that the area under the mean spectrum of the reduced set, as closely as possible, matches the area

under the spectrum of different methods for the obtaining of CMS, that is, CMS, ECMS,[10] and the refined ECMS. Thus, there will be three sets of

reduced GMRs, each consisting of 20 ground motions (out of 44).

Error s;N;T0;T1ð Þ ¼
∫
T1

T0

Sa;N − Sa;s
		 		dT
ASa ;s; T0 ;T1ð Þ

: (28)

In Equation (28), s is the number of selected ground‐motion subsets to estimate the mean spectrum, which has been selected as 20 in this

research. N is the number of all ground motions considered for structural analysis and equals 44 here. The area under acceleration response

spectrum for a reduced set of ground motions in the range of T0 and T1 has been denoted as ASa ;s; T0 ;T1ð Þ. Sa;N is mean response spectrum

considering all ground motions, and Sa;s is for the reduced set of ground motions. The genetic algorithm examines different combinations of 20

ground motions out of 44 and sorts them so the best set can be used for the further process.

TABLE 1 ID numbers of the different employed SGMRs

ID PEER NGA Q9rec. Q10# Event, year Mw Rave ID PEER‐NGA rec. # Event, year Mw Rave

1 953 Northridge, 1994 6.7 13.3 23 848 19.85

2 1602 Duzce, Turkey, 1999 7.1 12.2 24 960 Northridge, 1994 6.7 11.9

3 1602 12.2 25 752 Loma Prieta, 1989 6.9 22.1

4 1787 Hector Mine, 1999 7.1 11.2 26 752 22.1

5 1787 11.2 27 767 12.5

6 169 Imperial Valley, 1979 6.5 22.25 28 767 12.5

7 169 22.25 29 1633 Manjil, Iran, 1990 7.4 12.8

8 174 13 30 1633 12.8

9 174 13 31 721 Superstition Hills, 1987 6.5 18.35

10 953 Northridge, 1994 6.7 13.3 32 721 18.35

11 1111 Kobe, Japan, 1995 6.9 16.15 33 725 11.45

12 1111 16.15 34 725 11.45

13 1116 23.8 35 829 Cape Mendocino, 1992 7 11.1

14 1116 23.8 36 829 11.1

15 960 Northridge, 1994 6.7 11.9 37 1244 Chi‐Chi, Taiwan, 1999 7.6 12.75

16 1158 Kocaeli, Turkey, 1999 7.5 14.5 38 1244 12.75

17 1158 14.5 39 1485 26.4

18 1148 12.05 40 1485 26.4

19 1148 12.05 41 68 San Fernando, 1971 6.6 24.35

20 900 Landers, 1992 7.3 23.7 42 68 24.35

21 900 23.7 43 125 Friuli, Italy, 1976 6.5 15.4

22 848 19.85 44 125 15.4

FIGURE 12 (a) Incremental dynamic analysis
curves; (b) pushover curve in the X direction
and the equivalent idealized SDOF behaviour
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Figure F1414 (a) Shows the fragility curves and the hazard derivative–fragility product for the different methods in the case of 10% in 50 years

hazard level. As can be seen fromTables 2 T2�T4–4, the PPL and CL are computed and compared with the best estimate obtained from the full data set as

well as the error attributed to each method.

FIGURE 13 Uniform hazard spectrum, conditional mean spectrum, eta‐based conditional mean spectrum (ECMS),[10] and proposed ECMS for
hazard level 10% in 50 years

FIGURE 14 Fragility curve and hazard derivative–fragility product for different methods for 10% in 50 years hazard

TABLE 2 Comparison of obtained results using full and reduced ground motions and different spectra 2% in 50 years

Method βR e
μLnSa T1 ;colð Þ PPL Error in PPL CL%* Error in CL%

Best estimate 0.43 0.6529 0.0016 — 17.2 —

CMS 0.4725 0.7042 0.0014 8.114 20.92 −21.6

ECMS Mousavi 0.4221 0.6792 0.0014 11.724 21.6 −25.5

ECMS proposed 0.4298 0.6797 0.0014 10.105 21.256 −23.5

Note. CL: confidence level; CMS: conditional mean spectrum; ECMS: eta‐based conditional mean spectrum.
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7 | CONCLUSIONS

The conditional spectrum based on the eta indicator was investigated in this paper. The results found on the two considered approaches are

compared, which are (a) the conditional spectra based on the disaggregation of eta and (b) the conditional spectra based on the available

approximation in the literature.

• The results show that the available approximation formula in the literature has a significant bias in the low period range. However, they are

identical in the range of higher natural periods.

• A new approximation is proposed in this paper based on the eta disaggregation results to refine the approximation approach, which provided

more appropriate structural performance evaluation regarding calculating MAF.

• The results of a three‐storey building studied in this paper, considering three different hazard levels, indicate that using the proposed ECMS, it

is possible to accurately predict the fragility curve and the product of the hazard derivative–fragility, which in turn will result in acceptable PPL

calculations with a reduced number of GMRs, in comparison with other methods studied in this article.

• The results of an eight‐storey and a 12‐storey RC frames, which have not been presented here for brevity, also show that the proposed ECMS

in this article can accurately predict their performance in terms of calculations of the probability of failure in comparison with other methods

studied here.

It is worth mentioning that the obtained results are case specific to the single site considered in this study. The results need to be regenerated for

other site cases.
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