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Abstract: In the last few years, several mainshock–aftershock sequences have demonstrated their
effects on structures; especially after the occurrence of an earthquake with high magnitude, the
number of aftershocks tends to increase. For this reason, several studies have been oriented to
estimate the influence of aftershocks on the structural response, most of them in terms of peak
or residual displacement; however, energy plays an important role for long-duration earthquakes.
In this paper, several bilinear SDOF systems with different post-yielding stiffness are subjected to
long-duration seismic sequences, considering different levels of intensity of the aftershocks with the
aim to compute constant-ductility spectra for input energy (EI), hysteretic energy (EH) and the ratio
between them (EH/EI). The results suggest that although the energy demands tend to increase as the
intensity of the aftershock increases, it is observed that the ratio of input and hysteretic energy is very
similar for the selected aftershock intensity levels; hence, analytical equations to predict this ratio are
proposed. The equations can be used toward earthquake-resistant energy-based design of buildings.

Keywords: seismic sequences; aftershocks; seismic input energy; hysteretic energy; nonlinear structures

1. Introduction

Earthquakes are one of the most destructive natural hazards around the world; in
particular, it is commonly suggested that the mainshock is responsible for the structural
damage to buildings. For this reason, there are several approaches regarding the structural
response or design of buildings under earthquakes. However, in recent decades, the most
important and destructive earthquakes presented significant seismic sequences, consisting
of a mainshock and aftershocks, where the aftershocks had higher than usual seismic
intensities [1,2]. In addition to the main event, aftershocks also produced considerable
damage to structures. In certain cases, the consequences were a state of irreparable damage
or collapse of the buildings [3,4]; moreover, buildings that were apparently intact after the
mainshock were damaged by aftershocks [5–7]. Aftershocks constitute one of the greatest
hazards after the mainshock; for this reason, it is important that earthquake-resistant
design regulations and codes take these seismic sequences into account when providing
guidelines for building design. Currently, only the mainshock is considered in the structural
design; hence, the number of aftershocks and their magnitude are not taken into account
in the development of seismic design spectra, and in general, they are not considered in
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the estimation of seismic demands [8–10]. Recently, several researchers have discussed
the importance of taking into account the seismic sequences for the structural response
or seismic design of buildings [11–15]. In fact, the concept of survival analysis [16,17]
has been used in studies related to infrastructure subjected to mainshock or to seismic
sequences [18–20].

Due to the consequences of the aftershocks for old and new buildings, it is important
that the seismic sequences in design regulations should be considered implicitly or explicitly,
taking into account the cumulative damage to structures [5]. The most commonly used
parameters in building regulations and codes are pseudo-acceleration and maximum
relative displacements [21,22]. However, with the use of energy concepts, a more rational
and adequate representation of the damage accumulated by the effect of seismic sequences
on buildings could be given.

Design methodologies based on energy concepts focus on the structure having an
energy dissipation capacity equal to or greater than the total energy demand [23–25]. One of
the parameters used to measure the energy demands in a structure is the hysteretic energy
(EH) since it is directly related to the accumulated damage and can be interpreted as the total
area under all the hysteresis cycles that a structure suffers during a ground motion [26,27].
There are several procedures for determining the EH, one of which is through the ratio of the
hysteretic energy and the inelastic input energy (EH/EIµ) based on an inelastic input energy
spectrum (EIµ). The EH/EIµ ratio has been shown to be one of the most stable parameters
for the determination of EH, since its values present a very low dispersion with coefficients
of variation (CV) approximately equal to 0.1 [28]. Researchers over the years have proposed
various expressions for the EH/EIµ ratio based on various structural parameters [28–31];
the ratio has presented a very particular characteristic in the spectral shape, which is the
almost linear trend in most of all the interval periods. Although the spectral shape is almost
linear, the values of the order are directly influenced by some structural parameters, among
the most important are the ductility and the damping parameter.

As it is well known, several expressions have been developed to obtain the EH/EIµ
ratio [32–34]; however, these are valid only for systems subjected to mainshocks. For this
reason, the objective of this work is to obtain an expression to estimate the EH/EIµ ratio
for nonlinear single-degree-of-freedom (SDOF) systems that contemplates the effect of
aftershocks and different structural characteristics, which will be used to calculate the
energy demands (EH), with the help of an EIµ spectrum toward future energy-based
seismic design regulations. It is important to say that in the case of structures subjected to
a single seismic event, the energy ratio is very uniform along all the structural vibration
periods. For this reason, the basic hypothesis of this work is that there is not a strong period
dependency of the energy ratio for nonlinear structures subjected to seismic sequences.
Thus, simplified equations can be proposed to compute the energy ratio of structures
under seismic sequences. In addition, at the end of the present work, in order to observe
the energy ratio in complex structures, the EH/EIµ is assessed for a 10-story reinforced-
concrete building subjected to several seismic sequences. The preliminary results indicate
that the influence of the aftershock in the estimation of the energy ratio is negligible for
multi-degree-of-freedom (MDOF) structures.

2. Seismic Sequences

Earthquakes are natural phenomena that come in groups; the earthquake of the
greatest magnitude is called the mainshock, any earthquake before this one is called a
foreshock and those that occur after the mainshock are named aftershocks, all separated
by a time interval and caused by a single event or seismic fault [35,36]. There is general
agreement that aftershocks are triggered by stress changes of some sort induced by rupture
of the mainshock [37,38]. In general, large earthquakes are followed by an increase in
seismic activity, producing several aftershock sequences, which can continue for weeks,
months or even years [39,40], and, in general, with a larger mainshock, the aftershocks
tend to increase and get stronger. The size, duration, and frequency regularly decay over
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time [41,42]. Large aftershocks have shown the existence of secondary aftershock activities,
that is, the fact that aftershocks can have their own aftershocks, such as the Big Bear event
with a magnitude of 6.5 Mw, which is considered an aftershock of the main event in Landers,
California, in 1992, and which clearly triggered its own aftershocks [40]. In addition, in
some seismic events, the location of the aftershock was closer to the site of interest than
the main event, causing equal or even more severe shaking, that is, presenting seismic
intensities equal to or greater than those produced by the main event [43,44].

The first formal study of aftershocks was conducted by Omori in 1894 [45,46] for the
1891 earthquake in Mino and Owari in the Nobi Plain, Japan. He found that more than
3000 aftershocks were recorded in a period of 26 months after the earthquake, and his
observations led him to postulate the law called “Omori’s law”, which shows that the
frequency of aftershocks disappears hyperbolically after the main earthquake. Another
contribution in terms of aftershocks was the well-known law of Bath [47], proposed in
the 1950s, which establishes that the largest aftershock has a magnitude that is usually
approximately 1.2 times smaller than that of the main earthquake, regardless of its magni-
tude [47–49]. On the other hand, until the early 1990s, aftershocks were believed to occur
within a zone of one to two lengths from the major fault to the hypocenter of the main event.
In 1992, researchers found that the Landers event in California triggered seismicity over
distances greater than twice the length of the fault [50]. Since then, several earthquakes of
magnitudes between 2 and 9 Mw have been shown to trigger earthquakes at distances of up
to tens of main shock fault lengths [51]. These observations have generated a controversy
regarding whether earthquakes triggered at distances twice or greater than the length of
the fault are regular aftershocks, that is, generated by the same physical process as the main
events, or whether they represent a separate phenomenon [52,53].

Although there are many questions about the physics of aftershocks that remain
unresolved [54–56], the objective of this work is focused on measuring the amount of
accumulated damage that seismic sequences can cause in buildings, since in important
seismic events, the aftershocks are likely to have significant seismic intensities that result in
structural damage, property loss and injury or death to building occupants, as can be seen
in Table 1 with past seismic events. Due to this, it is important to consider seismic sequences
in seismic-resistant design, taking into account parameters that better relate the amount of
accumulated damage of structures over time. Currently, the design parameters that govern
the building construction codes do not take into account the cumulative damage that a
structure presents when it is subjected to a set of seismic sequences, in such a way that
through seismic energy concepts, a better representation could be given, as suggested by
Terán and Bojórquez, among others [26,27].

Table 1. Severe seismic events and their aftershocks.

Events Date Country Mw Aftershocks

1 05/22/1960 Chile 9.5 Six aftershocks. The biggest was 8.75 Mw.

2 09/19/1985 Mexico 8.1 Strong aftershocks the next day. The biggest was
7.5 Mw.

3 06/28/1992 Landers, California. 7.3 Aftershock of 6.5 Mw in Big Bear City.

4 12/26/2004 Indonesia 9.1 A total of 69 aftershocks. The biggest was 7.1 Mw.

5 05/13/2005 Chile 7.8 Approximately 2000 aftershocks.

6 03/28/2005 Indonesia 8.6 Eight major aftershocks between 5.5 and 6.0 Mw.

7 10/08/2005 Pakistan 7.6 A total of 147 aftershocks the next day. The
biggest was 6.2 Mw.

8 05/12/2008 China 8.2 A total of 46 aftershocks. The biggest was 5.0 Mw.
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Table 1. Cont.

Events Date Country Mw Aftershocks

9 02/27/2010 Chile 8.8 A total of 22 aftershocks greater than 6.0 Mw. The
biggest was 6.9 Mw.

10 02/02/2010 Haiti 7.0 Strong aftershocks between 5.9 and 5.1 Mw
were recorded.

11 03/11/2011 Japan 9 More than a thousand aftershocks. The strongest
were 7.4, 7.9 and 7.7 Mw.

12 02/22/2011 New Zealand 6.3 A minute later, a 6.0 Mw aftershock appeared.

13 04/11/2012 Indonesia 8.6 A total of 111 aftershocks greater than 4.0 Mw.
The biggest was 8.2 Mw.

14 09/24/2013 Pakistan 7.8 Hundreds of aftershocks. The biggest
was 7.2 Mw.

15 04/25/2015 Nepal 8.1 One aftershock reached 6.7 Mw and another
was 5 Mw.

16 09/19/2017 Mexico 7.5 A total of 9945 aftershocks as of November 6.
Two aftershocks were 5.8 and 6.1 Mw.

17 02/25/2018 New Guinea 7.5 Aftershocks of 6.0 Mw, 6.7 Mw and 6.3 Mw.

18 08/05/2018 Indonesia 7.5 Foreshock of 6.1 Mw, mainshock of 7.5 Mw and
350 aftershocks.

19 05/22/2021 China 7.3
Foreshock of 6.4 Mw, after four events greater

than magnitude 5 Mw, mainshock of 7.3 Mw and
many aftershocks.

20 02/06/2023 Turkey and Syria 7.8 Several aftershocks including some with
magnitudes larger than 6 Mw.

21 02/06/2023 Turkey and Syria 7.5
Mainshock near Kahramanmaraş, several

aftershocks, including some with magnitudes
larger than 6 Mw.

3. Seismic Energy Concepts

One of the first researchers who began the study of energy concepts in seismic design
was Housner in 1956 [57]; he proposed a design methodology based on seismic energy,
which consists of providing the structure with a dissipation capacity equal to or greater
than the expected energy demand. This approach was ignored for approximately a quarter
of a century due to the complexity involved in quantifying both demands and seismic
energy capacity. Already with the development of new tools, Zahrah in 1982 and Hall
in 1984 [58,59] calculated elastic input energy (EI) and EIµ spectra for SDOF systems and
for multi-degree-of-freedom (MDOF) systems, among other contributions. Later, in 1985,
Akiyama increased interest in energy-based seismic design, providing new energy concepts,
among which the expression to obtain EI/m and EH/EI stand out [29].

Another important contribution was proposed by Uang and Bertero in 1988 [60,61];
they introduced two new energy concepts, relative energy and absolute energy, derived
from the conventional energy balance equation. This criterion has largely gained ground
until today and basically consists of emphasizing the difference that exists in the amount of
energy measured by the relative and absolute displacement with respect to the ground. In
this approach, the damping energy (ED), the deformation energy (ES) and the EH will not
change in value regardless of the energy approach that is being used (absolute or relative).
Thus, the kinetic energy (EK) and the energy of total input (EI or EIµ) will take different
values depending on the approach used. Although the relative energy and the absolute
energy are different theoretically, the values are very similar to each other; the difference
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lies mainly in periods that are too short (T < 0.2 s) and too long (T > 7 s). The relative energy
approach is used in this study, which is presented below.

In the study of an SDOF system under an earthquake ground motion, as shown in
Figure 1, the equation of motion used in order to obtain the energy expressions is as follows:

m
..
x(t) + c

.
x(t) + fs

(
x,

.
x
)
= −m

..
xg(t) (1)

where x(t) is the relative displacement of the system with respect to the ground, xt(t) is the
absolute displacement,

.
x(t) is the relative velocity,

..
x (t) is the relative acceleration, m is the

structure mass, k is the stiffness of the system, c is the viscous damping coefficient, fs(x,
.
x) is

the restoring force, xg(t) is the ground displacement,
..
xg(t) is the ground acceleration and t

represents the time.
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The energy relative-balance equation is derived by directly integrating of the equation
of motion with respect to the relative displacement response of the system. Integrating all
elements in Equation (1), the following equation is obtained:∫

m
..
x(t)dx +

∫
c

.
x(t)dx +

∫
fs
(

x,
.
x
)
dx = −

∫
m

..
xg(t)dx (2)

Then, Equation (2) can be written as follows:

EK + ED + {ESe + EH} = EI (3)

Equation (3) represents the energy balance in a structure. The term EK =
∫

m
..
x(t)dx

is the kinetic energy, ED =
∫

c
.
x(t)dx is the damping energy, {ESe + EH} =

∫
fs
(

x,
.
x
)
dx

are the elastic-strain energy and hysteretic energy and EI = −
∫

m
..
xg(t)dx is the seismic

input energy. A well-designed and -constructed structure must be capable of absorbing
and dissipating the full input energy imparted by seismic sequences with as little damage
as possible. Therefore, the design requirements of a structure in terms of energy can be
defined as shown in Equation (4).

Energy Capacity ≥ Energy Demand (4)

The implementation of the energy approach in earthquake-resistant design requires
the estimation of both the demand and the capacity of seismic energy in the structures.
Although experimental tests are required to obtain the energy capacity of an individual
member or structure, there is still uncertainty in estimating the global capacity of build-
ings [28]. On the other hand, the seismic energy demand depends both on the characteristics
of the earthquake and on the structural properties, that is, structures with different stiffness
and resistance properties will present different seismic energy demands in the same seismic
event [59]. The term directly related to accumulated plastic deformation demand and to
the structural damage is EH. The dissipated hysteretic energy can be interpreted physically
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by considering that it is equal to the area enclosed by each of the hysteresis loops that the
structure develops during a seismic excitation. Therefore, it is convenient to express the
energy demand in terms of EH.

4. Ratio EH/EI

One of the ways of estimating the EH is through the EH/EIµ ratio concept with the
support of an EIµ design spectrum. Due to the importance of this ratio, a large amount
of the literature has been oriented toward this issue; in fact, various equations have been
proposed to compute the energy ratio of nonlinear structures under mainshock events, as
can be observed in Table 2.

Table 2. Studies related with proposed equations of the EH/EI ratio.

No. Researchers Proposals Description

1 Akiyama [29] EH
EI

= 1 − 1
(1+3ζ+1.2

√
ζ)

2 ζ is the damping coefficient.

2 Kuwumura and
Galambos [30]

EH
EI

= 1 –
ϕ

ϕ+0.15

1+
20(3ζ+1.2

√
ζ)

ϕ+10

ϕ is defined as the ratio between the
plastic displacement and the creep

displacement, and ζ is the
damping coefficient.

3 Fajfar and Vidic [28] EH
EI

= CE
(µ−1)CH

µ

µ is the ductility. CE and CH are
constants that depend on the hysteretic

model and the damping.

4 Manfredi [62] EH
EI

= 0.72 µc−1
µc

µc is the cyclic ductility, equal to
1 + ∆xmax/xy.

5 Decanini and Molallioli [33] EH
EI

= Ks µ−1
µ

Ks is a coefficient that depends on the
type of soil and assumes the values of

0.75, 0.8 and 0.9 for the soil types S1, S2
and S3, respectively, and µ is

the ductility.

6 Benavent-Climent [63] EH
EI

=
{

1.15n
[(0.75+n)(1+3ξ+1.2

√
ξ)]

}2
η is a coefficient presenting the level of

plastification, and it is estimated by
η ∼= 4 (µ − 1); ξ denotes damping ratio;

µ is ductility.

7 B. Akbas, B. Aksar, B. Doran
and Alacali [34]

EH
EI

(n)= aT3 + bT2 + cT + d
(EH/EI)MDOF = CEH/EI × (EH/EI)SDOF

a, b, c, and d are polynomial constants,
and CEH/EI is the modification factor

for MDOF.

8 Zhou, Song GG and Tan
PP [64]

( EH
EI

)Benchmark = 0.35

( EH
EI

) = I1 I2 I3 ( EH
EI

)Benchmark

I1, I2, and I3 are
theinfluence coefficients.

Although the previous expressions about the EH/EIµ ratio are useful in order to
compute EH demands, all of them are obtained from nonlinear dynamic analyses of seismic
records that consider only mainshocks. For this reason, they do not consider the effect
of aftershocks. Furthermore, even if EH is a parameter that adequately rationalizes the
accumulated damage of the mainshocks, in the literature, there is no explicit consideration
of the seismic sequences in the assessment of the EH/EIµ ratio that could probably lead
to an underestimation of the energy demands in buildings. For this reason, the objective
of this study is to propose an equation to estimate the EH/EIµ ratio considering different
aftershock intensities and different resistance and damping properties for the nonlinear
SDOF structures toward energy-based design of buildings under seismic sequences.

5. Selection of the Structural Models

For the present study, three hysteretic behaviors are considered for the nonlinear
models based on different levels of post-yielding stiffness. The first structural model
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selected corresponds to the elastoplastic perfect hysteretic behavior (see Figure 2a), this
model can exhibit a linear elastic behavior until a value of strength called the yielding point
and then behaves in a plastic mode until a maximum displacement is obtained. In addition,
two bilinear models with different post-yielding stiffness levels corresponding to 3 and 5%
have been selected (see Figure 2b,c). Note that in this figure, F corresponds to the force, k
to the stiffness and D indicates displacement of the system, while fy and dy are the force
and displacement, respectively, at yielding. Once the structural models have been selected,
the nonlinear dynamic analyses for SDOF systems are carried out. These were developed
with seismic sequences selected from earthquake ground motions of Mexico City obtained
from soft-soil sites.
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6. Seismic Sequences Used

In this study, artificial seismic sequences will be used that will be made up of real
seismic records of Mexico City from the 1985 seismic event, where only one destructive
aftershock was recorded on soft soil, according to the catalog of the Mexican Earthquake
Database [65]. This seismic sequence was recorded at the “Central de Abastos” (CDAF)
on 19 September (mainshock) and 20 September (aftershock). In the present study, the
artificial sequences will be generated from simulating the characteristics of this seismic
sequence, since there is no representative number of new aftershocks in soft soil. There are
two criteria used for the generation of artificial seismic sequences: repeated and random.
In this study, the random method has been used, since this method allows the permutation
of records as mainshocks or aftershocks but never their repetition in a single combination,
as occurs in the repeated method.

An important parameter in a seismic event is the maximum velocity. For this reason,
the mainshock–aftershock velocity ratio is of great importance and will be the basis of the
scaling method. In these sequences, there is a velocity ratio of approximately 0.35. The
characteristics of the seismic sequences of the CDAF station are shown in Table 3.

Table 3. Characteristics of the CDAF station sequences (19–20 September 1985).

Station Date Component PGA (cm/s2) Tg (s)

MAINSHOCKS CDAF 19/09/1985
N-S 61.62 2.88

E-W 88.26 2.96

AFTERSHOCKS CDAF 20/09/1985
N-S 40.14 2.28

E-W 30.25 3.01
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For the generation of the artificial sequences, earthquakes recorded in soft soil with
values similar to those of the CDAF sequence were selected from the catalog of seismic
records available in the Mexican Strong Earthquake Database. Eight seismic records were
selected, where four have similar periods (3 s) to the mainshock of the real sequence; these
were used as mainshocks of the artificial sequences. The remaining four have periods close
to 2.3 s, similar to that of the aftershock of the real sequence. The eight records were used
as aftershocks. Table 4 shows the characteristics of the seismic records used. In this table,
PGA and PGV represents the peak ground acceleration and velocity respectively, while Tg
is the soil period.

Table 4. Characteristics of the records used to generate the artificial sequences.

# No. Station Name Magnitude (Ms) PGA (cm/s2) PGV (cm/s) Tg (s)

1 29 Villa del mar 6.9 46.5 15.3 2.96
2 29 Villa del mar 6.9 49.4 22.0 2.96
3 43 Jamaica 6.9 35.2 15.6 3.04
4 48 Rodolfo Menéndez 6.9 47.7 18.8 2.89
5 25 P.C.C. Superficie 6.9 42.5 15.4 2.3
6 56 Córdova 7.1 19.4 11.2 2.3
7 58 Liverpool 6.9 40 12.4 2.3
8 RB Roma-B 7.1 25 4.8 2.3

All records used in this study were scaled. The scaling criterion was based on the
maximum velocity recorded in the acceleration history of the SCT station corresponding to
the EW component, obtained on 19 September 1985 during the earthquake in Mexico City.

The procedure used is shown below:

1. First, the eight records were integrated to obtain their velocity history, then the
maximum velocity per record was obtained.

2. In a similar way, the maximum velocity of the earthquake recorded at the SCT station
was obtained and divided by each of the maximum velocities of the records, thus
obtaining eight scale factors.

3. Velocity histories were multiplied by the corresponding scale factors.
4. Velocity histories were derived by the particular scale factors.
5. Finally, the velocity histories were derived to obtain an acceleration history, that is, a

scaled record.

In order to evaluate the influence of aftershocks, three groups of seismic sequences
have been used in this study, each group consists of 28 sequences:

1. The sequences of the first group (A) were constituted with mainshocks and aftershocks
scaled at 100% (γ = 1.0) of the maximum velocity of the seismic record obtained at the
SCT station (61,414 cm/s). Note that γ is defined as the PGVA/PGVM peak ground
velocity of the mainshock and peak ground velocity of the aftershock ratio.

2. The sequences of the second group (B) were formed with mainshocks scaled at 100%
and aftershocks scaled at 70% (γ = 0.7) of the maximum velocity of the seismic record
obtained at the SCT station (42.86 cm/s).

3. The sequences of the third group (C) were formed with mainshocks scaled at 100%
and aftershocks scaled at 35% (γ = 0.35) of the maximum velocity of the seismic record
obtained at the SCT station (21.4 cm/s).

The combinations of the records to create the seismic sequences were carried out
considering the four records with periods similar to the period of the mainshock of the real
sequence as the mainshock and the total of the eight records as aftershocks. It is important
to indicate that a seismic sequence will not be composed by the same record as mainshock
and aftershock. Figure 3 shows an arrangement of the approach used to combine the
records that produce a seismic sequence.
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Figure 3. Combination scheme for the generation of the artificial sequences.

The nomenclature used for the artificial sequences obtained is given by the combina-
tion of seismic records used and their scaling percentage. For example, group B seismic
record MS4A5 is the seismic sequence formed by mainshock 4 (of four possible) and after-
shock 5 (of eight possible); since it belongs to group B, aftershock 5 has been scaled to 70%
of the maximum velocity of the original seismic record. Figure 4 shows a combination of
mainshock 1 and aftershock 2 for all three escalation groups.
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Figure 4. MS1A2 seismic sequence for the different scaling percentages.

Finally, it is important to say that the ground motion earthquakes were selected from
soft soil because, as it was observed in previous works, the energy demands in buildings
located on soft soil are significantly larger in comparison with structures located on stiff
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soil. Nevertheless, note that different properties of the soil would affect the results of the
present research. In other words, future studies will be necessary to propose equations to
compute the energy ratio of nonlinear structures located on soils with different properties.
In the case of Mexico City soft soil, it is interesting to observe the effect of the narrow-band
motions; in particular, note that structures with a vibration period similar to the soil period
could receive a large amount of energy. Figure 5 illustrates the Fourier spectrum for the
well-known 1985 Mexican earthquake recorded at the SCT station. Note the narrow band
of the spectrum and the large amplitude in frequency values around 0.5.
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7. Numerical Results

In order to study the influence of seismic sequences on energy demands and to provide
an expression that determines the EH/EIµ ratio that considers the effect of aftershocks
and various structural parameters, the response and average spectra of the EI, EIµ and
EH were calculated to subsequently obtain the spectra of the EH/EIµ ratio. To compute
these spectra, dynamic analyses of nonlinear oscillators subjected to three groups of seismic
sequences with different aftershock intensities (γ = 1.0, γ = 0.7 and γ = 0.35) and different
structural characteristics were used, such as the structural model (elastoplastic, bilinear 3%
and 5% post-yielding stiffness), ductility (µ = 2, µ = 4 and µ = 6) and damping coefficients
as a percentage of the critical damping (ξ = 2%, ξ = 5% and ξ = 10%). Note that all the
energy parameters are normalized by the mass of the system. It is important to say that the
numerical method used to compute the nonlinear response (nonlinear spectra) corresponds
to the Newmark approach, considering a timestep of 0.01 sec and coefficients γN = 1/2 and
βN = 1/6 (linear acceleration; the N was used to indicate Newmark). Furthermore, in the
case of the nonlinear spectra, an iterative procedure to get the ductility wanted was used,
where the ductility is defined as the ratio of the maximum displacement divided by the
yielding displacement.

7.1. Elastic Energy Spectra

Twenty-eight response spectra were calculated for each of the three groups of seismic
records and the three damping coefficients previously indicated; thus, a total of 252 spectra
were obtained. The average spectra of the 28 seismic sequences for each group were
computed. A total of nine average spectra were obtained, which are shown in Figure 6a
(spectra with ξ = 2%), Figure 6b (ξ = 5%) and Figure 6c (ξ = 10%). In each figure, there are
three spectra with different aftershock intensities (γ = 1.0, γ = 0.7 and γ = 0.35) in order
to show their influence on energy demands. Note that there is a lot of similarity between
each spectrum, where two important characteristics are observed. The first occurs in very
short periods (T < 0.5 s) and long periods (T > 5.0 s) where the EI values are low and
tend to zero for all spectra regardless of the parameters used. In other words, structures
with short or very long periods will present a very low energy demand regardless of
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the structural characteristics or the seismic intensity. The other behavior occurs in the
threshold of periods from 1.0 to 4.0 s, where the spectra present a single maximum plateau
with different values in the spectral ordinate that depend directly on the intensity of the
aftershock or the damping coefficient. In particular, the large energy demands occur when
the structural period is very similar to the soil period. This conclusion is valid for all the
structural models, damping ratios and intensities of the aftershock. On the other hand, as
expected, the intensity of the aftershocks increases the demand for EI. For example, for the
maximum ordinate of the spectrum of the group with γ = 1.0, the value is approximately
50% higher than the ordinate of the group of γ = 0.35; however, in the period intervals
from 2 to 2.5 s, the difference can grow up to three times more, regardless of the damping
coefficient used. For ξ = 5% (Figure 6b) and a period of T = 2.4 s, the EI for a spectrum with
records of γ = 1.0 has a value of 400,000 cm2/s2 while for records of γ = 0.35 reaches the
value of 150,000 cm2/s2, thus evidencing the large amount of energy that seismic sequences
can produce on buildings with certain structural characteristics. On the other hand, the
damping coefficient also has great influence on the spectral ordinate. It is observed that as
the damping coefficient decreases, EI increases. In Figure 6a, the value of the maximum
ordinate of the spectrum for ξ = 2% and γ = 1.0 has a value of 530,000 cm2/s2, which
is 1.5 times greater with respect to the ordinate of the spectrum that has ξ = 10% and
γ = 1.0, with a value of 330,000 cm2/s2 that can be seen in Figure 6c. These results are
very similar to those obtained in other investigations that do not consider records with
seismic sequences [28–30,66–69]. Finally, Figure 7 shows the average and min–max plot of
the input energy spectra for a damping ratio of 5% and the three level of intensities for the
aftershock. Note that there is not a large uncertainty; in addition, a similar spectral shape is
observed for the three curves.
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Figure 6. Average spectra of EI for different aftershock magnitudes, γ = 1.0, γ = 0.7 and γ = 0.35, and
different damping coefficients, (a) ζ = 2%, (b) ζ = 5% and (c) ζ = 10%.
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Figure 7. Maximum, minimum and average EI spectra for different aftershock intensities,
(a) γ = 0.35, (b) γ = 0.7 and (c) γ = 1.0, calculated from the twenty-eight EI spectra with a damping
coefficient ζ = 5%.
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7.2. Inelastic Energy Spectra

The EIµ spectra were calculated with the aim of studying the energy demands in the
inelastic range. A total of 2268 response spectra and 81 average spectra were obtained
with the seismic records and structural characteristics indicated above. A total of twenty-
seven average spectra were plotted (Figures 8–10), where it can be seen that their spectral
shape is very similar to that of the EI spectra throughout the period interval, i.e., with a
maximum plateau at the threshold of the ground period and with values equal to zero
in very short or long periods. As in the case of EI, the aftershocks again showed a great
influence on the energy demands, increasing the demand as the seismic intensity also
increases. For example, the value of the EIµ for intensities of γ = 1.0 is almost two times at
its maximum peak with respect to the aftershocks of γ = 0.35, as can be seen in Figure 8a–c
for an elastoplastic model with a ductility value of 2 and different damping ratios, in such
a way that the potential of aftershocks in the amount of inelastic energy is very important.
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Figure 8. Average spectra of EIµ for different aftershock intensities, γ = 1.0, γ = 0.7 and γ = 0.35, and
different damping coefficients, (a) ζ = 2%, (b) ζ = 5% and (c) ζ = 10%, calculated from the twenty-eight
EIµ spectra with a ductility µ = 2 and an elastoplastic model.
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Of the structural characteristics used in the analyses, the hysteretic model does not
represent a parameter that influenced the energy demands. It can be seen in more detail in
the spectra of Figure 9a–c, where it is observed in each figure that the three spectra for the
models—elastoplastic, bilinear 3% and 5% of post-yielding stiffness—are quite similar in
their shape and spectral ordinates, concluding that post-yielding stiffness did not represent
a dominant parameter in the demands of EIµ.
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Figure 9. Average spectra of EIµ for different damping coefficients of (a) ζ = 2%, (b) ζ = 5% and
(c) ζ = 10%, with an elastoplastic hysteretic model, bilinear 3% and 5% post-yielding stiffness, cal-
culated from the twenty-eight EIµ spectra with an aftershock magnitude of γ = 1.0 and a ductility
of µ = 2.

In Figure 10a–c, the influence of ductility is studied, where it is observed that two
important trends stand out both in the shape and in the spectral ordinate. The first is in
the period interval of approximately 1 to 2 s, where as the ductility increases, the EIµ will
have a greater demand; the second is shown in the interval period from 2 to 4 s, where it is
observed that as the ductility increases, the EIµ decreases, i.e., it will have a lower energy
demand in a proportion of almost double, demonstrating that the ductility variable plays
an important role in the energy demands. The other structural parameter analyzed is the
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damping coefficient, which showed less influence on the demand for EIµ with respect to
EI; this is due to the fact that in the inelastic range, the EH has a preponderant value in the
total input energy (see Equation (4)). On the other hand, in the elastic range, it is equal to
zero, and the ED at the end of the seismic movement is equal to EI. Although its influence
is less in EIµ, the characterization is the same as in the case of EI; the damping coefficient
decreases as the EIµ value increases, as can be seen in each of Figures 8–10. Finally, as in
the case of the elastic input energy, peak values of the inelastic input energy are observed
when the structural periods are very close to the soil period. Finally, the average values
including the max–min plot are observed in Figure 11, for a ductility value of 4, damping
ratio of 5% and the elastoplastic hysteretic model.
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Figure 10. Average spectra of EIµ with different ductility values µ = 2, µ = 4 and µ = 6 and different
damping coefficients of (a) ζ = 2%, (b) ζ = 5% and (c) ζ = 10%, calculated from the twenty-eight EIµ

spectra with an aftershock magnitude of γ = 1.0 and the elastoplastic model.
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Figure 11. Maximum, minimum and average EIµ spectra for different aftershock intensities of
(a) γ = 0.35, (b) γ = 0.7 and (c) γ = 1.0, calculated from the twenty-eight EIµ spectra with a ductility
value of µ = 4, the elastoplastic model and a damping coefficient of ζ = 5%.

7.3. Hysteretic Energy Spectra

In order to discuss the hysteretic energy spectra results, the same parameters selected
as in the case of input energy were selected. Thus, a total of 2268 hysteretic energy response
spectra and 81 average spectra were computed. From the total average spectra, only 12
were plotted, which are shown in Figures 12–15. Studying the spectra in a general way, a
similar shape is observed in comparison with the EI and EIµ spectra. In fact, the maximum
values also are presented for structural periods close to the soil period. Regarding the
energy demands, the effect of the aftershocks, as in the case of EI and the EIµ, once again
showed a great dominance in the energy demands, increasing the amount of seismic
energy as the intensity of the aftershock also increases, as can be seen in Figure 12. For
example, the EH value for aftershocks with a magnitude of γ = 1.0 was almost double with
respect to γ = 0.35, thus proving the large amount of energy that an important aftershock
can produce in buildings and hence the importance of considering seismic sequences for
earthquake-resistant design.
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Figure 12. Average spectra of EH for the elastoplastic hysteretic model, with a ductility of µ = 4,
aftershock magnitudes of γ = 0.35, γ = 0.7 and γ = 1.0 and a damping coefficient of ζ = 5%.
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Figure 13. Average spectra of EH for elastoplastic hysteretic, bilinear 3% and 5% post-yielding models,
with a ductility of µ = 2, an aftershock magnitude of γ = 1.0 and a damping coefficient of ζ = 5%.
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Figure 14. Average spectra of EH for ductility values µ = 2, µ = 4 and µ = 6, with the elastoplastic
hysteretic model, an aftershock magnitude of γ = 1.0 and a damping coefficient of ζ = 5%.
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Figure 15. Average spectra of EH for the elastoplastic hysteretic mode with a ductility equal to 2, an
aftershock magnitude of γ = 1.0 and damping coefficients of ζ = 2%, ζ = 5% and ζ = 10%.

On the other hand, analyzing how the hysterical model influences the EH response,
Figure 13 shows three EH spectra for the elastoplastic, bilinear 3% and 5% of post-yielding
stiffness models, where it is observed that the spectra are practically the same in shape
and spectral ordinate throughout the interval periods. This characterization is very similar
to that of the EIµ spectra. It can be concluded in this study that the influence of the
post-yielding stiffness in the assessment of EH is negligible.

Regarding ductility, Figure 14 shows three spectra with different levels of ductility
(µ = 2, µ = 4 and µ = 6). It is observed that the three spectra present the same two characteris-
tics as the EIµ spectra according to the interval periods. The first occurs in the interval from
0.5 to 2 s and now also from 3.5 to 5 s, where, as the ductility increases, the EH will have a
higher energy demand. The second characteristic is shown in the interval period from 2.5 to
3.5 s; in this case, as the ductility factor is higher, the EH will have a lower energy demand.
In other words, the ductility variable plays an important role in the energy demands.

Figure 15 shows three spectra with different damping coefficients (ξ = 2%, ξ = 5%
and ξ = 10%), where a very similar characterization is shown in the response to the EI
spectra (see Figure 5). It is observed that in the threshold of periods close to the ground
(1.5 to 3.5 s), as the damping coefficient increases, the spectral ordinate decreases. For
example, the energy demand for a spectrum of ξ = 2% is more than double with respect
to the spectra of ξ = 10%, demonstrating the influence of the damping variable on the EH
response. In addition, Figure 16 compares the average with the maximum and minimum
values of the normalized hysteretic energy for a ductility equal to 4 and ξ = 5%. Note that
less uncertainties are observed in comparison with the input energy results.
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Figure 16. Cont.
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Figure 16. Maximum, minimum and average EH spectra for different aftershock intensities,
(a) γ = 0.35, (b) γ = 0.7 and (c) γ = 1.0, calculated from the twenty-eight EH spectra with a duc-
tility value of µ = 4, the elastoplastic model and a damping coefficient of ζ = 5%.

7.4. EH/EIµ Ratio Spectra

Once the EIµ and EH spectra have been obtained, the EH/EIµ ratio spectra are calcu-
lated, which will serve as the basis for proposing a simplified expression to directly compute
the EH/EIµ ratio in nonlinear structures, taking into account seismic sequences with differ-
ent aftershock intensities and certain structural parameters. A total of 2268 response spectra
and 81 average spectra were calculated of the total average spectra. A total of 18 spectra
were plotted, which are presented in Figures 17–20, where the units of the spectral ordinate
are dimensionless, and the abscissa is the period in seconds. Analyzing the characteristics
of the spectral shape, it is observed that all the spectra are very similar to each other,
presenting an almost constant trend with a value less than the unit along the entire abscissa
axis regardless of the aftershocks’ intensities or the structural features used. These results
are very similar to those found by most authors where, in their studies, they do not consider
the aftershocks’ effect [28–30]. A ductility of µ = 2, µ = 4 and µ = 6 was used in Figure 17a–c.
In each figure, the same elasto-perfectly-plastic hysteretic model was used with ζ = 5%,
and three spectra were presented for different aftershock intensities (γ = 1.0, γ = 0.7 and
γ = 0.30) in order to analyze the influence of aftershock intensities on the EH/EIµ response.
It is observed that both the shape and the values of the spectral ordinate are very similar
throughout the interval of the abscissas, showing little or no influence of the aftershocks
on the ratio of EH/EIµ. The fact that aftershock intensities do not influence the EH/EIµ
response does not mean that they should not be taken into account, since as previously
observed in the response of the EIµ and EH (see Figures 8 and 12), their influence is quite
significant. Regarding the structural characteristics, in Figure 18, three spectra are presented
for the models, elastoplastic, bilinear 3% and 5% post-yielding stiffness, in order to observe
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how the hysteretic model (post-yielding stiffness) influences the EH/EIµ ratio. It can be
seen that the same almost linear shape is kept in the three spectra, and the values of the
spectral ordinate are very similar throughout the entire interval period, showing little or no
influence of the post-yielding stiffness on the response of the ratio EH/EIµ.

The influence of ductility on the response of EH/EIµ is observed in Figure 19. As in the
other cases, a linear trend is observed throughout the entire interval period. In general, the
ordinates increase according to the increase of the ductility parameter used. For example,
in Figure 17a, it can be seen that for a ductility of µ = 2, the values of the ratio are between
0.3 and 0.5, while for a ductility of µ = 6, the values are between 0.6 and 0.8.
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Figure 17. Average spectra of EH/EIµ for the elastoplastic hysteretic model, with a ductility equal to
2, aftershock magnitudes of γ = 1.0, γ = 0.7 and γ = 0.35, a damping coefficient of ζ = 5% and ductility
values of (a) µ = 2, (b) µ = 4 and (c) µ = 6.
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Figure 18. Average spectra of EH/EIµ for the elastoplastic hysteretic, bilinear 3% and 5% post-yield
stiffness models, an aftershock magnitude of γ = 1.0, a damping coefficient of ζ = 5% and a ductility
of µ = 2.
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Figure 19. Average spectra of EH/EIµ for hysteretic model = elastoplastic, with ductility factors µ = 2,
µ = 4 and µ = 6, an aftershock magnitude of γ = 1.0 and a damping coefficient of ζ = 5%.

Sustainability 2023, 15, x FOR PEER REVIEW  22  of  30 
 

 

Figure 20. Average spectra of EH/EIμ for the elastoplastic hysteretic model, with a ductility value of 

𝜇 = 2, an aftershock magnitude of γ = 1.0 and damping coefficients of ζ = 2%, ζ = 5% and ζ = 10%. 

 
(a) 

 
(b) 

 
(c) 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 1 2 3 4 5

E H
/E

Iµ

T (s)

ξ=2%
ξ=5%
ξ=10%

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 1 2 3 4 5

E H
/E

Iµ

T(s)

0.0E+00

2.0E‐01

4.0E‐01

6.0E‐01

8.0E‐01

1.0E+00

1.2E+00

0 1 2 3 4 5

E H
/E

Iµ

T(s)

0.0E+00

2.0E‐01

4.0E‐01

6.0E‐01

8.0E‐01

1.0E+00

1.2E+00

0 1 2 3 4 5

E H
/E

Iµ

T(s)

Figure 20. Average spectra of EH/EIµ for the elastoplastic hysteretic model, with a ductility value of
µ = 2, an aftershock magnitude of γ = 1.0 and damping coefficients of ζ = 2%, ζ = 5% and ζ = 10%.

The last parameter analyzed is the damping coefficient. In Figure 20, three spectra are
observed for the three selected damping coefficients, ξ = 2%, ξ = 5% and ξ = 10%. These
spectra are calculated for the elastoplastic hysteretic model, ductility µ = 2 and γ = 1.0. It
can be seen that the trend is almost linear along the abscissa axis; however, the value of
the response depends on the damping coefficient. It is observed that the spectral ordinate
decreases as the coefficient increases. Furthermore, Figure 21 compares the average with
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the maximum and minimum values of the energy ratio for a ductility equal to 4, ξ = 5% and
the elastoplastic hysteretic model. Note that less uncertainties are observed in comparison
with the estimation of the energy demands.
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Figure 21. Maximum, minimum and average EH/EIµ spectra for different aftershock intensities
of (a) γ = 0.35, (b) γ = 0.7 and (c) γ = 1.0, calculated from the twenty-eight EH/EIµ spectra with a
ductility values µ = 4, the elastoplastic model and a damping coefficient of ζ = 5%.
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8. Proposed Equation

In order to propose an equation to compute the energy ratio, it was observed that
the intensities of the aftershocks did not influence in the response of the EH/EIµ ratio (see
Figure 17). Moreover, there is not a strong structural period dependency of the energy
ratio computed for nonlinear systems subjected to seismic sequences. The same occurs
with the hysteretic model (post-yielding stiffness), as can be observed in Figure 18, in such
a way that the equation can be formulated for the elastoplastic hysteretic model. On the
contrary to the hysteretic model and the aftershock intensity, the damping coefficient (ξ)
had a significant influence on the values of the EH/EIµ ratio (see Figure 20); however,
most of the structures are modeled and designed with a damping coefficient of ξ = 5%;
therefore, expressing the formula in terms of a coefficient of 5% significantly reduces the
number of parameters in the equation and consequently saves calculation time. On the
other hand, ductility (µ), as expected, showed a great influence on the response throughout
the period interval (see Figures 17 and 19); hence, the expression will be directly related to
the ductility value, which is one of the most important parameters for earthquake-resistant
building design.

EH
EIµ

=

[
1
θ1

+
1

θ2 · Tθ3

]
+ θ4 · (1/T) · exp

[
θ5 · {ln T + θ6}2

]
(5)

Given the characterization of the spectra obtained and the parameters that influenced
the response of EH/EIµ, Expression 5 was obtained, which is in exponential and logarithmic
terms. The formula has six constants (θ1, θ2, . . . , θ5 and θ6) for three different ductility
values (µ = 2, µ = 4 and µ = 6), which are shown in Table 5, and the period (T, s). This
expression is proposed for structures with an elastoplastic hysteretic model and a damping
coefficient of ξ = 5%, which represents the majority of the modeled structures. In order to
observe the performance of this new expression, some spectra are calculated which will be
compared with the spectra obtained in the previous section that have the same structural
parameters; this comparison is shown in Figures 22 and 23.

Table 5. Values of the constants θ1 to θ6 for the elastoplastic model, with an aftershock intensity of
γ = 1.0 and a damping coefficient of ζ = 5%.

θ1 θ2 θ3 θ4 θ5 θ6

µ = 2 2.3 50 1.2 −0.15 −5 −0.005
µ = 4 1.4 85 1.1 −0.15 −5 −0.005
µ = 6 1.3 100 1.1 −0.15 −5 −0.005
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Figure 22. Comparison of the average spectra of EH/EIµ for the aftershock magnitudes of γ = 0.35,
γ = 0.7 and γ = 1.0 and spectra of EH/EIµ of the proposed Equation (5), with a ductility of µ = 2,
a damping coefficient of ζ = 5% and the hysteretic models: (a) elastoplastic, (b) bilinear 3% and
(c) bilinear 5%.

In Figure 22, with the aim to observe that both the intensity of the aftershocks and the
hysteretic model do not influence the results of the response, three figures are presented (a,
b and c) that contain four energy ratio spectra. The real values obtained from nonlinear
dynamic analyses (with discontinuous lines) and the continuous black line illustrate the
results obtained with the proposed equation. Note that aftershock intensities (γ = 1.0,
γ = 0.7 and γ = 0.35) and the hysteretic models elastoplastic, bilinear 3% and bilinear with
5% of post-yielding stiffness were used. It can be seen in the three figures that both the
real spectra of EH/EIµ and the spectrum obtained by Equation (5) (continuous black line)
show considerable similarity throughout the range of periods, that is say, from 0 to 5 s. It is
concluded that the proposed equation provided satisfactory values of the energy ratio. It is
important to say that there is not an effect of the aftershocks in the EH/EIµ ratio. Finally,
note that the equation is very accurate also for different ductility values, as illustrated in
Figure 23 and Table 6, which indicates the mean square error (MSE) of the equation for the
elastoplastic systems and the three ductility levels under consideration. It is important to
say that the MSE is estimated by means of Equation (6). In this equation,

(
EH
EIµ

)
eq

represents

the energy ratio for a specific period estimated via Equation (5),
(

EH
EIµ

)
cal

is the actual

energy ratio obtained from the nonlinear dynamic analysis and NT is the number of periods
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from 0.05 up to 5 s; thus, a total of 100 spectral points are used to calibrated the equation
and to compute the MSE.

MSE =
1

NT

T=5

∑
T=0.05

[(
EH
EIµ

)
eq
−
(

EH
EIµ

)
cal

]2

(6)

Sustainability 2023, 15, x FOR PEER REVIEW  25  of  30 
 

is  the actual energy ratio obtained  from  the nonlinear dynamic analysis and 𝑁்  is  the 
number of periods from 0.05 up to 5 s; thus, a total of 100 spectral points are used to cali‐

brated the equation and to compute the MSE. 

𝑀𝑆𝐸 ൌ
1
𝑁்

 ෍ ൥ቆ
𝐸ு
𝐸ூµ

ቇ
௘௤

െ ቆ
𝐸ு
𝐸ூµ

ቇ
௖௔௟

൩

ଶ்ୀହ

்ୀ଴.଴ହ

  (6)

 

 
(a) 

 
(b) 

 
(c) 

Figure 23. Average spectra of EH/EIμ for hysteretic model = elastoplastic, bilinear 3%, bilinear 5% 

and spectra of EH/EIμ of Equation (5), with an aftershock magnitude of γ = 1.0, a damping coefficient 

of 5% (ζ = 5%) and ductility (a) 𝜇 = 2, (b) 𝜇 = 4 and (c) 𝜇 = 6. 

Table 6. Mean square error (MSE) of the proposed equation for the elastoplastic hysteretic model. 

Ductility  MSE 

2  0.0030 

4  0.0086 

6  0.0092 

0

0.2

0.4

0.6

0.8

1

1.2

0 1 2 3 4 5

E H
/E

Iµ

T (s)

ELASTOPLASTIC
BILINEAR 3%

BILINEAR 5%
EQUATION

0

0.2

0.4

0.6

0.8

1

1.2

0 1 2 3 4 5

E H
/E

Iµ

T (s)

ELASTOPLASTIC
 BILINEAR 3%
BILINEAR 5%
EQUATION

0

0.2

0.4

0.6

0.8

1

1.2

0 1 2 3 4 5

E H
/E

Iµ

T(s)

ELASTOPLASTIC
BILINEAR 3%
BILINEAR 5%
EQUATION

Figure 23. Average spectra of EH/EIµ for hysteretic model = elastoplastic, bilinear 3%, bilinear 5%
and spectra of EH/EIµ of Equation (5), with an aftershock magnitude of γ = 1.0, a damping coefficient
of 5% (ζ = 5%) and ductility (a) µ = 2, (b) µ = 4 and (c) µ = 6.
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Table 6. Mean square error (MSE) of the proposed equation for the elastoplastic hysteretic model.

Ductility MSE

2 0.0030
4 0.0086
6 0.0092

9. Energy Ratio in a Multi-Degree-of-Freedom Reinforced-Concrete Buildings under
Seismic Sequences

With the aim to observe the energy ratio EH/EI for MDOF structures, a reinforced-
concrete (RC) building model is subjected to seven seismic sequences. The 10-story RC
building was used previously in a study developed for some of the authors [55]. The
RC designed according to the Mexico City Seismic Design Provisions (MCSDP) has three
seven-meter bays in both horizontal directions and story heights of 3.5 m (see Figure 24). It
was considered that the elements (beams and columns) of the structures have a hysteretic
behavior similar to the modified Takeda model to represent the nonlinearity of the material.
The period of vibration of the structural model is equal with 0.98 s. In the case of the
seismic sequences, they were obtained with the records number one of Table 4 and the
other seven records have been used as aftershocks (a total of seven seismic sequences). The
well-known incremental dynamic analysis was used to obtain the energy ratio at different
intensity levels. For this aim, while the mainshock was scaled from 0.1 g to 2 g of the
spectral acceleration at first mode of vibration of the structure Sa(T1), at this scaling level
of the mainshock, the aftershock was scaled to four different PGA levels. Thus, 0.25, 0.5,
0.75 and 1 times the PGA of the mainshock were selected for the PGA of the aftershock.
The results of the average energy ratio at each intensity level are observed in Figure 25.
The figure suggests as a preliminary result that the energy ratio is not influenced by the
intensity level of the aftershocks as in the case of SDOF structures. Note that it corresponds
to the preliminary results and more studies are required to better understanding of the
effect of aftershock on hysteretic energy and energy ratio of MDOF structures.
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Figure 25. Average energy ratio EH/EIµ for a reinforced-concrete building with ten stories under
seven seismic sequences at different scaling intensity levels.

10. Conclusions

In order to propose an equation to compute the energy ratio EH/EI of nonlinear
structures subjected to seismic sequences, several bilinear SDOF systems with different
post-yielding stiffness are subjected to seismic sequences obtained from the soft-soil sites of
Mexico City. First, the constant-ductility spectra for input and hysteretic energy taking into
account the mainshocks and aftershocks are computed, then the energy ratio is assessed.
The numerical results suggest in general that the energy demands tend to increase as the
aftershocks increase, especially for structural periods close to the soil period; in fact, in
this case, the energy demands for aftershock intensities similar to the mainshock intensity
could be twice the energy produced by seismic sequences with low or without aftershocks
intensities. For this reason, the potential of aftershocks in the amount of inelastic energy is
very important. Moreover, the elasto-perfectly-plastic hysteretic model provided similar
energy demands in comparison with bilinear hysteretic models with different post-yielding
stiffness. On the other hand, the results indicate that the ratio of input and hysteretic energy
is almost the same for the selected levels of intensity of the aftershocks. Hence, there is no
influence of the aftershock intensity in the estimation of the energy ratio. Note that this is
preliminarily valid in the case of RC buildings. The last issue is very important because it
lets us propose analytical equations to predict the energy ratio accounting for aftershock
effects. Finally, the proposed equations can be used toward new earthquake-resistant
energy-based design building regulations in order to reduce the seismic risk in urban areas.
For example, new energy-based regulations could provide the input energy spectra, and
the expressions will be used to provide a rapid estimation of the hysteretic energy, in such a
way that the control of this type of energy is crucial to reduce the structural damage. Note
that the proposed equations can be used only under the circumstances for which they were
proposed, in particular, for soft-soil sites with characteristics similar to those indicated in
the present work.
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