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Abstract. A number of acceleration-based damage detection methods have been developed but they have
not been widely applied in engineering practices because the acceleration response is insensitive to minor
damage of civil structures. In this article, a damage detection approach using the long-gauge strain sensing
technology and the principle component analysis technology is proposed. The Long gauge FBG sensor has
its special merit for damage detection by measuring the averaged strain over a long-gauge length, and it can
be connected each other to make a distributed sensor network for monitoring the large-scale civil
infrastructure. A new damage index is defined by performing the principle component analyses of the
long-gauge strains measured from the intact and damaged structures respectively. Advantages of the long
gauge sensing and the principle component analysis technologies guarantee the effectiveness for structural
damage localization. Examples of a simple supported beam and a steel stringer bridge have been
investigated to illustrate the successful applications of the proposed method for structural damage detection.

Keywords: principal component analysis; impact testing; long-gauge fiber optic sensor; Euclidean norm;
damage detection

1. Introduction

Structural health monitoring (SHM) technology has been developed over fifty years, and it has
been applied to a number of bridges and buildings (Montalvao et al. 2006, Zou et al. 2000, Lei et
al. 2012). How to use the monitoring data to detect structural damages is important. A number of
vibration-based damage detection techniques have been developed, including the damage indexes
utilizing structural frequency shifts, mode shape changes, mode shape curvature changes,
flexibility changes, or modal strain energy changes (Doebling et al. 1998, Bagchi et al. 2001,
Catbas et al. 2006, Zhang et al. 2013, Aditi Majumdar et al. 2013, Rezaiee-Pajand et al. 2014,
Arslan et al. 2014, Yazdanpanah et al. 2015).

Most damage detection approaches in the literature used structural modal parameters identified
from acceleration measurements. Rucevskis and Wesolowski (2010) studied the applicability of
the modal shape curvature squares determined from only the damaged state of a beam for damage
detection. A flexibility-based two-stage procedure was presented by Kazemi et al. (2010) to
localize structural faults and their corresponding severity in thin plate structures. An and Ou
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(2012) developed a curvature difference probability method for damage localization. Baseline-free
methods have been developed for structural damage detection using the acceleration data only
from the damaged structure (Yoona er al. 2005). Ratcliffe et al. (1997) developed the gapped
smoothing method(GSM) operating solely on data obtained from the damaged structure to locate
structural stiffness variability. Santos and Orcesi (2015) used the unsupervised discrimination
machine-learning method for structural damage detection without the baseline structure. The
above reviewed methods used acceleration responses for structural damage detection, however, it
has been increasingly recognized that the acceleration is insensitive to structural minor damages
(Conte et al. 2008, He et al. 2009).

In contrast, strain is considered as a good candidate for structural damage detection because it
is sensitive to local damages. Alvandi and Cremona (2006) represented that the strain energy based
methods is much more efficient than acceleration-based methods by considering the modal strain
energy change before and after the damage occurs. Guan and Karbhari (2008) proposed an
improved modal strain damage index without using numerical differentiation, which is considered
to be the main cause for the poor performance of the modal curvature method. However, the strain
has its limitation too for structural damage detection. Traditional strain gauges have very short
gauge lengths, which makes it be difficult to find damages within huge and complex civil
structures. Due to the limitation of traditional point-type strain gauges, a novel long-gauge fiber
optic sensor has been developed. It has a long gauge length, for instance, 1~2 m, which means that
it measures the averaged strain over the long gauge length. The long-gauge strain not only reflects
local but also global information of the structure. Especially, the long-gauge sensors can be
connected each other to make a distributed sensor network for monitoring the large-scale civil
structures, they are much more suitable for structural damage detection (Li and Wu 2007, Wu and
Zhang 2012).

Based on the advantage of the long gauge FBG sensor, a new damage index will be proposed
by performing the principle component analysis of the long gauge dynamic strains under impact
testing. In engineering practice, the monitoring data generally consists of much redundant
information. The principal component analysis (PCA) is an effective technology to separate the
influence of noise and environmental factors from “pure” data. Ni et al. (2006) identified the
damage of a 38-floor building by performing the PCA to structural frequency response functions,
and the results illustrated that it greatly improved the robustness of the damage detection method.
Based on the merit of the PCA technology, a damage index will be proposed for effective
structural damage detection with long gauge strain time histories.

In this article, the long-gauge FBG sensor and the framework of using the long-gauge strains
and the PCA technology for damage detection will be introduced in section 2. Then, the details of
the proposed method for structural damage detection will be presented in Section 3. Its procedure
includes covariance matrix calculation, singular value decomposition, principle component
confirmation, Euclidean norm calculation, and finally the damage index calculation. In sections 4
and 5, examples of a simply supported beam and a steel stringer bridge will be investigated to
verify the effectiveness of the proposed method respectively. Finally, conclusions are drawn.

2. Framework of the proposed method

Structural dynamic responses (e.g., acceleration and strain) contain structural damage
information. The relation between acceleration and damage characteristic is indirect, thus
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Fig. 1 Framework of the proposed method

acceleration-based damage indexes are insensitive to minor damages. Dynamic strains from
traditional point-type strain gauges are sensitive to damages but they are too local to perform
damage detection of large-scale civil structures. To overcome the limitations of acceleration- and
point-type strain-based sensing technologies, the long-gauge FBG sensor as shown in Fig. 1 is
developed by designing the FBG sensor with a long-gauge (e.g., 1-2 m) and fixing its two ends.
Even though there are studies about the long-gauge sensor in the literature (GliSic and Inaudi
2007), the developed long-gauge FBG sensor has its unique feature. Technologies including the
basalt fiber reinforcing, optical fiber anchoring and sensitivity enhancing have been developed to
make the developed long gauge FBG sensor have high performance and long durability. The
in-tube fiber has the same mechanical behavior of the structure, and hence the strain transferred
from the shift of Bragg center wavelength represents the averaged strain over the long-gauge
length. The developed sensor has the merit to measure the averaged strain over the long gauge
length which is sensitive to the damages appeared within the gauge length. Moreover, the
long-gauge sensors can be connected in series to make an FBG sensor array for distributed
sensing. The above features offer the developed sensor the advantage of measuring both local and
global information of the structure, thus it is potential to be applied for effective damage detection
of large-scale civil structures.

A framework utilizing the long-gauge strain measurements and the PCA technology as shown
in Fig. 1 is proposed for structural damage detection. Its procedure is described as follows:

Step 1: To perform impact testing on the intact and damaged structures respectively.
Long-gauge FBG sensors are used to measure structural responses during the impact tests.

Step 2: To standardize the measured long-gauge strain data and calculate its principle
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components. The theory of PCA and its detailed procedure will be described in next section.

Step 3: To calculate the averaged Euclidean norm of the principle components. Definition of
the Euclidean norm will be given in next section.

Step 4: To obtain the proposed damage index by calculating the square of the averaged
Euclidean norm change before and after damage occurring. The elements corresponding to high
damage indexes denote damage locations.

Step 5: To calculate a damage index matrix by using a number of nodes as references to better
show damage detection results. The matrix is a square one. If some rows and columns of that
matrix have obvious changes, it indicates that damages occur on the corresponding elements.

3. Theory basis of the proposed method
3.1 Data normalization

Structural responses are determined by structural intrinsic characteristics and external forces.
When structural responses are different with same external forces, it indicates that structural
parameter changes, i.e., damages occur. Therefore, the task of damage detection is transformed to
how to detect the change of structural responses when the external force is not changed. In order to
eliminate the influence of observation noise, the measured long gauge strains are first normalized.
Assuming m long gauge sensors are used to measure structural dynamic responses, and each
measurement has a length of n, the following data matrix is generated by dividing each time series
to p pieces

X Xz T Xrg
x x e x
k21 Xk k2g
X, =| . . . : (k=123,...,p) (1)
Mt X2 o Xkmg |,

where ¢ is the length of each piece of the data, i.e., n=p*q. The data matrix as shown in Eq. (1) is
normalized to Eq. (2)
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where: y = ——= (i=1,2,..,m;j=1,2,...,q), X; and o are the mean and variance of X;.
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3.2 Feature extraction by the PCA technology

First, the covariance matrix of the normalized data is calculated as follows
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C, = ﬁX,;.TX,;.,(i =1,2,3,...m,k=1,2,3,..., p) (3)

where C; is a square matrix with the dimension of (g xq).
Then, the singular value decomposition is performed to the covariance matrix
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where Uy and V, are left and right vector matrices, respectively, and S; is the singular value matrix.
By using the singular value matrix, the principal components are determined in the following way
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where, a; denotes the ratio of the sum of the first » components to the sum of all components. PC;
denotes the vector including the first » components, 7 is the principal component number, PCj, is
the principal component matrix. The value of o, is selected based on the tradeoff between the
accuracy and the computation time. When o, equals 1, all singular values will be used in Eq. (6),
which will produce the most accurate result but taking the most computation time. It is selected to
be 0.9 in this article.

3.3 Damage index definition

Euclidean norm of the principal component is calculated by summing the squares of all pieces
of the data and taking the square root

Enarm = - ‘ (9)

" L p
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e =P’ + s’ oot P )5 (= 1,2,k =1,2,3,..., p) (10)

where py;, is a principle component element as shown in Eq. (8).

By performing the impact tests of the intact and damaged structures respectively, structural
strain responses are measured by using the long-gauge FBG sensors. Their principle component
matrices and Euclidean norms are calculated by using Eq. (10) and Eq. (9) respectively. Thereafter,
a new damage index is defined by using the Euclidean norm of the principle components as
follows

Ed _ Eu

DI =(——)? 11
( o ) (11)
€ 61”
E'=¢it, E‘=q: (12)
e e

where, DI denotes the defined damaged index, e (i=1,2,...,m) is the mean value of the i™ line of
the Euclidean norm matrix, E,,., in Eq. (9), of the intact structure. Similarly, ei" (i=1,2,...,m) is for
the damaged structure. E“ and E denote the average Euclidean norm of the intact and damaged
structure respectively.

More effort is made as described below to improve the robustness of the damage index defined
in Eq. (11). E* in Eq. (12) is transformed to R* in Eq. (13) for the intact structure. Similarly, £ in
Eq. (12) is transformed to R for the damaged structure. The damage index using R and R‘ is
defined in Eq. (14).
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where DI'; is the i" row and /™ element of the damaged index matrix, Rl.j”,’ and R are the i" row

and /™ column element in the matrices R* and R’ respectively. If the damage occurs on the /™
element, the /™ row and the /" column of the damage index matrix will change.
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Fig. 3 Two sets of impacts and long-gauge fiber strain

4. Example investigation: a simple supported beam

For readers’ easy understanding, the proposed method is first illustrated by taking a simple
supported beam (Fig. 2) as an example. The beam has a length of 6 m, which is equally divided
into 30 elements. Other than the intact structure, two damage cases are studied: (i) 10% stiffness
loss of the 16" beam element, and (ii) 10% stiffness loss of the 8" and 24™ beam elements. The
stiffness loss is simulated by reducing the flange width of the beam element. Assuming long-gauge
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Fig. 4 Damage detection results of the damage condition (i)

FBG sensors with the gauge length of 0.2 m are mounted at the bottom of all beam elements for
strain measurements. Impact tests of the intact and damaged structures are simulated in the
SAP2000 software respectively. The impacting force measured during the hammer impact testing
in the laboratory is applied to the beam central node for dynamic analyses. Fig. 3 shows the typical
impacting force and long-gauge strain response of the intact structure and the damaged structure
respectivley.10% white noise is added into the simulated data to represent the observation noise, in
which 10% means that the standard deviation of the noise is 10% of that of the simulated macro
strain.

The long-gauge dynamic strain responses during the impact testing are processed by using the
proposed method. Principle components are first calculated through Eq. (8), then their Euclidean
norms are calculated through Eq. (9). Finally the defined indexes in Eq. (11) and Eq. (14) are
calculated respectively. Fig. 4(a)-(c) illustrates the damage detection results for the damage
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Fig. 5 Damage detection results of the damage condition (ii)

condition (i), i.e., the single damage condition. Fig. 4(a) shows the calculated Euclidean norms of
the intact and damaged structures. Fig. 4(b) illustrates the damage index calculated from Eq. (11),
in which the high index value corresponding the 16™ elements indicates that the proposed method
successfully identifies damage localization. Fig. 4(c) shows the damage index calculated from Eq.
(14). The high values of the 16" row and column of the damage index matrix also reveal that the
damage occurs on the 16™ element. For comparison, the similar procedure to process the
acceleration data during the impact test is also made and the results are shown in Fig. 4(d)-(f). It is
seen that the proposed method using the long-gauge strain measurements is effective for damage
detection, while the similar procedure using acceleration measurements fails to identify the
damage location.

Similarly, Fig. 5(a)-(c) show the damage detection results for the damage condition (ii). It is
seen that two damage indexes calculation from Eq. (11) and Eq. (14) successfully identify damage
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locations at the 8" and 24™ elements, while the results from accelerations as shown in Fig. 5(d)-(f)
fails to do that. The above comparison illustrates the advantage of the proposed method by using
the long-gauge strain sensing technology.

5. Example investigation: a steel stringer bridge

The example of a steel stinger bridge is further studied to verify the proposed method. The
investigated bridge is a multi-girder steel stringer bridge as shown in Fig. 6. It has four spans with
a standard steel stringer design of girders, and each span is simply supported with pin and rocker
bearings. Because it is unable to make damages on the real bridge, damage simulation is made in
Sap2000 software. The finite element model is a combination of beam elements and shell elements
used to simulate the steel girders and concrete deck as shown in Fig. 6. The concrete is modeled as
a plate with a constant thickness of 24 cm. The concrete material is defined with an elastic
modulus of 2x10° MPa and a density of 2400. Eight girders are modeled with beam elements
whose dimensions are the same as those of the tested real bridges. The model has the same skew as
the tested bridge. The FE model is simply-supported at two ends. It totally includes 516 nodes, 256
frame elements, and 512 shell elements. Other than the intact structure, a damaged structure is also
simulated by making 1.5% stiffness loss on the elements 16 and 24 of girder 1 and elements 8 and
20 of girder 3. Dynamic analyses of the intact and damaged structures are performed to simulate
impact test data. For instance, girder 3 as shown in Fig. 6 includes 33 beam elements with the
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Fig. 7 Damage detection results of the girder 1

number 1 to 33 from left to right. The analyzed strain data for those 33 beam elements simulate the
measurements from long-gauge strain sensors mounted on those elements. 10% white noise is
added into the simulated data to represent the observation noise.

Damage detection results of the Girder 1 using the proposed method by processing the
long-gauge strain responses are shown in Fig. 7(a)-(c). It is seen that the damages on the elements
16 and 24 are successfully identified, while the results by processing the acceleration responses as
shown in Fig. 7(d)-(f) fail to identify damage locations. The damage detection results of the Girder

2 illustrate the similar findings.
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Fig. 8 Damage detection results of the girder 2

6. Conclusions

A damage detection method integrating the long-gauge fiber optic sensor and the principle
component analysis (PCA) technologies has been proposed. In the proposed method, two new
damage indexes have been defined by using the Euclidean norm of the principal components of
long-gauge dynamic strains.

Examples have been investigated to illustrate how to use the proposed method for structural
damage detection. By comparing the results from the long-gauge strains and accelerations, it is
found that the proposed method using the long-gauge strains are effective for damage detection
while the similar procedure using the acceleration responses are ineffective.

It should be noted that the proposed method is effective on the condition that the input forces
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on the intact and damaged structures are close, for instance, the impact testing case studied in this
article, in which the impacting forces can be controlled to be close by using the same equipment of
impacting. In the condition of input forces are different, new methods should be further explored.
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