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Summary

Earthquakes are generally clustered, both in time and space. Conventionally,

each cluster is made of foreshocks, the mainshock, and aftershocks. Seismic

damage can possibly accumulate because of the effects of multiple earthquakes

in one cluster and/or because the structure is unrepaired between different

clusters. Typically, the performance-based earthquake engineering (PBEE)

framework neglects seismic damage accumulation. This is because (i) probabi-

listic seismic hazard analysis (PSHA) only refers to mainshocks and (ii) classi-

cal fragility curves represent the failure probability in one event, of given

intensity, only. However, for life cycle assessment, it can be necessary to

account for the build-up of seismic losses because of damage in multiple

events. It has been already demonstrated that a Markovian model (i.e., a

Markov chain), accounting for damage accumulation in multiple mainshocks,

can be calibrated by maintaining PSHA from the classical PBEE framework

and replacing structural fragility with a set of state-dependent fragility curves.

In fact, the Markov chain also works when damage accumulates in multiple

aftershocks from a single mainshock of known magnitude and location, if

aftershock PSHA replaces classical PSHA. Herein, this model is extended fur-

ther, developing a Markovian model that accounts, at the same time, for dam-

age accumulation: (i) within any mainshock–aftershock seismic sequence and

(ii) among multiple sequences. The model is illustrated through applications to

a series of six-story reinforced concrete moment-resisting frame buildings

designed for three sites with different seismic hazard levels in Italy. The time-

variant reliability assessment results are compared with the classical PBEE

approach and the accumulation model that only considers mainshocks, so as

to address the relevance of aftershocks for life cycle assessment.
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1 | INTRODUCTION

The performance-based earthquake engineering (PBEE) framework allows to assess the rate of earthquakes able to
cause exceedance of a given seismic loss threshold to an engineering system of interest (e.g., a structure).1 A more mod-
est goal of PBEE is the failure rate, that is, the rate of earthquakes causing some undesired performance for the struc-
ture or λf, which can be computed as follows:

λ f =
ð+∞

−∞

P f IM= imj½ � � dλim,Ej j: ð1Þ

In the equation, P[ f |IM = im] is the probability that the structure fails the performance objective given a ground
motion (GM) intensity measure (IM) value (im), to be obtained by structural response analysis, and dλim,E is the differ-
ential of the hazard curve, that is, the function providing the rate of exceedance of im at the site of the construction,
that is, λim,E, from probabilistic seismic hazard analysis (PSHA).2 The E subscript indicates that, in classical PSHA, the
rate only accounts for the mainshock.

The rate from Equation 1 allows computing the probability that at least one earthquake, able to let the structure
fail, occurs in (t,t+Δt):

P f t, t+Δtð Þ=1−e−λ f � Δt: ð2Þ

Equation 2 relies on two working assumptions that are also at the base of the modern seismic design approach: (i) struc-
tural failure is due to a single earthquake, that is, no progressive attainment of limit state due to damage accumulation is
considered, and (ii) although earthquakes typically occur as clustered, only the mainshock, that is, the prominent event
(to follow) of the cluster, is able to lead the structure to failure. The issue (i) is related to the fact that fragility curves pro-
vide the failure probability given the IM of a single earthquake, while the issue (ii) is related to the fact that PSHA, in com-
puting λim,E, only accounts for mainshocks. These hypotheses enable a mathematically convenient time-invariant
approach to the problem according to which the occurrence of mainshocks follows a homogeneous Poisson process (HPP)
characterized by a time-invariant rate. Fragilities are typically developed for the undamaged structure, based on the
assumption that structural damage below the failure threshold is negligible or instantaneously repaired after the occur-
rence of a mainshock not causing failure. Nevertheless, earthquakes typically appear as clustered in time and space. Within
each cluster, earthquakes are conventionally categorized in foreshocks, the mainshock, and aftershocks.* The mainshock is,
classically, defined as the prominent magnitude event, whereas the foreshocks and the aftershocks are those preceding and
following it, respectively. Therefore, in the case of long-lasting clusters,4 the negligibility of damage accumulation within
the cluster and the negligibility of the foreshocks/aftershocks' contribution to seismic hazard are questioned.

Mainly originated from the needs of life cycle assessment, damage accumulation has been the subject of a signifi-
cant deal of research by those interested in stochastic modeling of degrading structures. In general, two types of deterio-
ration mechanism are accounted for: (i) gradual deterioration of material characteristics (i.e., aging) and
(ii) instantaneous damage due to sudden shocks. Some studies adopt analytically convenient reliability models, assum-
ing independent damage increments (i.e., the damage increment does not depend on the damage history), to model
one5,6 or both issues.7,8 However, state-of-the-art structural mechanics often requires to model structural degradation in
a state-dependent fashion, that is, the future damage predictions depend on the state of the structure at the time of the
evaluation.9,10 In fact, if accumulating damage can be quantified by a number of discrete states, Markov chains can be
an effective approach to solve the issue, as literature shows.11 In particular, when earthquakes are of concern, Markov-
ian modeling of damage accumulation replaces the failure rate from Equation 1 with a unit-time transition matrix,
which collects the rates of seismic events causing eventual transitions from any damage state to any other.12 To cali-
brate the stochastic model, the fragility curve must be replaced by a set of vulnerability models, that is, state-dependent
fragilities, which provide the probability of exceeding a certain damage state, conditional on the GM intensity of the
earthquake and the current damage state at the time of earthquake occurrence. If state-dependent fragility curves are
combined with classical PSHA, the resulting transition matrix refers to damage accumulation in multiple mainshocks,
as sketched in Figure 1a.

*Even the identification of clusters is a challenging problem in seismology requiring conventional definitions.3
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Regarding the fact that PSHA only considers mainshocks, it is discussed in a number of studies that the occurrence of
seismic clusters can be treated in a similar fashion as the conventional PSHA, because the occurrence rate of the whole clus-
ter is equal to that of the mainshocks. Then, the clusters follow the same Poisson occurrence process of the mainshocks.13–15

It should be noted, finally, that if state-dependent fragility curves are combined with aftershock PSHA (APSHA)16

instead, the Markov chain is able to model damage accumulation within a single aftershock sequence, following a
mainshock of given magnitude and location, as shown already in literature.12

Based on these grounds, the objective of the work presented hereafter is to formulate a Markovian model for seismic
structural damage accumulation for both mainshocks and aftershocks. It is assumed that the structure, in a time inter-
val of interest, can face multiple mainshock–aftershock sequences that are random in number and occur according to
an HPP. It is also assumed that the path from as-new (AN) conditions to failure is represented by a series of damage
states (DSs). In fact, the obtained Markov chain accounts, at the same time, for: (i) damage accumulation within any
mainshock–aftershock seismic sequence, and (ii) damage accumulation in multiple sequences, as sketched in Figure 1b.

To illustrate the work, the remainder of the paper is structured in such a way that the Markov chain-based model
for damage accumulation due to mainshocks only is given first, also recalling the basis of the classical PSHA. Subse-
quently, the damage accumulation within the aftershock sequence from a single mainshock, of given magnitude and
location, is addressed. Then, the damage state transition matrix, for mainshock–aftershock sequences, is derived. The
seismic reliability model is discussed through applications to a series of six-story reinforced concrete (RC) moment-
resisting frame code-conforming buildings,17,18 to compare with the classical PBEE approach, and to the case when
damage accumulation neglects aftershocks. Moreover, because the considered sites are exposed to different levels of
seismic hazard, the applications also allow to assess the importance of the damage accumulation issue with respect to
the seismicity of the construction location.

2 | DAMAGE ACCUMULATION ONLY IN MAINSHOCKS OR ONLY IN
AFTERSHOCKS

This section recalls the Markovian modeling of damage accumulation as formulated by Iervolino et al.12 In this reliabil-
ity formulation, the hazard model refers to the classical PSHA (i.e., for mainshocks only) or to APSHA (i.e., for after-
shocks only). According to the model, failure can be attained not only in a single earthquake of sufficient intensity, but
also in multiple seismic shocks producing progressive damage (i.e., deterioration) on the structure. The hypotheses are
as follows: (i) structural damage is represented by means of DSs, (ii) time is discretized in intervals of fixed width, and
(iii) it is assumed that the probability of moving from a damage state to another, given the occurrence of an earthquake,
only depends on the IM of the earthquake and on the damage state of the structure at the time of the seismic shock.
The following first briefly recalls the basis of PSHA and then the reliability formulation for the Markov chain-based
damage accumulation process. Finally, the application in conjunction with APSHA, that is, damage accumulation dur-
ing the aftershock sequence of a specific mainshock, is recapped.

FIGURE 1 Damage accumulation for a structure subjected to (a) mainshocks only and (b) mainshock–aftershock sequences, following

the concept of this study
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2.1 | Shock occurrence according to PSHA

According to PSHA, the occurrence of mainshocks at a site with magnitude larger than a minimum threshold (mE,min)
is described by an HPP, characterized by the vE rate. As already mentioned, in the earthquake engineering context, of
particular interest is the exceedance of a certain IME threshold. The occurrence rate of mainshocks producing such
exceedance, λim,E, can be computed according to Equation 3:

λim,E = vE �
ðrE,max

rE,min

ðmE,max

mE,min

P IME > im jmE,rE½ � � fME ,RE mE,rEð Þ � dmE � drE: ð3Þ

In the equation, P[IME > im j mE,rE] is the probability that the intensity threshold is exceeded given a mainshock of
magnitude ME = mE, which is separated from the site by a distance RE = rE and can be obtained from a GM prediction
equation (GMPE), which provides, in fact, the distribution of the intensity measure conditional to magnitude and dis-
tance. The term fME ,RE is the joint probability density function (PDF) of ME and RE random variables (RVs) ranging in
the {mE,min,mE,max} and {rE,min, rE,max} intervals, respectively.

†

It is useful to note that fME ,RE is a joint PDF of magnitude and source-to-site distance RVs, conditional to the occur-
rence of a generic earthquake, that is, a mainshock of unspecified characteristics. Moreover, it is fairly easy to show that
the absolute value of the derivative of the hazard curve divided by the vE rate represents the PDF of the IME (which is
obviously a RV), given the occurrence of a generic mainshock (i.e., of unknown magnitude and location). Such a PDF
can be indicated as fIME Ej and will be useful in the following derivations of the Markovian stochastic model:

fIME Ej imð Þ= 1
νE

� dλim,E

d imð Þ
����

����: ð4Þ

In PSHA, Equation 3 is usually computed for a wide range of im values, so as to obtain the hazard curve for the site,
which provides the exceedance rate as a function of the threshold. Finally, it is worth to recall that the rate λim,E is also
the rate of an HPP, that is, the process of occurrence of mainshocks causing exceedance of im at the site.

2.2 | Transition matrix in the case of mainshocks

The model developed in Iervolino et al.12 for mainshocks refers to a discrete-time and discrete-state homogeneous
Markov process. Given that time is discretized in intervals of fixed width, the time unit (e.g., 1 year), and that the
domain of the considered structural damage measure is partitioned to have a finite number (n) of damage states, DSi,
i = {1,2,…n}, from as-built (i.e., as-new) conditions to failure, the Markov chain is completely characterized by the [PE]
matrix; it has size n × n and contains the rate of earthquakes causing transition from any DSi,8i = {1,2,…n}, to any
DSj,8j = {1,2,…n}. The rates in [PE] approximate the unit time transition probabilities. Therefore, the probability that
the structure in k time units is in any of the damage states can be computed as:

P1 kð Þ P2 kð Þ� � �Pi kð Þ� � �Pn kð Þf g= P1 0ð Þ P2 0ð Þ� � �Pi 0ð Þ� � �Pn 0ð Þf g � PE½ �k: ð5Þ

In the equation, {P1(k) P2(k)� � �Pi(k)� � �Pn(k)} is the state vector after k time units, that is, Pi(k) 8i = {1,2,…n} is the
probability that the structure is in DSi at time k. Analogously, {P1(0) P2(0)� � �Pi(0)� � �Pn(0)} is the initial state vector, col-
lecting the probabilities that the structure is in each of the damage states at the beginning of the interval (i.e., k = 0).
Factually, Equation 5 replaces Equation 2, when damage accumulation is accounted for.

The [PE] transition matrix can be computed as per Equation 6 where [P] is the transition matrix given the occur-
rence of a generic event, and [I] is the n × n identity matrix. Indeed, the νE � [P] term provides the unit time

†Herein, the subscripts E and A are used referring to mainshocks and aftershocks, respectively. When no subscript appears for IM, it means that there
is no need to make a distinction.
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probabilities (rates in fact) that the structure moves from any damage state to any damage state and a mainshock of
unspecified magnitude and location occurs, whereas the (1 − νE) � [I] term collects the probabilities that the structure
remains in the same state and no earthquakes occur in the unit time interval.

PE½ �= νE � P½ �+ 1−νEð Þ � I½ � ð6Þ

To be completely specified, the Markov chain needs the νE rate and the [P] matrix to be calibrated for the case under
examination. The latter collects the Pi,j probabilities that the structures is found in DSj,8j = {1,2,…n}, after the earth-
quake, given that it was in DSi,8i = {1,2,…n}, before the earthquake:

P½ �=

1−
Pn
j=2

P1,j P1,2 … P1,n−1 P1,n

0 1−
Pn
j=3

P2,j … P2,n−1 P2,n

… … … … …

0 0 … 1−Pn−1,n Pn−1,n

0 0 … 0 1

2
6666666664

3
7777777775
: ð7Þ

The diagonal elements in the [P] matrix are the probabilities that the earthquake does not cause a state change and
can be computed as the complement to 1 of the transition probabilities on the same row, that is, Pi,i = 1 −

P
j 6¼ iPi,j,8 i.

The elements in the lower triangle of the matrix are set to 0 because of the irreversible nature of damage
progression. Therefore, the nth state, representing failure, is an absorbing state,19that is, the structure cannot escape
from it: Pn,n = 1.

The computation of Pi,j, i < j can be performed via Equation 8, which is an application of the total probability theo-
rem. It requires fIME Ej (the PDF of IME in a mainshock of unspecified magnitude and location) from Equation 4 and P
[DSj |DSi , IM = im ], which is the probability that the structure in DSi moves to DSj, with j > i, given the im value of
the mainshock intensity:

Pi,j =
ð+∞

−∞

P DS j DSi , IM = imj� � � fIME Ej imð Þ � d imð Þ: ð8Þ

The term P[DSj |DSi , IM = im ] can be derived via Equation 9, in which P[DS ≥ DSj |DSi , IM = im ] and P
[DS ≥ DSj+1 |DSi , IM = im ] are the conditional probabilities that the structure in DSi reaches or exceeds DSj and DSj
+1 (given earthquake intensity), respectively. In other words, P[DSj |DSi , IM = im ] can be computed from state-
dependent fragility functions:

P DS j DSi ,IM = imj� �
=P DS≥DS j DSi , IM = imj� �

−P DS≥DS j+1 DSi , IM= imj� �
: ð9Þ

According to PSHA, the RVs representing GM intensities in different mainshocks are independently and identically
distributed (i.i.d.), that is, their PDF is always fIME Ej . Thus, the Pi,j probabilities do not change in time, leading to a
homogeneous Markov chain, if aging is neglected (Equation 5). The procedure to get the state-dependent fragility func-
tions, needed, in turn, to compute the Pi,j probabilities using Equation 8, is outlined and discussed in Section 4.3.

2.3 | Transition matrix in the case of aftershocks

Yeo and Cornell16 developed APSHA for short-term risk assessment, that is, to manage the engineering risk after a
significant earthquake at the daily time scale. APSHA starts from the modified Omori law,20 in which, given that a
mainshock of magnitude ME = mE occurred at t = 0, the daily rate of aftershocks νA MEj tð Þ is given by Equation 10:
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νA MEj tð Þ= 10a+ b mE−mA,minð Þ−10a

t+ cð Þp : ð10Þ

In the equation, mA,min is the minimum considered aftershock magnitude, which cannot be larger than mE, and {a,
b,c,p} are parameters. According to Yeo and Cornell, considering the interval (0, ΔTA), where ΔTA is the (assumed)
duration of the sequence, the RV counting the aftershocks, NA MEj 0;ΔTAð Þ , is Poisson distributed, with mean
E NA MEj 0;ΔTAð Þ� �

= p−1ð Þ−1 � 10a+ b mE−mA,minð Þ−10a
� � � c1−p− ΔTA + cð Þ1−p� �

. Therefore, NA MEj 0;ΔTAð Þ is characterized
by the following probability mass function:

P NA MEj 0;ΔTAð Þ=n
� �

=
10a+ b mE −mA,minð Þ−10a

p−1 � c1−p− ΔTA + cð Þ1−p� �n on

n!
� e−10

a+ b mE −mA,minð Þ−10a
p−1 � c1−p− ΔTA + cð Þ1−p½ �: ð11Þ

From νA MEj tð Þ, it results that the daily rate of aftershocks causing exceedance of the im threshold at the site can be
computed as:

λim,A tð Þ= νA MEj tð Þ �
ðrA,max

rA,min

ðmE

mA,min

P IMA > imjmA,rA½ � � fMA ,RA ME ;REj mA;rA mE;rEjð Þ � dmA � drA, ð12Þ

where P[IMA > im| mA, rA] is still from a GMPE (IMA is the aftershock IM) and fMA ,RA ME ,REj is the magnitude–distance
distribution of the generic aftershock. It is indicated that this distribution is conditional on the mainshock distance; in
fact, it should be, more precisely, mainshock location. The distance limits {rA,min, rA,max} are the minimum and maxi-
mum source-to-site distance of aftershocks. The resulting rate in Equation 12 also characterizes a (nonhomogeneous)
Poisson process.

It can be recognized that the IM in any generic aftershock to the same mainshock is an i.i.d. RV and its PDF,
fIMA ME ,REj , can be obtained as:

fIMA ME ,REj imjmE,rEð Þ=
ðrA,max

rA,min

ðmE

mA,min

fIMAjMA,RA
imjmA,rA,ð Þ � fMA,RA ME ;REj mA;rA mE;rEjð Þ � dmA � drA, ð13Þ

where fIMAjMA ,RA
is the derivative of the IM distribution of aftershocks (from a GMPE). Then, the transition matrix given

the occurrence of one generic aftershock from a sequence of a mainshock characterized by {ME = mE,RE = rE} is given
by:

PA ME ,REj
h i

=

1−
Pn
j=2

PA ME ,REj
1,j PA ME ,REj

1,2 … … PA ME ,REj
1,n

0 1−
Pn
j=3

PA ME ,REj
2,j … … PA ME ,REj

2,n

… … … … …

0 … 0 1−PA ME ,REj
n−1,n PA ME ,REj

n−1,n

0 … … 0 1

2
6666666664

3
7777777775
: ð14Þ

The terms of the PA ME ,REj
h i

matrix are calculated as in Equation 15 using the same state-dependent fragility curves
discussed in the previous section, yet integrated with the distribution of the aftershock intensity, fIMA ME ,REj , rather than
fIME Ej :‡

‡For the sake of illustration, it is assumed herein that the fragilities are the same in the case of mainshocks and aftershocks occurrence. This is why
there is no subscript to the intensity measure. However, some considerations about sufficiency21 of the intensity measure should be verified before
making such an assumption.
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PA ME ;REj
i,j =

ð+∞

−∞

P DS j DSi; IM= imj� � � fIMA ME ;REj imjmE,rEð Þ � d imð Þ: ð15Þ

Clearly, the transition matrix PA ME ,REj
h i

, because of APSHA, depends on the magnitude and location of the
mainshock. The damage accumulation process within the aftershocks sequence is now a nonhomogeneous Markov
chain characterized by a time-variant (i.e., daily) transition matrix; this is because, according to Equation 10, the after-
shocks rate is a time-variant function. In particular, given a mainshock characterized by {mE, rE}, the unit time transi-
tion probabilities are given by PA Ej kð Þ� �

= νA MEj kð Þ � PA ME ;REj
h i

+ 1−νA MEj kð Þ� � � I½ � .§ Consequently, the state
probabilities after k time units are calculated as

P1 kð Þ P2 kð Þ� � �Pi kð Þ� � �Pn kð Þf g= P1 0ð Þ P2 0ð Þ� � �Pi 0ð Þ� � �Pn 0ð Þf g �
Yk
j=1

PA Ej jð Þ� �
: ð16Þ

The initial state vector {P1(0) P2(0)� � �Pi(0)� � �Pn(0)} represents the probability that the mainshock triggering the
aftershock sequence puts the structure in any damage state. In the context of this model, this vector is arbitrary
(i.e., it must be assigned evaluating the structural conditions after the mainshock). However, the next section will
show how to account for the uncertainty in the damage due to the mainshock combining the models of Sections 2.2
and 2.3.

3 | DAMAGE ACCUMULATION PROCESS IN MAINSHOCK–AFTERSHOCK
SEQUENCES

Herein, the final Markov model is derived; it accounts for damage in a single mainshock–aftershock sequence and in
multiple sequences. In the following, the damage in a single sequence is discussed first, then multiple sequences are
addressed.

3.1 | Transition matrix in one sequence from a mainshock of given characteristics

It is worthwhile to first recall that during a sequence, there can be a random number of aftershocks, identified by the
NA MEj 0;ΔTAð Þ RV in Section 2.3. Given a mainshock characterized by {ME=mE,RE=rE}, the transition matrix for the

whole aftershock sequence is PA ME ;REj
h iNA MEj 0;ΔTAð Þ

. Therefore, to account for the randomness in the number of after-

shocks in each sequence, the following equation can be used to get the expected value, E[�], of this matrix:¶

E PA ME ;REj
h iNA MEj 0,ΔTAð Þ� �

≈ PA ME ;REj
h iE NA MEj 0,ΔTAð Þ

h i
, ð17Þ

which means that it is assumed that the sequence is made by a number of aftershocks equal to the mean provided by
the modified Omori law for the mainshock characterized by {mE, rE}.

However, the structure can make a transition also because of the mainshock and a transition matrix is also needed.
It must account specifically for the fact that the earthquake has {ME=mE, RE=rE} characteristics. Therefore, such a
matrix can be built as per Equations 7 and 8, but the state-dependent fragility function has to be integrated with the dis-
tribution of IM given {mE, rE}, which can be indicated as fIME ME ,REj , instead of fIME Ej ; that is:

§The time scale, in the case of aftershocks, is typically the day rather than the year used for mainshocks.

¶This is an approximation of E PA ME ,REj
h iNA MEj 0,ΔTAð Þ� �

=
P+∞

i=0 PA ME ,REj
h ii

� P NA MEj 0,ΔTAð Þ= i
� �
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PE ME ,REj
i,j =

ð+∞

−∞

P DS j DSi , IM = imj� � � fIME ME ,REj imjmE,rEð Þ � d imð Þ, ð18Þ

where it is obvious that fIME ME ,REj is available from a GMPE, which typically provides the mean and standard deviation
of a Gaussian RV, representing the logarithm of IM conditional to earthquake magnitude, source-to-site distance, and
other covariates, such as site's soil conditions. Collecting these probabilities in a matrix yields:

PE ME ,REj
h i

=

1−
Pn
j=2

PE ME ,REj
1,j PE ME ,REj

1,2 … … PE ME ,REj
1,n

0 1−
Pn
j=3

PE ME ,REj
2,j … … PE ME ,REj

2,n

… … … … …

0 … 0 1−PE ME ,REj
n−1,n PE ME ,REj

n−1,n

0 … … 0 1

2
6666666664

3
7777777775
, ð19Þ

which is the transition matrix due to the occurrence of the {ME=mE, RE=rE} earthquake. At this point, multiplying
Equation 19 by Equation 17 provides the transition matrix for a whole sequence given the occurrence of a mainshock
characterized by {mE, rE}, that is:

PS ME ;REj
� �

= PE ME ;REj
h i

� PA ME ;REj
h iE NA MEj 0;ΔTAð Þ

h i
: ð20Þ

3.2 | Transition matrix for a generic mainshock–aftershock sequence and unit time
transition matrix

The total probability theorem allows to compute the transition probability given the occurrence of any sequences, [PS|E],
by integrating over the range of mainshock features:

PS Ej
� �

=
ðrE,max

rE,min

ðmE,max

mE,min

PS ME ;REj
� � � fME ,RE mE,rEð Þ � dmE � drE, ð21Þ

where the integral of the matrix is intended as the integral of each of its terms.
In the context of damage accumulation due to mainshock–aftershock sequences, one can apply Equation 21 to cali-

brate a homogeneous Markov chain similar to Equation 7. Because, as noted, the mainshock–aftershock sequences
occur at the same rate of the mainshocks, unit time damage transition probability matrix for seismic sequences [PS] is
given, in analogy to Equation 6, by Equation 22:

PS½ �= νE � PS Ej
� �

+ 1−νEð Þ � I½ �: ð22Þ

At this point, the Markov chain model of damage accumulation between seismic sequences is fully characterized
and the structural reliability can be computed in any time interval via Equation 5, replacing the unit time transition
matrix for mainshocks, [PE], with the unit time transition matrix for mainshock–aftershock sequences, [PS].

#

#Evidently, this model neglects the effect of foreshocks, which are, however, generally considered of minor importance with respect to mainshocks
and aftershocks.
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4 | APPLICATION: DAMAGE ACCUMULATION FOR CODE-CONFORMING
STRUCTURES

In this section, the Markovian model of degrading structures due to mainshock–aftershock sequences is illustrated
through the application to a set of Italian code-conforming RC buildings. In particular, the structural design refers to
three Italian sites with different seismic hazard according to PSHA. In order to investigate the effects of sequential
shocks, the results of the long-term seismic risk assessment are compared with (i) the approach that neglects both the
effects of aftershocks and of accumulating damage (Equation 2) and (ii) the case of accumulating damage only for
mainshocks, as described in Section 2.2.

4.1 | Structural models and sites

The buildings under consideration were taken from those of the Rischio Implicito Norme Tecniche per le Costruzioni
(RINTC) project,22 which assessed the seismic risk of new buildings in Italy. Among all the buildings analyzed in the
project, herein, the residential six-story RC infilled frame buildings, designed for three Italian sites (Milan, Naples, and
L'Aquila), are considered. The sites are representative of low, intermediate, and high seismic hazards, respectively.
Local soil condition C23 is assumed for all the sites. Each building considered herein has a 5 × 3 bays moment-resisting
frame characterized by regularity in plan and elevation (Figure 2a), a floor area of 21.4 × 11.7 m2, and story heights of
3.05 m (except the ground floor that has a 3.4 m height). It is worth noting that although the buildings share the same
architectural characteristics, they have different structures. This is because they are designed for different sites. More
specifically, according to the Italian code, the buildings were designed, with respect to the damage and the life safety
(LS) limit states, based on the uniform hazard (design) spectra at the construction site, referring to 50- and 475-year
exceedance return periods, respectively.24

For the purposes of this study, nonlinear dynamic analyses of the structures were performed on the equivalent sin-
gle-degree-of-freedom (ESDoF) systems based on the static pushover curve (SPO) of the original three-dimensional
(3D) structural models, both constructed with OpenSees.25 For each building, two ESDoF systems were calibrated
according to Fajfar26 in conjunction with the criteria in Baltzopoulos et al.27 approximating the original frame model
with a lumped mass multiple-degree-of-freedom system and assuming the first-mode load distribution for each horizon-
tal direction (X, Y corresponding to Figure 2a). Figure 2b shows an example of the resulting backbone curve (L'Aquila,
X direction) in terms of base shear (F) and displacement (δ) of the ESDoF.

Each backbone was rendered quadrilinear via a Monte Carlo-based optimization approach,27 and the dynamic
structural properties, as well as the backbone parameters, illustrated in Figure 2b, were derived: equivalent vibration
period (T*) and equivalent mass (m*), modal participation factor (Γ), yield strength and displacement F*

y ,δ
*
y

	 

, post-

yielding hardening and softening ratio (ah, ac), capping ductility μc = δ*c=δ
*
y

	 

, residual strength (Fp), and global collapse

ductility μGC = δ*GC=δ
*
y

	 

. For the given SPO parameters, a moderately pinching, peak-oriented hysteretic behavior with-

out any cyclic stiffness/strength deterioration28 was applied; an example under cyclic loading is reported in Figure 2c.

FIGURE 2 Examples of case study reinforced concrete buildings. (a) 3D model; (b) corresponding SPO backbone and quadrilinear

fitting; and (c) hysteresis loop under cyclic loading. SPO, static pushover curve [Colour figure can be viewed at wileyonlinelibrary.com]
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All parameters, including the yielding spectral acceleration at the equivalent vibration period Say T*
� �

=F*
y=m

* , are
summarized in Table 1. An equivalent viscous damping ratio (ξ*) equal to 5% was applied to all models.29

4.2 | Definitions of damage states

The damage index considered herein is a displacement-related engineering demand parameter. This illustrative applica-
tion considered five DSs based on the backbone characteristics of the considered building: (i) AN, (ii) usability-
preventing damage (UPD) as defined in the RINTC project; (iii) LS; (iv) near collapse (NC); and (v) global collapse
(GC) as also defined in the RINTC project.

The threshold displacement identifying the UPD, indicated as δ1, was identified through a multicriteria
approach on the original 3D structural models; it corresponds to the minimum displacement under multiple damage
conditions that can impede the building occupancy after a seismic event. In particular, these conditions refer to the
damage in main nonstructural elements, that is, masonry infills.22 As it regards the displacement for GC, δ4, it corre-
sponds to 50% of strength deterioration with respect to the maximum base shear on the SPO curve of the original struc-
tural model in each horizontal direction. The attainment of the LS performance level (δ2) corresponds to the excursion
to the residual plateau of the ESDoF system backbone. The threshold of NC performance level (δ3) conventionally cor-
responds to two third of δ4. The AN state is consequently specified from no damage (zero displacement) up to the
attainment of UPD.

In Figure 3, these displacement thresholds are illustrated for the three buildings of L'Aquila (AQ), Naples (NA), and
Milan (MI) in both X and Y directions. The corresponding numerical values of displacement thresholds are reported in
Table 2.

TABLE 1 Dynamic and static pushover parameters of the equivalent single-degree-of-freedom systems

Dir. T*(s) m*(ton) Γ Say(T
*)(g) ξ*(%) F*

y(kN) δ*y(m) ah μc ac rp ¼ Fp

Fy
* μGC

Milan X 0.53 1161 1.32 0.16 5 1865 0.01 0.08 4.2 −0.03 0.80 41.1

Y 0.58 1165 1.33 0.19 5 2164 0.02 0.29 3.3 −0.16 0.87 16.5

Naples X 0.53 1265 1.31 0.23 5 2842 0.02 0.02 7.2 −0.04 0.90 50.5

Y 0.57 1262 1.31 0.28 5 3419 0.02 0.09 3.4 −0.08 0.85 28.0

L'Aquila X 0.57 1230 1.30 0.29 5 3485 0.02 0.03 4.7 −0.03 0.90 33.6

Y 0.54 1247 1.30 0.43 5 5269 0.03 0.09 3.1 −0.07 0.86 17.6

FIGURE 3 Damage states and limit state thresholds defined for the equivalent single-degree-of-freedom systems [Colour figure can be

viewed at wileyonlinelibrary.com]
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4.3 | State-dependent fragility curves

To obtain the transition probabilities P[DSj |DSi, IM = im ] in Equations 8, 15, and 18, state-dependent fragility curves
need to be computed. Using the numerical model of the structure and a suite of GM records, the classical fragilities, that
is, transition probabilities of the AN structure (i = 1), were computed, via incremental dynamic analysis (IDA), from the
response of the intact structure under a single shock.30–32

Fragility curves for the structure in a damage state (i > 1) were computed via back-to-back IDA** (B2BIDA).33 This
method involves two-step nonlinear dynamic analysis: the intact structure is first damaged to DSi by scaling each GM
record, then DSj is attained further scaling each GM record applied to the structural model, which represents the struc-
ture in DSi.

All the analyses were performed using a set of 20 large-scale, short-distance, seismic events (moment magnitude
within 6.5–6.9, closest distance to fault rupture within 15–33 km, recorded on firm soil) selected by Vamvatsikos and
Cornell28 and also used in Suzuki and Iervolino.34 Each GM includes two horizontal components, namely, x and y. For
each GM, the chosen IM is the maximum spectral acceleration (Sa) between the two horizontal components, at vibra-
tion period equal to 0.5 s: Sa(0.5s) = max(Sax(0.5s), Say(0.5s)). IDAs and B2BIDAs were performed utilizing an open-
source graphical user interface for dynamic analysis of SDoF systems in OpenSees, DYANAS.35

The analyses have been performed with the aim of approximately accounting for the tridimensionality of the origi-
nal structures, even if the used ESDoF systems are in fact representative of the unidirectional SPO curves. In the first
step of the analyses, the structural responses in the two horizontal directions were examined independently by consid-
ering the two uncoupled ESDoF systems of each structure subjected to the two components of the selected GMs. For
each GM, the two horizontal components in the as-recorded orientations were randomly associated to the X and Y
direction of the structural model.22,34 The considered GM was incrementally scaled, and the value of Sa(0.5s) causing
the first exceedance of the considered DS threshold in either direction was determined (i.e., the lowest causing damage
in any of the two directions). This allowed to derive a single fragility function for each damage state combining the
results of the dynamic analyses in the two directions. As an example, one IDA curve for the building designed in
L'Aquila is rendered in Figure 4a, showing the results from a two-component GM. The incrementally scaled intensity
measure value is reported on the vertical axis of the plot, whereas the horizontal axis is the maximum transient dis-
placement, δ. The threshold values identifying the limit states in both directions of the structure are also represented.
For the considered record, the first exceedance of δ1 occurs in Y direction and the corresponding value of Sa(0.5s) is rep-
resented by the star in the figure. On the other hand, the exceedance of δ2 occurs in X direction and the marker identi-
fying the corresponding Sa(0.5s) is the circle. The same identification is done for the other DSs.

To obtain the fragility curves of the structure in any DS, the same GM record set is always used. The structure put
in one DSi by a record was subjected to each other record to get to the target DSj. Indeed, all possible combinations of
the first and second shock were considered from the 20 GM records, thus leading to 400 (20 × 20) sequential excitations
in total, for each pair of DSs.

For the sake of simplicity, it was assumed that when the structure reaches a given DS in one direction, the same DS
is associated to the other direction. An example of B2BIDA is reported in Figure 4b, in which the same structure of
L'Aquila, after being damaged to DS2 (i.e., UPD), is subjected to the same GM considered in Figure 4a. As shown, the
response in the two directions begins from residual displacements larger than zero. Indeed, in this particular case, DS2

TABLE 2 Definitions of five discretized damage states for the three reinforced concrete buildings

Building site (soil C) Dir. δ1 (m) δ2 (m) δ3 (m) δ4 (m)

Milan X 0.0349 0.2040 0.3115 0.4673

Y 0.0412 0.1310 0.1745 0.2617

Naples X 0.0451 0.2016 0.5276 0.7914

Y 0.0419 0.1748 0.4126 0.6189

L'Aquila X 0.0626 0.2537 0.5164 0.7746

Y 0.0610 0.2328 0.3623 0.5434

**It should be noted that there is also an alternative to render the transition probabilities given the occurrence of an event, which is based on Monte
Carlo simulation of structural response subjected to earthquake sequences. See Iervolino et al.12 for details.
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was reached in Y direction first. However, B2BIDA showed that DS3 (LS) is reached in X direction, whereas both DS4
(NC) and DS5 (GC) are reached in Y direction. Similarly, in Figure 4c, the structure originally in DS3, subjected to the
same GM incrementally scaled, reaches both DS4 and DS5 in Y direction.

Denoting as Sai,j (with i < j ≤ 5) the RV representing the intensity measure causing the structure transition from ith
to jth DS or worse, state-dependent fragility functions were derived assuming the hypothesis of lognormal distribution
of Sai,j. The median and the logarithmic standard deviation of Sai,j, denoted as ~Sai,j and σlnSai,j , respectively, were esti-
mated via the IM-based approach,27,36 and the state-dependent fragility curves were computed using Equation 23:

P DS≥DS j DSi , IM = imj� �
=Φ

lnim− ln~Sai,j

σlnSai,j

� �
: ð23Þ

Lognormal fragility parameters for all cases are shown in Table 3. When i = 1, the initial DS is AN, then it is the
case of the classical fragility functions. As expected, the worse the initial state is, the smaller median acceleration level
causing the transition to a worse DS can be observed. Comparing fragility parameters of different structures, it can be

FIGURE 4 Example of (a) IDA and (b–c) B2BIDA referring to a single GM and to the structure designed in L'Aquila. B2IDA, back-to-

back incremental dynamic analysis; GC, global collapse; GM, ground motion; IDA, incremental dynamic analysis; LS, life safety; NC, near

collapse; UPD, usability-preventing damage

TABLE 3 State-dependent fragility parameters

Building site

To UPD LS NC GC

From ~Sai, j σlnSai, j ~Sai, j σlnSai, j ~Sai, j σlnSai,j ~Sai, j σlnSai, j

Milan AN 0.45 0.21 1.10 0.27 1.25 0.30 1.49 0.37

UPD - - 1.07 0.28 1.23 0.30 1.47 0.36

LS - - - - 0.13 0.25 0.85 0.51

NC - - - - - - 0.14 0.26

Naples AN 0.53 0.20 1.44 0.32 2.39 0.43 3.20 0.47

UPD - - 1.38 0.32 2.32 0.41 3.19 0.47

LS - - - - 1.79 0.41 2.73 0.47

NC - - - - - - 0.34 1.01

L'Aquila AN 0.75 0.23 1.96 0.33 2.61 0.38 3.34 0.43

UPD - - 1.83 0.32 2.53 0.35 3.28 0.41

LS - - - - 0.86 0.66 2.61 0.39

NC - - - - - - 0.45 0.87

Abbreviations: GC, global collapse; LS, life safety; NC, near collapse; UPD, usability-preventing damage.
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seen that, in most cases, the median increases with the seismic hazard of the site. This general trend is not respected in
the case of the structure in L'Aquila in LS conditions for which medians for NC and GC are lower than the
corresponding values computed for the structure in Naples. The reason can be found in Figure 3 that shows the limit
state thresholds for the ESDoF systems: for both directions, the structure in Naples has a residual plateau longer than
the structure in L'Aquila.

From the computed state-dependent fragility curves, the transition probabilities between any two DSs can be
retrieved via Equation 9.

4.4 | Seismic hazard assessment

As discussed in Sections 2.1 and 2.3, the Markovian modeling of degrading structures due to mainshock–aftershock
sequences requires, from the hazard side, the following terms: (i) the occurrence rate of sequences (vE), (ii) the condi-
tional PDF of IME, fIME ME ,REj , and (iii) the conditional PDF of IMA, fIMA ME ,REj for each possible pair of mainshock features
{ME,RE}. Whereas (i) and (ii) are involved in mainshock hazard, (iii) is needed for aftershocks. The required analyses
were performed on the soil condition C for each of the considered three sites, L'Aquila, Naples, and Milan, via the
REASESS software.37 Details about the models adopted for PSHA and APSHA are described in the following
subsections.

4.4.1 | Mainshocks

The seismic source model considered herein was the one by Meletti et al.38 which features 36 seismic source zones
(numbered from 901 to 936), as represented in Figure 5a. As discussed in Stucchi et al.39, the model of Meletti et al. lies
at the base of the official hazard assessment for Italy, which is, however, implemented via a 16-branch logic tree. The
branch named 921 is the only one considered for this illustrative application. It features the GMPE of Ambraseys
et al.40 that is adopted also herein. According to branch 921, the magnitude–frequency distribution for each seismic
zone was modeled based on the annual activity rates for discrete magnitude bins spanning from 4.15 to 7.45 (reported
in Iervolino et al.15).

For each site, only the seismogenic zones dominantly contributing the hazard were considered (see Figure 5a): in
the case of L'Aquila, which is within the zone numbered as 923, this single zone was considered. For Naples, the con-
sidered zones were 924, 925, 927, and 928. Finally, for Milan, it was necessary to account for eight seismic zones—902,

FIGURE 5 (a) Seismic sources mostly contributing to the considered sites; (b) annual exceedance rates of Sa(0.5s) computed via

probabilistic seismic hazard analysis for the three sites [Colour figure can be viewed at wileyonlinelibrary.com]
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903, 906, 907, 909, 911, 913, and 915. This selection of zones for each site allows to reproduce the hazard of the compre-
hensive source model with negligible approximation (see also Iervolino et al.).41,42 Figure 5b provides the hazard curves
derived by PSHA, Equation 3, for the three considered sites: L'Aquila, Naples, and Milan. These will be used to compute
failure probabilities according Equation 2.

4.4.2 | Aftershocks

Aftershock parameters used in the modified Omori law of Equation 10 are from Lolli and Gasperini43:
a = −1.66, b = 0.96, c = 0.03, and p = 0.93. The minimum magnitude of aftershocks is equal to that for the

TABLE 4 Unit time (annual) damage transition matrices for the building in L'Aquila on the soil condition C

AN UPD LS NC GC

[PS] AN 1–2.68E-03 2.15E-03 1.29E-04 4.20E-05 3.63E-04

UPD 0 1–5.87E-04 1.59E-04 4.67E-05 3.81E-04

LS 0 0 1–3.96E-03 2.08E-03 1.88E-03

NC 0 0 0 1–1.57E-02 1.57E-02

GC 0 0 0 0 1.00E+00

[PE] AN 1–2.06E-03 1.68E-03 1.56E-04 8.09E-05 1.45E-04

UPD 0 1–4.29E04 1.97E-04 8.64E-05 1.46E-04

LS 0 0 1–2.78E-03 2.55E-03 2.31E-04

NC 0 0 0 1–1.15E-02 1.15E-02

GC 0 0 0 0 1.00E+00

Abbreviations: AN, as-new; GC, global collapse; LS, life safety; NC, near collapse; UPD, usability-preventing damage.

FIGURE 6 Time variant probabilities of damage states for the building designed for L'Aquila. GC, global collapse; LS, life safety; NC,

near collapse; UPD, usability-preventing damage
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mainshock events (mA,min = mE,min). The locations of aftershocks were assumed to be uniformly distributed within
a circular area centered on the mainshock location, while the size was also determined by that of the
mainshock.44 The GMPE adopted for aftershocks is the same used for mainshocks, that is, Ambraseys et al.40

Equation 20 involves E NA MEj 0;ΔTAð Þ� �
, which depends on the duration of the aftershock sequence ΔTA. The latter

was defined arbitrarily equal to 90 days since the occurrence of the mainshock although, in principle, this duration
could be mainshock-magnitude-dependent. However, in Iervolino et al.15 it was verified that increasing the duration of
the aftershock sequence up to, for example 1 year, yields minor differences in hazard results.

4.5 | Transition probability matrices and time-variant seismic risk

This section provides the resulting transition probability matrices and the time-variant seismic risk for the considered
three sites. The results of the sequence-based seismic risk for the highest seismicity site, L'Aquila, are presented first, in
comparison with those only accounting for mainshock events. Subsequently, the trends across the three sites with dif-
ferent seismic hazard levels are discussed.

4.5.1 | L'Aquila (high hazard)

The annual transition probability matrix for sequences, [PS], is computed via Equation 22 and is shown in Table 4. For
the sake of comparison, Table 4 also provides the transition matrix, [PE], obtained through Equation 6 considering the
effects of mainshocks only. The transition probabilities of the two matrices generally show the same order of magnitude
for a given pair of DSs. However, as expected, the sequence-based GC probabilities are larger than the corresponding
mainshocks-only. Similarly, the probabilities that the structure remains in the same damage state (first diagonal of each

FIGURE 7 Ratios of probabilities of damage states for the building designed for L'Aquila. GC, global collapse; LS, life safety; NC, near

collapse; UPD, usability-preventing damage
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matrix) are larger in the mainshock-only case. Regarding the probabilities of reaching intermediate damage states,
results are less intuitive: the probability that a new structure moves to the UPD is larger in the sequences-based case,
whereas the probabilities of reaching LS and NC are larger in the mainshocks-only case.

It is also interesting to compare the transition rate from the AN to GC accounting for cumulative damage with the
annual collapse rate of the AN building according to Equation 1. The latter is equal to 1.45E-04, that is, 0.7% exceedance
probability in 50 years. The same value, 1.45E-04, is the annual failure rate computed accounting for damage accumula-
tion and mainshock-only. This is expected because, in the hypotheses of this framework, damage can hardly accumu-
late in a single year (which is the assumed time unit), because there is a low occurrence probability of mainshocks. On
the other hand, when the mainshock–aftershocks combined effect is considered, the unit time collapse rate of the AN
structure increases up to 3.63E-04; this is due to the possible damage accumulation during a single seismic sequence,
which is accounted for by Equation 20.

Figure 6 provides the time-variant probabilities of the structure reaching a certain DS, which were computed
through Equation 5 according to the mainshock-only and sequence-based approaches. In each panel, the horizontal
axis is the number of time units k since the initial time, k = 0. In each of the four panels of the figure, a different initial
state of the structure is assumed: DSi(0) ≡ {P1(0) = 0 P2(0) = 0� � �Pi(0) = 1� � �Pn(0) = 0}, i = {1,2,…n}. More specifically,
from Figure 6a–d, the DSs at time zero are AN, UPD, LS, and NC, respectively. Figure 6a also reports the failure proba-
bility from Equation 2.

All the curves monotonically increase up to 100 years. As shown in Figure 6a, in the mainshock-only case, the GC
probability of the AN structure ranges between 1.45E-04 at k = 1 and 1.81E-02 at k = 100; the corresponding probability
according to the sequence-based procedures ranges between 3.63E-04 and 3.90E-02. Failure probabilities derived by
Equation 2 are equal to 1.45E-04 and 1.44E-02 after 1 and 100 years, respectively. The same figure shows that discrepan-
cies between the mainshock-only and sequence-based cases are lower when damage to a milder damage state is consid-
ered. To give an example, if UPD is of interest, the probabilities after 100 years are equal to 1.49E-01 and 1.83E-01 in
the case of mainshock-only and seismic sequence, respectively.

TABLE 5 Unit time (annual) damage transition matrices for the building in Naples and Milan soil C

AN UPD LS NC GC

[PS] (NA) AN 1–1.46E-03 1.36E-03 6.89E-05 8.23E-06 1.89E-05

UPD 0 1–1.09E-04 8.19E-05 8.01E-06 1.89E-05

LS 0 0 1–6.71E-05 2.67E-05 4.04E-05

NC 0 0 0 1–1.60E-02 1.60E-02

GC 0 0 0 0 1.00E+00

[PE] (NA) AN 1–1.16E-03 1.08E-03 5.55E-05 1.22E-05 9.83E-06

UPD 0 1–8.82E-05 6.63E-05 1.20E-05 9.81E-06

LS 0 0 1–5.42E-05 3.74E-05 1.68E-05

NC 0 0 0 1–1.08E-02 1.08E-02

GC 0 0 0 0 1.00E+00

[PS] (MI) AN 1–4.33E-05 4.21E-05 3.85E-07 2.43E-07 5.82E-07

UPD 0 1–1.38E-06 4.90E-07 3.05E-07 5.87E-07

LS 0 0 1–2.73E-03 2.65E-03 8.46E-05

NC 0 0 0 1–2.27E-03 2.27E-03

GC 0 0 0 0 1.00E+00

[PE] (MI) AN 1–3.76E-05 3.66E-05 3.88E-07 1.98E-07 4.91E-07

UPD 0 1–1.23E-06 4.92E-07 2.47E-07 4.89E-07

LS 0 0 1–2.34E-03 2.32E-03 1.45E-05

NC 0 0 0 1–1.94E-03 1.94E-03

GC 0 0 0 0 1.00E+00

Abbreviations: AN, as-new; GC, global collapse; LS, life safety; NC, near collapse; UPD, usability-preventing damage.
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As expected, increasing the initial DS, the GC probability increases. In the mainshock-only case, the failure proba-
bilities in 100 years are equal to 1.86E-02, 1.14E-01, and 6.86E-01, for the initial damage state corresponding to UPD
(Figure 6b), LS (Figure 6c), and NC (Figure 6d), respectively. The corresponding probabilities computed in 100 years
under the sequence-based damaging process are equal to 4.11E-02, 2.45E-01, and 7.94E-01, respectively.

Figure 7 shows the ratio between the probabilities of reaching a given damage state accounting for the seismic
sequence and the corresponding mainshock-only probabilities, identified by S and E subscripts, respectively. First, it
should be noted that in most of cases, the ratios do not significantly depend on time. Ratios of GC probabilities starting
from AN or UPD state are comparable and range between 2.6 and 2.1. For the same initial DS, the ratios of probabilities
of reaching and remaining in LS and NC are lower than one and almost constant with time, indicating that considering
seismic sequence makes the attainment of such DSs less probable, because the structure tends to proceed to worse DSs.
The ratio between the probabilities that the structure moves from LS to GC (Figure 7c) is the one in which the influence
of the considered time window is the most evident. Such a ratio varies from 8.14 at k = 1 to 2.15 at k = 100; it suggests
that the number of seismic events has a significant effect on the LS to GC transition probability (see residual strength
plateau of Figure 3). Thus, for shorter time windows, aftershocks can significantly contribute to damage progress, lead-
ing to the high value of the ratio as shown in the figure. On the other hand, enlarging the time interval, the expected
number of mainshocks increases along with the probability that mainshocks cause structural collapse. Thus, the ratio
in the figure decreases. This reflects the combined effect of structural behavior, in terms of the DSs definitions and
state-dependent fragility curves, with seismic hazard, as quantified in the annual transition matrices of Table 4. Indeed,
the ratio at k = 1 is the one between the corresponding elements of the annual transition matrices computed for
sequences and mainshock only, that is, 1.88E-03 and 2.31E-04, respectively. Finally, the ratio of GC probabilities, for a
structure that is already in NC, is moderately larger than 1 (ranges from 1.4 to 1.2), indicating that the sequence effect
may be minor, for an already heavily damaged structure.

FIGURE 8 Time variant probabilities of damage states for the building designed for Naples. GC, global collapse; LS, life safety; NC,

near collapse; UPD, usability-preventing damage
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4.5.2 | Naples and Milan (intermediate and low hazard)

This section discusses the results for the buildings designed in the low- and intermediate-hazard sites, Milan and
Naples, respectively. The unit time transition matrices, computed via the mainshock-only and the sequence-based
approaches, are reported in Table 5 for both the sites. Consistent with the findings from the RINTC project,22 although
the three structures were all designed for GM with the same return periods at all sites, the transition matrices for the
buildings in Milan and Naples show smaller transition probabilities than those for L'Aquila.

Figures 8 and 9 show the time-variant probabilities of damage states for the Naples and Milan buildings, respec-
tively, which were computed through Equation 5 in the mainshock-only and sequence-based cases. As indicated by the
unit time transition matrices, it can be generally seen that structural damage is expected to proceed at a lower pace.
Moreover, smaller discrepancies between mainshock-only and sequence-based reliability models were observed com-
pared with the L'Aquila site. For Naples, the GC probabilities of the AN structure after 100 years computed according
to Equation 2, Equation 5 in the mainshock-only case, and Equation 5 in the sequence-based case, are equal to 9.82E-04,
1.5E-03, and 2.3E-03, respectively. The corresponding probabilities computed for the Milan case are 4.91E-05, 5.12E-05,
and 6.12E-05, respectively.

The ratios between the probabilities of reaching a given damage state accounting for the seismic sequence and the
corresponding probabilities for mainshock-only are shown in Figure 10. The ratio of GC probabilities for a structure in
AN or UPD in Naples varies between about 2 at k = 1 to 1.6 at k = 100. In the case of Milan, the corresponding ratio is
about equal to 1.2. In the case of the structure assumed in LS state at k = 0 (Figure 10c), the probability ratios for Milan
are larger than the corresponding ratios in Naples. The reason is in the definition of the DS threshold (Figure 3) from
which it is apparent that the distance between maximum displacement associated to LS and GC for Milan is signifi-
cantly shorter than Naples. All the other transition probability ratios suggest that in the low-hazard site, the damage
contribution of the aftershock sequences is minor, whereas in the case of intermediate seismicity, the transition proba-
bilities accounting for the mainshock–aftershock sequences may be double with respect to the mainshock-only case.
This is because, roughly speaking, the larger the classical (i.e., mainshock) hazard, the larger the number of aftershocks
expected in the same time interval, then the larger the probability of accumulating damage.

FIGURE 9 Time variant probabilities of damage states for the building designed for Milan. GC, global collapse; LS, life safety; NC, near

collapse; UPD, usability-preventing damage
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5 | CONCLUSIONS

A Markov chain-based reliability model, for damage accumulation in structures subjected to mainshock–aftershock
sequences, was presented. It is a discrete-time and discrete-state Markovian process, which accounts, at the same time,
for both damage accumulation (i) within a single seismic sequence and (ii) among seismic sequences.

In the Markov chain, structural deterioration because of subsequent earthquakes is represented by a finite number
of damage states from the AN state to collapse. B2BIDA is employed to compute the state-dependent fragility functions,
which are needed to calibrate the model. Fragility functions are coupled with mainshock and aftershock hazard terms
to formulate the required unit time transition matrix.

The model was illustrated through application studies using the ESDoFs of Italian code-conforming RC frame build-
ings located at three Italian sites representing different seismic hazard levels in Italy. The probabilistic seismic hazard
assessments were carried out adopting the same models at the base of the current Italian seismic code. For each build-
ing, five damage states were defined. All fragility functions were assumed to be lognormal and were obtained in terms
of spectral acceleration (maximum between the two horizontal components of a GM record) at a period close to the fun-
damental vibration periods of the structures. As expected, the computed state-dependent fragility curves under the same
ground motion inputs for the three different sites generally show the median IM level causing the transition between
any two DSs increasing with the seismic hazard at the site. This is in accordance with the structural design reflecting
the local seismicity.

The sequence-based time-variant structural reliability was compared, for each site, with that obtained, (i) neglecting
damage accumulation and (ii) considering accumulation due to mainshocks only. Notable remarks are summarized in
the following.

• In the site of L'Aquila (high hazard), the probability that the structure in AN condition at time 0 collapses in 100 years
considering damage accumulation only from mainshocks is 26% larger than the same probability computed

FIGURE 10 Ratios of probabilities of damage states for the buildings designed for Naples and Milan. GC, global collapse; LS, life

safety; NC, near collapse; UPD, usability-preventing damage
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neglecting damage accumulation. Such an increment becomes 171% when mainshock–aftershock sequences are
considered.

• In Naples (intermediate hazard), the increment of the collapse probability in 100 years introducing damage accumu-
lation is about 53% for mainshocks only and becomes 134% when mainshock–aftershock sequences are considered.

• The structure designed in Milan (low hazard) shows the lowest differences when aftershocks' damaging contribution
is considered. The GC probability in 100 years of the AN structure has an increment of approximately 4% when dam-
age accumulation due to mainshocks is considered and an increment of approximately 25% when mainshock–
aftershock sequences are considered.

The model presented herein can be of help for life cycle assessment of structures in earthquake-prone areas, in a
consistent manner with respect to the PBEE framework. It allows to account for damage accumulation considering
mainshocks, aftershocks, and related sources of uncertainty.

ACKNOWLEDGEMENTS
Parts of the work presented in this paper were developed within the following research projects: the H2020-SC5-2019
RISE (Real-time Earthquake Risk Reduction for a Resilient Europe) project, grant agreement 821115; the ReLUIS-DPC
2019-2021 program, funded by the Presidenza del Consiglio dei Ministri - Dipartimento della Protezione Civile (DPC); and
the Campania FESR 2014/2020 POR GRISIS (Gestione dei rischi e sicurezza delle infrastrutture a scala regionale) project,
CUP B63D180002800079. The opinions and conclusions presented do not necessarily reflect those of the funding entities.

ORCID
Iunio Iervolino https://orcid.org/0000-0002-4076-2718
Eugenio Chioccarelli https://orcid.org/0000-0002-8990-3120
Akiko Suzuki https://orcid.org/0000-0001-9523-3488

REFERENCES
1. Cornell CA, Krawinkler H. Progress and Challenges in Seismic Performance Assessment, PEER Center News, 3, 1–3. CA, USA: Pacific

Earthquake Engineering Research (PEER) Center; 2000.
2. Cornell CA. Engineering seismic risk analysis. Bull Seismol Soc Am. 1968;58(5):1583-1606. https://doi.org/10.1016/0167-6105(83)90143-5
3. Talbi A, Nanjo K, Satake K, Zhuang J, Hamdache M. Comparison of seismicity declustering methods using a probabilistic measure of

clustering. J Seismol. 2013;17(3):1041-1061. https://doi.org/10.1007/s10950-013-9371-6
4. Iervolino I, Baltzopoulos G, Chioccarelli E, Suzuki A. Seismic actions on structures in the near-source region of the 2016 central Italy

sequence. Bull Earthq Eng. 2019(10):1-19. https://doi.org/10.1007/s10518-017-0295-3
5. Iervolino I, Giorgio M, Chioccarelli E. Closed-form aftershock reliability of damage-cumulating elastic-perfectly-plastic systems. Earthq

Eng Struct Dyn. 2014;43(4):613-625. https://doi.org/10.1002/eqe.2363
6. Iervolino I, Giorgio M, Polidoro B. Reliability of structures to earthquake clusters. Bull Earthq Eng. 2015;13(4):983-1002. https://doi.org/

10.1007/s10518-014-9679-9
7. Iervolino I, Giorgio M, Chioccarelli E. Gamma degradation models for earthquake-resistant structures. Struct Saf. 2013;45:48-58. https://

doi.org/10.1016/j.strusafe.2013.09.001
8. Sanchez-Silva M, Klutke G-A, Rosowsky DV. Life-cycle performance of structures subject to multiple deterioration mechanisms. Struct

Saf. 2011;33(3):206-217. https://doi.org/10.1016/j.strusafe.2011.03.003
9. Jia G, Gardoni P. State-dependent stochastic models: a general stochastic framework for modeling deteriorating engineering systems

considering multiple deterioration processes and their interactions. Struct Saf. 2018;72:99-110. https://doi.org/10.1016/j.strusafe.2018.
01.001

10. Jia G, Gardoni P. Stochastic life-cycle analysis: renewal-theory life-cycle analysis with state-dependent deterioration stochastic models.
Struct Infrastruct Eng. 2019;15(8):1001-1014. https://doi.org/10.1080/15732479.2019.1590424

11. Iervolino I, Giorgio M, Chioccarelli E. Age- and state-dependent seismic reliability of structures. Proc 12th International Conference on
Applications of Statistics and Probability in Civil Engineering. Vancouver, Canada; 2015. https://doi.org/10.14288/1.0076087

12. Iervolino I, Giorgio M, Chioccarelli E. Markovian modeling of seismic damage accumulation. Earthq Eng Struct Dyn. 2016;45(3):441-
461. https://doi.org/10.1002/eqe.2668

13. Boyd OS. Including foreshocks and aftershocks in time-independent probabilistic seismic-hazard analyses. Bull Seismol Soc Am. 2012;
102(3):909-917. https://doi.org/10.1785/0120110008

14. Iervolino I, Giorgio M, Polidoro B. Sequence-based probabilistic seismic hazard analysis. Bull Seismol Soc Am. 2014;104(2):1006-1012.
https://doi.org/10.1785/0120130207

15. Iervolino I, Chioccarelli E, Giorgio M. Aftershocks' effect on structural design actions in Italy. Bull Seismol Soc Am. 2018;108(4):2209-
2220. https://doi.org/10.1785/0120170339

1026 IERVOLINO ET AL.

https://orcid.org/0000-0002-4076-2718
https://orcid.org/0000-0002-4076-2718
https://orcid.org/0000-0002-8990-3120
https://orcid.org/0000-0002-8990-3120
https://orcid.org/0000-0001-9523-3488
https://orcid.org/0000-0001-9523-3488
https://doi.org/10.1016/0167-6105(83)90143-5
https://doi.org/10.1007/s10950-013-9371-6
https://doi.org/10.1007/s10518-017-0295-3
https://doi.org/10.1002/eqe.2363
https://doi.org/10.1007/s10518-014-9679-9
https://doi.org/10.1007/s10518-014-9679-9
https://doi.org/10.1016/j.strusafe.2013.09.001
https://doi.org/10.1016/j.strusafe.2013.09.001
https://doi.org/10.1016/j.strusafe.2011.03.003
https://doi.org/10.1016/j.strusafe.2018.01.001
https://doi.org/10.1016/j.strusafe.2018.01.001
https://doi.org/10.1080/15732479.2019.1590424
https://doi.org/10.14288/1.0076087
https://doi.org/10.1002/eqe.2668
https://doi.org/10.1785/0120110008
https://doi.org/10.1785/0120130207
https://doi.org/10.1785/0120170339


16. Yeo GL, Cornell CA. A probabilistic framework for quantification of aftershock ground-motion hazard in California: methodology and
parametric study. Earthq Eng Struct Dyn. 2009;38(1):45-60. https://doi.org/10.1002/eqe.840

17. CS.LL.PP. Decreto Ministeriale 14 gennaio 2008: Norme tecniche per le costruzioni, Gazzetta Ufficiale della Repubblica Italiana, n. 29,
4 febbraio, Suppl. Ordinario n. 30. (in Italian). 2008.

18. CS.LL.PP. Decreto Ministeriale: Norme tecniche per le costruzioni, Gazzetta Ufficiale della Repubblica Italiana, n. 42, 20 febbraio, Suppl.
Ordinario n. 8. (in Italian). 2018.

19. Ross SM. Stochastic Processes. Second Edi. New York: John Wiley & Sons, Inc; 1996.
20. Utsu T. A statistical study on the occurrence of aftershocks. Geophys Mag. 1961;30:521-605.
21. Luco N, Cornell CA. Structure-specific scalar intensity measures for near-source and ordinary earthquake ground motions. Earthq Spec-

tra. 2007;23(2):357-392. https://doi.org/10.1193/1.2723158
22. RINTC-Workgroup. Results of the 2015–2017 Implicit Seismic Risk of Code- Conforming Structures in Italy (RINTC) Project. ReLUIS

Report, Rete Dei Laboratori Universitari Di Ingegneria Sismica (ReLUIS). Naples, Italy; 2018.
23. CEN. Eurocode 8: Design Provisions for Earthquake Resistance of Structures, Part 1.1: General rules, seismic actions and rules for build-

ings, EN1998–1. Comité européen de normalisation, Brussels, Belgium; 2008.
24. Ricci P, Manfredi V, Noto F, et al. Modeling and seismic response analysis of Italian code-conforming reinforced concrete buildings.

J Earthq Eng. 2018;22(s2):105-139. https://doi.org/10.1080/13632469.2018.1527733
25. McKenna F. OpenSees: a framework for earthquake engineering simulation. Comput Sci Eng. 2011;13(4):58-66. https://doi.org/10.1109/

MCSE.2011.66
26. Fajfar P. A nonlinear analysis method for performance-based seismic design. Earthq Spectra. 2000;16(3):573-592. https://doi.org/10.

1193/1.1586128
27. Baltzopoulos G, Baraschino R, Iervolino I, Vamvatsikos D. SPO2FRAG: software for seismic fragility assessment based on static push-

over. Bull Earthq Eng. 2017;15(10):4399-4425. https://doi.org/10.1007/s10518-017-0145-3
28. Vamvatsikos D, Cornell CA. Direct estimation of the seismic demand and capacity of oscillators with multi-linear static pushovers

through IDA. Earthq Eng Struct Dyn. 2006;35(9):1097-1117. https://doi.org/10.1002/eqe.573
29. Suzuki A, Baltzopoulos G, Iervolino I. RINTC-Workgroup. A look at the seismic risk of Italian code-conforming RC buildings. Proc 16th

European Conference on Earthquake Engineering. Thessaloniki, Greece; 2018.
30. Vamvatsikos D, Cornell CA. Incremental dynamic analysis. Earthq Eng Struct Dyn. 2002;31(3):491-514. https://doi.org/10.1002/eqe.141
31. Iervolino I. Assessing uncertainty in estimation of seismic response for PBEE. Earthq Eng Struct Dyn. 2017;46(10):1711-1723. https://doi.

org/10.1002/eqe.2883
32. Baker JW. Efficient analytical fragility function fitting using dynamic structural analysis. Earthq Spectra. 2015;31(1):570-599.
33. Luco N, Bazzurro P, Cornell CA. Dynamic Versus Static Computation Of The Residual Capacity Of A Mainshock-damaged Building To

Withstand An Aftershock. Proc 13th World Conf Earthq Eng Vancouver, Canada. 2004.
34. Suzuki A, Iervolino I. Seismic fragility of code-conforming Italian buildings based on SDoF approximation. J Earthq Eng. 2019;1-35.

https://doi.org/10.1080/13632469.2019.1657989
35. Baltzopoulos G, Baraschino R, Iervolino I, Vamvatsikos D. Dynamic analysis of single-degree-of-freedom systems (DYANAS): a graphi-

cal user interface for OpenSees. Eng Struct. 2018;177:395-408. https://doi.org/10.1016/j.engstruct.2018.09.078
36. Jalayer F, Cornell A. A Technical Framework for Probability-Based Demand and Capacity Factor Design (DCFD) Seismic Formats.

PEER Rep 2003/08 Pacific Earthquake Engineering Research Center, CA, USA; 2003.
37. Chioccarelli E, Cito P, Iervolino I, Giorgio M. REASSESS V2.0: software for single- and multi-site probabilistic seismic hazard analysis.

Bull Earthq Eng. 2018;17(4):1769-1793. https://doi.org/10.1007/s10518-018-00531-x
38. Meletti C, Galadini F, Valensise G, et al. A seismic source zone model for the seismic hazard assessment of the Italian territory.

Tectonophysics. 2008;450(1–4):85-108. https://doi.org/10.1016/j.tecto.2008.01.003
39. Stucchi M, Meletti C, Montaldo V, Crowley H, Calvi GM, Boschi E. Seismic hazard assessment (2003-2009) for the Italian building code.

Bull Seismol Soc Am. 2011;101(4):1885-1911. https://doi.org/10.1785/0120100130
40. Ambraseys NN, Simpson KA, Bommer JJ. Prediction of horizontal response spectra in Europe. Earthq Eng Struct Dyn. 1996;25(4):371-

400. https://doi.org/10.1002/(SICI)1096-9845(199604)25:4<371::AID-EQE550>3.0.CO;2-A
41. Iervolino I, Chioccarelli E, Convertito V. Engineering design earthquakes from multimodal hazard disaggregation. Soil Dyn Earthq Eng.

2011;31(9):1212-1231. https://doi.org/10.1016/j.soildyn.2011.05.001
42. Iervolino I, Giorgio M, Cito P. The peak over the design threshold in strong earthquakes. Bull Earthq Eng. 2019;17(3):1145-1161. https://

doi.org/10.1007/s10518-018-0503-9
43. Lolli B, Gasperini P. Aftershocks hazard in Italy part I: estimation of time-magnitude distribution model parameters and computation of

probabilities of occurrence. J Seismol. 2003;7(2):235-257. https://doi.org/10.1023/A:1023588007122
44. Utsu T. Aftershocks and earthquake statistics (1): some parameters which characterize an aftershock sequence and their interrelations.

J Fac Sci Hokkaido Univ. 1970;3(3):129-195.

How to cite this article: Iervolino I, Chioccarelli E, Suzuki A. Seismic damage accumulation in multiple
mainshock–aftershock sequences. Earthquake Engng Struct Dyn. 2020;49:1007–1027. https://doi.org/10.1002/eqe.
3275

IERVOLINO ET AL. 1027

https://doi.org/10.1002/eqe.840
https://doi.org/10.1193/1.2723158
https://doi.org/10.1080/13632469.2018.1527733
https://doi.org/10.1109/MCSE.2011.66
https://doi.org/10.1109/MCSE.2011.66
https://doi.org/10.1193/1.1586128
https://doi.org/10.1193/1.1586128
https://doi.org/10.1007/s10518-017-0145-3
https://doi.org/10.1002/eqe.573
https://doi.org/10.1002/eqe.141
https://doi.org/10.1002/eqe.2883
https://doi.org/10.1002/eqe.2883
https://doi.org/10.1080/13632469.2019.1657989
https://doi.org/10.1016/j.engstruct.2018.09.078
https://doi.org/10.1007/s10518-018-00531-x
https://doi.org/10.1016/j.tecto.2008.01.003
https://doi.org/10.1785/0120100130
https://doi.org/10.1002/(SICI)1096-9845(199604)25:4&lt;371::AID-EQE550&gt;3.0.CO;2-A
https://doi.org/10.1016/j.soildyn.2011.05.001
https://doi.org/10.1007/s10518-018-0503-9
https://doi.org/10.1007/s10518-018-0503-9
https://doi.org/10.1023/A:1023588007122
https://doi.org/10.1002/eqe.3275
https://doi.org/10.1002/eqe.3275

	Seismic damage accumulation in multiple mainshock-aftershock sequences
	1  INTRODUCTION
	2  DAMAGE ACCUMULATION ONLY IN MAINSHOCKS OR ONLY IN AFTERSHOCKS
	2.1  Shock occurrence according to PSHA
	2.2  Transition matrix in the case of mainshocks
	2.3  Transition matrix in the case of aftershocks

	3  DAMAGE ACCUMULATION PROCESS IN MAINSHOCK-AFTERSHOCK SEQUENCES
	3.1  Transition matrix in one sequence from a mainshock of given characteristics
	3.2  Transition matrix for a generic mainshock-aftershock sequence and unit time transition matrix

	4  APPLICATION: DAMAGE ACCUMULATION FOR CODE-CONFORMING STRUCTURES
	4.1  Structural models and sites
	4.2  Definitions of damage states
	4.3  State-dependent fragility curves
	4.4  Seismic hazard assessment
	4.4.1  Mainshocks
	4.4.2  Aftershocks

	4.5  Transition probability matrices and time-variant seismic risk
	4.5.1  L'Aquila (high hazard)
	4.5.2  Naples and Milan (intermediate and low hazard)


	5  CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES


