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Correlation Between Wavelet-Based
Energy Parameter and Observational
Damage Degrees for Gravity Design
Building During the May 2018 Mayotte
Seismic Crisis
Caterina Negulescu* and Agathe Roullé

Natural Risks Division, BRGM (French Geological Survey), Orleans, France

Mayotte seismic crisis started on 10May 2018, with a first felt earthquake, quickly followed
by many others, that surprised inhabitants. Before 10 May 2018, Mayotte Island, part of
the volcanic Comoros archipelago in the North Mozambique Channel of the Indian Ocean
was not considered as a significantly seismically active area, and hence the structures were
designed without or very recently with a low seismic code. In this study, we pay particular
attention to existing seismic records of earthquakes with a magnitude greater than 5, and
we try to establish their dangerousness for existing buildings. As the magnitude is not very
large, it is difficult to observe and classify the slight to moderate damages using the drift
parameter. It is for this reason that in this study we try to consider the shift of the inelastic
period and the dissipated energy, estimated using wavelet transform, in order to estimate
the damage. We have modeled a target building and calculated its dynamic response
using the recordings of the 46 strongest earthquakes of the current crisis as the input. The
dynamic calculations were performed using open source finite element software,
Opensees © Berkeley. We analyzed the dynamic response at the top of the building in
terms of the period of vibration, energy dissipated, and drift. We used the aforementioned
46 recordings from two different seismological stations in terms of site effects: YTMZ
station, considered as rock, and MILA station, which shows strong site effects and
therefore the strongest recordings in terms of acceleration. We try to find a correlation
between the wavelet energy dissipation and the observational damage degree or drift-
based damage degrees. We found out that about 25% of the 46 earthquakes selected on
soils with site effects (MILA station) have building response parameters corresponding to
degrees of damage D1 and D2 of the EMS-98 scale: negligible to light damage (no
structural damage and slight non-structural damage) and moderate damage (light
structural damage and moderate non-structural damage). This damage can appear for
relatively low peak ground acceleration values (e.g., about 0.3 m/s2 for some earthquakes).
Furthermore, the damage assessment results from the three damage parameters for the
target gravity design building are compared and discussed.
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1 INTRODUCTION

The improved methodology to quantify seismic risk and loss
assessment in reinforced concrete buildings is still an important
and actual issue either by improving large-scale methods as the
vulnerability index framework (Kassem and Ozturk, 2021;
Kassem et al., 2022) or by assessing new damage
identification parameters. There are many studies on damage
identification and health monitoring of structural and
mechanical systems from changes in their vibration
characteristics. Doebling et al. (1996) did one of the first
literature reviews. Attempts to detect seismic damage in
buildings from the shift of the (inelastic) period is a
challenging and very complicated problem that has been also
investigated in several studies (e.g., Trevlopoulos and Guéguen
2016; Goulet et al., 2015; Di Trapani and Malavisi, 2019). Using
wavelet transform to evaluate seismic damage is an idea that has
also been examined in the recent past (Bayissa et al., 2008; Li
et al., 2009; Hanteh and Rezaifar, 2021; Quiñones et al., 2015;
Kaloop and Hu, 2016; He et al., 2021). In this study, the aim is
not the presentation of the wavelet based approach but applying
it to a simple yet realistic case-study occurred during the
Mayotte seismic crisis. Its application to one numerical
model subjected to real recorded earthquakes on rock and
soft soil during the Mayotte crisis brings us information
about the reliability of this parameter with respect to the
response of building. Currently, we have several ways of
estimating the damage which are related, in one way or
another, by using two different approaches: on the one hand,
by doing numerical analyzes, we use the drift or a numerical
parameter, and on the other hand, by making observations of
damage to buildings after the earthquake, we used the damage
classes EMS-98 (Grunthal, 1998). It is a challenge to find a
correlation or correspondence between the description of

damage from physical and numerical parameters and the
observational damage. Buildings have their own dynamic
characteristics (vibration periods and vibration modes) which
depend on the shape, mass, and stiffness of the building. This is
an intrinsic characteristic that does not change as long as the
building is not damaged. These building characteristics can be
calculated by measuring the vibrations in the building with at
least two sensors installed at the bottom and top of the building.
Vibration measurements can be made during an earthquake or
outside the earthquake period (under an ambient vibration).
These characteristics can also be calculated by utilizing
numerical simulation via dynamic analysis: this is presented
here using the real signals, described in Section 3, as the input
acceleration. In order to correlate the methods based on
numerical calculations and methods based on observational
studies, European Macroseismic Scale (EMS-98), the RISK-
UE project proposes displacement thresholds on the capacity
curve, which could be assimilated to the damage levels of the
Macroseismic European Scale (EMS-98). The damage levels of
RISK-UE, Sd1, Sd2, Sd3, and Sd4 would correspond to the
damage D1, D2, D3, and respectively, D4 and D5 of the
European Macroseismic Scale (EMS-98). RISK-UE proposes
mathematical relations, based on the yielding and ultimate
displacements, to find the limits of the displacements of the
capacity curve, which would correspond to a change of degrees
of damage. In order to correlate the methods based on the
measurement of physical parameters after the earthquake and
the methods based on observational studies (EMS-98), several
studies have focused on this subject (e.g., Dunand et al., 2004;
Todorovska and Trifunac, 2007; Trevlopoulos and Guéguen,
2016). Goulet et al. (2015) carried out an important work of
gathering and homogenization of the studies that potentially are
very useful when one aims at connecting vibration-based SHM
(structural health monitoring) to EMS-98. In this article, we

FIGURE 1 |Method applied for the estimation of the dynamic response of the building to 46 earthquakes recorded on two seismological stations YTMZ andMILA in
Mayotte.

Frontiers in Built Environment | www.frontiersin.org March 2022 | Volume 8 | Article 8503002

Negulescu and Roullé Wavelet-Based Energy Parameter

https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


focus our research on period modification and wavelet-based
energy calculation during an earthquake. Wavelet-based energy
is estimated on the earthquake record on the top of the
structure, and the ambition in the future is to make this
parameter online with the energy dissipated by the structure
during the damage. If so, this parameter can be a useful tool in
the establishment of the energy-based seismic-engineering
approach.

2 APPLIED METHODOLOGY

The method used is divided into two phases:

➢ Phase 1: calculation of the building response for each
accelerogram (raw results), and

➢ Phase 2: correlation between the building response and the
damage estimate.

The method used consists, in Phase 1, in applying real seismic
recordings at the ground level to a typical building (geometrically
representative of individual housing in Mayotte) in order to
estimate its dynamic response. The work was carried out as
follows (Figure 1):

1) Selecting the input accelerograms according to the following
criteria:
a) signals corresponding to an earthquake of magnitude

greater than five (46 earthquakes), and
b) signals recorded by two seismic stations with different site

conditions: YTMZ (rock) and MILA (site effect).
2) To study differentially the accelerograms recorded at the rock

(YTMZ station) and the accelerograms recorded at a site effect
station (MILA station).

3) To create a numericalmodel of a two-storey building towhich the
recorded accelerograms are applied as input seismic excitations.

4) To study the dynamic response of the building to seismic
stress in terms of (i) period of vibration, (ii) energy dissipated
during the earthquake, and (iii) maximum displacement at the
top of the building during the earthquake.

5) Compare the building responses from one group to another
and from one station to another.

Phase 2 of the method consists of relating the response of the
building in terms of the vibration period and energy, to a degree
of damage (EMS-98). Generally, there are two ways of doing this:

- relating the damage levels to the results of numerical
analyses (e.g., the building capacity curve) expressed in
terms of the vibration period or energy, and

- using existing studies that have compared the period of
vibration of a damaged building with the degree of damage
of the building after an earthquake; these studies are very
interesting and have a comparative value. However, at the
present, there are two biases in the use of these studies: (i) it
is very rare, in past earthquakes, that a building already
damaged has been previously measured (often to establish
its “initial period”, buildings of the same typology that are

not damaged are measured), and (ii) these studies are very
dependent on the type of building but also on the
construction mode applied locally.

3 DESCRIPTION OF THE 46 STRONGEST
EARTHQUAKES OF THE MAYOTTE
SEISMIC CRISIS
In this study, we used dynamic building response of 46
earthquakes of magnitude greater than five recorded in
Mayotte during the seismo-volcanic crisis initiated in May
2018 as the input data for our numerical simulations
(Supplementary Table S1 from Supplementary Material). The
earthquake of 15 May 2018, of magnitude Ml = 5.8, is the most
important earthquake of the current crisis. It was very strongly
felt by the population. In addition, several property owners
reported damage to their buildings following this earthquake.
A mission of the Groupe d’Intervention Macrosismique (Sira
et al., 2018) intervened in June 2018 to establish a system for
classification of earthquakes according to the EMS 98. However,
due to the characteristics of the swarming seismic sequence that
was observed during the first few months of the crisis, it is not
possible to establish with certainty whether the damage
observed was due solely because of the earthquake of May 15
or whether it was also the result of the accumulation of tremors.
The report also indicates the difficulty in some cases of
differentiating between seismic and non-seismic causes, such
as foundation movements due to landslides. We have processed
the signals of these 46 earthquakes recorded on two different
stations YTMZ and MILA considering the N and E components
of each recording. The YTMZ station is considered to be
positioned on rocky soil, while the MILA station is
considered to be positioned on site effect conditions. The
YTMZ station, located on recent volcaniclastic formations
with little alteration, is considered as the reference station
since the beginning of the seismic-volcanic crisis. The H/V
noise spectral ratio shows a value close to one for most of the
frequency range and a slight amplification around 2.5 Hz. The
MILA station, located on a hill of about 50 m height made of
isalterites, presents two close peaks at 1.6 and 2.2 Hz on the H/V
ratios, both for the noise and earthquake spectra. Measurements
made at the site yield an S-wave velocity of approximately
290 m/s between 0 and 15 m depth. The VS.30 valuewas
estimated at about 350 m/s Figure 2 and compared the peak
ground acceleration (PGA) values for the 46 earthquakes, for the
N and E components, recorded at the YTMZ (considered to be
at rock) and MILA (with site effects) stations. We observe that
some earthquakes have much higher peak ground acceleration
(PGA) values recorded at MILA than at YTMZ, but this is not
systematic despite the difference in the soil type (with and
without site effects). This reflects a large variability in the
observed seismic motion, depending particularly on the
source and propagation parameters.

In Section 5, the earthquakes Eq5, Eq17, and Eq42 are used for
the IDA. Figure 3 shows the waves by showing the acceleration
time-histories and the frequency characteristics of earthquakes by
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FIGURE 3 | Acceleration time-histories, acceleration response spectra, and energy spectrum for the earthquakes 5, 17, and 42 recorded at the MILA station.

FIGURE 2 | Comparison of PGA between YTMZ (approximated to rock) and MILA (considered to be on site effects) for 46 earthquakes and the N and E
components.
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showing acceleration response spectra and energy spectrum for
the recordings at the MILA station.

4 STRUCTURAL MODEL

For the numerical modelling of the building, we used the open-
source software OpenSees (Open System For Earthquake
Engineering Simulation (c) Copyright 1999–2016 The
Regents of the University of California) developed by the
Pacific Earthquake Engineering Research (PEER, 2006)
OpenSees to calculate the dynamic response of a building.
We chose a simple RC frame building with a light
reinforcement. The building has two levels, two bays in the
longitudinal direction, and two bays in the transverse direction
(Figure 4). The geometry of this building was chosen in order to
represent, as well as a possible, a typology of residential
buildings common in Mayotte. In addition, in order to take
into account certain constructional problems present in
Mayotte and likely to increase the vulnerability of the
building, we have introduced several structural details: (i)
weakly reinforced columns and beams (corresponding to a
calculation under own weight) in order to represent a
building designed without a seismic code, (ii) the first floor is
slightly less rigid than the second to represent transparency and
the presence of piles, and (iii) addition of a small torsion effect to
represent a non-symmetrical wall distribution. To model the
structural elements, we used fiber sections of the beams and
columns available in the OpenSees software (Figure 4). All
elements that compose the building resistance (beams and
columns) are inelastic elements available in the OpenSees
software. They are based on force formulation. The non-
linearity of the concrete material is represented by a uni-axial
material model (Kent and Park, 1971) made of concrete with
degraded linear unloading/reloading stiffness according to the
work of Karsan-Jirsa and no tensile strength. Since it is assumed
that there is no adequate shear reinforcement in the columns
and beams of the buildings, the confining effect of the core
concrete is minimized. The first three periods of the vibration of
the building are 0.28, 0.28, and 0.26 s, respectively. The first two
periods of the vibration are the periods responding to two

horizontal directions (the first named “longitudinal” and the
second one named “transversal” direction). The third one is
corresponding to a torsional mode.

5 CORRELATION BETWEEN WAVELET
ENERGY AND OBSERVATIONAL DAMAGE
DEGREES (EMS-98)
5.1 Continuous Wavelet Transform and
Wavelet Energy
This section introduces a brief description of the wavelet
transform. However, authors strongly recommend to readers
to refer the key references to understand the theoretical
background of the method (Chui, 1992). CWT can be used to
decompose a function x(t) into frequency–time domain with
respect to the mother wavelet function ψ(t), as defined in the
following form:

W(a,b) � 1��
a

√ ∫
+α

−α
x(t)ψp(t − b

a
)dt (1)

whereW(a,b) are the CWT coefficients that represent the measure
of the similitude between the function x(t) and the wavelet at the
time b that localizes the wavelet function in the time domain and
the scale a; ψ*(t) represents the complex conjugate of the mother
wavelet function ψ(t).

The complex Morlet wavelet, which is commonly used for
continuous wave transform as a basic function, can be expressed
as in Eq. 2, and its Fourier transform can be expressed as in Eq. 3.
The band with parameter Fb is selected in order to optimize the
time and frequency resolution.

ψ(t) � 1����
πFb

√ e2πifcte−t
2/Fb (2)

ψ
�(af) � 1����

πFb

√ e(Fbπ
2(af−fc)2) (3)

where f and fc are Fourier frequency and central wavelet frequency.
Furthermore, using the CWT method, which decomposes

the signal x(t) into time–frequency resolution, wavelet energy

FIGURE 4 | 3D view of the model, uni-axial material model, and element response (using software OpenSees).
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for each scale ai can be estimated as (Minh-Nghi and Lardiés,
2006)

Eai � ∑
j

∣∣∣∣∣W(aibj)
∣∣∣∣∣2 (4)

where Eai � ∑j|W(aibj)|2 is the square modulus of wavelet
coefficients and the vertical brackets ‘| |’ represent the modulus
operator which gives the magnitude of Eai � ∑jW(aibj)2.

WT has scaling factors. The scalogram of WT (similar to the
spectrogram for the Fourier transform) is a measure of the
energy distributed over the time shift bj and scaling factor ai of
the signal (Kaloop and Hu, 2016). In other words, E(ai) is the
summation of the square modulus of wavelet coefficients over
the number of translations j for a given value of scale ai. As a
consequence, the total wavelet energy can be obtained as
given in

Et � ∑
i

Eai (5)

where Et is the total wavelet energy associated with the
acceleration response at the top storey of a structure during
seismic excitation, and it is estimated using Eqs 4, 5. It is
important to note that the top storey response is selected to
take into account the effects of the maximum applied response to
the damage index.

5.2 Dynamic Analysis Results
We performed dynamic analysis for the 46 strongest
earthquakes recorded on two different stations with
different site conditions. For each earthquake, the
component E and the component N were used as input for
dynamic analysis. For the calculation of the inelastic vibration
period and the dissipated energy, we applied the wavelet
method (Wijesundara et al., 2015; Negulescu and
Wijesundara, 2019) on the acceleration time history

FIGURE 5 | Comparisons between the building’s response (in period,
wavelet energy, and drift) for the 46 earthquakes recorded at the YTMZ station
and at the MILA station (for the N component); blue circle = YTMZ and orange
square = MILA. FIGURE 6 | Comparisons between the building’s response (in period,

energy, and drift) for the 46 earthquakes recorded at the YTMZ station and
at the MILA station (for the E component); blue circle = YTMZ and orange
square = MILA.
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response at the top of the building. The dynamic response of
the building makes it possible to study the following three
global parameters [(Figure 5) for the N component and
(Figure 6) for the E component]:

• The inelastic vibration period calculated by wavelet
transform,

• The dissipated energy calculated by wavelet transform,
• The maximum displacement of the building (and/or the
displacement between the top and the bottom of the
building, hereinafter called the drift in %).

In addition to the global parameters, we also look to the
reaction in the sections of structural elements:

• Two columns on the first floor and two columns on the
second floor

• Two beams on the first floor and two beams on the
second floor.

In general, we can observe that the responses for the
earthquakes recorded at the MILA station are much greater
than those of the YTMZ station. Of course, this observation
goes hand in hand with the fact that the PGA values recorded
at the MILA station are greater than those of the YTMZ station
for the same earthquakes. As mentioned previously, this is due
to the ground conditions below the station: for YTMZ, the
PGA are lower than 0.25 m/s2 (with the exception of the
strongest earthquake for which the PGA is of the order of
0.5 m/s2) while for MILA, the values of PGA can exceed 1 m/s2.
We observe that the greater the PGA, the greater the variability
of the response parameters, being valid for all the three
response parameters of the building studied. Regarding the
vibration period, we observe for YTMZ a slight increase in this
period with values less than 0.35 s (the initial period of the

building being at 0.28 s). The response is much greater for
earthquakes recorded at the MILA station, for which the
period increases to 0.6 s. The energy dissipated is
straightforwardly linear until a PGA of 0.2 m/s2, becoming
variable after this value.

5.3 RelationWith the Observational Damage
Degrees
5.3.1 Push-Over Curve
The method N2, introduced initially by Fajfar (1999), which
compares the resistance of the building to the imposed load, is
presented in the appendix of design rules (Eurocode 8 (EC8),
2005). The capacity curve makes it possible to determine the
performance point (which represents the intersection between
the capacity curve and the response spectrum) of the building for
a given seismic movement. The response spectrum is represented
in the acceleration–displacement (Sd, Sa) graph, and the capacity
curve is also represented in the same graph for comparison
purposes. Depending on the displacement position in the
capacity curve, we can deduce the expected state of damage
(RISK-UE, 2003). In order to correlate the methods based on
numerical calculations and the methods based on empirical
studies, the RISK-UE project proposes displacement thresholds
on the capacity curve which could be assimilated to the damage
levels of the EMS-98. The damage levels of RISK-UE, Sd1, Sd2,
Sd3, and Sd4 would correspond to the damage D1, D2, D3, and
respectively, D4 and D5 of the European Macroseismic Scale
(EMS-98).

First, we calculate the capacity curve of our target building
(which is a system with several degrees of freedom, MDDL)
following a nonlinear static analysis (push-over analysis). The
capacity curve, therefore, relates the displacement at the top of the
building which is a system with several degrees of freedom
(MDDL) with the shear force generated at the base of the

FIGURE 7 | Capacity curve of a 1DOF equivalent system–indication of the different damage states from © RISK-UE and the different vibration periods
corresponding to different damage states.
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building by the applied horizontal force.We, therefore, obtained a
capacity curve for a system with several degrees of freedom
(MDDL) expressed in the force–displacement graph. In order
to be able to compare the capacity of the building to the seismic
aggression expressed in the form of a response spectrum (spectral
acceleration - spectral displacement: Sa-Sd), we applied the
following transformations to the capacity curve: (i) conversion
of the response to multiple degrees of freedom (MDDL) to a
response to a degree of freedom (1DDL), (ii) conversion of the
axes of the capacity curve, (iii) bi-linearization of the real curve,
and (iv) determine the periods corresponding to the key points of
the capacity curve. We obtain the capacity curve presented in
Figure 7. The horizontal axis is the displacement corresponding
to an equivalent one degree of the freedom system.

5.3.2 IDA Curve
We devote this section to more detailed investigations of
accelerograms for which the building response parameters
(displacement, period, and energy) are either stronger or
smaller than earthquakes with comparable PGA values. For

that, we carried out incremental dynamic analyzes (IDA)
starting from the accelerograms “Eq5, Eq17, and Eq42” which
present particular values for the parameter period and dissipated
energy (the number of earthquake in Supplementary Material,
Supplementary Table S1).

Figure 8 compares the response in IDA for these three
earthquakes: Eq5, Eq17 and Eq42. We observe a variability of
the building response for the same PGA values; this is the inter-
signal variability (“record-to-record variability”). For Eq42, we
have a response in period by “steps,” with a sudden break in
behavior at 0.58 m/s2, while for Eq17 earthquake, we have a
smoother response with a change in the response of the building
practically correlated at each change of the PGA value.

Figure 8 (bottom) shows a greater displacement at the top of
the building for Eq5 than for Eq17. This difference is very
important from PGA values above 0.7 m/s2. Eq42 follows the
values of Eq5 but with a stepwise response. If we look on Figure 8,
for the energy response (middle), we observe that the energy
dissipated by the building for Eq42 is much greater than for the
other two earthquakes.

The IDA curves confirm, with small differences, the values of
the periods of the limit states established from the capacity curve
(i.e., the period of 0.45 for the limit Sd1 and 0.55 for the limit Sd2).
In Figure 8 (top), we observe an elastic behavior for a period of
less than 0.4 s. We, then, observe a change of behavior (with
leveling off or continuously) between 0.40–0.45 and 0.55. From
the 0.55 period, there is a rise to about 0.6 s after which we have
no further increases in the period. Figure 8 (bottom) shows much
lower drift values than those given by the building capacity curve
(Figure 7) which shows larger values of displacement,
corresponding to drift up to 2.5% as opposed to a maximum
of 0.6% observed in IDA analyzes. It is possible to define the limit
states of the building from the IDA curves. According to the study
of Vamvatsikos and Cornell (2002), the ultimate limit state point
on an IDA curve is defined as a point where the IDA slope is equal
to 20% of the elastic while it also belongs to a descending branch.
However, in this study, we integrated the performances of the
element (beam and column) to define the point of ultimate limit
state of the structure on the IDA curve. From the numerical
model, it is estimated that the overall building collapse follows the
collapse of the first story column–beam elements in bending due
to the formation of the plastic mechanism. This occurs at PGA
values between 2 and 2.5 m/s2 depending on the earthquake.
However, as indicated for the capacity curve, the numerical model
used here has a limit of validity in the final part of the non-linear
branch. We will, therefore, not use the values corresponding to
the ultimate state thereafter. Nevertheless, by assessing the
performance of the element (beam and column), we evaluate
the elastic and intermediate limit state of the structure on the IDA
curve. The values of the energy dissipation correspondent to our
interpretation of the attainment of these limits are
approximatively 1.00E+06 for Sd1, 6.00E+06 for Sd2, and
1.15E+07 for Sd3. Figure 9 presents these values as a function
of the period values.

Figure 10 shows the moment–curvature relationship
(measure of member bending) in structural members during
IDA analysis. Four graphs at the top of the figure show an

FIGURE 8 | Comparison of periods, wavelet energy, and drift for IDA
analyzes for earthquakes Eq5, Eq17, and Eq42 (component N).
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almost linear relationship, and this corresponds to a
characteristic response for a period of less than 0.4–0.45 s.
The last two graphs represent a response in structural elements
for a period of around 0.6 s and beyond. The vertical axis in
Figure 10 increases with increasing moment values that are
plotted.

5.4 Proposed Correlation and Discussions
Figure 7 makes it possible to have a correspondence between
the results of the numerical analyses obtained for the 46
earthquakes and the degrees of damage RISK-UE. The
capacity curve of the 1DDL system is converted into a
bilinear curve. For the bilinear curve, the displacement that
corresponds to the limit of the elastic behaviour is of 0.018 m.
According to the formulation given in RISK-UE, the
displacement, which separates the undamaged building from
the building in state Sd1, is 0.7 x displacement corresponding
to the elastic limit (0.012 m). For the ultimate displacement,
the parameters of the model do not allow it to be established
from the capacity curve. However, looking at the results of the
incremental dynamic analyses (IDA, Section 5.3.2), we can
estimate it to be around 0.12 m. This allows us to calculate the
displacement corresponding to Sd3, according to the formulas
of RISK-UE, and that was found to be 0.039 m. Using these
hypotheses, we can associate the limit displacements of the
damage states with the corresponding periods. Figure 7 shows
the values of the corresponding periods: 0.28 s is the initial
period of the building, 0.45 s for the Sd1 limit, 0.55 for the Sd2
limit, and around 0.8 s for Sd3. As the model could not
simulate the collapse, the final limit, which corresponds to a
collapse, could not be determined in this study. Taking into
account the results of the push over analyses represented by the
capacity curve and the IDA analyses, we can finally establish
estimated values of the changes in the period and correlate
them with a change in the degree of damage. This will allow us
to classify the raw results of the dynamic analyses into damage

classes as shown in Figure 11. Considering Figure 9 and the
assumptions explained in Section 5.2, we could make a first
approach that correlates the wavelet energy dissipation and the
observational degree of damage. Figure 12 presents this
correlation in terms of wavelet-based energy values and
PGA values.

We can notice that the responses to the earthquake that are on
bedrock and the huge majority of the responses to the earthquake
that are on site effects are classed, either by a period or energy as
“no damage” for the structures, which is in accordance with the
scenario simulations (Taillefer et al., 2019) and filed observations
(Sira et al., 2018). However, some records on the site effect
produce slight or event moderate to substantial damages. The
wavelet-based energy parameter classes more records in a slight
damage state and less in moderate damage state, while the period-
based parameter class more records in moderate damage state.
We can notice that the evolution of the period-based parameter
follows a linear dispersion with respect to the PGA values, until
the value of 1 m/s2. This is not the case for the wavelet-based
energy parameter which makes a jump between the responses
until 2E06 and the others around 6E06. This can be related to the
fact that the energy parameter is more sensitive to the evolution of
the resistance of the structure. An important issue, which has not
been treated in this article, is the comparison of the conventional
dissipated energy in a structure and the wavelet-based energy
parameter. Zitto et al. (2015) compared the cumulative acoustic
emission energy (CAE) obtained by reconstructing the acoustic
emission signals in this scale (frequency) band with the
cumulative dissipated energy (CDE) of the tested structure.
They inferred from the graphs that concrete cracking is
prevalent over the occurrence of plastic deformations in the
steel columns; this would explain the good overall correlation
seen between CAE and CDE. Notwithstanding, some noteworthy
differences can be attributed to the energy dissipated by the steel
columns through plastic deformations, captured by the CDE but
not by the CAE.

FIGURE 9 | Estimated values of the threshold of energy and period for each damage degree.
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FIGURE 10 | Evolution of the bending of the element (moment–curvature) for the earthquake Eq5 (for an acceleration scaled at 0.3 m/s2 for the first set of four
images, 0.7 m/s2 for the second set of four images, 1.45 m/s2 for the third set of four images, and 2.4 m/s2 for the fourth set of four images).
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6 CONCLUSION

The energy-based seismic engineering approach needs further
investigation and development for use in the framework of
performance based earthquake engineering (PBEE). This
research is a small brick on the reflections that can be
checked in the framework of energy-based approaches, in
which we need a description of energy-based intensity
measures and an energy-based design methodology. The
wavelet-based energy parameter could be investigated as it
could be in line with the estimation of the energy that
contributes to damaging the structure. Making some
hypothesis and assumptions, we propose here a first
correlation between the wavelet-based energy values and the
EMS-98 damage scale for this prototype building and for the
records of the Mayotte seismic crisis. It can be seen that this
parameter, as far as the PGA is concerned, behaves quite
differently from more conventionally used parameters, for

example, the modification of the period. Even if both
parameters classify the response of the structure for the
large majority of the records in slight and moderate damage
states, we can observe that the energy-based parameter has a
less linear response and makes a distinct difference between
slight and moderate damage states, contrary to the period-
based parameter. Furthermore, it can be investigated whether
this wavelet-based energy parameter can be a useful parameter
in the energy-based earthquake engineering approach since
this parameter is clearly related to earthquake aggression and
can probably be related to the structure damage.
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