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Summary

This paper presents new contributions to evaluate the damage suffered on a

particular type of hysteretic damper called web plastifying damper (WPD) for

the passive control of structures subjected to earthquakes. WPDs consist of sev-

eral I‐section steel segments arranged to form a brace‐type structural element.

Energy input by the earthquake is dissipated by the WPD through plastic defor-

mations of the web of the I‐sections. These devices, properly installed in rein-

forced concrete test models, were tested under successive seismic simulations

of increasing magnitude with a shaking table. To assess the damage of the

web of the I‐section after each seismic simulation, a new damage index called

wavelet energy ratio (WER) was developed; it uses the signals collected by piezo-

electric sensors in simple vibration tests. The index is based on wavelet package

decomposition and energy calculation of properly chosen wavelet coefficients.

It was correlated with a mechanical energy‐based damage index—ID—

proposed in past research, which has proven to accurately characterize the level

of damage yet requires costly instrumentation to acquire the load–displacement

curve needed for its computation. The experiments reported in this paper dem-

onstrate a good correlation between WER and ID indices in a realistic seismic

loading scenario. On the basis of this correlation, it is possible to estimate ID

indirectly from the WER, which involves much simpler and less expensive

instrumentation, easily applicable for in situ continuous monitoring of the

dampers.
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1 | INTRODUCTION

Passive control of structures subjected to seismic actions through the use of energy dissipating devices (EDD) is becoming a
popular solution in earthquake‐prone areas. A typical building structure with passive control systems consists of a main frame
—designed for sustaining principally the gravity loads—that works in conjunction with special elements called EDDs or sim-
ply dampers, whose main role is to dissipate most of the energy input from the earthquake. Among the different types of
EDDs available (viscous dampers, friction dampers, viscoelastic dampers, etc.), the so‐called hysteretic dampers are probably
the most widely used due to their advantages in terms of robustness, reliability, and cost. The source of energy dissipation
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through hysteretic dampers is the plastic deformation of metals (commonly steel). However, inelastic strains in the material
imply damage. Evaluating the level of damage to the hysteretic dampers after a seismic event is a matter of great concern,
because the decision of whether or not to replace the EDDs has important economic and safety‐related consequences. Hys-
teretic dampers do not necessarily need to be replaced after minor/moderate damage, or even after a large earthquake,
because they possess a high energy dissipation capacity. Still, a reliable evaluation of the level of damage is essential for deter-
mining the remaining energy dissipation capacity (life) of the damper.

Damage evaluation of hysteretic dampers caused by the plastic deformation of steel cannot be based on simple visual
inspection because it is a cumulative process, not visible until the element is on the brim of failure. Past research has
shown that the level of damage and the proximity to failure of hysteretic dampers subjected to arbitrarily applied cyclic
loading can be reliably estimated by decomposing the force‐displacement curves endured by the damper into the so‐
called skeleton and Bauschinger parts.[1] This decomposition is the basis of a mechanical damage index called ID that
has been extensively validated with static and dynamic tests. Yet measuring the force and the displacement of dampers
during an earthquake involves installing expensive instrumentation (load cells or strain gauges and displacement trans-
ducers) that would offset one of their main advantages—low cost. Further, such instrumentation is hardly justified when
the probability of occurrence of an earthquake is very low.

An alternative is to use piezoceramic sensors permanently attached to the hysteretic damper and conduct simple
vibration tests.[2–5] Piezoceramic sensors are low‐cost devices that can both excite and measure the response of the struc-
tural element whose health is to be assessed. Vibration‐based damage detection strategies are based on the correlation
between the vibration response of the structure and the presence of damage.[6] Damage due to plastic deformations
induces changes in the vibration response (resonance frequencies, modes, damping coefficients, etc.) that can be evalu-
ated through a proper processing of signals captured by piezoceramic sensors and correlated with presence (Level 1 in
structural health monitoring, SHM), position (Level 2 in SHM) and intensity of damage (Level 3 in SHM). Although
many papers in the literature deal with time vibration series analysis for damage detection in structures and mate-
rials,[6,7] it is worth noting that none of these techniques has been applied to evaluate the damage on hysteretic dampers,
comparing and correlating it with that of mechanical indexes of damage.
FIGURE 1 (a) I‐shape steel segment and deformation pattern; (b) web plastifying damper; (c) modal shapes of beam with fixed ends
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This paper proposes a new index named WER to evaluate the damage suffered on a particular type of hysteretic
damper known as web plastifying damper (WPD), developed by the authors.[8] The WER index uses the signals
measured by piezoceramic sensors in simple vibration tests, and it is based on wavelet package decomposition and
energy calculation of properly chosen wavelet coefficients obtained from these signals. Wavelet transform of vibration
signals has been widely used for structural damage detection.[9–24] Basically, by means of the wavelet decomposition
of the time‐domain signal on the time‐frequency domain, it is possible to observe dominant modes of variability of
the signal (frequencies) and how these modes vary along the time. Especially, researchers have been trying to develop
approaches that provide enough feasibility of small damages detection. Previous results have proved that the energy
of the decomposed wavelet vibrational signals using the wavelet packet has higher sensitivity to small damage.[22–24]

The wavelet packet decomposition is an effective way of searching over wide frequency band for weak change signals
induced by the damage. It is well known that traditional Fourier‐based methods have been used for this purpose over
several decades. In particular, for damage evaluation of WPD dampers, as reported in this paper, the authors have
previously proposed and validated the use of the area damage index, based on the evaluation of changes in the frequency
response function (FRF) calculated by means of the Fourier analysis.[2–5] This paper demonstrates that the change
induced by the damage is more clearly observable on the damage vector used to calculate the new index WER than
on the FRF magnitude. In other words, the resolution in frequency required to evaluated changes in the signal produced
by damage is much higher than required for the wavelet‐based index.

The WPD consists of several short segments of I‐shape steel sections, shown in Figure 1(a), mounted on auxiliary
steel elements to form a brace‐type structural member, Figure 1(b). The I‐shape steel segments are arranged so that when
the brace‐type member is loaded in the direction of its axis, the web of the I‐shape steel segments is subjected to out‐of‐
plane bending deformations. The web of an I‐shape steel section and its boundary conditions within the WPD device can
be modeled as a beam with both ends fixed. Figure 1(c) shows the first five modal shapes of a continuous beam with fixed
ends. The reason behind energy dissipation in the WPDs is the plastification of the web of the steel I‐section. The rela-
tively low stiffness and size of the I‐shape steel sections makes it possible to excite them with small‐size piezoceramic
sensors.

The WER index has been validated experimentally with dynamic shaking table tests conducted on several WPDs. A
very good correlation was found between the WER index and the mechanical damage index ID proposed in past
research. Moreover, the WER index can reliably evaluate the level of damage on WPDs without the need of knowing
the load–displacement relationship endured by the damper and thus without resorting to the cumbersome and expensive
instrumentation required to obtain the ID.
2 | SPECIMEN DESCRIPTION

First, two reinforced concrete prototype structures having three stories and 3 × 3 bays were designed to sustain the
gravity loads established under current codes in Spain. One prototype consisted of a frame structure and the other a
flat‐slab structure. Each prototype was equipped with WPDs designed to sustain the seismic loads prescribed by the
Spanish Seismic code. From each prototype, a test model that represented a portion of the prototype structure was
defined and constructed by applying a scaling factor of 2/5 to the geometry. The test model that represented the frame
structure is called specimen FD, and it is shown in Figure 2(a). The test model that represents the flat‐slab structure is
named specimen SD and it is shown in Figure 2(b). Each test model has two levels; the lowest level will be referred to as
ground floor, and the highest one as first floor herein. A detailed description of the test structures can be found in the
literature.[25,26] Specimen FD was equipped with four WPDs, two on the first level and two on the second level. Specimen
SD was equipped with two WPDs, one on each floor.
3 | DESCRIPTION OF THE EXPERIMENTS

3.1 | Shaking table tests

The two test models described in the previous section were mounted on the uniaxial 3 × 3 m2 shaking table of the
University of Granada, as shown in Figure 2, and subjected to successive seismic simulations of increasing
amplitude. The lateral displacements induced in the test model during each simulation imposed forced axial
deformations on the WPDs that damaged the I‐section steel segments. In each seismic simulation, the shaking table



FIGURE 2 Overview of test models and setup on the shaking table. (a) FD specimen; (b) SD specimen
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reproduced the ground motion acceleration recorded at Calitri during the Campano Lucano earthquake (1980),
scaled in amplitude to different levels. The scaling factors applied to test model FD were 100%, 200%, 300%, and
350% times the acceleration of the original record, and the corresponding peak ground accelerations were 0.16 g,
0.31 g, 0.47 g, and 0.54 g (here g is the acceleration of gravity). The respective levels of damage on the WPDs at
the end of each seismic simulation will hereafter be identified as d0, d1, d2, and d3. The scaling factors applied
to test model SD were 100%, 200%, 300%, 400%, 500%, and 600% times the acceleration of the original record, and
the corresponding levels of damage will be identified as d0, d1, d2, d3, d4, and d5 hereafter. For illustrative purposes,
Figure 3 shows the histories of acceleration applied to specimen FD. The test models and the WPDs were instru-
mented with displacement transducers, strain gauges and accelerometers.
3.2 | Forced vibration tests

Vibration tests were carried out on several I‐shape steel segments at the end of each seismic simulation, when the shak-
ing table and the specimen stopped moving. The instant when these tests were conducted is indicated with a square sym-
bol in Figure 3. To this end, prior to application of the seismic simulations described above, several I‐section steel
segments were instrumented with two piezoelectric ceramic sensors (PZTs) attached to the web. One PZT (model
PI®PRYY0842) worked as the actuator and was attached at the center of the web of the I‐section; the other PZT (model
PI®PRYY + 0220) worked as the sensor and was attached just opposite the first. The center of the web I‐section is the
region undergoing a minimal level of deformation, so as to avoid damaging the PZTs. Moreover, it was corroborated that
in this area, the sensor is able to detect all the resonant frequencies.[2] It is worth emphasizing that the vibration tests can
be carried out at any moment in the service life of a structure.

The signals generated in these vibration tests were recorded by means of the electronic measurement system shown
in Figure 4. The equipment included a computer and a system of connections. The I‐section was excited with white noise



FIGURE 4 Scheme of electronic measurement system in laboratory

FIGURE 3 Accelerations of the seismic simulations applied to the structure FD
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generated by CoCo80 equipment (CRYSTAL Instruments). However, the signal proved insufficient to properly excite the
I‐sections, making it necessary to use an EPA104 piezoelectric amplifier that provided a gain of 20. Each vibration test
was carried out four times with different white noise realizations. The duration of each test was 20 s, and the sampling
rate of signals was 65536 Hz. The response signal of the I‐sections was recorded by two PULSE 3560‐B Brüel & Kjær
systems.

All electronic devices were properly connected to the grounding system; connections were made so that the measure-
ment system would achieve a good performance against the electrical and environmental noises. In this way, a robust
measurement system was obtained, with controlled noise conditions and high‐quality vibration signals.
4 | PROPOSED DAMAGE INDEX—FORMULATION

In this study, a method based on wavelet packet transform (WPT) is proposed for damage evaluation of WPDs. The WPT‐
based method consists of two steps. The first one is to decompose the vibration signals measured from I‐sections into
wavelet packet components. The second step is to calculate component energies and compute a WER that is proposed
here as a damage index. Various levels of damage assessment are studied.
4.1 | Background of the wavelet packet transform (WPT) technique

Wavelet packet transform is one extension of the wavelet transform to decompose a signal repeatedly into successive
low‐ and high‐frequency components. It differs from wavelet multiresolution analysis (WMRA) in that not only is the
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approximation at a given level decomposed further but also are the details. This results in a more flexible and wider base
for the analysis of monitored signals.[27,28]

A wavelet packet is a family of scaling functions and wavelet functions constructed by following a binary tree of
dilations/translations. A wavelet packet, ψ i

j;k tð Þ, is a function of three indices, where i, j, and k are integers representing

the modulation, the scale, and the translation parameters, respectively. It can be written as[27–32]

ψ i
j;k tð Þ ¼ 2j=2ψ i 2jt−k

� �
; i ¼ 1; 2; 3…; (1)

where ψi(t) is the mother wavelet function. There are quite a few mother wavelets reported in the literature, developed to
satisfy some important properties such as invertibility and orthogonality.[31,32] Daubechies[30] developed a family of
mother wavelets on the basis of the solution of a dilation equation. In the present work, among several alternatives,
Daubechies functions of the order 5 (db5) were selected as mother wavelets on the basis of trial and error tests.

The analytical procedure starts by computing the wavelet packet decomposition of the monitored vibration signal at
level N using a given wavelet. This means that there are 2N components at the Nth level, providing flexibility for choosing
the way to encode the original signal, so that the reconstruction error is minimal. A schematic representation of the WPT
of a time‐domain signal f(t) up to the third level of decomposition is presented in Figure 5; it can be obtained, for

instance, by summing the signal components f 11 tð Þ, f 53 tð Þ, f 63 tð Þ, and f 42 tð Þ. The approximations correspond to the low scale
(low‐frequency components) of the signal, whereas the details correspond to the high scale (high‐frequency components)
of the signal.

It is worth mentioning that a downsampling process is performed at every decomposition stage. If the decomposition
operation is performed on the entire range of the signal, the number of samples considered in the analysis will be
doubled. That is, if the original signal consists of 100 samples, the approximation and the detail signals will each have
100 samples (200 samples total). In order to overcome this problem, which affects computation time and data storage,
the downsampling process is carried out ignoring the second sample of each sampling pair.

After j levels of decomposition, the original signal f(t) can be expressed as[28]

f tð Þ ¼ ∑2j

i¼1 f
i
j tð Þ; (2)

where f ij tð Þ is the subsignal with the orthogonal frequency band, i is the number of the node, and j indicates the level of

decomposition of the tree structure. The wavelet packet component signal f ij tð Þ can be expressed by a linear combination

of wavelet packet functions ψ i
j;k tð Þ as follows[28]

f ij tð Þ ¼ ∑∞
k¼−∞cij;kψ

i
j;k tð Þ; (3)

where the wavelet packet coefficients cij;k can be obtained from[28]

cij;k ¼ ∫∞
−∞ f tð Þψ i

j;k tð Þdt: (4)

Each component in the WPT tree can be viewed as the output of a filter tuned to a particular basis function, so that
the whole tree can be regarded as a filter bank. At the top of the WPT tree (lower level), the WPT yields good resolution
in the time domain but poor resolution in the frequency domain. At the bottom of the WPT tree (higher level), the WPT
results in good resolution in the frequency domain but poor resolution in the time domain.

The frequency ordering of wavelet packet coefficients is not in a succession but rather in binary Gray code order. This
is because the output of any two‐channel analysis is the result of low/high pass filtering followed by downsampling. The
FIGURE 5 Schematic representation of

three wavelet packet transform levels of a

signal
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downsampling generates two new filter results with half the number of elements. In addition, it results in a mirroring of
the high‐pass components. This switches the order of low‐ and high‐pass components in a subsequent decomposition.
When the wavelet packet algorithm is recursively applied, the frequency ordering of the resultant carriers follows the
Gray code sequence.[33] This factor must be considered during the identification of used/unused bands.
4.2 | Proposal of wavelet energy ratio (WER)

In this subsection, a procedure and a formulation are proposed to obtain a new damage index called the WER to evaluate
the level of damage of the I‐section steel segments that form the WPDs when subjected to arbitrarily applied seismic‐type
dynamic loadings. The WER index is based on the energy evaluation of the WPT, and the procedure involves two phases
that must be conducted prior to and after damaging the damper. The first (referred to as Phase 0 herein) consists of char-
acterizing the undamaged I‐section steel segments through vibration tests (characterization phase). The next one
(referred to as Phase I) consists of conducting vibration tests at any moment during the service life of the I‐sections
(inspection phase) to assess their “health”.

In order to extract the structural damage information from the recorded signals obtained by vibration tests and to
calculate the WER index of damage, the following steps are taken:

1. First, normalization and scaling must be applied to counteract different excitation levels and environmental condi-
tions and to compensate the offset and amplitude variability among signals. More precisely, this normalization is
carried out as follows:

f tð Þ ¼ f tð Þr−f tð Þr
σ f tð Þr
� � ; (5)

where f(t) is the normalized signal, f(t)r is the recorded signal, and f tð Þr and σ(f(t)r) are the mean value and the standard
deviation of the f(t)r, respectively.

2. The normalized signal f(t) is decomposed into multiple subsignals in various frequency bands using the WPT. Let
f 10 tð Þ denote the normalized response signal, shown in Equation 2. Through trial and error tests, it was found that
the optimum level of decomposition is 7; thus, 27 (128 nodes) is the number of subsignals to be obtained in the pro-
posed procedure. This step must be carried out in both Phase 0 and Phase I.

3. The energy of each subsignal is calculated according to the following equation

Ei
j ¼ ∫ f ij tð Þ

���
���
2
dt: (6)

This provides the energyEi0
j for the undamaged I‐section and energyEi

j for the inspected I‐section, where i is the number

of the node and j is the level of decomposition.

4. The energy of each subsignal obtained during the vibration test in Phase I (Ei
j) is compared with the energy of the

subsignal at the same position (j,i) obtained in Phase 0 (Ei0
j Þ. The magnitude of variation of the ith order subsignal

energy is characterized by the parameter Λi defined by Equation 7, which is a measurement of the enhancement or
attenuation of the ith order subsignal energy.

Λi ¼ 1−
E i0
j

Ei
j

i ¼ 1; 2;…; 2j: (7)

5. A nondimensional index vector is composed as follows:

Vd ¼ Λ1;Λ2;…;Λ128½ �: (8)
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6. Finally, the WER index is defined as the value of the largest component of the index vector, considering a frequency
band around 25 kHz, corresponding with the fifth frequency of resonance of the I‐sections,[2–4] that is, the maximum
resonance frequency of the I‐sections recorded with the measurement equipment. As can be seen in Figure 1(c),
among the first five vibration modes, the fifth mode is the one that presents the maximum displacements and strains
closest to beam ends. When the WPD is subjected to forced deformations in the direction of its axis, the maximum
strains and the subsequent plastic deformations occur at both ends of the web of the I‐shape section as shown in
Figure 1(a). The fifth mode is therefore the most “sensible” to stiffness variations near the ends of the web of the
I‐section due to the development of plastic strains. This fact justifies mechanically why the damage is visible in
the WPT frequency band around the fifth natural frequency of the I‐sections. The signal was divided into 128 nodes,
meaning each node includes a frequency band of 256 Hz. The index vector Vd corresponding with this frequency
band is called V5

d and includes the band [24576, 26112] Hz. Thus,

V5
d ¼ Vd 24576; 26112½ � Hz ¼ Λ97;Λ98;Λ99;Λ100;Λ101;Λ102�:½ (9)

WER ¼ max V5
d

� � ¼ max Λ97;Λ98;Λ99;Λ100;Λ101;Λ102½ �: (10)

5 | RESULTS

5.1 | Mechanical behavior of the dampers and mechanical damage index ID

The strain gauges and the displacement transducers installed in the WPDs made it possible to calculate the axial force N
and the axial displacement δ endured by the WPD, at each instant ti of the dynamic tests described in Section 3. The N− δ
curve exhibited by each WPD up to a given point of the loading process, defined by its coordinate (Vi− δi), can be
decomposed into the so‐called skeleton part and the Bauschinger part.[1] For each domain of loading, the skeleton part
is formed by connecting sequentially the segments of the N− δ curve in which N exceeds the maximum axial force
attained by the WPD in previous cycles of loading. The remaining part of the N− δ curve is the Bauschinger part. For
each domain of loading, the area enveloped by the skeleton curve up to a given point, (Vi, δi), will be called sW

þ
i for

the positive domain and sW
−
i for the negative domain. Similarly, the area enveloped by the Bauschinger curve up to a

given point (Vi, δi) will be called BW
þ
i for the positive domain andBW

−
i for the negative domain. The sums sW

þ
i þ BW

þ
i

in the positive domain, and sW
−
i þ BW

−
i in the negative domain, represent the total plastic strain energy dissipated by

the WPD in each domain of loading. For convenience, these energies can be expressed in nondimensional form in terms
of the new ratios, ηþi , η

−
i , defined as follows:

�ηþi ¼ sW
þ
i þ BW

þ
i

Nyδy
; η−i ¼ sW

−
i þ BW

−
i

Nyδy
: (11)

Here, Ny and δy are the axial force and the axial displacement at yielding. Using these ratios, the level of mechanical
damage accumulated in a metallic hysteretic damper subjected to arbitrarily applied cyclic loading up to an instant ti can
be predicted with the index ID defined by[1]:

IDi ¼ max ID
þ
i ; ID

−
i

n o
; (12)

where

ID
þ
i ¼ ηþi

ηþu
; ID

−
i ¼ η−i

η−u
: (13)

In Equation 13, ηþu and η−u represent the ultimate energy dissipation capacity of the EDD related to the material prop-
erties of the steel and the geometry of the WPD, and they must be determined experimentally. A detailed explanation of
how they are calculated and their values for the WPD investigated in this study can be found in Benavent et al.[8] The
value IDi=0 indicates no damage, whereas IDi=1 means complete failure.
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5.2 | WER versus ID damage indices

Four dampers were installed at the FD specimen, which consisted in two frames. In each frame two dampers were used,
one in each floor (ground and first floors). Dampers at the ground floor had 10 I‐sections, whereas dampers at the first
floor had 8 sections. For saving time and money, only six I‐sections were instrumented with piezoelectric sensors. Four of
them corresponded to the dampers of one frame (two at each floor), and four of them corresponded to the dampers of the
other frame (one at each floor). For dampers with two I‐sections instrumented, I‐sections were selected to be placed
around the center and at the end of dampers.

Specimen SD had only two dampers, one at the ground floor (with 20 I‐sections) and other at the first floor (with 15
I‐sections). Four I‐sections of each damper were instrumented with piezoelectric transducers, two around the center and
two around the ends of the dampers.

In this paper, for brevity reasons, only the results corresponding to two I‐sections in each floor for both specimens are
presented, that is, four I‐sections for each specimen (FD and SD). The values of the mechanical damage index IDi at the
end of each seismic simulation are shown in Tables 1 and 2, for the dampers of the selected I‐sections. In this table, the
level of damage at the end of the simulation is identified as d0, d1, d2, d3, d4, or d5, as explained in Section 3.1. Note that
although ID index will be the same for all the I‐sections of one damper (it makes evaluation of damage of the whole
damper), WER index will be different, because vibration tests are carried for each particular I‐section and each I‐section
will have different level of damage. On the other hand, for statistical reasons, each vibration test—conducted before and
after seismic simulations—was repeated four times and the average data were used. Average was carried out on com-
puted indices Vd, not on the time signals used to compute them.

Figure 6 shows the Vd vector obtained for the different levels of damage as function of the frequency, for four I‐sec-
tions of specimen FD. A substantial and clear increase of Vd is observed around 25 kHz, corresponding with the higher
registered resonance frequency of the I‐sections. One premise of SHM based on vibration analysis is that a change in the
mechanical properties produces a change in the dynamic characteristics of the system. In general, it is very well known
that as the order of the resonance frequency increases, the change in terms of dynamic characteristics will become
greater. In this frequency band, it is clear that Vd increased when the seismic acceleration applied by the shaking table
increased. For this reason, the frequency band [24576, 26112] Hz was selected to calculate the WER index.

For comparison with the use of the Fourier analysis, Figure 7 shows the FRF magnitude in the range [0–32] kHz and
zoomed over the narrow range around the fifth resonance, for the section I1 placed on the ground floor of the specimen
FD. It can be seen that the change induced by the damage is more clearly observable on the Vd damage vector than on
the FRF magnitude. These differences are evaluated on Table 3, which shows in percentage the changes in amplitude of
the Vd vector and the changes in amplitude of the FRF, respect to the seismic simulation C100. Differences are signifi-
cantly greater for damage vector Vd than for FRF magnitude. For instance, although for simulation C350 FRF provides
changes over 16%, Vd provides changes around 970%.
TABLE 1 Values of index IDi at different levels of damage on the WPDs of the FD specimen

Level of damage

Damper d0 d1 d2 d3

FD ground floor I1 0.00 0.17 0.45 0.77

FD ground floor I2 0.00 0.12 0.42 0.78

FD first floor I1 0.00 0.03 0.07 0.12

FD first floor I2 0.00 0.03 0.06 0.12

ID = index of damage; WPD = web plastifying damper.

TABLE 2 Values of index IDi at different levels of damage on the WPDs of the SD specimen.

Damper

Level of damage

d0 d1 d2 d3 d4 d5

SD ground floor 0.00 0.01 0.06 0.31 0.76 1.15

SD first floor 0.00 0.02 0.05 0.15 0.27 0.40

WPD = web plastifying damper.



FIGURE 6 Vd versus frequency for I‐sections of FD specimen

FIGURE 7 Frequency response function (FRF) versus frequency for I‐section I1 located on the ground floor of the specimen FD, in the

whole spectral range and zoomed to the fifth resonance
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Figure 8 shows the results obtained for the four I‐sections located on specimen SD. In both cases of study, the Vd and
WER index were higher at the ground floor than at the first floor, indicating that the greatest damage was concentrated
on the ground floor.

The WER index of the WPDs was calculated as explained above for the different levels of damage. The values of WER
indexes obtained for each specimen at the end of each seismic simulation are given as subindices that indicate the name
of the specimen (FD or SD) followed by the scaling factor of the acceleration applied to the shaking table (100%, 200%,
300%, and 400% for specimen FD, and 100%, 200%, 300%, 400%, 500%, and 600% for specimen SD). These values can be
arranged in two vectors as follows:
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WERFD ¼ WERFD100 WERFD200 WERFD300 WERFD350½ �
WERSD ¼ WERSD100 WERSD200 WERSD300 WERSD400 WERSD500 WERSD600½ �:

In order to establish the reliability of the proposed index, a comparison with the mechanical damage index ID was
carried out. First, the comparison was made for each repetition of the vibration test (T1, T2, T3, and T4) at each level
of damage of the I‐section steel segments of specimen FD, and for T1, T2, and T3 of the I‐section steel segment of spec-
imen SD. The results are shown in Figures 9 and 10, respectively. It can be observed that WER index follows well the
behavior of the ID index as the level of damage increases, and that no important differences exist between the different
repetitions of the vibration tests in each case.

Finally, Figure 11 presents the WER‐ID plots grouping the four I‐sections of each specimen. Each point of this plot is
an average over the repetitions of the vibration test. The I‐section segments used for the specimen FD and for the spec-
imen SD were not cut from the same steel profile. As a result and due to the tolerances allowed in the production of
TABLE 3 FRF magnitude and Vd magnitude for I‐section I1 located on the ground floor of the specimen FD, at different damage levels and

its variation (%) respect to the seismic simulation C100.

FRF magnitude

Variation respect to C100

Vd magnitude

Variation respect to C100

ΔFRF magnitude (%) ΔVd magnitude (%)

C100 4.093 0.00 0.028 0

C200 3.914 −4.37 0.0762 172.14

C300 3.681 −10.07 0.1686 502.14

C350 3.435 −16.08 0.3008 974.29

FRF = frequency response function

FIGURE 8 Vd versus frequency for I‐sections of specimen SD



FIGURE 9 ID versus wavelet energy ratio (WER) for each I‐section of the dampers of specimen FD

FIGURE 10 ID versus wavelet energy ratio (WER) for each I‐section of the dampers of specimen SD
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hot‐rolled steel profiles, the dimensions of the I‐segments used in both specimens were not exactly the same. This is the
reason why the correlation between WER and ID indexes is different for specimen FD and for specimen SD and are
shown in two different plots in Figure 11. Linear fitting and correlation coefficients are given in each case. Results are



FIGURE 11 ID versus wavelet energy ratio (WER) for dampers of specimens FD (left) and SD (right)
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in general very satisfactory, especially for specimen FD. From this correlation between the ID and WER indices, ID can
be directly obtained from the WER index, and this presents two important advantages: (a) no real‐time data recordings
during the earthquake are needed and (b) the required instrumentation is simpler and cheaper.
6 | CONCLUSIONS

A new index called wavelet energy ratio (WER) has been proposed to quantify the damage on hysteretic dampers sub-
jected to random seismic‐type dynamic loadings. The WER index is based on wavelet package decomposition of the sig-
nals obtained from simple vibration tests. The validity of the WER index was assessed experimentally by testing a
particular type of hysteretic damper called WPD on a shaking table. To this end, several WPDs were installed in two dif-
ferent reinforced concrete structures (a frame structure and a flat‐plate structure) and the entire system was subjected to
several seismic simulations of increasing magnitude. The damage accumulated in the WPDs at the end of each seismic
simulation was quantified using two indices. One is the mechanical damage index ID proposed in past research, which
has been extensively calibrated with the results of static and dynamic tests. The main drawback of the ID index is that its
calculation calls for knowing the load–displacement curve endured by the hysteretic damper during the seismic event.
The other is the WER index, proposed in this study, which relies on the output signals obtained from low‐amplitude
vibration tests conducted on the dampers after each seismic simulation. It was found that the proposed WER index cor-
relates very well with the ID index. This enables one to assess the damage on hysteretic dampers without resorting to the
cumbersome and expensive instrumentation required for in situ continuous monitoring of the dampers.
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