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Abstract. Strain is sensitive to damage, especially in steel structures. However, a
traditional strain gauge does not �t bridge damage identi�cation because it only provides
the strain information of the point, where it is set up. While traditional strain gauges
su�er from drawbacks, a long-gage FBG strain sensor is capable of providing the strain
information of a certain range, in which all the damage information within the sensing
range can be re
ected by the strain information provided by FBG sensors. The wavelet
transform is a new way to analyze the signals, capable of providing multiple levels of
details and approximations of the signal. In this paper, a wavelet packet transform-based
damage identi�cation is proposed to identify the steel bridge damage numerically and with
experimentally to validate the proposed method. The strain data obtained via long-gage
FBG strain sensors are transformed into a modi�ed wavelet packet energy rate index �rst
to identify the location and severity of damage. The results of numerical simulations show
that the proposed damage index is a good candidate that is capable of identifying both the
location and severity of damage under noise e�ect.
© 2018 Sharif University of Technology. All rights reserved.

1. Introduction

Since steel bridges su�er from complex working con-
ditions during their service life, heavy working loads
and other e�ects damage structures and accelerate the
development of damages. With the accumulation of
damages to structures, the safety of both the structure
and human life can be threatened and may directly
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result in tragedies of life and property [1,2]. There-
fore, structural damage identi�cation has become an
important research topic in the engineering protection
�eld [3]. Over the last two decades, the consider-
able development of integrated monitoring systems for
new and existing structures worldwide, such as steel
bridges, has been recognized as an important tool to
solve structural damage identi�cation problem. It is
commonly stated in the structural health monitoring
literature that damage identi�cation approaches are
classi�ed as methods based on time domain analysis [4],
methods based on modal parameters [5], and methods
based on time-frequency domain analysis [6]. The
majority of these techniques are based on vibration
that require data acquisition instruments to be �xed
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on the bridge directly, which may be di�cult and time-
consuming; however, it is e�ective in giving a warning
to people if there is any indication of hazard on Bridge's
condition. These methods become a more important
part of bridge monitoring systems.

In recent years, there have been movement to-
wards the development of indirect vibration methods
based on a vehicle response moving over a bridge.
These methods aimed to reduce the need of installing
instruments directly on bridge to achieve more e�-
ciency and low cost. In related development, Bu et
al. [7] and McGetrick & Kim [8] investigated numer-
ically a bridge condition using the dynamic response
of a vehicle running along a beam to evaluate related
damage based on reduction of sti�ness. The results
showed that vehicle speed, road surface roughness,
measurement noise, and numerical model errors did not
have signi�cant e�ect on the accuracy of the method.
In addition, Gonz�alez et al. [9] innovated a novel
algorithm using the vehicle acceleration as an algorithm
input to determine the damping of a bridge. It was
shown that the algorithm could be used for bridge
sti�ness identi�cation. It was also stated that the
algorithm was not highly sensitive to signal with low-
level noise, the road roughness, and model errors.

Furthermore, current damage detection tech-
niques can be classi�ed into two broad categories: local
and global damage identi�cations. Most global damage
identi�cation methods rely on damage-induced changes
in the dynamic properties of the identi�ed structure. In
these identi�cation methods, system parameters, such
as frequencies, de
ected mode shapes, strain energy,

exibility matrix, etc., are used as part of the damage
index [10]. Among the discussed damage detection
methods, some are directly based on Fourier transform
(e.g., natural frequency-based damage identi�cation
methods). Fourier transform provides information in
the frequency domain and is not capable of detecting
when (or where) a particular damage occurs. To
overcome this disadvantage, Dennis Gabor proposed
the Short-Time Fourier Transform (STFT). This well-
known windowing technique divides the signals into a
series of sections. Each time, STFT is done within
a small window that represents a section of the signal.
Thus, information on both frequency and time domains
can be kept. However, STFT has a disadvantage:
the information about time and frequency (or space
and frequency) is acquired with limited precision.
According to the Heisenberg uncertainty theory, this
limitation is determined by the size of the time-
frequency window. Once the window size is set, it is the
same for all frequencies; therefore, a higher resolution
in time and frequency domains (or space and frequency
domain) cannot be acquired simultaneously.

The Wavelet Transform (WT) is a relatively new
signal-processing tool to analyze data. Based on the

theory of WT, it can be viewed as an extension of
traditional STFT transform with adjustable window
location and size. With its unique merit of examining
signals with a \zoom lens having an adjustable focus",
the original signal is separated into two di�erent levels
of details and approximations [11-13]. Therefore,
transient information of the signal can be retained.
The wavelet transform as a technique for structural
damage identi�cation has been introduced recently due
to its capability of capturing the transient behavior of a
signal and analyzing it in time and frequency domains,
as investigated by several researchers. Hester et al. [14]
demonstrated the ability of the wavelet transform to
get information from time-frequency domains, while
Zhao et al. [15-17] employed the structural mode shapes
that extracted from the �nite element model of a
simply supported reinforced concrete beam for damage
identi�cation using di�erent types of wavelets. Reda
Taha et al. [18] discussed in detail various aspects re-
lated to wavelet transform as a technique for structural
damage. Nguyen and Tran [19] provided a method
based on Symlet wavelet to evaluate bridge cracks
from vehicle displacement response. It was concluded
that cracks can be detected; however, higher speeds
give poor detection than low speed. Lee et al. [20]
provided an algorithm for truss bridge based on the
continuous relative wavelet entropy. It was concluded
that damage could be detected; however, computation
cost is very large for the real-life monitoring. Although
signi�cant research has been carried out in the area of
structural health monitoring to make structures work
safely, highly reliable and practical damage identi�ca-
tion methods are still lacking and many disasters occur
due to lack of damage identi�cation.

Strain measurements have proved to be sensitive
to damage. However, if traditional strain gauges are
not installed exactly on the damaged locations, the
damage detection result will not be accurate. Thus,
the idea of distributed sensing system was proposed to
overcome the limitation of the traditional strain gauge
in obtaining the strain, where they are installed [21].
Distributed sensing system is di�erent from multipoint
sensing system. It is capable of capturing the informa-
tion within a certain range of the structure, leading to
integrated information of the entire structure.

However, this requirement of distributed sensing
systems was unreachable until Horiguchi et al. [22]
proposed the relationship between the strain and Bril-
louin frequency shift in optical �bers. Based on this
relationship, a concept of distributed sensing system
was proposed. Subsequently, Fiber Bragg Grating
(FBG) sensors [23], Brillouin Optical Time Domain
Re
ectometer (BOTDR) sensors [24,25], and Brillouin
Optical Time Domain Analysis (BOTDA) have been
widely used in long-gage strain monitoring systems.

FBG sensors are based on the principle that the
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wavelength of the re
ective signal from the grating
changes when it has longitudinal deformation. By mea-
suring the changes of wavelength, accurate deformation
of the grating can be achieved. Based on wavelength-
division multiplexing technology, several FBG sensors
can be combined in one �ber to achieve multipoint
sensing. For long-gage FBG sensors [26], �ber Bragg
gratings are packaged in series to extend the e�ective
sensing length. FBG sensors have their own merit: the
signals used in FBG sensors are wavelength-modulated
signals, meaning that they do not need to su�er from
the limitations of inaccurate phase measurement used
in other kinds of �ber optic sensors.

BOTDR and BOTDA sensors are based on Bril-
louin scattering [24,25]. Once there is a change in
strain or temperature on the �ber, the central fre-
quency of Brillouin scattering light changes. Based
on the relationship, Brillouin scattering light can be
used to acquire changes in strain and temperature.
For BOTDR and BOTDA sensors, any part of the
�ber is both a sensing unit and a signal transmission
unit, leading to their capability of spatial continuous
measurement.

BOTDR/BOTDA sensors and FBG sensors have
di�erent merits based on their sensing concept. FBG
sensors have better accuracy in both dynamic and
static sensing. However, theoretically, FBG sensors are
point sensors. Their sensing length is limited. The ac-
curacy and sampling rate of BOTDR/BOTDA sensors
is lower than those of FBG sensors. However, they
are more suitable for distributed sensing, especially in
large-scale structures. With the consideration of the
small scale of the laboratory, long-gage FBG sensors
are adopted in this research.

In this paper, the goal is to investigate the
e�ectiveness of a modi�ed wavelet energy rate-based
damage identi�cation method for steel bridges elements
(beam and frame). Both simulated and experimen-
tal experiments are utilized to validate the proposed
method. Measured dynamic signals from structures are
�rst decomposed into the wavelet packet components.
Then, the modi�ed wavelet packet strain energy rate
index is calculated based on the wavelet packet compo-
nents and is, then, used to locate the damage and assess
the severity of damage. Di�erent scenarios are con-
sidered to validate the proposed damage identi�cation
method. The simulated test results show that the pro-
posed damage identi�cation method is able to detect
both location and severity of damages to a structure.

2. Theoretical background

2.1. Wavelet and continuous wavelet
transform

Wavelet analysis is a signal processing method that
relies on the introduction of an appropriate basis and

characterization of the signal by the distribution of
amplitude on the basis [27]. If the wavelet is required
to form a proper orthogonal basis, it has the advantage
that an arbitrary function can be uniquely decomposed,
and the decomposition can be inverted. The wavelet
is a smooth and quickly vanishing oscillating function
with good localization in both frequency and time. A
wavelet family,  a;b(t), is a set of elementary functions
generated by dilations and translations of a unique
admissible mother wavelet,  (t):

 a;b (t) =
1p
a
 
�
t� b
a

�
; (1)

where b 2 R, a > 0 are the scale and translation
parameters, respectively, and t is time (or location,
if wavelet transform is utilized in spatial distributed
signal). As scale parameter a increases, the wavelet
becomes wider. Therefore, each parameter shows the
signal at di�erent scales and with variable time (or
space localization).

The wavelet transform (in its continuous or dis-
crete version) correlates function f(t) with  a;b(t). The
Continuous Wavelet Transform (CWT) is the sum of
all time of the signal multiplied by a scaled and shifted
version of a mother wavelet:

C (a; b) =
1p
a

1Z
�1

f (t) 
�
t� b
a

�
dt: (2)

The results of the transform are wavelet coe�-
cients, determining how the wavelet function signal
expresses the signal. Hence, sharp transitions f(t)
create wavelet coe�cients with large amplitudes, and
this precisely is the basis of the proposed damage
identi�cation method.

The CWT has an inverse: The inverse CWT helps
to recover the signal from its coe�cients C(a; b) and is
de�ned as follows:

f (t) =
1
K 

+1Z
a

+1Z
�1

C (a; b) a;b
�
t� b
a

�
1
a2 dadt; (3)

where constant K is:

K =
+1Z
0

��� ̂ (!)
���2

b!c d!: (4)

2.2. Discrete Wavelet Transform (DWT) and
Wavelet Packet Transform (WPT)

There is still a drawback to the CWT: A very large
number of wavelet coe�cients C(a; b) are generated
during the analysis [28]. It can be shown that the
CWT is highly redundant, because it is not necessary
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to use the full domain of C(a; b) to reconstruct f(t).
Therefore, instead of using a continuum of dilations and
translations, discrete values of the parameters are used
in Discrete Wavelet Transform (DWT). The dilation
is de�ned as a = 2j , and the translation parameter
takes the values of b = k2j , (j; k) 2 Z, and Z is a set
of integers. It has been proved that DWT can fully
decompose a signal without losing any part of it. This
sampling of the coordinates is referred to as dyadic
sampling, because consecutive values of the discrete
scales di�er by a factor of 2 [29]. Using the discrete
scales, one can de�ne the DWT:

Cj;k = 2� j2
Z +1

�1
f(x) 

�
2�jx� k� dx

=
Z +1

�1
f(x) j;k(x)dx: (5)

The signal resolution is de�ned as the inverse
of the scale 1=a = 2�j , and integer j is referred to
as the level. As the decomposition level increases,
the frequency resolution increases, and the smaller
bandwidth components of the signal can be obtained.

The signal can be reconstructed from wavelet
coe�cients, Cj;k, and the reconstruction algorithm is
called the Inverse Discrete Wavelet Transform (IDWT):

f(x) =
1X

j=�1

1X
k=�1

Cj;k2�j=2 (2�jx� k): (6)

One possible drawback to the DWT is that the
frequency resolution is quite poor in the high-frequency
region. It is di�cult for DWT to discriminate signals
containing close high-frequency components. The
Wavelet Packet Transform (WPT) is one extension
of the DWT that provides complete level-by-level
decomposition. The wavelet packets are alternative
bases formed by linear combinations of the usual
wavelet functions. The decomposed subcomponents
can be treated as narrow-band signals under high
decomposition levels.

Wavelet packets consist of a set of linearly com-
bined usual wavelet functions. The wavelet pack-
ets inherit properties, such as orthonormality and
time-frequency localization, from their corresponding
wavelet functions [30]. A wavelet packet is a function
with three indices,  ij;k(t) where integers i, j and
k are the modulation, the scale, and the translation
parameter, respectively.

 ij;k(t) = 2j=2 i(2jt� k); i = 1; 2; :::: (7)

The wavelets,  i, are obtained from the following
recursive relationships:

 2i(t) =
p

2
1X

k=�1
h(k) i(2t� k); (8)

 2i+1(t) =
p

2
1X

k=�1
g(k) i(2t� k): (9)

The �rst wavelet is the so-called mother wavelet func-
tion:

 1(t) =  (t): (10)

Discrete �lters h(k) and g(k) are quadrature
mirror �lters associated with the scaling function and
the mother wavelet function, which can be treated as
low-pass and high-pass �lters. A quadrature mirror
�lter is a �lter whose magnitude response is the mirror
image around �=2 of that of another �lter. There are
quite a few mother wavelets reported in the literature.
Most of these mother wavelets are developed to satisfy
some important properties, such as the invertibility and
the orthogonality. Daubechies developed a family of
mother wavelets based on the solution of a dilation
equation. One of these wavelets, DB20, is adopted in
this study.

Similar to the FT, any measurable and square-
integrable function can be decomposed into wavelet
packets. The decomposition process is a recursive �lter-
decimation operation. Figure 1 shows a full WPT tree

Figure 1. Three-level wavelet transform and packet transform.



3214 M. Noori et al./Scientia Iranica, Transactions B: Mechanical Engineering 25 (2018) 3210{3230

of a time-domain signal, f(t), up to the 3rd level of
decomposition. Figure 1 shows that the DWT consists
of one high-frequency term from each level and one low-
frequency residual from the last level of decomposition.
The WPT, on the other hand, contains complete
decomposition at every level and, hence, can achieve
a higher resolution in the high-frequency region. The
recursive relations between the jth and the j+1th level
components are:

f ij(t = f (2i�1)
(j+1) (t) + f2i

(j+1)(t); (11)

f2i�1
j+1 (t) = Hf ij(t); (12)

f2i
j+1(t) = Gf ij(t); (13)

where H and G are �ltering-decimation operators and
are related to discrete �lters, h(k) and g(k), through:

H (t) =
1X

k=�1
h (k � 2t); (14)

G (t) =
1X

k=�1
g (k � 2t): (15)

After j levels of decomposition, original signal f(t) can
be expressed as follows:

f(t) =
2jX
i=1

f ij(t): (16)

The wavelet packet component signal, f ij(t), can be
expressed by a linear combination of wavelet packet
functions,  ij;k(t), as follows:

f ij(t) =
1X

k=�1
cij;k 

i
j;k(t): (17)

The wavelet packet coe�cients, cij;k, can be obtained
from:

cij;k =
Z +1

�1
f(t) ij;k(t)dt: (18)

Providing that the wavelet packet functions are orthog-
onal:

 mj;k(t) nj;k(t) = 0; if m 6= n: (19)

Each component in the WPT tree can be viewed
as the output of a �lter tuned to a particular basis
function; thus, the whole tree can be regarded as a
�lter bank. At the top of the WPT tree (lower level),
the WPT yields good resolution in the time domain,
yet 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, yet
poor resolution in the time domain.

2.3. Modi�ed wavelet packet energy rate
2.3.1. The Continuous Wavelet Transform (CWT)

wavelet packet energy
Energy concentration is one of the reliable features of
time-frequency data processing. Particularly, energy
has been used successfully for classi�cation application.
Thus, the wavelet packet energy representation can
provide more robust signal features for classi�cation,
while it is di�cult to identify these features directly
from the expansion coe�cients [31,32]. Furthermore,
wavelet packet energy can be used to identify the
locations and severity of damage. To do that, wavelet
packet energy, Enj , at j level of node n is de�ned as
follows:

Enj =
Z +1

�1
f2(t)dt =

2jX
m=1

2jX
n=1

Z +1

�1
fmj (t)fnj (t)dt

=
2jX
i=1

Enij : (20)

A signal f(t) should be square integrable if En is
�nite, that is, f(t) is in Hilbert space L2(R).

Note that energy in this context is not the same
as the conventional notion of energy in other areas of
science. The signal energy at the jth level and the ith
frequency band can be expressed as follows:

Ej =
nX
k=1

jCj (k)j2; j = 1; 2; : : : : : : ;m: (21)

The total energy of signal is expressed by:

Efj =
2jX
i=1

���Efij ���; (22)

where wavelet packet component energy, Enij , can be
considered to be the energy stored in component signal,
f ij(t):

Enij =
Z +1

�1
f ij(t)

2dt: (23)

Eq. (20) demonstrates that the overall signal energy
can be spilt to wavelet packet energy components in
various, frequency bands. Finally, the WPERI was
developed to identify the location and extent of the
damage of the crack [33]:

�
�
Efj
�

=
2jX
i=1

����Efij�b � �Efij�a����
Efij
�
a

: (24)

The term (Efij )a is the signal component energy
at level j without damage, and (Efij )b is the signal
component energy at level j with some damage. It
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is assumed that structural damage can in
uence the
wavelet packet component energies and, then, may
change this damage indicator. Therefore, it is desired
to choose the Wavelet Packet Energy Rate Index
(WPERI), because it is sensitive to the alerts in the
signal characteristics [34].

2.3.2. Modi�ed wavelet packet energy
Structural damage detection utilizing wavelet packet
energy is one of the most reliable and e�cient struc-
tural health monitoring techniques. The energy meth-
ods, which are based on strain response data, are rather
sensitive compared to those based on acceleration and
displacement, because strain energy density involves
the second spatial derivatives of the displacement; in
addition, it is much more sensitive to small deviation in
the structural response than to the displacement itself.
Therefore, wavelet packet energy has been modi�ed
to include the e�ect of strain in order to increase the
accuracy of damage detection. It is expected that de-
ploying the modi�ed method can obtain more accurate
strain energy stored in structural elements; at the end,
it provides appropriate, damage detection model and
reduces the computation and iteration e�orts.

Strain is rather more sensitive to damage than
to other raw data, such as de
ection, velocity, and
acceleration. In certain cases, damage can be directly
identi�ed via raw strain data. For structural dynamic
responses, the Envelope Area of Strain-time Curvature
(EASC) is proposed as a damage index:

Sn =
Z +1

�1
fn(t)dt: (25)

To quantify the damage from wavelet packet com-
ponent energies, the Modi�ed Wavelet Packet Energy
Rate (MWPER) is proposed in this paper to detect
both the location and severity of the damage. MWPER
of node n is de�ned as follows:

Dn =
2jX
i

��
(Enij )a � (Enij )b

�
� [(Sn)a � (Sn)b]

�
;
(26)

where subscripts a and b stand for damaged and
undamaged statuses, respectively.

Wavelet packet energy rate is capable of utilizing
information extracted from di�erent frequency-bands,
and the envelope area of strain-time curvature extracts
the amplitude information from strain time-history
data. Thus, MWPER can utilize both the frequency
domain information and amplitude information of the
raw data.

For a damage identi�cation procedure based on
the modi�ed method, it is assumed that the reliable
intact and damaged structural models are available,
and the structure is excited via the same impulse
load and acts at the same location in damage and
undamaged structures.

Figure 2. Flow chart of damage identi�cation based on
strain-time history data.

3. Damage identi�cation procedure

Based on the discussion above, a complete damage
identi�cation procedure is established for the second
method. Figure 2 shows the complete procedure of
damage identi�cation based on WT. The steps for this
procedure are described below.

3.1. Establishment of a numerical model
Developing a numerical model is the �rst step to detect
the severity of the damage. Thus, a �ne mesh numerical
model of the structure should be established.

3.2. Simulation of running car experiments
At least, four points of damage need to be simulated
as described below:

(a) Damage at point DB1 with sti�ness loss of SL1;
(b) Damage at point DB1 with sti�ness loss of SL2;
(c) Damage at point DB2 with sti�ness loss of SL1;
(d) Damage at point DB3 with sti�ness loss of SL1.

Based on the MWPER data from simulations (a)
and (b) above, the near-linear relationship between
the sti�ness loss and MWPER can be determined.
Based on the MPWER data of (a), (c), and (d), the
relationship between the location and MPWER at (a)
certain level of damage severity can be determined.

3.3. Establishment of the damage index map
Based on the relationships obtained in the previous
section, a damage index map is established.

3.4. Denoising of the input signal
The original data used in this research represent long-
gauge strain data obtained via FBG/BOTDR sensors.
As discussed before, denoising is commonly the �rst
step for signal processing. Then, all input signals will
be denoised by WT.
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3.5. Calculation of MWPER
Based on the value of MPWER, the damage location
can be found.

3.6. Combination of the damage location and
the value of MWPER

Since a map is developed where all the relationships
have been established, the severity of the damage can
be determined by examining the corresponding location
and the data from MPWER.

3.7. Maintenance decision based on the
damage location information

Once the damage location and its severity are veri�ed,
it can be determined if the structure needs to be
repaired.

4. Validation by numerical models

A completed theory for damage identi�cation scheme
needs to be validated by experiments. Thus, numerical
simulations are essential for the development of the
proposed method. The theoretical background has
been elaborated in the previous section; hence, numer-
ical simulations are introduced herein to validate this
method.

4.1. Numerical model
In this section, MWPER is introduced as a damage
index, whose calculation is based on WPER and EASC,
and the calculation of wavelet packet energy is based
on strain time history data of the structure. Since the
entire damage identi�cation is based on the strain-time
history data, the model used in this section should
be able to have enough strain at every part of the
structure. Although a simply supported beam will not
have any strain at the support points, the supporting
condition of �xed ends and simply supported beams
can both be considered and compared to see if the
proposed method identi�es damages in the vicinity of
the supports of a simply supported beam. In this
work, both beam and single-layer frame models will
be used to validate the proposed damage identi�ca-
tion.

ANSYS 14.5 is introduced as a numerical simula-
tion platform. For the convenience of modeling, all the
material properties and cross-sections are set to be the
same among all models. The material properties used
herein have been commonly used in numerous research
works, including: E = 200 GPa, � = 7800 kg/m3, and
� = 0:3, where E stands for Yong's modulus, � stands
for mass density, and � stands for Poisson's ratio.

All three numerical models are described in detail
below. For the convenience of comparison and mod-
eling, undamaged and damaged sections of beams and
columns in all 3 models are set to be the same. A
total of 8 section scenarios are considered in this paper

Figure 3. Sections of undamaged and damaged columns
and beams: (a) The section used for the calculation of
bending rigidity, (b) sections of undamaged and damaged
beam, and (c) sections of undamaged and damaged
column.

for the beam model. The beam section is set to be a
thin-walled rectangular tube, whose height, width, and
thickness are 70 mm, 50 mm, and 4 mm, respectively
(Figure 3(a)). The column section is set to be a square
steel tube, whose height, width, and thickness are
50 mm, 50 mm, and 4 mm, respectively (Figure 3(b)
and (c)). Corrosion or crack on bridges reduces
the working area of the component sections; thus,
the damage is simulated by reducing wall thickness.
Since hydrops cause corrosion at the bottom wall of a
structure, the thickness of bottom wall will be reduced
so as to simulate damages. The reduced part of the
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bottom walls is shown in Figure 3(a), (b), and (c) as
the shaded parts.

All damages/cracks are simulated by reducing the
thickness of the bottom layer. The sti�ness loss should
be calculated exactly, since the wavelet coe�cients
might be used as a damage index that are able to re
ect
the damage severity. For the purpose of simulating
the damages with di�erent damage levels, a formula is
proposed to calculate the exact thickness loss that is
needed for a certain bending rigidity loss. The second
moment of area is:

I =
T 3
t W
12

+ TtW
�
Hn � Tt

2

�2

+
(Tb � d)3W
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Hn and all the parameters, such as W , H, d, Tt, Tb, Tl
and Tr, are shown in Figure 3(b) and (c), where:

Hn =
�
WH2

2
� (H+d) (H+d�Tt�Tb) (W�Tl�Tr)

2

�
�

[WH � (W � Tl � Tr) (H + d� Tt � Tb)]:
With this formula, a damage ranging from zero to

30% bending rigidity loss is proposed for the following
sections. Table 1 shows the exact thickness loss of the
bottom layer.

Table 1 shows all beam section information listed
in column sections; only one damage severity level is
used, and the sti�ness loss of that damage is 3.81%.

D represents the section plots (Figure 3(b) and
(c)) which stand for damage depths; for the con-
venience of description, zero damage depth means
that there is no damage at the corresponding section
(Section ID 1 as described in Table 1).

The damage location information for the adopted
numerical models introduces the following detail:

� Model 1: Simply supported beam. The simply
supported beam's length is set to be 1000 mm, with
a damage introduced at distances of DB from the
left support as shown in Figure 4(a).

� Model 2: Fixed ends beam. The �xed ends
beam's length is set to be 1000 mm, which is the
same as the simply supported beam's. The damage
location parameter, DB, is de�ned as the distance

Figure 4. Detail of The numerical models: (a) Simply
supported beam model, (b) �xed ends beam model, and
(c) single layer frame model.

Table 1. Section information of all the sections used in this work.

Section type Beam section

Section ID 1 2 3 4 5 6 7 8
Area (mm2) 896 875 867 840 816 794 774 755

Damage depth (mm) 0 0.5 0.6972 1.3252 1.8964 2.4202 2.9037 3.3525
IY (10E6 mm4) 5.95 5.74 5.65 5.36 5.06 4.76 4.46 4.17

Sti�ness loss (%) 0 3.52 5 10 15 20 25 30
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between the damage location and the left support,
as shown in Figure 4(b).

� Model 3: Single layer frame. The single
layer frame shown in Figure 4(c) is used as the
3rd numerical model. Damages are marked by
rectangular symbols in Figure 4(c), and DB is the
distance of the damage location from the centroidal
axis of the left column. LB is the total length of the
beam. DCL is the distance from the centroidal axis
of the left column, while LCL is the total length of
the column. The unit used in Figure 4(c) is mm.

5. Damage scenarios

To establish the second method, several di�erent dam-
age scenarios need to be taken into consideration.
There are three cases for the establishment and vali-
dation of that method.

Firstly, two di�erent kinds of excitations are
compared, simulated via contact elements in ANSYS.
So far, most dynamic experiments are done by hammer
excitation. For bridges, cars run on the top of the
beam. Both running car excitations and hammer
excitations are usually used for dynamic experiments
on bridges; thus, these two types of excitations are
adopted in this work. The hammer is simulated by 8 kg
mass, and it hits the structure at a speed of 4 m/s. The
running car is simulated by 8 kg mass and the car runs
from the left side to the right side at a speed of 2 m/s.

Secondly, the situation in which damages occur
at points where the strain is relatively small must be
taken into consideration to validate if the proposed
method can be used independently to detect without
additional detection method. As mentioned in the
previous sections, the proposed method only works
in the context in which strain exists in every part of
the structure. For steel bridges, although stain exists
everywhere on the structure, there are always some
points where the strain is relatively small, making it
essential to validate the proposed method for small-
strain situation cases.

Thirdly, a multiple-damage scenario must be
taken into consideration, since the damages/cracks on
steel bridges may occur simultaneously. Although
the theory behind the second damage identi�cation
method indicates that the spatial resolution of the
identi�cation is limited by the density of sensors and
the sensing range of each sensor, the multiple-damage
scenario must be validated to ensure the viability and
compatibility of the method with steel bridges.

Finally, the single layer frame with damages to
columns must be tested, since the excitation range is
limited within the main beam. While columns are not
directly excited by excitations, this damage scenario
must be considered and validated.

Based on the discussion above, four damage sce-
narios are considered and used to establish and validate
the second method. For the convenience of analysis,
the sensor interval is set to be the same as element
size, and the default element size is set to be 12.5 mm.
To identify the e�ect of sensor interval, there are three
element sizes in Scenario 2: 12.5 mm, 50 mm, and
200 mm, meaning that there are 80, 20, and 5 sensors
on the beam of Scenario 1, respectively.

1. Hammer excitation on a �xed end beam with one
damage at position DB = 0:25 m;

2. Running car excitation on a �xed end beam with
one damage at position DB = 0:25 m and the car
running from the left support to the right support
at a speed of 2 m/s;

3. Running car excitation on a simply supported beam
with one damage at positions DB = 0:025 m and
DB = 0 m. The car runs from the left support
to the right support at a speed of 2 m/s. Since
numerical models consist of many elements, the so
called DB = 0 m is simulated by the section change
of the element on the left side of the beam;

4. Running car excitation with 2 damages to the main
beam of a single-layer frame model and one damage
to the left front column. The damages occur at
DB1 = 0:5 m, DB2 = 0:1 m, and DCL = 0:5 m.
The speed of the running car is 4 m/s, and the car
runs from the left end of the main beam to the right
end of the main beam.

For all scenarios, the strain data of di�erent
sensors are recorded simultaneously. The record for
Scenario 1 begins at 0.5 before the excitation and lasts
for 5 seconds. The record time for Scenarios 2 and 3 is
4.5 seconds, and the record starts when the car starts
to move from the left support. For Scenario 4, the
record starts when the car starts to move from the left
support and, also, lasts for 4.5 second.

5.1. The establishment of the proposed method
Based on the damage identi�cation theory proposed
previously, several issues must be taken into consid-
eration and modi�ed to establish a reliable damage
identi�cation scheme. Based on this idea, the following
parts are analyzed to re�ne the damage identi�cation
theory into a complete damage identi�cation scheme.

In this section, Damage Scenario 1 is used to
present the e�ectiveness of MWPER by comparing
Modi�ed Wavelet Packet Energy Rate (MWPER),
Wavelet Packet Energy Rate (WPER), and Envelope
Area of Strain-time Curvature (EASC).

5.1.1. Comparison of the proposed damage index and
conventional indices

A single damage with 3.52% sti�ness loss is considered,
and the damage is assumed to be at the 20th and 21th
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Figure 5. Comparison of WPER, EASC, and MWPER
(normalized).

elements, which are located 0.25 m away from the left
support. All 3 damage indices are normalized to 1
for the purpose of making the peak values the same
(Figure 5).

All 3 damage indices are capable of indicating the
existence of damage in Scenario 1. Values of WPER
and EASC are much larger than that of MWPERR on
elements which are intact, especially on elements near
the supports, indicating that WPER and EASC are
not so stable when applied on small-damage cases and
may lead to a false indication of damage in some cases
where damage severity is low. Compared with WPER
and EASC, MWPER is stable with disturbance less
than 0.05 on intact elements.

5.1.2. Comparison between hammer excitation and
running car excitation

In this section, Scenarios 1 and 2 are used to choose
the best excitation mode for the proposed damage
identi�cation. All damages are set to be DB = 0:25,
and the sti�ness loss is set to be 3.52%. For hammer
excitation, the hammer hits the beam at a speed of
4 m/s at time 0.575 s, and the recording lasts for 4.5
seconds. Figure 6 shows the strain-time history data of
the midpoint. Figure 7 shows the instantaneous strain
data of the entire beam at 0.01 s after the excitation
by the hammer.

For running car excitation, the recording starts
when the car starts to move from the left support and
ends at 3.925 seconds after the car leaves the right
support. The recording lasts for 4.5 seconds, the same
as the hammer excitation. Figure 8 shows the strain-
time history of the midpoint of the beam. Figure 9
shows the instantaneous strain of the �xed end beam
at 0.01 s after the car runs o� the main beam.

Figure 10(a) shows the comparison between ham-
mer excitation and running car excitation. Results
show that the running car result is much better than
the hammer excitation, especially at the supports.

Figure 6. Strain-time history data of hammer excitation.

Figure 7. Instantaneous strain at time 0.585 s of hammer
excitation.

Figure 8. Time history data of running car excitation.

While the damage index of the hammer excitation
reaches 0.05 at the supports, that of the running
car excitation is almost zero, which means that the
MWPER of a running car excitation is more stable
than that of a hammer excitation.

The above-mentioned phenomenon is caused by
the number of excitation points. The proposed method
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Figure 9. Instantaneous strain at time 0.585 s of running
car excitation.

Figure 10. Comparison between hammer excitation and
running car excitation.

is capable of combining all the strain-time history data
into one index for damage identi�cation, meaning that
the more points with larger strain exist, the more stable
result we can obtain. With a running car excitation,
every part could be excited, resulting in a large number
of points with large strain, meaning better damage
identi�cation. Thus, for damage identi�cations in a
steel bridge, it is best that cars run from the left end

to the right end, i.e., the entire span of the beam, in
order to collect enough response data.

5.1.3. E�ects of di�erent sensor intervals
In this section, Scenario 2 is used to examine the e�ect
of sensor interval on the proposed damage identi�ca-
tion. All damages are set to be DB = 0:25, and the
sti�ness loss is set to be 3.52%. There are three sensor
intervals, i.e., 12.5 mm, 50 mm, and 200 mm, meaning
that each sensor covers 12.5 mm, 50 mm, and 200 mm
lengths of the beam, respectively.

As Figure 10(b) shows, the proposed damage
index is capable of identifying damage with �ve sensors
on the beam, where the sensor interval is 200 mm.
The identi�ed damage locations are di�erent. With
200 mm sensor intervals, the identi�ed damage location
is about 300 mm from the left support; with 50
mm sensor intervals, the identi�ed damage location
is about 225 mm from the left support; with 12.5
mm sensor intervals, the identi�ed damage location
is about 250 mm from the left support. While the
actual damage location is DB = 250, the damage
location identi�cation errors can be explained and are
acceptable. This phenomenon is caused by the sensors'
mechanism. For long-gage �ber optical sensors, the
strain obtained is the average strain of the whole
measure length, which means that as long as the
damage location covered by sensors is applied, the
strain change can be captured by the corresponding
sensor. Since the x coordinate for each data point in
Figure 10(b) is set to be the mid-point of corresponding
sensor coverage length, the peak in Figure 10(b) means
that there is a damage or damages in the corresponding
sensor interval. Under the context that only 5 sensors
or 20 sensors set up on the beam, Figure 10(b) shows
that the proposed method is capable of identifying
damages with only a few sensors.

5.1.4. Detectability of damages nearby the supports of
the simply supported beam

In this section, Damage Scenario 3 is used to test if the
second damage identi�cation method is able to detect
damages near the supports of a simply supported beam.
The second damage identi�cation method is based on
strain signals. Since the strain values at the points near
the supports of a simply supported beam are much
lower than those at the points in the middle of the
span, it becomes the main concern if damages that
occur at points where the strain signals are weak can
be identi�ed.

Sti�ness loss of 3.52%, the same as those in
the previous sections, is introduced on the simply
supported beam. The car is run from the left side
to the right side at a speed of 2 m/s. One damage
is set to the left end of the simply supported beam.
Another damage is set at a distance of 0.025 m from
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Figure 11. The normalized MWPER of beams: (a)
Damage at DB = 0 m and DB = 0:025 m, (b) the main
beam with two damages, and (c) left front column.

the left support. Figure 11(a) shows that the damage
at DB = 0:025 m can be identi�ed, while the damage
at DB = 0 m cannot be identi�ed.

All the MWPERs are normalized in order to best
estimate the damage location. Thus, the absolute
values shown in Figure 11(a) are not of concern to us;
only the relative values need to be of concern. The
reason behind the fact that the strain in the elements
near the supports of a simply supported beam is not
totally zero, while strain of the elements at the support
is almost zero, implies that all data in Figure 11(a)

are normalized. With FBG/BOTDR strain sensors,
the results that are obtained represent the information
gathered from the entire area covered by the sensors.
Therefore, the strain change, caused by the damage, at
DB = 0:025 m is detectible, while that of the damage
at DB = 0 m is covered by other parts, whose strain
value is much larger.

Since damages close to the hinge support can
be identi�ed, it can be concluded that as long as
the damaged area is covered by a long-gauge strain
sensor, and the strains on that area are not all zero,
damages located at small strain areas can be identi�ed.
However, the damage will not be detected if the strain
is too small, such as the strain on the elements located
at the supports of a simply supported beam.

5.1.5. Detectability of multiple damages to the main
beam and the damage to the column

In the next step, we explore if the concept behind
the second method can be validated by applying this
approach to multiple damage situations. In this
section, this proposed concept is validated by the single
layer frame model with two damages to the main beam.

Since the running car excitation can only be
applied to the main beam of the single layer frame,
meaning that the columns cannot be excited directly,
we will explore how damages to the columns can be
taken into account and detected. Damage Scenario 4
is used to test if the proposed method can be used for
this case or not.

Figure 11(b) and (c) show that all three damages
are identi�ed. Figure 11(b) indicates that multiple
conditions are applicable for MWPER, which is pre-
dictable since the strain is sensitive to local damage.
Figure 11(c) shows that damages to a component that
is not directly excited, i.e., the left column, are also
detectable for MWPER. Thus, MWPER is an e�ective
detection tool for application in steel bridges since all
damages to all components can be identi�ed.

5.1.6. Veri�cation of the noise e�ect on the proposed
method

All the results presented in this section are based
on strain-time history data obtained from the �nite
element analysis of the response; hence, they contain
no experimental noise. For real cases, experimental
noise is inevitable. To evaluate the robustness of
MWPER under measurement noise, the simulated
data of Scenario 4 are contaminated with a certain
level of arti�cial random noise to generate `measured'
data. Normally, distributed random noises, whose
amplitudes are 5%, 10%, 30%, and 50% of the Root-
Mean-Square (RMS) value of strain data, respectively,
are added to the strain-time history data.

MWPERs in Figure 12(a) to (d) are normalized to
make the comparison clear. With the increase of the
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Figure 12. Normalized MWPER with di�erent contaminated data: (a) Contaminated data (5%), (b) contaminated data
(10%), (c) contaminated data (30%), and (d) contaminated data (50%).

noise level, disturbance on intact elements increases,
especially on elements near the end points of the beam.
It is important to note that even under a noise level
of 30%, the damage can still be identi�ed. This
demonstrates that the second damage identi�cation
method is robust enough to take into account the
measurement noise.

5.1.7. E�ects of sti�ness loss level
As stated in the previous sections, MWPER is capable
of identifying the location of a damage under a certain
noise level, which means the 2nd level of damage
identi�cation. In order to accomplish the 3rd level
of damage identi�cation and to show the ability of
MWPER to quantify the damage, in this section,
MWPERs of di�erent sti�ness loss levels (3.52%, 5%,
10%, 15%, 20%, 25%, and 30%) are discussed.

Figure 13 shows the MWPERs on the 20th
element changes with the change of sti�ness loss.
As observed, the MWPERs also show a near-linear
relationship with the sti�ness loss. Thus, with more
sti�ness loss level of �nite element data, MWPER is
capable of identifying sti�ness loss level of a speci�c
position. For a damage identi�cation method to
detect both the location and severity of a damage,

Figure 13. MWPERs of di�erent sti�ness loss levels.

the relationship between the damage index and the
location needs to be clari�ed. As demonstrated in
this case, the relationship between the location and
the value of MWPER is estimated. Therefore, this
approach is capable of detecting the severity of the
damage, too.

5.1.8. E�ects of damage location
Quanti�cation of the damage needs a precise numerical
relationship between the damage severity and the dam-
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age index. In the previous section, it was veri�ed that
MWPER had a near-linear relationship with sti�ness
loss. Therefore, the e�ects of the damage location
need to be taken into consideration. In this section,
Damage Scenario 2 is considered in order to explore and
discuss the e�ects of damage location with the damage
simulated by a sti�ness loss of 3.52%.

Since both the damage location and the damage
level a�ect MWPER, the e�ects of damage location
must be determined in order to make this damage
identi�cation method capable of determining damage
level. Subsequently, the damage spanned across loca-
tions DB = 0 to DB = 1 is simulated to determine
the exact e�ects of the damage location on MWPER.
Eighty damage locations were simulated to obtain the
acquired results. Figure 14(a) shows the MWPER of
damaged beams with damage locations spanning across
DB = 0 to DB = 1.

5.1.9. Consideration of both damage location and
damage level

In this section, both a simply supported beam and a
�xed end beam are used to calculate the relationship
map among the location, damage severity, and location.
Eighty damage location situations and 6 levels of
sti�ness loss are considered, meaning that each beam's
numerical model needs to be simulated for 80�6 = 480
times. In addition, there are two support conditions
leading to 240 � 2 = 480 times of simulation. This
requires an exhaustive computational time. Thus, to
utilize ANSYS for this computation, a computation
platform is set up, which consists of an Intel 4790K,
16GB DDR3 2200MHz, and a RAID0 disk array, in
order to carry out a fast computation. Finally, these
simulations form two damage index maps that can be
used to identify damage severity.

As can be seen in Figure 14(b) and (c), the
support conditions a�ect the distribution of MWPER.
Thus, for di�erent structures, di�erent MWPER maps
need to be established for the purpose of damage
severity identi�cation.

5.1.10. Consideration of modeling error
As discussed in the previous section, the identi�cation
of damage level needs a MPWER map generated
by FEM simulation. The modeling-error must be
taken into consideration, especially for its e�ect on
the accuracy of damage severity identi�cation. Based
on Scenario 2, 6 modeling errors are tested. The
sti�ness of the simulated beam changes to 80%, 90%,
110%, 120%, 130%, and 150% of the original sti�ness
and, then, is tested. The result MWPERs are shown
in Figure 15. The MWPER has a nearly linear
relationship with the sti�ness change, almost the same
as the index-damage relationship. The similar nearly
linear relationships can be explained by the mechanism

Figure 14. MPWER of di�erent damage scenarios: (a)
Damage locations spanning across DB = 0 to DB = 1, (b)
the simply supported beam, and (c) the �xed ends beam.

Figure 15. MPWER of di�erent damage scenarios on the
�xed ends beam.
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of the proposed method. Both damage or modeling
error will lead to the change of strain signal. In
addition, their e�ects on strain amplitude are almost of
the same degree, meaning that both the strain change
caused by damage and that caused by modeling error
will lead to the increase of MWPER.

Figure 15 and the discussion above show that
modeling error has large impact on the accuracy of the
proposed method. The modeling error must be limited
with a small interval to ensure that the damage severity
identi�cation result is accurate.

5.1.11. Validation by a scaled single layer frame
In this section, Scenario 4 is used to validate the
proposed damage identi�cation scheme. As stated
in previous sections, by utilizing MWPER, location
of all damages can be identi�ed. Thus, the only
information that needs to be obtained and validated
is the capability of this approach in identifying the
damage severity.

MWPER values of two damages to the main beam
will be used as the reference to establish a damage
index map. Subsequently, the index map will be
utilized to identify the severity of the damage to the
left front column.

Figure 16 shows the damage index map estab-
lished for the left front column. As can be seen, its
shape is between a simply supported beam and a �xed
ends beam. Based on the damage index map, the
severity of the damage to the column can be identi�ed.
As noted earlier, the MPWER of the damage point
on the column is 1.836E-4 and the damage location is
at DLC = 0:5 m (Figure 15). Based on these two
coordinates, the third coordinate in Figure 16 can be
found, which is 22.36%. While the sti�ness loss in
simulation is set to be 21.35%, the sti�ness loss value
obtained via the MWPER map is 22.36%. Thus, the
damage severity can be identi�ed by MPWER.

6. Validation by experiment

The best way to determine if a damage identi�cation
method is good is always by applying it to a real struc-

Figure 16. Damage index map for left front column.

ture. Thus, in this work, an experiment is designed and
run to determine whether the damage identi�cation
method works well or not. The experimental result
showed that the proposed method was capable of
identifying the damage in a real structure.

6.1. Design of the experiment
In order to validate the e�ectiveness of the proposed
damage identi�cation method, a simply supported steel
beam is set up. The steel beam is an H-shape steel
beam. The section of the bean is shown in Figure 17,
where the length unit is chosen as mm. The length
between two supports is 6000 mm (Figure 18(a)).

Usually, the �xed ends supporting condition is
di�cult to reach, limited by the �xation method.
Besides, a simply supported support condition will
lead to lower strain values nearby the supports, which
is helpful for testing the e�ciency of the proposed
method. Hence, a simply supported beam is set up
as the main structure of this experiment.

As discussed earlier, commonly used long-
gage strain sensors include FBG sensors and BOT-
DER/BOTDA sensors. Both of them are capable
of acquiring long-gage strain information from the
structure. FBG sensors enjoy better accuracy in both
dynamic and static sensing, while the sensing range
limits FBG sensors. BOTDR/BOTDA sensors are
suitable for long range sensing, such as a range of
over several kilometers. However, the accuracy of
BOTDR/BOTDA sensors is lower than FBG sensors.
Considering that the steel beam is only 6 meters long,
FBG sensors are used in this experiment.

The sampling rate is usually determined by the
natural frequencies of the tested structure and sensing
system properties. FBG sensors' sampling range can
reach an extremely high value; thus, no limitation
is placed on the decision of sampling rate. Then,
the natural frequencies of the tested structure should

Figure 17. Section information of the tested beam.
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Figure 18. Design of the experiment: (a) The tested beam with sensors on both the top surface and bottom surface, and
(b) damage introduced on top surface.

be considered as the only aspect that determines the
sampling rate. According to numerical experiments,
the �rst three natural frequencies include 6.51 Hz,
10.65 Hz, and 31.94 Hz. Since the �rst three natural
frequencies are the most important for analysis, the
sampling rate is set to be 1000 Hz, which is high enough
to capture all vibration features of the beam.

This experiment aims to obtain su�cient data.
Hence, sensors, such as accelerometers, displacement
meters, and FBG strain sensors, are installed on the
tested beam. For the convenience of installation,
FBG sensors are pasted on the bottom surface with
displacement meters, while accelerometers are installed
on the top surface of the tested beam. As can be seen in
Figure 18(a), many sensors are distributed on the top
and bottom surfaces of the tested beam. Thus, running
car excitation is impossible for this tested beam. As a
result, point excitation is adopted in this experiment.
The excitation is introduced by a force hammer, which
helps record the hammer force for the experiment.

In this experiment, the damage to the beam is in-
troduced by cutting holes at top 
ange (Figure 18(b)).
Since these holes cannot be cut accurately, the sti�ness

loss of the damage section is calculated after the cutting
procedure. By accurate measurement and calculation,
the sti�ness loss of the damaged section is determined
to be 6.6%.

6.2. Experiment process
The FBG sensors used in this experiment have a
sensing range of 1.5 m. Based on sensor parameters,
number of sensors, and size of the tested beam, the
tested beam is separated into 12 segments (E1, E2, ...,
E12); each has a length of 0.5 m (Figure 19). The
dividing points are used as excitation points; thus,
there are 13 excitation points (H1, H2,...,H13). All
these excitation points are shown in Figure 19. The
damage is introduced to E3 by cutting holes on its top
surface (Figure 18(b)).

The test procedure is run 24 times. As listed in

Figure 19. Segments of all the tested beams.
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Table 2. Hammer force records.

Test
number

Excited
point

Without
damage

With
damage

Hammer force (N)
1

H3
3622.82 2184.24

2 2615.97 2212.82
3 1907.02 2135.17

4
H5

2480.76 1537.82
5 2425.00 2093.90
6 2318.37 1883.47

7
H8

2402.75 1883.47
8 2056.68 2277.56
9 1768.33 1781.16

10
H9

1506.53 1871.52
11 1671.86 1677.18
12 1961.62 1744.82

Figure 20. Hammer force time history (Test 5).

Table 2, four excitation points are selected. Six tests
are recorded for each excitation point, three for the
intact status, and three for damaged status.

In order to match the damage index maps, all
strain signals are normalized by setting the hammer
force to 1. Table 2 shows the hammer force record
of all these tests. Recorded data of Test 5 are shown
in Figures 20 and 21. Figure 20 shows the hammer
force time history of Test 5, which is quite clear.
As can be seen in Figure 21, the strain signal is
contaminated badly, with an error of about 10% of
the largest strain. Figure 22 shows the instantaneous
strain of both damaged and intact beams, and there
is no signature that stands for the damage. Thus, the
proposed damage identi�cation method is utilized.

6.3. Damage identi�cation based on the data
acquired by the experimental steel beam

In this section, the data acquired during these exper-
iments are applied to the proposed damage identi�ca-

Figure 21. Strain time history of Test Number 5, intact:
(a) Element 3, and (b) element 5.

Figure 22. Instantaneous strain at time of 10 s (Test 5).

tion scheme. Figure 22 indicates that the instantaneous
strain distributions cannot show the damage location,
while instantaneous strain distribution shows the dam-
age location by slight disturbance on the curvature
(Figures (7) and (9)). This phenomenon induces noise
e�ects, as clearly shown in Figure 21.

A damage index map is presented for a simply
supported beam (Figure 14(a)). However, the excita-
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Figure 23. Damage index map for the tested beam.

Figure 24. Damage identi�cation result of all 12 tests.

tion conditions are di�erent; thus, a new damage index
map is calculated and presented in Figure 23.

As can be seen, all experiments' data can be
utilized to identify damage locations (Figure 24). The
damage is shown clearly by peaks on element 3. How-
ever, the MPWER value of each damage identi�cation
is di�erent from another. This situation is hardened
by noise e�ect since the noise cannot be denoised
completely.

The next step of damage identi�cation is to
identify the damage severity. The damage is found
on element 3, namely location 1.5 m. Although
the MWPER values of di�erent tests are di�erent,
they are considered to have the same importance to
the damage identi�cation result. Thus, the mean
value of these 12 MWPER values is used for severity
identi�cation, which is 0.0407. Now, two coordinates
of the damaged point on the damage index map are
determined. Figure 25 shows the MWPER function
in position 1.5 m. As can be seen in Figure 25, the
sti�ness loss level is 10%, while the accurate damage
level is 6.6%. Although there is a large di�erence
between the identi�ed sti�ness loss and the accurate
damage level, the noise e�ect in measured strain signals
is relatively high; this result is acceptable.

Figure 25. MWPER function in position 1.5 m.

7. Concluding remarks

In this paper, MWPER was proposed for steel bridge
damage identi�cation based on long-gauge �ber optic
strain sensing. With both numerical and experimental
validations, the proposed method proved to be suitable
for the health monitoring of the entire structure.
Moreover, the proposed method was robust to noise.
As presented, the damage location could be identi�ed
under a noise level of up to 30%. Furthermore, it
was clearly shown that the proposed scheme could
be applied to identify multiple damage locations. It
was also illustrated that the running car excitation
was better than hammer excitation for the proposed
damage identi�cation method.

Based on the nearly linear relationship between
MWPER and the sti�ness loss and the relationship
between MWPER and the location, three damage
index maps for damage identi�cation were established
for simply supported beam, �xed end beam, and the
left front column of the single layer frame. By utilizing
these two maps, a corresponding map for single layer
frame damage identi�cation was established and tested.
The test results showed that the proposed damage
identi�cation method was able to detect both location
and severity of damages to steel bridges.
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