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Summary

Innovative engineering applications are proposed to satisfy the current necessi-

ties of earthquake engineering, which are well established from a conceptual

perspective, and frequently, the development of some missing inputs is only

required to employ them, such as the case of the correlations between spectral

values at different vibration periods. Accordingly, we computed the correlation

between spectral accelerations at two vibration periods using ground motions

from interplate and, alternatively, intraslab events, recorded in firm ground of

Mexico City. Results show that the spreading of correlation values depends on

the rupture mechanism. Then, based on hypothesis test analyses, we used four

correlation models available in the literature to predict our correlation values.

According to the findings, we proposed a predictive correlation mathematical

model for interplate and, separately, for intraslab seismic events. We evaluated

the influence of the predictive correlation models on the results corresponding

to two earthquake engineering applications. The first refers to compute condi-

tional mean spectra and the second to perform probabilistic seismic hazard

analysis (PSHA) using INp and, alternatively, Saavg, intensity measures. We

found that while the conditional mean spectra might be affected in the region

of short vibration periods, the computations of the PSHA with improved inten-

sity measures are not affected significantly.

KEYWORD S

conditional mean spectrum, interplate and intraslab earthquakes, PSHA, spectral correlation
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1 | INTRODUCTION

The correlation coefficients are useful to define the joint distribution of spectral acceleration values at multiple periods,
which allow performing different engineering applications. For instance, applications like vector-valued probabilistic
seismic hazard analysis,1 simulation of response spectra given an earthquake scenario,2 and custom ground-motion pre-
diction equations (GMPEs)3,4 are possible; also it is possible to perform probabilistic seismic hazard analysis (PSHA)
with improved scalar intensity measures (IMs)5 or to construct of conditional mean spectra.5,6
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In this sense, Inoue and Cornell7 proposed an equation to predict the correlation between spectral velocity values at
different vibration periods to quantify structural damage in systems of multiple degrees of freedom systems. Moreover,
Cordova et al.8 presented a methodology to evaluate the seismic collapse performance of frame structures. This method-
ology includes an IM that combines the spectral acceleration measured at the fundamental period of a structure, Sa
(T1), and a parameter that tries to account for structural “softening.” Therefore, it was necessary to correlate spectral
acceleration values at two periods, and they used the equation developed by Inoue and Cornell. In addition, Baker and
Cornell2 presented an equation for correlating spectral acceleration values at two different periods; they used a data set
based on worldwide recordings of shallow crustal earthquakes. Furthermore, Baker and Jayaram,9 using the GMPEs
derived from the Next Generation Attenuation project (NGA), presented a new correlation model to predict the correla-
tion between spectral accelerations at two vibration periods. On the other hand, Jayaram and Baker10 investigated if
their correlation model9 predicts the correlation coefficients obtained with a Japanese ground-motion database; they
observed differences in the expected correlation values, attributing them to the dependence of the characteristics of the
earthquake type rather than magnitude or source-to-site distance.11 Additionally, Daneshvar et al.12 computed the cor-
relation coefficients for Eastern Canada; they showed that correlation coefficients depend on the magnitude, and the
distance-dependency is less significant. Also, they found higher correlation values than those predicted by a correlation
model derived using crustal ground motions from Western North America. Therefore, selecting expressions established
from seismic source areas with a particular type of rupture may not apply to other seismic regions. For example,
Cimellaro13 used a European ground-motion database to adapt two correlation models available in the literature.2,14 He
found that these models do not adequately predict the correlation values for that particular area. However, Ji et al.15

estimated the correlation coefficients using a Chinese ground motion database, and they found that the Baker and Jay-
aram model predicts with good approximation the observed results. Indeed, they used this correlation model9 for com-
puting the conditional mean spectra of different sites in China.16 Additionally, the correlation between ground motion
parameters has been extended at two different sites.17

In the case of Mexico, Hong and Goda18 used a ground-motion data set recorded at the central and southern zones
of Mexico, and they proposed a simple correlation model for rock sites classified as B sites according to the Building
Seismic Safety Council, 2004 (NEHRP). They suggest that the correlation coefficients depend on the vibration period
and type of earthquake. Recently, Jaimes and Candia19 adapted the functional form proposed by Baker and Jayaram9

for interplate events focused on the same area and ground-motion database used in Hong and Goda.18 The advantage
of this correlation model is a better prediction of correlation coefficients for vibration periods widely spaced between
them. Traditionally, Mexican engineering focuses on addressing the structural and seismic engineering problems for
the central and southern zones of the country. The reason is that these zones are most likely to be affected by interplate
and intraslab events. The problem is in general severe for Mexico City, which due to its high-density population, partic-
ular wave propagation, and site effects makes it susceptible to earthquake damage.20–22

The objective of the present study is to estimate, at firm soil site of Mexico City, the correlation coefficients between
spectral acceleration values at different periods for interplate and, separately, intraslab earthquakes for comparing them
with the correlations estimated from existing models available in the literature. Finally, the influence of the selected
correlation models on the results obtained from two earthquake engineering applications is evaluated. The first applica-
tion consists of constructing the conditional mean spectrum and the second one related to performing PSHAs using
two advanced intensity measures. The first IM is the scalar intensity measure INp proposed by Bojórquez and
Iervolino.23,24 This IM is based on Sa(T1) and a parameter proxy of the spectral shape called Np. Notice that the purpose
of INp is to correct the inconveniences of traditional IMs (e.g., efficiency and sufficiency).25–28 The second IM is the aver-
aged spectral acceleration Saavg, which is the geometric mean of spectral acceleration values over a period range. This
IM may be suitable to predict the response of structures affected by excitation at different periods.9 Some studies com-
pared the efficiency and sufficiency of Saavg against those of Sa(T1) and showed a better prediction of the structural
response when using Saavg.

4,29,30 To the authors' knowledge, there is no published work that strictly addresses the appli-
cability and the influence of different correlation models on these earthquake engineering applications.

In order to reach the objectives of the present work, as a first step, we compile interplate and intraslab ground
motions recorded at the accelerometer station of Ciudad Universitaria (CU), which is within the hill zone area (firm
ground) of Mexico City. Then, we select suitable GMPEs according to the conditions of the recordings. In the second
step, we measure the correlations coefficients from the differences between a real response spectrum and a calculated
one using its corresponding GMPE for interplate and, separately, intraslab earthquakes. In the third step, we compare
our results with four predictive correlation models proposed for different seismic environments. In the fourth step,
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RODRÍGUEZ-CASTELLANOS et al. 311

based on hypothesis test, we propose correlation equations for Mexico City. Finally, two engineering applications are
shown.

2 | FIRST STEP: ACCELEROMETER DATA AND GROUND MOTION
PREDICTION EQUATIONS

Interplate and intraslab ground-motion records were compiled to perform the subsequent analyses. All the compiled
ground motions are obtained only from the CU accelerometer station (firm ground). The Strong Motion Network of the
Institute of Engineering at UNAM, Mexico (RAII-UNAM), provided the selected records (see Tables 1 and 2); all the
records had a linear baseline correction and bandpass filter with corner frequencies of 0.1 and 25 Hz. Additionally,
Figure 1 shows the epicenters of the events used in the present study.

Following, the correlation coefficients are obtained from residuals of spectral acceleration between a real response
spectrum and a calculated one, using its corresponding attenuation function. Accordingly, ground motion models must

TABLE 1 Interplate seismic events recorded in CU station

Date Mw Distance (km) Depth (km) Date Mw Distance (km) Depth (km)

23/08/1965 7.8 466 16 15/05/1993 6.0 320 20

02/08/1968 7.4 326 33 24/10/1993 6.7 310 19

19/03/1978 6.4 285 16 14/09/1995 7.3 320 22

29/11/1978 7.8 414 19 09/10/1995 8.0 530 27

14/03/1979 7.6 287 20 15/07/1996 6.6 301 20

25/10/1981 7.3 330 20 19/07/1997 6.7 394 15

07/06/1982 6.9 304 15 03/02/1998 6.3 509 33

07/06/1982 7.0 303 15 09/08/2000 6.5 380 33

19/09/1985 8.1 295 15 22/01/2003 7.5 526 26

21/09/1985 7.6 318 15 01/01/2004 6.0 323 15

30/04/1986 7.0 409 16 20/03/2012 7.4 329 16

25/04/1989 6.9 290 19 18/04/2014 7.2 304 10

31/05/1990 6.1 304 21

TABLE 2 Intraslab seismic events recorded in CU station

Date Mw Distance (km) Depth (km) Date Mw Distance (km) Depth (km)

06/07/1964 7.3 217 55 30/09/1999 7.4 415 47

07/06/1976 6.4 310 57 21/07/2000 5.9 146 50

24/10/1980 7.0 169 70 20/02/2006 5.2 191 56

05/08/1993 5.2 237 54 11/08/2006 6.0 228 58

23/02/1994 5.8 278 75 13/04/2007 6.0 244 43

23/05/1994 6.2 209 50 28/04/2008 5.8 195 56

10/12/1994 6.4 300 50 22/05/2009 5.6 168 59

11/01/1997 7.1 377 40 11/12/2011 6.5 176 55

03/04/1997 5.2 154 52 16/06/2013 5.9 103 52

22/05/1997 6.5 300 54 29/07/2014 6.4 432 110

20/04/1998 5.9 246 64 20/03/2015 5.4 178 61

15/06/1999 6.9 218 61 08/05/2017 7.1 105 57

21/06/1999 6.3 310 53

RODRÍGUEZ-CASTELLANOS ET AL. 3
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RODRÍGUEZ-CASTELLANOS et al.312

describe a specific earthquake rupture mechanism (e.g., reverse or normal faults); otherwise, correlation coefficients
may be unsuitable. Here we employ the GMPEs proposed by Reyes et al.31 and Jaimes et al.32 for interplate events and
those proposed by Jaimes et al.33 and García et al.34 for intraslab events (hereafter denoted as Reyes02, Jaimes06,
Jaimes15, and Garcia05, respectively). The interplate attenuation models resulted from the comparison between avail-
able methods to predict response spectra. They were developed using exclusively accelerometric data from CU station.
Similarly, for intraslab events, Jaimes15 employed solely ground motions recorded at CU station. Meanwhile, Garcia05
employed ground motions recorded in the central and southern zones of Mexico. These attenuation models are appro-
priate to predict response spectra for intraslab events at sites within the hill zone of Mexico City and southern zones of
Mexico, respectively.

3 | SECOND STEP: CORRELATION COEFFICIENTS BETWEEN SPECTRAL
ACCELERATIONS

In order to describe the correlations adequately, it is convenient to establish that an attenuation function has the follow-
ing form:

lnSa Tð Þ= μlnSa M,R,θ,Tð Þ+ σlnSa Tð Þε Tð Þ ð1Þ

where μlnSa(M,R,θ,T) and σlnSa(T) are the predicted mean and the standard deviation of the natural logarithm of the
spectral acceleration at a specified period (T), given by the attenuation model, as a function of earthquake magnitude
(M), source-to-site distance (R), and other parameters (θ). Rearranging Equation 1 for ε(T), it follows

ε Tð Þ= lnSa Tð Þ−μlnSa M,R,θ,Tð Þ
σlnSa Tð Þ ð2Þ

where ε(T) represents the number of standard deviations by which the actual logarithmic spectral acceleration differs
from the predicted mean value μlnSa(M,R,θ,T) and the ε(T) values at different periods are probabilistically correlated.

FIGURE 1 Map of southern of Mexico showing epicenters of interplate (circles) and intraslab earthquakes (triangles) used in this study

[Colour figure can be viewed at wileyonlinelibrary.com]
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RODRÍGUEZ-CASTELLANOS et al. 313

Additionally, the common assumption is that the residuals (epsilons) are normally distributed3,33,35,36; although a study
conducted by Liu et al.37 suggest that the use of the whole set of intraslab ground motions (Table 2) may produce a
non-normal distribution for the residuals. In this research, the ε(T) values are assumed to be normally distributed for
both interplate and intraslab earthquakes. Thus, the Pearson product–moment correlation coefficient is employed to
measure the correlation coefficients between ε values at two natural periods ε(T1) and ε(T2), as follows:

ρε T1ð Þ,ε T2ð Þ =

Pn
i=1

εi T1ð Þ− �ε T1ð Þ� �
εi T2ð Þ− �ε T2ð Þ� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn
i=1

εi T1ð Þ− �ε T1ð Þ� �2 Pn
i=1

εi T2ð Þ− �ε T2ð Þ� �2
s ð3Þ

where εi(T1) and εi(T2) indicate the residual values evaluated for the ith ground motion record at the natural vibration
periods T1 and T2. The bar overhead, for ε(T1) and ε(T2), denotes the sample means of the residuals for the n number of
ground motion records. The calculation is repeated for each period pair of interest. Accordingly, Figure 2 shows the cor-
relation coefficients for a selected set of periods T2, plotted versus T1 values between 0.05 and 5.0 s computed with
Equation 3 (solid line). Before additional computations, we smoothed the correlation matrices estimated with Equa-
tion 3 by applying a simple averaging to the correlation coefficients associated with a subset of adjacent periods. The
purpose is to establish a more manageable trend and smooth abrupt peaks or valleys of these values and eventually ben-
efit the development of the predictive correlation equations. Thus, Figure 2 displays the effect of averaging the correla-
tion coefficients of contiguous periods (dashed line). Finally, the smoothed correlation coefficients are employed in the
present study to develop the predictive equations, assuming that these values were obtained if a broader database were
available (such as those databases used in other investigations made up of hundreds of ground motions records). In the

FIGURE 2 Plots of correlation coefficients versus T1 for several T2 values [Colour figure can be viewed at wileyonlinelibrary.com]
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RODRÍGUEZ-CASTELLANOS et al.314

future, the ground motion database in Mexico City will be more extensive, and the mathematical models derived will
be more precise. Therefore, it will be possible to verify models like the one proposed here.

3.1 | Correlation coefficients in CU station corresponding to interplate events

Figure 3A,B shows, for a selected period pairs, the correlation coefficients estimated with the interplate GMPEs
corresponding to Reyes02 and Jaimes06, respectively. Despite Jaimes06 derived their attenuation model using only a
single ground motion component, the resulting leads to similar correlations values for both GMPEs Reyes02 and
Jaimes06. It is because regression analyses produce similar GMPEs independently of the definition given to the spectral
acceleration.9,38 On the other hand, Figure 4A,B presents the same results, using contour plots of the computed correla-
tion coefficients as a function of both T1 and T2. The correlation values are between 0.4 and 1.0, and they are generally
high when the separation between periods is small, although high correlation values are observed even for period pairs
considerably separated. For example, the correlation associated with the period pair ρ[ɛ(T1 = 0.1 s), ɛ(T2 = 1.0 s)] is
equal to 0.88. In this sense, Hong and Goda18 examined the correlation of spectral accelerations along the principal

FIGURE 3 Correlation coefficients between T1 and several T2 values. (A) Reyes02 and (B) Jaimes06 GMPEs [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 4 Contours of correlation coefficients between T1 and T2. (A) Reyes02 and (B) Jaimes06 GMPEs [Colour figure can be viewed

at wileyonlinelibrary.com]
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RODRÍGUEZ-CASTELLANOS et al. 315

directions of ground motions (interplate events) recorded at sites along the coast of Mexico. They found that the correla-
tion values remained high even for well-separated vibration periods. Finally, in the present study, the comparison of
the correlation values is based on the Reyes02 attenuation model, because the GMPE reports the attenuation coeffi-
cients to predict the quadratic mean of spectral acceleration values.

3.2 | Correlation coefficients in CU station corresponding to intraslab events

Similarly, Figures 5 and 6 show the correlation coefficients estimated using intraslab seismic events. First, a different
spreading of correlation coefficients for intraslab events regarding interplate events stands out. Therefore, the earth-
quake rupture mechanism has a significant impact on the spreading of correlations. Accordingly, Jayaram and Baker10

also pointed this out using Japanese ground motions. They evaluated the correlation variation between ground motions
having different earthquake rupture mechanisms, alternative tectonic sources, site conditions, ground motion models,
and source-to-site distances. Finally, they concluded that correlation values appear to be dependent on the faulting type.
On the other hand, the results differ significantly between the attenuation models: when using Jaimes15 model
(Figure 6A), correlation values are between 0.4 and 1.0; meanwhile, with Garcia05 model (Figure 6B), the correlation

FIGURE 5 Correlation coefficients between T1 and several T2 values. (A) Jaimes15 and (B) Garcia05 GMPEs [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 6 Contours of correlation coefficients between T1 and T2. (A) Jaimes15 and (B) Garcia05 GMPEs [Colour figure can be viewed

at wileyonlinelibrary.com]
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RODRÍGUEZ-CASTELLANOS et al.316

remains high, between 1.0 and 0.7, for most of the period pairs. The difference is due to the following: while the first
attenuation model arose of using ground motions recorded exclusively at CU station, the second one resulted from
employing ground motions recorded in the central and southern zones of Mexico. Nevertheless, the Garcia05 model is
included here because it has become an obligatory reference regarding seismicity associated with intraslab events in
Mexico. Moreover, the Manual of Civil Structures of the Federal Commission of Electricity (CFE) suggests it as a suit-
able GMPE to perform probabilistic seismic hazard analysis in Mexico.39 In the present study, we use the Jaimes15
attenuation model for comparison purposes presented below, therefore focusing on this attenuation model. It is
observed that the correlation coefficients corresponding to pair of periods considerably spaced between them are not as
high as for interplate events; however, it remains significant, for example, ρ[ɛ(T1 = 0.1 s), ɛ(T2 = 1.0 s)] = 0.63.

4 | THIRD STEP: OBSERVED CORRELATIONS COMPARED WITH EXISTING
CORRELATION MODELS

In recent years, researching regarding estimation of correlation coefficients have emerged for different seismic environ-
ments, with different purposes, for instance, PSHA with advanced intensity measures or ground motion selection.
There are available models in the literature focused on predicting these correlations, for example, the well-known corre-
lation model proposed by Baker and Jayaram.9 This model arose from regression analyses using a specific database
(crustal earthquakes) and specific GMPEs (NGA attenuation models) and is commonly used to compare the correlation
coefficients obtained from diverse seismic zones around the world.10,12,15 The model does an excellent job for what it
was developed for; however, could it be able of describing the correlations estimated from different seismic zones and
in particular for Mexico City? In order to answer this question, we compare the applicability of this model and three
additional ones, for predicting the observed data from the present study (Figures 4A and 6A). The compared correlation
models used in this study are those proposed by Baker and Cornell,2 Baker and Jayaram,9 Hong and Goda,18 and Jaimes
and Candia,19 hereafter referred as BC06, BJ08, HG10, and JC19, respectively. In this regard, Figure 7A–D illustrates
the contour plots of correlation coefficients as a function of the vibration periods T1 and T2. Additionally, there is a
shaded region in each contour plot, which is also in Figures 4A and 6A; this region covers a range of periods between
0.2 and 5.0 s, and it serves as a reference for some subjects treated below.

In first place, focusing on BC06 and BJ08 models (Figure 7A,B), they were developed for Western North America to
predict the correlation coefficients for shallow crustal earthquakes. These models estimate correlation values that
approach to 1.0 when the pair of periods is close to one another and conversely when the periods are widely spaced
between them. The latter is the general tendency when computing these correlation coefficients. For the shaded area,
while BC06 and BJ08 models predict correlation values between 0.1 and 1.0, our observed correlations are between 0.4
and 1.0 for both earthquake mechanisms interplate and intraslab (see Figures 4A and 6A). However, the BC06 and
BJ08 models show the spreading of correlation values represented by straight lines with a specific slope, which is simi-
lar to our observed data. Outside the shaded region, the models show that tendency of high correlation values even for
pair of periods well-separated between them (as that mentioned in Section 3). This tendency becomes more significant
when one of the vibration periods is short. Nevertheless, this trend is not as significant as the estimated for the firm gro-
und of Mexico City (Figures 4A and 6A). In this regard, Carlton and Abrahamson40 explain how for hard-rock sites
with increased high-frequency content with a given dominant ground-motion period Tp, the correlation between Tp

and shorter periods than this one is high. Moreover, this correlation remains high even for larger periods than Tp. This
behavior is visible in the contour plots as a widening of the contour lines at short periods, which is more considerable
for interplate events (see Figure 4A,B).

On the other hand, the HG10 and JC19 models (Figure 7C,D) were determined for the central and southern zones
of Mexico for interplate events. The two models are based on the database compiled by Garcia et al.34 and Garcia
et al.41 for rock sites classified as B sites according to the NEHRP. Therefore, it is expected that these models predict
similar correlation coefficients. The HG10 model predicts nearly identical values to the JC19 model for the range of
periods that it was developed for. However, the JC19 model can estimate that increasing tendency of correlation values
for pair of periods broadly spaced when one of these is less than 0.3 s. Then, in comparison with the observed data for
the shaded region (Figures 4A and 6A), these models suitably predict the whole range of correlation values and follow
a similar spreading of correlations, particularly for intraslab earthquakes. Outside this region, these models estimate
inaccurate correlation values. Moreover, although the JC19 model captures the tendency of high correlation values at
short periods, this tendency poorly represents the observed one, particularly for interplate events (Figure 4A,B). The

8 RODRÍGUEZ-CASTELLANOS ET AL.
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RODRÍGUEZ-CASTELLANOS et al. 317

latter indicates that the sites considered by the HG10 and JC19 models are not equivalent to the sites on firm ground of
Mexico City.

Summarizing, in the shaded region, the observed correlations and the analyzed correlation models describe a simi-
lar spreading of correlation values. As expected, in comparison with our results (Figures 4A and 6A), the HG10 and
JC19 models predict correlation values more precise than BC06 and BJ08 models. The latter suggests that in a range of
periods between 0.3 and 5.0 s, the HG10 and JC19 models estimate correlation values suitable for firm ground of Mex-
ico City, particularly for intraslab earthquakes. Outside the shaded region, the four correlation models weakly predict
the spreading of correlations observed for interplate events.

The observations above are validated with hypothesis test analyses for each period pair (T1, T2), assuming H0,
ρCU = ρexisting models, and H1, ρCU 6¼ ρexisting models, as the null and alternative hypothesis, respectively, with a significance
level of α0 = 5% (see Figure 8). For all the analyzed correlation models concerning interplate earthquakes, the analyses
confirm that the correlation coefficients estimated with existing models can be accepted when the pair of periods are
both relatively high (see dark zone of Figure 8A). However, they cannot be accepted when the periods are broadly spa-
ced, mostly when one of these is short (see bright zone of Figure 8A). On the other hand, regarding intraslab earth-
quakes, the acceptance depends on the model used for the analysis. Figure 8B shows that the correlation coefficients,
estimated with models that were no developed employing Mexican records, cannot be accepted for a wide region of
period pairs. Nevertheless, the correlations computed with models developed using Mexican records (e.g., HG10 and
JC19) have a better performance (see Figure 8C). From these results, we can infer that the use of any of the analyzed
models for predicting spectral correlations associated with interplate earthquakes might affect to short periods of the
engineering applications presented below. On the other hand, we consider in advance that to estimate the spectral

FIGURE 7 Contours of correlation coefficients between T1 and T2. (A) BC06 and (B) CJ08 models and (C) HG10 and (D) JC19 models

[Colour figure can be viewed at wileyonlinelibrary.com]

RODRÍGUEZ-CASTELLANOS ET AL. 9
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RODRÍGUEZ-CASTELLANOS et al.318

correlations with the HG10 and JC19 models, related to intraslab earthquakes, might have a minor influence on the
engineering applications. Therefore, based on the above analyses, a predictive correlation equation is proposed.

5 | FOURTH STEP: PREDICTIVE CORRELATION MODEL FOR FIRM
GROUND IN MEXICO CITY

The estimated correlation coefficients from Section 3 can be used when they are needed; however, it would be trouble-
some due to the dimension of each correlation matrix. Therefore, a mathematical expression is fitted to the observed
data (Figures 4A and 6A). Moreover, the proposed correlation model will be a comparing point regarding the obtained
results from the engineering applications when employing the analyzed correlation models. Accordingly, the proposed
model must predict accurate correlation values for period pairs when one of these is short, which is what is lacking in
the four analyzed models. Also, we keep the model as simple as possible with a unique functional form for both earth-
quake rupture mechanisms. Nonlinear least-squares regression is applied to find the associated parameters for the
equation. The nonlinear performance of the least-squares method is better when the errors for each observed value are
of comparable size9; however, this is not the case. The computed correlation coefficients have no constant standard
errors, and the variance of the correlation coefficients ρ usually becomes smaller when it approaches 1 or −1. Therefore,
the Fisher z transformation is employed, which transforms the correlation coefficients into a normally distributed

FIGURE 8 Hypothesis test tendency for each period pair (T1, T2) when using (A) all the models and interplate earthquakes, (B) BC06

and BJ08 models and intraslab earthquakes, and (C) HG10 and JC19 models and intraslab earthquakes

10 RODRÍGUEZ-CASTELLANOS ET AL.
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RODRÍGUEZ-CASTELLANOS et al. 319

variable z (see Equations 4 and 5). Additionally, the standard error of z becomes a known constant, depending solely on
the sample size n.42

z=
1
2
ln

1+ ρ

1−ρ

� �
ð4Þ

std zð Þ= 1ffiffiffiffiffiffiffiffiffiffi
n−3

p ð5Þ

where ρ is the correlation coefficient computed with Equation 3 and z is the transformed variable. Then, the nonlinear
least-squares method is applied to the modified values, rather than to the original correlation values estimated with the
equation mentioned above, via

min
β

Xn
i=1

Xn
j=1

1
2
ln

1+ ρi,j
1−ρi,j

 !
−
1
2
ln

1+ ~ρi,j βð Þ
1−~ρi,j βð Þ

 ! !
ð6Þ

where ρi,j is the correlation coefficient at the period pair (Ti, Tj) and ~ρi,j βð Þ is the predicted correlation using the pro-
posed predictive equation with a vector of parameters β associated with that mathematical expression.

5.1 | Predictive correlation model for interplate and intraslab events

The predictive correlation equation proposed here is the following:

ρln Sa Tið Þ½ �, ln Sa Tj
� �� �

=
a+ bTmin + cTmax

1+ dTmin + eTmax
− f ln

Tmax

Tmin

� �
ð7Þ

where Tmin = min(T1, T2) and Tmax = max(T1, T2); the numerical coefficients a, b, c, d, e, and f are in Tables 3 and 4 for
interplate and intraslab events, respectively.

Figure 9A,B shows the correlation coefficients for a selected set of periods T2, plotted versus T1 values between 0.05
and 5.0 s, for interplate and intraslab events, respectively. Meanwhile, Figure 10A,B shows the corresponding contours
of correlation coefficients between T1 and T2 for interplate and intraslab seismic events, respectively. In this study, the
predicted correlation corresponds to the quadratic mean of spectral accelerations at two vibration periods. Finally,

TABLE 3 Numerical coefficients for interplate predictive correlation equation

Restriction a b c d e f

Tmin ≤ 0.3 1.244 -0.704 -0.1415 0.52 -0.092 0.081

Tmin ≥ 0.2 0.991 0.432 0.0496 0.06 0.413 -0.018

Tmin < 0.1 or Tmin = 0.1 & Tmax > 1.0 1.222 3.374 -0.188 5.00 -0.139 0.059

Tmax > 4.4 & Tmin ≥ 0.2 & Tmin ≤ 1.0 -0.220 4.704 -4.2504 5.00 0.482 -1.586

TABLE 4 Numerical coefficients for intraslab predictive correlation equation

Restriction a b c d e f

0.831 4.887 0.1499 5.00 -0.061 0.216

Tmin ≥ 0.3 0.984 -0.029 -0.1624 -0.04 -0.16 0.135

Tmax < 3.0 & Tmin ≤ 0.2 1.479 0.722 1.0289 3.95 0.433 0.35

Tmin < 0.1 & Tmax > 1.0 0.907 -1.859 -0.1306 -0.04 -0.14 0.00

RODRÍGUEZ-CASTELLANOS ET AL. 11

 10969845, 2021, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eqe.3331 by U

niversidad A
utonom

a D
e Sinaloa, W

iley O
nline L

ibrary on [08/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



RODRÍGUEZ-CASTELLANOS et al.320

GMPEs are developed commonly to predict the geometric or quadratic mean of spectral acceleration values of the two
horizontal components of motion. They are also established to predict the spectral acceleration corresponding to a sin-
gle horizontal component. No matter the definition of the spectral acceleration that an attenuation model employs, the
predicted spectral values are similar,9,38 which is evident in Figure 4A,B. In conclusion, the above paragraph indicates
that the proposed mathematical expressions are applicable independently of the GMPEs, as suggested elsewhere.2,9 In
this case, the proposed correlation model is useful as long as the GMPEs had been derived entirely for the firm ground
of Mexico City.

6 | FIFTH STEP: TWO EARTHQUAKE ENGINEERING APPLICATIONS

In order to compare the influence of the presented correlation models on earthquake engineering applications, two
applications are performed. The first one is related to computing conditional mean spectra, which we consider, in
advance, that might be affected at the region of short periods, especially for interplate earthquakes; however, it remains
to be confirmed; and the second one is associated with PSHA using advanced IMs.

FIGURE 9 Plots of correlation coefficients versus T1, for several T2 values. Using predictive correlation equations: (A) interplate and

(B) intraslab [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 10 Contours of correlation coefficients between T1 and T2. Using the predictive correlation equation for (A) interplate and

(B) intraslab events

12 RODRÍGUEZ-CASTELLANOS ET AL.
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RODRÍGUEZ-CASTELLANOS et al. 321

6.1 | First engineering application: conditional mean spectrum

Selection of earthquakes ground motion records is an essential issue for the assessment of structures using nonlinear
dynamic analysis. In practice, ground motion selection is generally based on selecting ground motion records that
match a target spectrum, commonly, the uniform hazard spectrum; however, this spectrum is not an appropriate target
spectrum because it is significantly conservative for some purposes.6,13,43 Accordingly, Baker and Cornell5,6 proposed a
target spectrum useful for ground-motion selection; it considers the magnitude (M), distance (R), and ε values likely to
cause a specific intensity level at a site. They suggest that rather than attempt to find ground-motion records that match
the M, R, and ε values, these can be employed to estimate the conditional mean spectrum (CMS). Therefore, one could
base the record selection on this type of spectrum. This approach should increase the number of acceptable records for
the analysis, because ground-motion records need solely to have a spectral shape that matches that target spectrum.
Additionally, using the CMS decreases the dispersion of the structural dynamic response.

To construct the target spectrum, in this application, we first select a target value of spectral acceleration, denoted
as Sa(T*), corresponding to a given probability of exceedance (e.g., 10% in 50 years) at a period of interest T* = 1.0 s at
CU site. Then, through a PSHA deaggregation process,44 we identify the mean magnitude (Mc), distance (Rc), and ɛc
(T*) values that cause the occurrence of Sa(T*) (see Figure 11A,B).

It follows from Figure 11A that the mean values obtained correspond to an interplate earthquake; as expected, it
has been recognized that PSHA is governed by interplate events for flexible systems and intraslab events for stiff sys-
tems.37 Therefore, we select an appropriate GMPE to compute the mean and standard deviation of log spectral accelera-
tion values at all periods, for the Mc and Rc values obtained from the deaggregation analysis. Subsequently, knowing
the ɛc(T*) value, the conditional distribution of Sa(Ti) values at other periods can be estimated as:

μlnSa Tið Þ lnSaj T�ð Þ = μlnSa M,R,θ,Tið Þ+ ρln Sa Tið Þ½ �,ln Sa T�ð Þ½ �ε T�ð ÞσlnSa Tið Þ ð8Þ

where the means μlnSa(M,R,θ,T) and the standard deviations σlnSa(T) of the logarithm of the response spectral values
are obtained with the interplate GMPE of Section 2. Meanwhile, the correlation coefficients ρln[Sa(Ti)],ln[Sa(T*)] are
predicted with Equation 7. Finally, the exponential of the μlnSa(Ti)|lnSa(T*) values represent the conditional mean spec-
trum. Accordingly, Figure 11A,B shows the conditional mean spectra using the correlation model proposed in this
study (solid line) together with the BJ08 and JC19 models (dashed lines), respectively. The conditional mean spectra
are estimated for Sa(T* = 1.0) with different probabilities of exceedance (10%, 20%, and 40% in 50 years).

Figure 12A,B shows the conditional mean spectra using the BJ08 and JC19 models (dashed lines) and the proposed
model (solid lines), respectively. They show an underestimation of the spectral values at the region of short periods
when using the BJ08 and JC19 models in comparison with the proposed correlation model, which is consistent with
that reported in previous sections (Section 4). The latter is because the four correlation models predict lower correlation
values than those observed, predominantly, at period pairs when one of these is relatively short. Therefore, as expected,
the underestimation is more significant at short vibration periods; also, it increases as the return interval growths. On

FIGURE 11 (A) Sa(T*) mean annual rate of exceedance (λ) at Tn = 1.0 s and (B) PSHA deaggregation for CU station, given exceedance

of Sa(T*) values with 475-year return period, at Tn = 1.0 s [Colour figure can be viewed at wileyonlinelibrary.com]

RODRÍGUEZ-CASTELLANOS ET AL. 13
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RODRÍGUEZ-CASTELLANOS et al.322

the other hand, at the region of long periods, the conditional mean values are similar. The same tendency was found
for the BC06 and HG10 models (not shown here).

Additionally, we perform the same analysis above, but now choosing as a period of interest T* = 0.2 s. Then,
through a deaggregation analysis, we identify the mean magnitude (Mc) and distance (Rc) values, which correspond to
an intraslab event.37 Therefore, according to the GMPE for intraslab events, the resulted spectra are shown below.
Figure 13A,B indicates the conditional mean spectra for intraslab events estimated with the BC06 and HG10 models
(dashed lines) and the proposed correlation model (solid lines), respectively. They show good agreement of the spectral
values for the three correlation models at the whole range of periods. The results are the same for the BJ08 and JC19
models (not shown here). As it was pointed out in Section 3.2, high correlation values persist for intraslab events at
broadly spaced period pairs; however, this increasing tendency is not as significant as it is for interplate events. There-
fore, for period pairs when one of these is less than 0.2 s, the widening of the contour lines is small. Thus, the spreading
of the correlation coefficients for intraslab events is comparable with that predicted by the compared correlation
models. Consequently, the conditional mean values are practically identical for the four correlation models (BC06,
BJ08, HG10, and JC19) compared with the proposed one, even when these models were not developed for intraslab
earthquakes (Figure 13A,B). According to the hypothesis test analyses (see Figure 8C), we were expecting a suitable per-
formance of the HG10 and JC19 models. However, the BC06 and BJ08 models have also good performance, contrary to
one may expect from the hypothesis test analyses for intraslab earthquakes (see Figure 8B).

In summary, Figures 12 and 13 show that, for computing conditional mean spectra, to use one or other correlation
model only influence on the region of short periods when interplate earthquakes control the deaggregation process. In

FIGURE 12 Conditional mean spectra for CU site given occurrence of Sa(T1 = 1.0) values with 10%, 20% and 40% of probability of

exceedance in 50 year. (A) Using the proposed correlationmodel (solid line) and BJ08 correlation model (dashed line) and (B) using the

proposed correlationmodel (solid line) and the JC19 correlation model (dashed line) [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 13 Conditional mean spectra for CU site given occurrence of Sa(T1 = 0.2) values with 10%, 20%, and 40% of probability of

exceedance in 50 year. (A) Using the proposed correlationmodel (solid line) and BJ06 correlation model (dashed line) and (B) using the

proposed correlationmodel (solid line) and the HG10 correlation model (dashed line) [Colour figure can be viewed at wileyonlinelibrary.com]

14 RODRÍGUEZ-CASTELLANOS ET AL.
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RODRÍGUEZ-CASTELLANOS et al. 323

this sense, Ji et al.15,16 computed the CMS for two different sites in China. For this purpose, they used the correlation
coefficients obtained from a Chinese ground motion database, and the correlations predicted with the BJ08 correlation
model. They found that the conditional mean values obtained with the BJ08 model are lower than the spectral values
obtained using their correlation coefficients. However, this discrepancy was not significant, and they suggest the BJ08
model appropriate to compute CMS in China. Additionally, Cimellaro13 estimated the correlation coefficients and pro-
posed a predictive correlation model using a European database. Then, for a site in Italy, he computed the CMSs
employing his correlation model and the BC06 model. The comparison between the two CMSs indicates that spectral
values are practically identical over the whole period range. The latter is true even when the spreading of correlation
coefficients was completely different from that obtained for shallow crustal earthquakes from California.

6.2 | Second engineering application: seismic hazard curves using two intensity
measures

Following, in this example, we proceed with the PSHA, presenting the results through mean annual rates of exceedance
(hazard curves), using the two intensity measures (IM) presented in the introduction of this study. The advantages of
employing one or another intensity measure are not the subject on which this section focuses. The predictive correla-
tion models are suitable to any intensity measure that acts as a function of spectral acceleration values at different
vibration periods. Therefore, the reader is free to utilize the IM of his or her preference.

The application of advanced intensity measures is limited because of the lack of appropriate GMPEs, which are
essential for performing PSHA. For instance, attenuation models have not yet devised, to provide INp and Saavg as a
function of the vibration period, as it is done with existing GMPEs. But, fortunately, with tools currently available for
other IMs and the predictive correlation models presented in this study, it is possible to define the expected value and
the variance of the natural logarithm of both intensity measures INp and Saavg and finally to perform PSHA. In what fol-
lows, it is presented the development to define the expected value and the variance of the natural logarithm of INp
(a similar scheme for Saavg can be found in Baker and Cornell3 and Baker and Jayaram9). First, INp is defined
as follows24:

INp = Sa T1ð Þ�NP
α ð9Þ

NP =
�Saavg T1…TNð Þ

Sa T1ð Þ ð10Þ

where INp is the scalar intensity measure and α is a parameter that should be calibrated according to the structure and
the earthquake demand parameter selected (in this study α = 0.5 is adopted, as recommended in Bojórquez and
Iervolino24). Scaavg is the geometric mean of the spectral acceleration at N numbers of periods, expressed as

�Saavg T1…TNð Þ=
YN
i=1

Sa Tið Þ
 !1=N

ð11Þ

Substituting Equations 10 and 11 in Equation 9 and applying the natural logarithm, it results

ln INp
� �

= 1−αð Þln Sa T1ð Þ½ �+ α

N

XN
i=1

ln Sa Tið Þ½ � ð12Þ

Then, the expected value and the variance of ln(INp) can be expressed as in Equations 13 and 14, respectively.

E ln INp
� �� �

= 1−αð ÞE ln Sa T1ð Þ½ �f g+ α

N

XN
i=1

E ln Sa Tið Þ½ �f g ð13Þ

RODRÍGUEZ-CASTELLANOS ET AL. 15
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RODRÍGUEZ-CASTELLANOS et al.324

Var ln INp
� �� �

= α2Var ln Saavg T1…TNð Þ� �� �
+ 1−αð Þ2Var ln Sa T1ð Þ½ �f g

+2α 1−αð Þρln �Saavg T1…TNð Þ½ �,ln Sa T1ð Þ½ �σln �Saavg T1…TNð Þ½ �σln Sa T1ð Þ½ �
ð14Þ

The ln[Sa(Ti)] values are obtained from existing attenuation models (e.g., the GMPEs presented in Section 2); ln[Sa(Ti)]
terms are commonly assumed to have a joint normal distribution; consequently, the summation has also a normal dis-
tribution. The variance Var{ln[Scaavg(T1 … TN)]} and the correlation coefficient ρln[Scaavg(T1…TN),ln[Sa(T1)] can be obtained
by Equations 15 and 16, respectively:

Var ln �Saavg T1…TNð Þ� �� �
=

1
N2

XN
i=1

XN
j=1

ρln Sa Tið Þ½ �,ln Sa Tjð Þ½ �σln Sa Tið Þ½ �σln Sa Tjð Þ½ �
h i

ð15Þ

ρln �Saavg T1…TNð Þ½ �,ln Sa T1ð Þ½ � =

PN
i=1ρln Sa Tið Þ½ �,ln Sa T1ð Þ½ �σln Sa Tið Þ½ �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i=1

PN
j=1 ρln Sa Tið Þ½ �,ln Sa Tjð Þ½ �σln Sa Tið Þ½ �σln Sa Tjð Þ½ �
h ir ð16Þ

where ρln[Sa(Ti)],ln[Sa(Tj)] is the correlation between spectral acceleration values at periods Ti and Tj, which are computed
using a correlation equation (in our case, Equation 7). Thus, a customized attenuation model for INp has been
established. All these equations are enough to describe the complete distribution of INp.

Figure 14A,B illustrates the INp mean annual rate of exceedance, λ, for two vibration periods T1 = 0.2 s and
T1 = 2.0 s, respectively. Similarly, Figure 15A,B shows the mean annual rate of exceedance of Saavg, for T1 = 0.2 s and
T1 = 2.0 s, respectively (the range of periods for Saavg was taken from T1 to 2T1, spaced each 0.1 s). The INp and Saavg
hazard curves correspond to two accelerometer stations installed in Mexico City: CU and Ministry of Communications
and Transportation of Mexico (SCT), as shown in Figures 14 and 15. CU station is within the hill zone area (firm gro-
und); meanwhile, SCT station is in the lake-bed zone area (soft soil) in Mexico City. The annual rates of exceedance of
the seismic intensity are estimated using the correlation model proposed in this study, along with the four correlation
models mentioned above.

The INp and Saavg hazard curves for CU station are computed combining the above development and the tradi-
tional PSHA.45 On the other hand, the hazard curves for SCT station are calculated with the formulation proposed
by Esteva,46 which allows, through a known hazard curve at a given site (reference site), to estimate a hazard curve
in a different one (recipient site). It is possible by coupling this formulation with the ratio between response spectra
corresponding to soft soil (recipient site) and firm ground (reference site). The spectral ratios represent, approxi-
mately, the spectral amplification in soft soil concerning firm ground. In this study, CU station is the reference site,
because, since 1964, it has recorded all the significant ground motions that have struck Mexico City. Accordingly,

FIGURE 14 Mean annual rate of exceedance (λ) of INp for recording stations located on firm ground (CU) and soft soil (SCT) in

Mexico City, for two different fundamental vibration periods, (A) T1 = 0.2 s and (B) T1 = 2.0 s [Colour figure can be viewed at

wileyonlinelibrary.com]
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RODRÍGUEZ-CASTELLANOS et al. 325

different studies have taken CU as a reference site.47–49 Thus, it is feasible to perform a hazard analysis for CU sta-
tion and then to compute the annual rate of exceedance at other recording stations located on soft soils in
Mexico City.

It is observed that the INp and Saavg hazard curves, for each recording station, are nearly identical independently of
the correlation model used. Indeed, the overlapping of the hazard curves makes us to look as there is only one hazard
curve for each site. Therefore, for this engineering application, it is concluded that it is enough to have a predictive cor-
relation model that, roughly, predicts the spreading of correlations. Thus, one can set aside the searching for a high
grade of detail to match exactly the observed data.

7 | CONCLUSIONS

• We estimated the correlation coefficients between spectral accelerations values at multiple vibration periods using
ground motions recorded at the CU accelerometer station (firm ground) in Mexico City. For this purpose, we utilized
GMPEs to predict, exclusively, interplate or intraslab seismic events. We found a different spreading of correlations
when we measured the correlation coefficients using interplate and, independently, intraslab ground motions. It
shows that the correlation coefficients depend strongly on the rupture mechanism.

• We made an exhaustive comparison of different correlation models found in the literature to assess if they correctly
predict our observed correlation coefficients. We observed that, mainly, at pairs of periods when one of these is
shorter than 0.3–0.4 s, the presented models predict inaccurate correlation coefficients for interplate and intraslab
earthquakes, which was also proven with a hypothesis test. Due to the findings, it was justified to proposed a predic-
tive correlation equation for the cases of this study.

• We proposed a mathematical expression to estimate the correlation coefficients between spectral acceleration values
at multiple periods corresponding to interplate and, separately, to intraslab earthquakes, for the firm ground of Mex-
ico City. Additionally, the proposed model addressed the shortcomings presented by the studied models for the pre-
diction of correlation values for short periods.

• We evaluate the influence of the analyzed correlation models on the results from conditional mean spectra and
PSHAs with two IMs. Consistently with the hypothesis test and the results from Section 6.1, we concluded that the
conditional mean spectra are only affected at the region of short periods, specifically when interplate earthquakes
govern the deaggregation process. Conversely, when intraslab earthquakes control the deaggregation process, the
conditional mean values are basically the same independently of the correlation model used. On the other hand, for
PSHAs using INp or Saavg, to use one or another correlation model does not affect the results significantly. It is worth
noting that, even when the four correlation models analyzed predict inaccurate correlation values at specific period
pairs, the latter does no has a significant impact on the results. Therefore, we concluded that the five correlation

FIGURE 15 Mean annual rate of exceedance (λ) of Saavg for recording stations located on firm ground (CU) and soft soil (SCT) in

Mexico City, for two different fundamental vibration periods, (A) T1 = 0.2 s and (B) T1 = 2.0 s [Colour figure can be viewed at

wileyonlinelibrary.com]
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RODRÍGUEZ-CASTELLANOS et al.326

models used for comparison (BC06, BJ08, HG10, JC19, and the one proposed here) are suitable for computations
related to PSHAs associated with INp or, alternatively, with Saavg.

• For the purpose of estimating seismic hazard curves, it is recommended to focus on having an appropriate ground
motion database instead of searching for an equation that predicts the correlation coefficients with a high degree of
correctness, which at the same time would result in a more complex mathematical model.

• For the applications analyzed in the present study, simplified models like BC06 and HG10 lead to results with good
approximation, from the point of view of earthquake engineering.
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