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Detection of damages in structures during their service life is
of vital importance and under attention of researchers. In this
paper, it is attempted to identify damages in prestressed
concrete slabs using vibration responses obtained from
modal testing in the time domain. For this purpose, first
some damage scenarios with various geometric shapes and at
different locations of numerical models, corresponding to a
prestressed concrete slab, were created. Next, the impact
hammer force in the modal test was simulated and the
accelerations time histories at different degrees of freedom
corresponding to the numerical models per two states of
damaged and undamaged structure were selected as the
inputs for a number of damage indices to identify the damage
locations. Some of these damage scenarios have been located
at the middle of prestressed concrete slabs and some at the
corners. The proposed damage indices in this research are
obtained based on the area under the diagram of acceleration
time histories, maximum and also the area under diagram of
detail coefficients of the wavelet transform using the three
wavelet families of Daubechies, Biorthogonal and Reverse
Biorthogonal. The results showed that using damage index
obtained from the area under diagram of detail coefficients
of wavelet transform with the mother wavelet db2 could
detect the damage scenarios at the middle and corners of the
slab with a well precision. Furthermore, the damage
scenarios at the corners of numerical models could be
detected properly by using the mother wavelet rbio2.2 in the
proposed damage index.
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1. Introduction

Today, identifying features of structures is of
vital importance in assessing their efficiency
and estimating probable damages that may
encounter [1-3]. Although many
strengthening approaches are suggested and
implied [4-9], these damages could result in
sudden and unpredictable failures and bring
about uncompensable financial and fatal
damages.  Hence, Structural ~ Health
Monitoring (SHM), especially the damage
detection methods have been under focus of
attention by researchers and engineers
[10,11]. The Vibration-based structural health
monitoring (VSHM) methods provide the
possibility of performing effective testing
and supervising of the structures for
detection and locating the damages [12—-14].
The most useful and extensive data on the
structural health are the modal parameters
like natural frequencies, mode shapes and
modal damping [15]. These parameters are
peculiar features of each structure and could
be extracted from measured vibration
responses. Where a structural system
experiences unnormal conditions or is
subjected to changes in the mass, stiffness or
damping, the modal parameters values
change with a specific trend, thus using these
modal parameters one could detect structural
damages [16—18]. Reviewing many research
works [19-21] shows that the natural
frequencies and damping ratios change with
the excitation force and the environmental
conditions surrounding the target structure
[22]. Assessment of the previous research
shows that the higher order mode shapes are
more sensitive with respect to lower ones
[23]. Although in the dynamical tests, access
to higher order mode shapes is hard due to
the limitation in creating vibration and
boundary conditions. The limited structural

mode shapes, limits the efficiency of
vibration based damage detection methods.
Furthermore, the traditional methods are
based on the linear mode shapes of
structures. On the other hand, damage
detection methods are extended based on the
time history analysis of structural responses
measured for a structure. These methods do
not require extracting the modal parameters
as they directly take advantage from
vibration data measured in the time domain.

Due to the complicated raw data measured in
the time domain, which are normally
nonlinear, their significant detection needs
efficient tools like soft computing [24-31] or
signal processing. Wavelet transform is one
of the new methods developed for signal
processing which is capable of signal
description at different times (locations) and
frequencies. The main advantage of wavelets
is their capability of local analysis. On this
basis, wavelets could detect some hidden
aspects of signals like discontinuities and
rupture points. The right application of
wavelet analysis requires knowledge and
experience, so that selecting a different
family of wavelets or mother wavelet could
greatly affect the analysis results and
efficiency. In some research works, the
wavelet transform of vibration data in the
time domain is used for assessing structures
and identifying damage in them. In the
research performed by Law et al. [32], using
the time history analysis of strain responses
and accelerations with wavelet packet
transform at different degrees of freedom,
they proposed a method for damage detection
in structures. The efficiency of their proposed
method was confirmed by examining a full
scale steel beam. Li et al. [33], by installing
Piezoelectric transducers on different degrees
of freedom of aluminum structures and
sending Lamb waves on them and receiving
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the corresponding responses, could detect the
existing damages in these structures. They
could detect the location and severity of the
damages by applying wavelet transform on
the received waves from the structure, and
drawing contours of the wavelet coefficients.
In a similar study, Vieira Filho et al. [34]
applied wavelet analysis on Lamb waves
received from Piezoelectric transducers
installed on an aluminum plate and could
detect the damage scenarios existing on it.
Rauter and Lammering [35] analyzed lamb
waves received from composite structures
using the wavelet transform and assessed
damages induced by impact on these
structures. After investigating various mother
wavelets, they reported Morlet mother
wavelet as the most appropriate wavelet for
their proposed method. Patel et al. [36]
installed a number of sensors on different
stories of a six-story reinforced concrete
frame and by analyzing the difference in
obtained accelerograms from these sensors in
two states of damaged and undamaged
structure using the wavelet transform, could
detect the location of existing damages on the
structure. They used the Gaussian wavelet
transform coefficients as damage index. Qu
et al. [37] proposed the adaptive wavelet
transform, as the mean of short-time wavelet
transforms with optimized time resolution in
the time-frequency domain, for assessing
debonding in concrete structures. The inputs
of their proposed damage index are the
impact echo responses at different degrees of
freedom of the structure per two damaged
and undamaged states. The results of the
experimental assessment of rate of debonding
between steel bars and surrounding concrete
in a concrete slab show that the proposed
method, in comparison to other methods that
are based on the modal data analysis, is
capable of detecting a higher number of

cases. In the research performed by Naito
and Blander [38], local vibration testing for
detecting damage in the concrete elements
has been used. They assessed the damages by
creating vibration at different degrees of
freedom in concrete elements and receiving
vibration responses from them in two states
of damaged and undamaged structure. The
results revealed that the proposed method has
a good capability in damage detection in
experimental specimens of reinforced
concrete beams and slabs.

Vibration responses in the time domain are
more advantageous with respect to the modal
data. However, few studies have dealt with
damage detection in structures using analysis
of response time histories. On the other hand,
the prestressed concrete slabs as the common
structural elements in recent years [39-45]
are not considered as the benchmark of
various damage detection techniques. To
fulfil this gap, in this paper a number of
different damage indices will be proposed.
For this purpose, the time history of
accelerations, due to applying the impact
hammer force at different degrees of freedom
in the numerical models of an experimental
specimen of prestressed concrete slabs in two
damaged and undamaged states, were
considered as inputs for damage indices. The
numerical models of prestressed concrete
slabs have damage scenarios with different
geometric shapes where some are located at
the middle or at the corners of the slab. The
proposed damage indices in this paper are
obtained based on the acceleration time
histories, maximum and area under diagram
of detail coefficients of the wavelet transform
using three wavelet families of Daubechies,
Biorthogonal and Reverse Biorthogonal. To
select the most appropriate damage index,
their corresponding results are assessed and
compared to each other.
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2. Wavelet transform

Wavelet transform is one of the methods used
for signal processing, which provides
possibility of windowing with variable sizes.
This type of transform has improved signal
analysis with local changes by focusing on
the short time intervals for high frequency
components and focusing on long time
intervals for low frequency components [46—
48]. The wavelet transform uses the scale
instead of frequency which is inversely
proportional with frequency. In the wavelet
transform, each signal could be decomposed
into a set of functions which are derived from
a specific wavelet called mother wavelet
PY(x) [49-51]. In wavelet transform, the
function Y(t,a,b) is the scaled and
translated version of mother wavelet:

w(t,s,b)=%w(%j (1)

In Eq. (1), s is the scale parameter and b is
the translation parameter. The wavelet
transform parameters and its coefficients are
the scale and translation. In fact scaling of a
wavelet means its compressing or stretching.
On the other hand translation of a wavelet
means delaying its start [49,52]. Continuous
wavelet transform (CWT) is the sum of the
signal multiplied by the scaled and translated
wavelet function Y (t, a, b):

CWT (s,b) = Tf ) -w(t,s,b)dt @)

Eq. (2) yields the wavelet coefficients which
are a function of scale and position. These
coefficients show the relation and similarity
between the wavelet function and the original
signal. The higher the coefficients are, the
higher is the similarity and the result depends
upon the shape of selected wavelet.

Computing coefficients per any scale
generates too much data. In order to reduce
the number of these analytical data, the
scales and positions are defined based on
powers of 2 which are called dyadic scales
and positions. This type of analysis is called
Discrete  Wavelet  Transform  (DWT).
Implementing this type of analysis using
filters was developed by Mallat in 1999 [46],
which is now called as fast wavelet
transform. This transform could be imagined
as a toolbox where the input is the original
signal and its outputs are the wavelet
coefficients. In this transform, the wavelet
function is defined as follows:
]

v O=u (=2 v )
In Eq. (3),/ is the level of decomposition, ¢ is
the time and 2/ is the scale. Eq. (4) shows
how the discrete wavelet transform
coefficients are calculated as sum of the
signal f{(#) multiplied by the scaled and
translated wavelet function ; ; (¢t):

DWT(j,k):Tf ORZM (4)

In the discrete wavelet transform, the original
signal passes through the highpass and
lowpass filters. Filters are linear operators
independent of time. The lowpass filter
smoothes the bumps in a signal. The highpass
filter shows the signal bumps and removes or
reduces the smoothed portions [19,53]. The
high scale low frequency components of a
signal are called approximation coefficients
and the low scale high frequency components
of it are called detail coefficients. The
wavelet transform, by filtering the original
signal, provides the possibility of identifying
these components. The decomposition
process could be continued by sequential
decomposition of the approximation
coefficients. In this procedure, the original
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signal is divided into a great number of

components which is called wavelet
decomposition tree. The wavelet
decomposition tree contains  valuable

information. At each level of this tree, one
could access the signal approximation and
detail coefficients. As damage in a structure
is sudden and a phenomenon with high
frequency, detail coefficients of input signal
used in order to detect damages.

Contrary to the continuous wavelet transform
(CWT), which uses only the wavelet function
P(t), in the discrete wavelet transform
(DWT) in addition to the wavelet function,
the scaling function @(x) is also used.
Wavelet and scaling functions are related to
lowpass and highpass filters, respectively.
The scaling function is very much similar to
the wavelet function. In fact, the wavelet
function provides the detail coefficients, and
the scaling function provides the
approximation coefficients of a decomposed
signal. Among the wavelet functions only the
orthogonal wavelets possess scaling function
[54,55].

Up to now, various wavelet families have
been presented for signal processing which
could be classified according to their
different characteristics [46]. The Gaussian,
Mexican hat, Shannon and Morlet families of
wavelets have an explicit relation for the
wavelet function,i). These wavelets do not
possess scaling function, @. Therefore, there
is no possibility of discrete wavelet transform
for them and they could not be reconstructed
by discretion. Analysis of these wavelets is
limited to the continuous wavelet transform.
The Haar, Daubechies and Coiflet wavelets
do not possess an explicit relation for the
wavelet function, Y. In these wavelets due to
the presence of scaling function,® one could
also use the discrete wavelet function. They

have a small regularity and are not
symmetric. The Biorthogonal wavelets and
their inverse, named Reverse Biorthogonal
wavelets are another class of wavelets that
are symmetric and precise reconstruction of
wavelets is possible in them. Also they have
two different wavelets and scaling functions.
As an instance, Figs. 1, 2 and 3 show the
wavelet functions (P (x)) and scaling
functions ((@)) of each mother wavelet for
Daubechies, Biorthogonal and Reverse
Biorthogonal wavelet families, respectively.

The way that an appropriate and optimal
wavelet is selected for processing the signal
of a specific phenomenon is dependent upon
the wavelet characteristics and the intended
signal. In most cases, one could not be fully
sure which wavelet is good to use and it is
done by trial and error. In this paper, different
mother wavelets of Daubechies,
Biorthogonal and Reverse Biorthogonal
wavelet families has been used for damage
detection.

3. Numerical models

3.1. Models verification

In this paper, experimental specimens of
prestressed concrete slabs in Pahlevan
Mosavari study [56] has been used in order
to build up the numerical models. In that
study, the modal parameters of a number of
prestressed concrete slab  experimental
specimens with dimensions of 160cm x
60cm and thicknesses of 10cm, 15cm and
20cm were obtained using the modal testing.
In order to construct the experimental
specimens, the concrete with 30MPa
compressive strength and steel cables with
250MPa yield strength, 4.97mm diameter
and cover of 25mm were considered.
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Fig. 2. Biorthogonal family of wavelets with different mother wavelets: a) bior2.2; b) bior2.4 and c)
bior2.8.
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d=4.97mm
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3cm

The mechanical properties of the used
materials is reported in Table 1 and Fig. 4
shows the cross sectional view of the
experimental prestressed concrete slab with
10cm thickness.

Table 1. Mechanical properties of materials in
experimental prestressed concrete slab specimens [56]

Materials Densigy Elastic Poiss.on's
(kg/m”)  modulus (GPa) ratio
Concrete 2200 23.5 0.2
Steel 8750 200 0.3

Pahlevan Mosavari [56] conducted modal
testing to obtain the modal parameters of the
experimental prestressed concrete slab
specimens. For that purpose, a net of nodes

1

60cm
Fig. 4. Cross sectional view of prestressed concrete slabs [56].

with 15cm intervals on the upper surface of
each specimen were considered as its degree
of freedoms. As shown in Fig. 5, in order to
reduce the boundary condition effects, each
specimen was hanged by a number of elastic
bands. By applying an impact hammer at
each degree of freedom and measuring the
inflicted impact and the responses received
fom the accelerometer which was installed at
the middle of the slab, the natural frequencies
and mode shapes of the specimens were
calculated using the frequency response
functions (FRFs).
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Fig. 5. Hanged position of the prestressed
concrete slab specimen for performing modal
testing [56].

In this paper, one of the specimens of
prestressed concrete slabs reported in the
Pahlevan Mosavari study [56] with 10cm
thickness is selected and modeled in
ABAQUS software. The plastic damage
model in the ABAQUS software library has
been used to model concrete materials. In
this model, which was first proposed in the
research by Lubliner et al. [57], the two
modes of cracking in tension and softening in
compression are assumed for the concrete
materials. As a result, after concrete cracking
in tension or concrete crushing in
compression, per any point of the stress-
strain diagram, a certain amount of damage is
assumed. The assumption of Onate et al. [58]
was utilized, in order to obtain the tensile and
compressive amounts of damages. On this
basis, before the stress value in the material
reaches the tensile and compressive strength
values, the amount of damage due to tension
and uniaxial compression is zero. By entering
the strain softening region (extension of
tensile cracking or crushing in concrete), the
tensile and compressive damage value
increases. On the other hand, it is considered
that the prestressed bars behave like a truss
and a full contact between bars and concrete
is assumed. In the prestressed concrete slab

models, the steel material is considered to
behave bilinear in accordance with the
properties presented in Table 1. The C3D20
element with 20 nodes, where each node has
three components of translation degrees of
freedom, used for meshing of the numerical
models. This type of element is used for
nonlinear analyses including the contact,
large deformations, plasticity and damage
analysis [59]. Moreover, the truss element
T3D3 has been incorporated for steel bars. To
achieve a suitable meshing with natural
frequencies close to the experimental results,
various meshing attempts were performed
and the most optimal one was adopted. The
dimensions of optimal meshing were
obtained equal to 20mm size cubics as shown
in Fig. 6.

Y X

Fig. 6. Optimal meshing of the numerical
models.

In order to simulate the prestressing action,
initial stresses were defined in steel cables.
The initial stress for the upper and lower
rebars (Fig. 4) is taken equal to 7156 kg/cm’
and 9600 kg/cm?, respectively. As shown in
Fig. 7, applying the initial stresses induced a
negative deflection in the prestressed
concrete slab specimens.

Fig. 8 shows the first three mode shapes in
the prestressed concrete slab model. In Table
2, the natural frequencies in the numerical
model are compared with the corresponding
results obtained from modal testing in the
Pahlevan Mosavari research work [56].
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Table 2. Comparison of natural frequencies
between numerical model and experimental
specimen.

Natural frequencies (Hz)

|\S/|r:)6:jpees Epr_erimentaI Numerical ~ Error (%)
Specimen [56] Model

l\slic:;e 1251 128.4 2.64

S&%odned 201.8 207.9 3.02

I\T/Irggi 341.2 346.2 1.47

205205 %,

2

0yt geses?
05,2
AL

Fig. 7. Negative deflection resulted from
simulation of prestressing action in the concrete
slab models.

Fig. 8. a) first; b) second and c) third mode shape of the prestressed concrete slab model.

As seen in Table 2, the natural frequencies of
the numerical model in this paper are
appropriately compatible with those obtained
by the modal testing on the prestressed
concrete slab specimens in the Pahlevan
Mosavari research work [56]. The negligible
difference between the frequencies in the
numerical model and those in the
experimental specimens could be attributed
to inability in providing full hanging
condition in the experimental conditions and
the results show that the numerical model
could be used confidentially.

3.2. Damage scenarios

After being ensured regarding accuracy of
the built numerical model in ABAQUS
software in the previous section, some
damage scenarios with different shapes and
at different locations are created in a number
of prestressed concrete slab models. Contrary
to the previous section, where the prestressed
concrete slabs was modelled in suspended
condition for compatibility with modal
testing, in this section of the paper, the edges
of lower surface of the slabs are situated on
hinged supports. As shown in Fig. 9, 75
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different degrees of freedom are considered
in the numerical models of the prestressed
concrete slabs.

>
>

=60cm

6@10cm

<

4

<
<

v

16@10cm = 160cm

Fig. 9. Degrees of freedom in presstressed
concrete slab models: a) 3D view; b) 2D view.

In order to assess the features of numerical
models, in this paper, modal testing has been
simulated on the prestressed concrete slabs
using the impact hammer. In the modal tests,
after dividing the structure into different
degrees of freedom, to identify its
mechanical properties, a number of impacts
are applied on each degree of freedom using
the hammer. The mean value of forces
exerted on each degree of freedom by the
impact hammer is calculated and
simultaneously a sensor is used for receiving
the accelerations obtained as the result of
applied impacts. Given the input forces and
output accelerations from the structure, its
mechanical properties could be obtained. In
the modal testing, instead of applying impact
hammer at each degree of freedom and get
the corresponding responses from a sensor
fixed at a specific point, an impact could be
applied on a specific degree of freedom to

find the resulted accelerations on each degree
of freedom. In this research, the second case
is applied for identification of mechanical
properties of the numerical models pertaining
to the prestressed concrete slabs. For this
purpose, the force exerted by the impact
hammer from the Pappalardo and Guida
research [60] is utilized as shown in Fig. 10.
The impact hammer force is applied at No.
25 degree of freedom with 2D geometric
coordinates of (100, 40) and the resulted
accelerations are obtained per different
degrees of freedom.

3

LT N ey A P

Loy A il ! LR ) w

Force (N)
o
3

=2}

-3 5 10 15 20 25 30
Time {s)
Fig. 10. Diagram of impact hammer force in the

Pappalardo and Guida research [60].

The damage scenarios in this paper are
assumed as three damge type with different
geometric shapes at two different locations
on numerical models of prestressed concrete
slabs. As shown in Fig. 11, Transverse,
longitudinal and inclined slots with 60mm
length, 10mm width and depth of 20mm
were considered as different damage types
which were created at middle (No. 38 degree
of freedom with 2D geometric coordinates of
(80, 30)) and corner (No. 59 degree of
freedom with 2D geometric coordinates of
(140, 20)) of the lower surface of the
numerical models of prestressed concrete
slabs.
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Fig. 11. Transverse, longitudinal and inclined slots as different damage types: a) 3D view; b) 2D view.

The numerical models including different
damage scenarios were labelled according to
the notation of S DL DT, in which, S
indicates the single damage scenario, DL
represents the dmage location (M and C for
middle and center, respectively) and DT
demonstrates the damage type (TS, LS and

IS for Transverse, longitudinal and inclined
slot, respectively). Based on the damage
locations, numerical models were classified
into two S M (middle) and S C (center)
groups. The geometric properties of damage
scenarios in numerical models of prestressed
concrete slabs are reported in Table 3.

Table 3. Geometric properties of damage scenarios in the numerical models of prestressed concrete slabs

Damage Scenario

Damage Location

Damage Type

Group Name Location  Degree of Freedom 2D Coordinate (X, Y)(cm)
S M TS Transverse Slot
S M S_M_LS Middle No. 38 (80, 30) Longitudinal Slot
S_M_IS Inclined Slot
SCTS Transverse Slot
S C S CLS Corner No. 59 (140, 20) Longitudinal Slot
S CIS Inclined Slot
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4. Damage localization

In this paper, a number of different damage
indices have been proposed for identifying
the location of damages. The inputs for all
these indices are the accelerations time
histories per different degrees of freedom of
prestressed concrete slabs in two states of
damaged and undamaged model. For each
degree of freedom in the prestressed concrete
slabs (&;), the proposed damage index DI SA
is obtained based on the difference between
the areas under the diagram of accelerations
time histories corresponding to two states of
damaged and undamaged model:

(SA, —SA, )Ni
(DI _SA)Ni = (5)
max ((SA, ),, )
In Eq. (5), S4p and SAy denotes the area
under diagram of acceleration time histories

at degree of freedom A;, in the prestressed
concrete slab for two states of damaged and
undamaged  model, respectively. by
conducting trial and error analyses, the
Daubechies, Biorthogonal and Reverse
Biorthogonal family were selected as the best
wavelet families. Applying each of the
mother wavelets db2, db4, db6 and db8 from
Daubechies wavelet family, bior2.2, bior2.4
and bior2.8 from Biorthogonal wavelet
family and rbio2.2, rbio2.4 and rbio2.8 from
Reverse Biorthogonal family on the
accelerations time histories obtained from
each degree of freedom in the prestressed
concrete slab models (»;), and per two
damaged and undamaged states, the proposed
damage indices of DI MW and DI SW are
obtained by Eq. (6) and Eq. (7) based on the

difference between maximum values, and

area under diagram of corresponding detail
coefficients, respectively:

(Dl MW ) :(MWD_MWU )Ni

B . max((MWU ), ) ©
(Dl SW ) _ (SWD _SWU )Ni

- N, (7

max((SWU . )

In Eq. (6) and Eq. (7), MW} and MW, denote
the maximum detail coefficients and
similarly, SWp and SWy represent the areas
under diagram of detail coefficients obtained
from applying wavelet transform on the
accelerations time histories of damaged and
undamaged models, respectively. The results
obtained from applying each of the proposed
damage indices DI SA, DI MW and DI SW
on all numerical models are reported in Table
4, in which, the damage identification results
were classified in three different categories
including well detected (v'v'), approximately
detected (¥v) and not detected (%x).

Table 4 shows that, the proposed damage
index DI SA could only detect damages in
SMLS, SCLS and S C IS numerical
models. On the other hand, for the proposed
damage index DI MW, db4 from Daubechies
wavelet family, bior2.2 from Biorthogonal
wavelet family and rbio2.4 from Reverse
Biorthogonal wavelet family had the best
results in detecting damage scenarios. Also
for the proposed damage index DI SW, db2
from Daubechies wavelet family, bior2.2
from Biorthogonal wavelet family and
rbio2.2 from Reverse Biorthogonal wavelet
family had well capability in detecting
damages with respect to other mother
wavelets.
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Table 4. Results of applying the proposed damage indices on the numerical models

Damage Indices

SMTS SMLS SMIS SCTS SCLS SCIS

49

DI SA xx xv xx XX xv xy
db2 xv XX xv XX XX X X
db4 xv’ xv’ xv’ xv’ XX XX
Daubechies
dbé6 XX XX XX XX XX XX
dbs xv XX xv XX XX X X
bior2.2 XX XX xv XX XX XX
DI MW . :
- Biorthogonal bior2.4 XX XX XX XX XX XX
bior2.8 XX XX XX XX XX XX
rbio2.2 XX XX XX XX XX XX
Reverse  “ i 4 xv XX xv xx XX xx
Biorthogonal
rbio2.8 XX XX XX XX XX XX
db2 vv vv vv vv vv vv
db4 xv XX xv xv XX XX
Daubechies
db6 xv XX xv XX X X X X
dbs xv XX xv XX X X X X
bior2.2 xv XX xv xv xv xv
DI SW :
- Biorthogonal  bior2.4 xv’ XX xv XX XX XX
bior2.8 xv XX xv X X XX XX
rbio2.2 xv xv xv vv vv vv
Reverse thio2.4 xv XX xv x X x X x X
Biorthogonal
rbio2.8 xv XX xv X X XX XX
In some research works [61,62], it respectively, and cumulative probability of

recommended that for better presenting the
location of detected damages using the
damage indices, a threshold be introduced
based on the statistical data of the index
values. In this paper, also the following
damage threshold is wused for a better
presentation of damage location [63]:

Tr, =ﬂ+za[%j ®)

In Eq. (8), # and o are the mean and standard
deviation values of damage index,
respectively. In addition, Z, is the normal
distribution with the mean and standard
deviation values of =zero and one,

100(1- a)(%). In this paper, the threshold
value (7r,) is calculated with 95% margin of
safety (e = 0.05). The Tr, value could be
used as a threshold for identifying the
location and removing irregularities of the
damage index. The degrees of freedom where
the damage index exceeds the threshold
value are accounted as damaged degrees of
freedom. The way the threshold value is
applied on the damage index is illustrated in
Fig. 12.

The corresponding results of the proposed
damage index DI SA after applying the
damage threshold (7r,) on all numerical
models are given in Fig. 13.
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Fig. 12. Applying the threshold value (7¥,) on damage index.
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Fig.13. Results of the proposed damage index DI _S4 in the numerical models: a) S
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Fig.13 shows that according to Table 4, the
proposed damage index DI SA had a rough
success in detecting location of the damage
scenarios in S M LS, S C LS and S C IS
numerical models. However, it was not
significantly capable of detecting location of
the damage scenarios in S M_TS, S M IS
and S C TS numerical models. Hence, in
this research, to improve the method of
detecting damage scenarios, the wavelet

transform was used in the damage indices
DI MW and DI SW.

(a)

According to Table 4, the results of trial and
error method for selection of mother wavelet
show that for the proposed damage index
DI MW, db4 from the wavelet family
Daubechies, bior2.2 from the wavelet family
Biorthogonal, and rbio2.4 from the wavelet
family Reverse Biorthogonal exhibit better
efficiency in detecting the damages. The
results of proposed damage index DI MW
after applying the damage threshold (77,) in
all numerical models with the mother
wavelet db4 are shown in Fig. 14.

Fig. 14. Results of the proposed damage index DI MW with mother wavelet db4 in the numerical models:
a)S M TS;b)S M LS;¢)S M IS;d)S C TS;e)S C LSandf) S C_IS.
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Fig.14 shows that according to what is
reported in Table 4, the mother wavelet db4
used in the proposed damage index DI MW
for the numerical models S M TS, S M LS,
SMIS, and S C TS, was somehow
successful in detecting the location of
damage scenarios. On the other hand,
damages in S C LS and S _C IS numerical

(a)

models, using the proposed damage index
DI MW with mother wavelet db4 were not
detected in any way. Fig. 15 shows the
results of proposed damage index DI MW
after applying the damage threshold (77,)
with the mother wavelet bior2.2 in all
numerical models.

(d)

Fig.15. Results of the proposed damage index DI MW with mother wavelet bior2.2 in the numerical
models:a) S M TS;b)S M LS;¢)S M IS;d)S C TS;e)S C LSandf) S C IS.

According to the results given in Fig. 15 and
Table 4, the proposed damage index DI MW
with the mother wavelet bior2.2 has
somehow estimated the location of damage
in S M _IS numerical model and was not

successful in detecting damage in other
numerical models. The results of using the
mother wavelet rbio2.2 in the damage index
DI MW after applying the damage threshold
(Tr,) in all numerical models are shown in
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Fig. 16. As seen in Fig. 16, the proposed
damage index DI MW using the mother
wavelet rbio2.4 has been somehow

(a)

successful in detecting damage location just
inS M TSand S M IS numerical models.

(d)

Fig.16. Results of the proposed damage index DI MW with mother wavelet rbio2.4 in the numerical
models:a) S M _TS;b)S M LS;¢)S M IS;d)S C TS;e)S C LSandf) S C IS.

Generally, reviewing Figs. 13 to 16, it could
be stated that the damage index DI MW,
which is calculated by difference between the
maximum values of detail coefficients of the
wavelet transform applied on the acceleration
time histories at different degrees of freedom,
is not suitable for detecting the damage
location in the prestressed concrete slabs
models. Consequently, in the following of the
paper, instead of using the maximum values

of the detail coefficients, the DI SW damage
index is proposed based on the area under the
detail  coefficients diagram and its
corresponding results will be compared to
those of the DI MW damage index.

The results of proposed damage index
DI SW after applying the damage threshold
(Tr,) using the mother wavelet db2 in all
numerical models are presented in Fig. 17.
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(d)

0
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Fig. 17. Results of the proposed damage index DI SW with mother wavelet db2 in the numerical models:
a)S M TS;b)S M LS;¢)S M IS;d)S C TS;e)S C LSandf) S C IS.

Fig. 17 shows that in accordance with the
reported results in Table 4, use of the mother
wavelet db2 for the proposed damage index
DI SW provided possibility of precise
identification of damages in all the numerical
models. Hence, generally it could be stated
that wavelet db2 is an appropriate mother

wavelet in detecting the location of damage
scenarios at the middle and corners of the
prestressed concrete slabs. The results of the
proposed damage index DI SW using the
mother wavelet bior2.2 after applying the
damage threshold (7r,) in all numerical
models are presented in Fig. 18.
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Fig. 18. Results of the proposed damage index DI_SW with mother wavelet bior2.2 in the numerical
models:a) S M _TS;b)S M LS;¢)S M IS;d)S C TS;e)S C LSandf) S C IS.

Based on the results presented in Fig. 18 and
table 4, the proposed damage index DI SW
using the mother wavelet bior2.2, except for
S M LS numerical model, has been
somehow successful in estimating the
damage location in the other numerical
models. Hence, in comparison to obtained

results from using the mother wavelet bior2.2
in the proposed damage index DI MW, is
much more efficient. At the end, the results
of applying the mother wavelet rbior2.2 in
the damage index DI SW after applying the
damage threshold (7r,) in all numerical
models are presented in Fig. 19.
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Fig. 19. Results of the proposed damage index DI_SW with mother wavelet rbio2.2 in the numerical
models:a) S M _TS;b)S M LS;¢)S M IS;d)S C TS;e)S C LSandf) S C IS.

According to Table 4 and the results
presented in Fig. 19, the mother wavelet
bi02.2 in the proposed damage index DI SW
has been somehow successful in estimating
the damage location in S M TS, S M LS
and S M IS numerical models. On the other
hand, incorporating this wavelet in the
proposed damage index DI SW leads to very
desirable results in detecting the damage
locations in S C TS, S C LS and S C IS
numerical models. Hence, it could be stated
that the proposed damage index DI SW using
the mother wavelet rbio2.2 has good

capability in detecting damages at the corners
of the prestressed concrete slabs.

In general, comparing the results obtained
from the proposed damage indices: DI S4,
DI MW and DI SW in this paper shows that,
the best index for detecting damage scenarios
in various numerical models is the damage
index DI SW. This index is obtained based
on the area under the detail coefficients
diagram of the wavelet transform applied on
the accelerations time histories at each
degree of freedom. DI SW damage index,
using the mother wavelet db2, is capable of
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detecting damages at the middle and corners.
In addition, using the mother wavelet rbio2.2,
it is capable of detecting damage at the
corners of the prestressed concrete slabs. Fig.
20 shows a comparison of using db2 and
rbio2.2 as the mother wavelet in proposed

1.20

damage index DI SW for damage
identification in both groups of prestressed
concrete slab models, S M and S C, with
damage scenarios at middle and center of
slab, respectively.

| mdb2 mrbio2.2 |

W (%)

S_M

S M_TS S M_LS S M_IS

1.00
0.80
0.60
V,l
3 0.40
0.20
0.00 ‘

S CTS S C.LS S CIS

s C

Fig. 20. Comparison the results of using ab2 and rbio2.2 as mother wavelet in the proposed damage index
DI Sw.

The results of Fig. 20 reveals that in all
numerical models of S M and S C groups,
compared to db2, using rbio2.2 as the mother
wavelet causes the damage index DI SW get
higher values and hence is more sensitive to
all damage scenarios with different types and
locations. Moreover, by considering the db2
as the mother wavelet, the proposed damage
index DI SW, shows an opposite sensitivity
trend to different damage types in the first
and second groups of numerical models,
S M and S C, respectively. In numerical
models including damage scenarios at the
middle of the prestressed concrete slabs,
S M group, damage index DI SW is more
sensitive to inclined, longitudinal and
transverse slots (S M IS, S M LS and
S M TS models), respectively. On the
contrary, transverse, longitudinal and
inclined slots, respectively, cause higher
values of damage index DI SW in the second

group of numerical models, S C, including
damage scenarios at corners of slabs
SMTS, SMLS and S M IS models,
respectively). On the other hand, using
rbio2.2 as the mother wavelet, causes a
permanent trend toward damage type
sensitivity and in both groups of numerical
models, S M and S_C, the proposed damage
index DI SW is more sensitive to inclined,
longitudinal and transverse slots,
respectively.

5. Conclusion

In this paper, by focusing on the time
histories of vibration responses, it is
attempted to detect the location of damage
scenarios with different geometric shapes
(transverse, longitudinal and inclined slots)
and various locations (middle and center) of
the prestressed concrete slab models. For this
purpose, after being assured of ABAQUS
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software  capability in modeling an
experimental specimen assessed in a previous
research, a number of different damage
indices were proposed which their inputs
were the accelerations time histories
corresponding to the degrees of freedom at
two states of damaged and undamaged
models. These indices were obtained based
on the area under diagram of accelerations
time histories (denoted by DI SA), maximum
detail coefficients (denoted by DI MW) and
area under diagram of detail coefficients
(denoted by DI _SW) in the wavelet transform
applied on time histories of acceleration
responses. The proposed DI MW and DI SW
damage indices use db2, db4, db6 and db8
mother wavelets from Daubechies wavelet
family, bior2.2, bior2.4 and bior2.8 from
Biorthogonal wavelet family and rbio2.2,
tbio2.4 and rbio2.8 from Reverse
Biorthogonal family, to detect different
damage scenarios. The following conclusions
can be drawn from the results of the paper:

e The results show that the proposed
damage index DI SA, which was
obtained from the area under diagram
of accelerations time histories at
different degrees of freedom, was not
significantly capable in detecting the
location of damage scenarios in
numerical models of prestressed
concrete slabs.

e The damage index DI MW,
calculated from difference between
the maximum values of the detail
coefficients of wavelet transform
applied on the accelerations time
histories per different degrees of
freedom was not capable of detecting
damage location in the prestressed
concrete slabs using either of
Daubechies, Biorthogonal and

Reverse wavelet

families.

Biorthogonal

e Comparison of the proposed damage
indices DI SA, DI MW and DI SW
shows that the most appropriate index
for detecting the damage scenarios in
all numerical models is the damage
index DI _SW. This index is calculated
based on the area under the detail
coefficients diagram of the wavelet
transform applied on the accelerations
time histories per each degree of
freedom of the prestressed concrete
slab models.

e In general, examining the results
shows that among all the wavelet
families, by applying the mother
wavelet db2, the proposed damage
index DI _SW could detect the damage
scenarios at the middle and corners of
the prestressed concrete slab models
with a well precision. Furthermore,
the damage scenarios at the corners of
numerical models could be detected
properly by using the mother wavelet
bi02.2 in the proposed damage index
DI Sw.

e The values of the proposed damage
index DI SW wvaries for different
damage types and the results show
that in all numerical models of
prestressed concrete slabs, the DI SW
damage index is more sensitive to
inclined, longitudinal and transverse
slots, respectively.
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