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Abstract

The distributed long-gauge fiber Bragg grating sensing technology has been studied and developed in recent years for
structural health monitoring of civil engineering structures. Also, the corresponding damage identification method is one
of the research hotspots and still needs to be enhanced. In this article, a novel damage detection method based on the
distributed long-gauge fiber Bragg grating sensing technique is proposed to detect and localize damages. The method is
based on the advanced complete ensemble empirical mode decomposition adaptive noise algorithm. Measured macro-
strain responses from the long-gauge fiber Bragg grating sensors are decomposed into intrinsic mode functions, and the
quasi-static macrostrains are extrapolated and extracted. A damage indicator is therefore proposed and built based on
the quasi-static macrostrain time history. The effectiveness of the proposed damage detection approach was validated by
numerical simulations of a cantilever beam. The robustness of the method was further verified by considering the noise
pollution contained within the measured macrostrain. Experiments with a practical cantilever steel beam with different
damage scenarios were also conducted and studied. Results proved that the proposed method could not only detect
but also locate the damages accurately, and therefore has the promising potential for structural damage detection in civil
engineering.

Keywords
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Saletnik, 1996). However, the traditional point strain
gauge is too “local” to monitor the whole structures
completely. Distributed long-gauge fiber Bragg grating
(FBG) sensing technique aims to overcome this “local”
problem, which measures the average strain within the

l. Introduction

In recent years, structural health monitoring (SHM)
has been attracted wide attention, and many SHM sys-
tems have been built for civil engineering structures
(Barke and Chiu, 2005; Ou and Li, 2010). The primary
purpose of online monitoring is to detect damage in

time, but local damage usually is embedded in the struc-
tural system and is hard to be observed, especially when
it is rather slight. Thus, choosing sensitive and precise
sensors, as well as sensitive damage indicators, is a criti-
cal issue in SHM.

In practical engineering applications, small defects
usually could be detected from the variation of strains
rather than that of displacements. Thus, strain gauge
has the capacity to monitor local structural informa-
tion and has been widely used in SHM for online moni-
toring (Sanayei and Onipede, 1991; Sanayei and
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gauge length and makes the real application of the
strain-based method more widely (Li and Wu, 2007a).
Thus, the distributed FBG sensing technique has been
widely applied in SHM for different types of structures,
such as railway tunnels (Ye et al., 2013), wind turbines
(Arsenault et al., 2013), concrete bridges (Rodrigues
et al., 2010). Many algorithms and methods have been
proposed correspondingly to detect damages and evalu-
ate the safety of structures. Li and Wu (2007b) devel-
oped a modal macrostrain vector (MMSYV) to estimate
damage in flexural structures. Hong et al. (2016) and
Wu et al. (2017) proposed to use a macrostrain influ-
ence line for stiffness monitoring and damage identifi-
cation of bridges under moving vehicle loads. Zhang
et al. (2015) presented the frequency response function
(FRF) of macrostrain to detect the local damage of a
cantilever beam. Wu et al. (2016) extracted the quasi-
static macrostrain to identify damage and assess the
bearing capacity of a bridge. Other macrostrain-based
indexes, such as the macrostrain ratio index
(Kamrujjaman Serker et al., 2010), macrostrain-based
energy index (Xu et al., 2011), were also received much
attention. The distributed long-gauge sensing technique
provides a promising measure for developing online
SHM systems.

Measured data processing is an important and nec-
essary part in the practical applications of SHM. The
short-time Fourier Transform (Rippert et al., 2000) and
wavelet analysis (Hou et al., 2000; Kim and Melhem,
2004) are important tools to decompose signals into
components. However, they show lack of adaptability,
especially when the field measured data are highly noisy
and non-stationary. Empirical mode decomposition
(EMD; Huang et al., 1998) and ensemble empirical
mode decomposition (EEMD; Wu and Huang, 2009)
were further proposed to decompose a measured
response data into intrinsic mode functions (IMFs) for
the non-stationary signals; they are also received much
attention in structural damage detection. However,
EMD often causes the mode-mixing problem while the
EEMD brings new residue noise, which results in that
the actual responses cannot be reconstructed accu-
rately. Such disadvantages restrict the EMD-based and
EEMD-based techniques severely. Recently, a complete
ensemble empirical mode decomposition adaptive noise
(CEEMDAN) method (Torres et al., 2011) was

proposed, which not only alleviates the mode mixing
problem in EMD but also overcome the major draw-
back of residual noise in modes and spurious modes by
EEMD. At present, the CEEMDAN-based methods
are widely used in data forecasting (Ren et al., 2015;
Zhang et al., 2017), de-noising (Abdelkader et al., 2018;
Wang et al., 2018), and fault diagnosis (Bai et al.,
2018), but few applied in damage detection for civil
engineering structures.

In this article, a novel quasi-static macrostrain-based
method is developed and proposed to detect local dam-
ages based on the distributed long-gauge FBG sensing
system. The distributed long-gauge FBG sensors will
be pasted on the surface of the structure to measure the
macrostrain response of the structure. Quasi-static
macrostrains are then extracted from the measured
macrostrain responses based on the improved complete
ensemble empirical mode decomposition adaptive noise
(CEEMDAN) method. After that, a novel developed
quasi-static macrostrain-based indicator is applied to
detect the damages. Various numerical damage cases,
with and without considering measurement noise, are
selected to judge the efficiency of the proposed method
for accurate damage detection. Experimental results
further reveal that the proposed detection method and
damage indicator can identify the small damages in a
damaged structure rapidly and precisely.

2. Damage detection principle based on
quasi-static macrostrain

2.1. Macrostrain time-history extraction

If a structure is deployed with a distributed long-gauge
FBG sensor array, the distribution of the macrostrain
along with the structure, that is, the average strain
within the gauge length of each sensor, could then be
obtained. As shown in Figure 1, an Euler beam suffers
a small deformation, and the rotational displacements
can be expressed as

0e)~w' =)'(x) (1)

where w = y(x). 6 and w are the rotation and the deflec-
tion, respectively.

Assuming that an Euler beam is divided into » ele-
ments, as shown in Figure 2, random loads are applied

Figure I. An Euler beam with a small deformation.
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Figure 2. A beam under ambient excitations.
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Figure 3. Schematic diagram of macrostrain calculation of an element.

to each node at the same time. According to the theory
of material mechanics (Hibbeler, 2004), the relationship
between the curvature x(x) and the moment M(x) at any
point on the beam can be represented as

_ M)
- El

K(x) 2)
where £ and [ are the elastic modulus and the moment
of inertia, respectively.

Moreover, the relationship between curvature and
deformation is given as

k(x) = V'(x)
(1 +y ()2

Thus, from the above analysis, the normal strain at
any point can therefore be calculated by

~)"(x) 3)

&x) = k(Dhy = y”(x)hm (4)

where £, is the distance between the sensor and the
beam’s neutral axis. m represents the mth long-gauge
sensor. Figure 3 shows the mth long-gauge FBG sensor
with gauge length L, is pasted on the surface of the
structure, and the macrostrain within this gauge length
can be acquired from the rotational displacements at
the adjacent nodes. It can be expressed as (Zhou et al.,
2019)

) = - [ @b = P 00) — 0) (9

m
Xi

where 6; and 6; are the rotational displacements of the
mth element at ith and jth node, respectively.

2.2. The CEEMDAN method for dynamic and static
strain response separation

The macrostrain response of the beam caused by ambi-
ent excitations is non-stationary and contains a variety
of frequency components. It can be regarded as the
superposition of long-period response trend and short-
period disturbance, which are called static response
component and dynamic response component, respec-
tively. Here, the CEEMDAN method is introduced to
separate the dynamic and quasi-static macrostrain
components. First, we define an operator E(-), which
can produce the jth mode of EMD for a given signal.
Suppose W;(t) with i =1,2,---,1 are random white
noise following the distribution of N(0,1), which will be
added to the original macrostrain response &(¢) as

&(t) = &) + Wi(t) (6)

where &;(¢) represent the synthesized macrostrain signal
mixed with the white noise.

Since the &(¢) is composed of several different fre-
quency components, it can be decomposed by EMD to
obtain the first mode IMFi(). The first mode IMF(7)
of CEEMDAN can be obtained as

1
IMF/(1) = %ZIMF{ U] (7)
i=1

At the first stage the first residue can be calculated as
ri(t) = &(t) — IMFy (1) (8)

After that, if the remainder r;(f) is a monotonic
function, the decomposition ends; if not, keep adding
different white noise W;(¢) to the r(f). New synthetic
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macrostrain, ri(¢) + «E;(Wi(¢)),i = 1,2, ---,1, can be
obtained until their first EMD mode and the second
mode can be defined as

1
IMF() = 73 B0 + B (W) ()

i=1

where « is the coefficient of signal-to-noise ratio.
Similarly, the macrostrain can be decomposed until the
last residue is indecomposable. Then, the original
macrostrain time-history can be represented as

J
&) = Y IMFy(t) + ri(0)

j=1

(10)

where j is the total number of the IMFs after the
decomposition of CEEMDAN for the macrostrain
response. IMF(t) reflects the macrostrain response in a
different frequency component, 7;(¢) is the residue and
indecomposable. Thus, equation (10) makes the pro-
posed decomposition complete and provides fairly
accurate reconstruction.

2.3. The criteria for extracting quasi-static
macrostrain

The IMFs reflect the components of different frequen-
cies in the macrostrain and are ordered from high to
low according to the frequency values. Set the first-
order frequency as the threshold, the criteria for the
dynamic and static strain separated from macrostrain
response is as follows (Wu et al., 2016)

n

éa(t) = 21 ci(t) fleD)=h

u (11)
&(1) = 'ZI ci(t) +ra(0)  fle®)<fi

i=

where g; and & represent the dynamic and quasi-static
macrostrain response extracted from the long-gauge
macrostrain response, respectively. f(c;(¢)) and f; repre-
sent the frequency of the ith IMF and the first-order
frequency of the structures, respectively. n is the total
number of IMFs and r,(¢) is the remainder. The main
procedure of extracting quasi-static macrostrain from
the measurement strain response, as shown in Figure 4,
can be summarized as follows:

Step 1: The structure is divided into N elements
which are covered with the long-gauge FBG sensor.
Then obtain the macrostrain response of each ele-
ment from the long-gauge FBG sensors.

Step 2: The CEEMDAN technology is introduced to
decompose the original macrostrain series into a

collection of IMFs with corresponding frequencies
and the residue component.

Step 3: Determine the first-order frequency of the
structure, and then select the quasi-static macro-
strain components in the frequency domain. Thus,
the quasi-static macrostrain components can be
reconstructed in the time domain.

2.4. The quasi-static macrostrain-based damage
indicator

For an effective damage detection method, the critical
point is to choose an effective damage indicator which
is sensitive to local damages but not to external noises
and environmental conditions. In this study, a damage
indicator based on the change of the quasi-static macro-
strain is presented to detect the damages accurately. A
type of macrostrain energy in time-domain, named as
the quasi-static macrostrain energy, is proposed and
given as

ty

Eon = |Em@IF = J Ean(O)Pdt (m = 1.2.....N) (12)

fo

where fo and ¢, are the start and the end time of the
macrostrain sampling period, respectively. m is the
series number of the calculated element, N is the total
number of elements. Combining all the Ej,, of the whole
structure gives us a vector as

Es = [Esl,Esz, ..

s Egms o Esy] (13)

It should be noted that the vector E; only emphasizes
the quasi-static macrostrain energy for each element
within a period of time. It could be different when it is
subject to variable excitations, so that it can hardly pro-
vide useful information by simply comparing it before
and after damage. Therefore, it is necessary to propose
a normalized criterion which is suitable for indicating
the different status of intact and damaged structures. A
vector emphasizing the relative ratio of all components
can therefore be further expressed as

RE? = [RESI;RESZa fee

where  REy, = Eg/ Y Eqom=1,2,...,N  and
S REg, = 1. As the damage locations are usually
unknown for the damaged structure under ambient
excitations, the macrostrain energy for element E,,,
(m = 1,2, ..., N) of the structure before damage occurs
is used to as a reference. An indicator for estimating
the presence of damage in the element can then be
defined and expressed as

5 REsms RN RESN} (14)

[RE,, — REy, ]
[REY, ]

sm

By = d=1,2,...,N (15
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Figure 4. The main procedure for extracting quasi-static macrostrain.

where the superscript * and u represent the unknown
state and undamaged state, respectively. It can be found
from equations (2) and (4) that damage results in a
decrease of flexural stiffness at the place where it hap-
pens, the static strain response at a damaged location is
larger than that at undamaged locations (Seyedpoor
and Yazdanpanah, 2014). That is, if the mith element is
damaged, the relative ratio RE;, will be larger than that
in intact condition, and the index B, will be greater
than zero. The damage index vector is represented as

B = [[3191823 "'9Bia "-aIBN]i =

Thus, the positive indexes indicate potentially dam-
aged elements. This vector gives a useful indicator for
the damages, showing not only the existence of the
damages but their locations as well.

1,2,....N  (16)

3. Numerical investigation

3.1. Description of damage cases

To show the capabilities of the proposed method for
structural damage detection, a cantilever beam with five
damage cases are considered and investigated. Figure 5
shows the beam has the span L = 1800 mm and the

rectangular cross-section with the width b = 80 mm
and depth & = 5mm. The elasticity modulus is
E = 206 GPa and the mass density is p = 7800 kg/
m>. To consider the multi-damage effects, two elements
are considered being damaged in this simulation. One is
element 3, which is near the fix-end of the beam. The
other is element 6, which is at a place far away from the
fix-end. Simultaneously, both single and double dam-
ages are detected to investigate the efficiency of the pro-
posed method. Case 1 is the intact beam, while cases 2
and 3 have a single damage incident at element 3 with
7.69% and 14.29% damage, respectively. Case 4 has
double damages with 14.29% and 7.69%, respectively,
at elements 3 and 6. Case 5 suffers double damages with
14.29% at elements 3 and 6, respectively. Assumed that
the damage is caused by stiffness degradation, and the
stiffness reduction was simulated by reducing the beam
width of the elements, as shown in Figure 6. As damage
occurs in the region within the gauge length, the aver-
age damage extent can be theoretically calculated by

El — (El)equ _

El

Ole
(1—a)L -1y + L,

(17)
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Figure 5. Details of five damage cases of the cantilever beam.

where « = (¢ + b)/h. When ¢ = 1 cm, b = 1 cm,
and L, = 5cm, the theoretical damage extent is
7.69%. For the other one, « = 1 cm, b = 1 cm, and
L, = 10 cm, the damage extent is theoretically
14.29%.

Wind loads are applied as the ambient excitations to
the structure, which are generated subjected to the
Davenport spectrum (Davenport, 1961; Zhang et al.,
2012). For brevity, Figure 7 shows the simulated 1-min
fluctuating wind speed time-histories of case 1. The time
step is 0.1 s, and the wind load is assumed to be the
concentrated forces applied at the nodes. The responses
of the cantilever beam are calculated using a time incre-
ment of 0.01 s, and the wind data are interpolated to
have the same time increment, namely, with a sampling
frequency of 100 Hz.

3.2. Damage detection based on quasi-static
macrostrain

3.2.1. Extraction of quasi-static macrostrain. The macro-
strain responses of each element along the beam were
calculated and obtained by equation (5). For brevity,
the measured macrostrain at element E1 of case 1 is
selected as an example for presenting the quasi-static

Figure 6. Details of the local damage simulation.

macrostrain extraction process using the CEEMDAN
technique, in which, the standard deviation of the noise
is 0.05. Figure 8 shows the results of the decomposition
of the macrostrain time-history, which contains 11 com-
ponents (10 IMFs and a residue). By calculating the
corresponding Fourier spectrum envelope of each com-
ponent, as shown in Figure 9, it can be found that the
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Figure 8. Decomposition results of measured macrostrain using the CEEMDAN technique.

frequencies of the IMFs decrease gradually, and the
main frequency components can be judged. It can be
clearly seen from these figures that the CEEMDAN has
the capability to make different scale macrostrains to
merge into proper IMFs, and therefore realizing the
separation of dynamic and static macrostrain.

The first-order frequency of the measurement
macrostrain response can be easily measured by
Fourier spectrum analysis, and it is determined as
1.25 Hz. Therefore, 1.25 Hz is selected as the threshold
value. Figure 9 shows the frequencies of IMF I-IMF 5
are greater than or equal to the first-order frequency,
and these IMF components should belong to the
dynamic response. Correspondingly, the peak frequen-
cies of the IMF 6-IMF 10 and the residue 10 are much

lower than the first-order frequency of the structure
and thus belong to the low-frequency components.
Thus, the composite macrostrain by adding all the low-
frequency components in time-domain, named as the
quasi-static macrostrain response, can be obtained.
Following the procedure of the above analysis, the
quasi-static macrostrain time-histories from the macro-
strain response for each damage case were extracted
and are shown in Figure 10 (only the first 10 s is pre-
sented to display clearly). After that, the quasi-static
macrostrain energy of each structural element in these
damage cases can be calculated based on equation (12).
Figure 11(a) shows the quasi-static macrostrain energy
of each element in five cases. It can be seen that the
decreasing trend of the quasi-static macrostrain energy
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Figure 12. Damage index (3, for damage detection: (a) single damage cases and (b) double damage cases.

from the first element to the last element (fix-end to the
free-end) is the same. However, different excitation
results in different energy of each case, and the damage
cannot be detected directly. A quasi-static energy ratio
is therefore proposed to detect the local damage, which
can be calculated by equation (14). Figure 11(b) shows
the quasi-static energy ratios of each element in five
cases. The results show the pattern of the energy ratio
is similar to that of quasi-static macrostrain energy;
which is also decreasing from the fix-end to the free-
end. As it is expected, it could be found that the quasi-
static energy ratio is much bigger when the element was
damaged than that before the damage occurs. At the
same time, the energy ratios of undamaged elements in
damage cases are lower than those of the intact case.
Thus, the difference of energy ratios between the dam-
age and intact conditions can be a useful index to detect
the local damage.

3.2.2. Damage detection. After the quasi-static macro-
strains and corresponding energy ratios are acquired,
the damage index, 3, of the cantilever beam with each

damage case can be calculated. The results for five
damage cases are shown in Figure 12. As was expected,
the indicator can clearly show the damaged elements.
Figure 12(a) shows that for case 1 and case 2, the dam-
age index B; is positive for element 3 which is damaged
and negative for all undamaged elements. Similarly,
case 4 and case 5 in Figure 12(b) show the same phe-
nomenon as in single damage cases, where the damage
indexes are protrudent and positive for sensors
deployed at the damaged elements (element 3 and ele-
ment 6). Therefore, it can be concluded that the quasi-
strain macrostrain-based method is a good damage
detection algorithm since all damages with different
damage degrees can be accurately detected and located
for single and double damages.

3.3. Effect of measurement noise

Considering the measurement noises are inevitable in
field measurement, it is necessary to further evaluate
the robustness of the proposed method with measure-
ment noise. As many researchers reported, it is assumed
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Figure 13. Macrostrain responses plus Gaussian noises and the quasi-static macrostrains: (a) macrostrain with Gaussian noise and

(b) quasi-static macrostrain.

that the noise obeyed Gaussian distribution, and its
rationality can be proved by the central limit theorem.
Therefore, the simulated macrostrain responses are con-
taminated with a certain level of the Gaussian noise to
generate “measured” macrostrains. Then, the macro-
strain with the additive Gaussian noise can be expressed
as

En(t) = &(t) + aRMS; - random (18)
where a is the Gaussian noise level, RMS; is the root
mean square value of the measured macrostrain. The
variable random obeys the standard normal distribution
N (0, 1).

In this study, 5%, 10%, and 15% levels of Gaussian
noise is added to the measurement macrostrain
response to discuss the effects of measurement noise.
Figure 13(a) shows the measurement macrostrain con-
taminated with noises at E1 in case 1, and the results of
quasi-static macrostrains are shown in Figure 13(b). As
was shown, despite the additional Gaussian noise, the
quasi-static macrostrains are in good agreement with
the actual one. It proves that CEEMDAN is an effec-
tive way to eliminate noise. Damage index f3,, of each
element in each damage case was calculated and shown
in Figure 14. Even though there are some variations in
the indexes which are caused by noises, but such effect
is not large. Also, Figure 14(a) and (b) shows that at
the damage element E3, the B3 is much bigger than zero
while the others are negative, which makes the damage
index very prominent. Similar results were obtained for
the double damage cases in Figure 14(c) and (d), the
index of the damaged element is greater than zero, and
the indexes of the undamaged elements are less than
zero. Thus, all the damage locations in these damage
cases can still be detected without any false indication
even suffers a 15% measurement noise affects.
Therefore, the detection of damage is feasible under
noise conditions. The proposed damage detection

approach and the corresponding damage index are not
sensitive to the measurement noise, and it is possible to
detect damages for real structure.

From the above analysis, it could be found that
unlike most previous approaches in distributed long-
gauge FBG sensing, the proposed method in this article
does not need to select reference element. Previous
methods, such as MMSV-based methods (Li and Wu,
2007b; Zhou et al.,, 2019), the nonphysics-based
approach (Kamrujjaman Serker et al., 2010), and the
power spectral density (PSD)-based method (Hong
et al., 2012), all requires a reference element which is
usually selected at the place where is less likely to be
damaged. However, it cannot be guaranteed to be
always in intact status. This is particularly important
when the health element can hardly to be ensured.
Also, the proposed method does not require any
knowledge of the structure (i.e. mode shapes, material
properties, etc.) except the structural natural frequency
which can be directly obtained from the measured
macrostrain response. With such advantages, it can be
found that the proposed method is much suitable for
practical application of SHM.

4. Experimental verification

4.1. Experimental setup and macrostrain collection

To further verify the validity and performance of the
proposed quasi-static macrostrain-based method for
structural damage identification, experiments with a
cantilever steel beam were conducted. The beam is
1.8 m long, 0.08 m wide, and 0.005 m thick. The mate-
rial of the beam with a Young’s modulus of 206 GPa
and a density of 7850 kg/m>. Five damage cases were
also studied, both the damage locations and damage
degrees are set the same with those of the simulations.
To simulate the local damage more quickly and conve-
niently, the damage is realized by reducing the beam
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Figure 14. Damage index f3,,, for damage detection with various Gaussian noise levels: (a) case 2, (b) case 3, (c) case 4, and (d) case 5.

width, as is shown in Figure 15(a). Figure 15(b) shows
the test specimen of damage case 5 in the lab. In this
experiment, the cantilever beam is excited by a hammer
with arbitrary impact forces at a random position. The
developed long-gauge FBG sensor is designed to mea-
sure the averaged strain over a long-gauge length, and
it can be connected in series to make a sensor network
for distributed strain measurement. Based on this, the
whole beam is equally divided into nine elements, and
nine FBG sensors with 20 cm gauge length are pasted
on the surface of the beam for macrostrain sensing.
The applied FBG sensor is shown in Figure 15(c). A
FBG interrogator SM 230, as shown in Figure 15(d), is
used to collect the macrostrain time-histories, with the
sampling rate being 500 Hz.

4.2. Damage detection

Before utilizing the CEEMDAN technique to extract
the quasi-static macrostrain time histories from the
long-gauge FBG sensors, the natural frequency of the
beam should be confirmed to separate the dynamic
components and the quasi-static components.
Generally, the signal-to-noise ratio of the macrostrain
response at El is higher than those of others for the
cantilever beam. Its measured macrostrain time history
and amplitude spectrum are shown in Figure 16. The
results show that the first-order frequency of the beam

is 1.15 Hz. Under force excitations by the hammer, the
macrostrain responses of structural elements in five
damage cases were collected from the long-gauge FBG
sensors for investigation. Similar to the numerical
examples discussed in Section 3, quasi-static macro-
strains were extracted. Figure 17 shows the measured
macrostrain responses of nine elements with respect to
five damage cases, as well as the corresponding quasi-
static macrostrains.

When the quasi-static macrostrain time histories of
each structural element were extracted for five damage
cases, the macro-strain energy of each element and the
corresponding energy ratio was then calculated, and
the damage index vector 8 can be assembled afterward.
Figure 18 shows the damage indexes for both single
and double damage cases. Although several indexes of
undamaged elements are slightly larger than zero due
to the environmental disturbance, but these values are
very small compared to those of the damage elements
and therefore have litter effects on the damage detec-
tion. Thus, it can be clearly seen that the damages, as
well as their locations, can still be identified accurately
in both single and double damage cases. Therefore, the
results have verified that the quasi-strain macrostrain-
based index is much sensitive to structural damage, and
the integration of the distributed long-gauge FBG sen-
sing technology with the proposed method is suitable
for practical SHM.



12 Journal of Intelligent Material Systems and Structures 00(0)

(©

Figure 15. Components of the cantilevered steel beam experiments: (a) the realization of local damage, (b) the test sample of case
5, () the FBG sensor with 20 cm gauge, and (d) macrostrain collection.
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Figure 17. Extracted quasi-static macrostrain time-histories under hammer excitations: (a) measured macrostrain and (b) quasi-
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Figure 18. Damage index S3,, for local damage detection under hammer excitations: (a) single damage cases and (b) double damage

cases.

5. Conclusion

In this article, a quasi-static macro-strain-based dam-
aged detection method has been proposed for detecting
structural damages. The quasi-static macrostrain was
obtained using the CEEMDAN technique from the

deployed distributed long-gauge FBG sensors. A quasi-
static macrostrain energy ratio is then proposed to be
the damage indicator. The proposed method does not
require any physical modeling and reference element as
other methods usually do for distributed long-gauge
FBG sensor-based SHM systems. The performance of
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the proposed method for structural damage detection
has been verified with both numerical simulations and
experiments. Five damage cases were considered and
simulated, and both the single and double damages
were studied. The robustness of the proposed method
was further verified by considering the measurement
noise. Damages were detected clearly and accurately,
even under fairly high-level noises. Meanwhile, experi-
ments were conducted at a cantilever beam. Results
show that the quasi-static macrostrain-based method
has high sensitivity and reliability. Thus, it has the pro-
mising potential to be applied in engineering practices
for structural online health monitoring.
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