
1 INTRODUCTION 

As the major components of an advanced structural 
health monitoring system, innovation of sensing 
techniques and development of structural 
identification methods play an important role for the 
purpose of damage detection, safety assessment and 
performance evaluation of existing structures. Fiber 
optic sensor, which performances as a promising 
sensing technique, has been developed for various 
applications in civil engineering. In recent years some 
researchers [1-3] have proposed a long-gage fiber 
optic sensor for macro-strain measurements. 
Although their works have highlighted the potential 
advantages of such sensor as insensitivity to local 
stress concentration, capability to obtain global 
structural behavior and applicability for different 
topologies or networks, most of them are limited to 
brief introduction or conceptual envision. Few works 
have been done by direct use of macro-strain 
measurements for structural damage identification.      

The existing vibration based damage locating 
methods can fall into two manners in view of the 
need for information in intact or so-called baseline 
structure. Non-baseline techniques, just as its name 
implies, provide an alternative without regard of 
detailed structural model and thus have the potential 
of being a more efficient and practical tool for on-line 
damage identification. Most of the conventional non-

baseline methods have been based on the changes in 
mode shapes and their derivatives. Mode shape 
curvatures were examined to be more sensitive to 
damage but the differentiation process enhances the 
experimental errors inherent in mode shapes, yielding 
a large statistical uncertainty [4]. Early damage 
location methods using changes in measured 
flexibility (Aktan, et. al. 1994[5], Pandey and Biswas 
1994[6], Doebling 1996[7], and Robinson, et. al. 
1996[8]) were presented for their applicability for the 
indication of structural damage from a few lower 
measured modal data. The flexibility matrix, 
however, has been troubled with the difficult to 
identify multiple damages and failed to operate with 
closely distributed damage scenarios. So an 
alternative way by using flexibility curvature [9] has 
been proposed to improve the sensitivity to damage 
but this technique is inevitably exposed to the same 
problem as statistical differential errors in mode 
shape curvature method. Although further researches 
[10,11,12] have been extended to develop the 
flexibility-based method, the necessity of mass-
normalized mode shapes is still a challenge for the 
practical civil structures, especially in the case of 
ambient vibration under operational condition. 
Different from the traditional methods based on 
accelerations, some works have tried to discuss the 
application of dynamic strain measurements. Conte et 
al. [1] proposed a numerical investigation of modal 
macro-strain eigenvectors for structural earthquake 
response monitoring and damage identification 
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combined with constrained optimization algorithms. 
Xu and Wu [13] introduced a neural network based 
structural parametric identification strategy by using 
macro-strain measurements in time domain. Although 
institutively the dynamic strain measurements seem 
more sensitive to damage, their practical application 
still faces some difficulties due to their localization 
and the absence of corresponding effective sensing 
techniques. Accordingly in our previous study [14], 
we focused on the development of a novel long-gage 
fiber optic sensor for practical adaptation in civil 
structural health monitoring, which was verified to 
have the ability to obtain efficient dynamic macro-
strain measurements. 

In this paper, after a brief description of long-gage 
FBG strain sensors and their applications for dynamic 
measurements, a damage identification method with 
no need for a detailed analytical model by direct use 
of macro-stain time-series data is presented. A 
damage evaluating index is derived to provide an 
indicator of locating damages. Numerical example of 
a cantilevered beam is used to verify the effectiveness 
of the index in various damage scenarios and sensors 
placements. Different levels of noise are introduced 
to simulated MMSV to examine the robustness of the 
method. At last, experimental investigation is also 
carried out.  

2 LONG-GAGE FBG STRAIN SENSORS FOR 
DYNIMIC MACRO-STRAIN MEASUREME-
NTS 

Regarding some primary technological challenges for 
FBG sensors in field engineering application due to 
the fragility of bare fiber, a novel packaged long-gage 
FBG strain sensors for practical adaptation to civil 
structural health monitoring have been proposed in 
our previous research [14]. 

In addition to the well-known advantages of fiber 
optic sensors including electromagnetic noise 
immunity, electrically passive operation, low weight 
penalty, high sensitivity and easy multiplexing 
capability, the proposed FBG sensors can obtain 
some important measurements for both local and 
global structural damage identification, which will be 
briefly introduced as follows. 

(i) Macro-strain measurements. Through special 
packaging to extend original Bragg grating with 
inherent gage lengths on the order of a few 
millimeters to effective gauge length up to several 
centimeters or meters, FBG sensor can measure 
average macro-strain that is less susceptible to local 
stress/strain concentrations and hence more 
representative of the deformation of the entire 
structural member, which brings significant benefits 
for global structural monitoring. Moreover, dynamic 
macro-strain measurements have a clear relation with 
rotational degree and hence result in more sensitive 

and reliable time series data than acceleration, which 
must be numerically integrated twice for deflection. 

(ii) Distributed measurements. Compared with 
resistive foil strain gauge and other traditional 
“point” gauges, FBG sensor can be easily 
multiplexed at many locations and permit distributed 
strain measurements of high precision, which helps to 
obtain relatively complete information to solve the 
problem of instability including non-uniqueness and 
discontinuity of solutions that many identification 
algorithms have encountered. 

(iii) Fast dynamic measurements. High sampling 
frequency (newly up to 5KHz) of FBG interrogation 
systems make the sensors possible to measure 
responses fast and obtain broad band spectrum in 
frequency domain, which puts forward a powerful 
tool for vibration-based structural damage detection. 

3 MODAL MACRO-STRAIN VECTOR METH-
OD FOR DAMAGE LOCATION 

Most of the vibration based damage identification 
methods rely on such a situation that the system can 
be treated as linear in the pre and post damaged 
states, making the dynamic responses suitable for 
modal superposition methods. Here, all of the 
analysis and discussion are based on a linear time-
invariant system. 

For a N-DOF beam structure of two local DOFs 
(one for vertical translation and the other for 
rotation) at each node (see Fig.1), macro-strain mε of 
several 
 
 
 
 
 

Figure1. Beam structure 
 
consecutive elements can be obtained from the 
rotational degree at first node of first element (rth 
DOF) and that at second node of last element (sth 
DOF) on a reasonable assumption that the distance 
from inertia axis to sensor location of each element 
(demoted as hm) is same. So theoretically the macro-
strains at a certain time or frequency can be obtained 
respectively from  
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Suppose M long-gage sensors are installed onto 
the beam, a macro-strain vector of M-dimension with 
each component from Equ. (1) or (2) can be 
assembled by left-multiplying a mapping matrix [B] 
as: 
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Based on experimental modal analysis theory and 
regarding the fact that the relationship between 
macro-strains versus displacements is space-
dependent but time or frequency-independent, a 
modal vector{ }miδ  for ith mode, say Modal Macro-
Strain Vector (MMSV), can be constructed from 
time series data of long gage sensors in the same way 
as mode shape{ }niϕ  extraction. The similar mapping 
relation as Equ.(3) is given by: 
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Accordingly, the component miδ is named by Modal 
Macro-Strain (MMS).  

It should be noted that MMSV as well as mode 
shape only emphasize the relative ratio of all 
components but ignore the amplitude. Furthermore in 
many cases such as ambient vibration under 
operational condition it is often difficult to normalize 
MMSV before and after damage under the identical 
criteria, for example, mass-normalization. So it is 
necessary to provide an index free from normalized 
criteria and suitable for any MMSV of intact and 
damaged structure. Here, taking the original idea 
from damage index method developed by Stubbs et 
al. (1992), the other index β is proposed. 

According to Stubbs et al. the bending strain 
energy for a Bernoulli-Euler beam is  
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Damage index at the kth location in structure is given 
by  
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Here, Superscript * represents the damaged state. On 
the other hand, the curvature can be denoted by 
strain as: 
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Following the derivation of damage index method 
and introducing modal macro-strain vector, it holds 
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Suppose hm along the structure is same, a damage 
evaluating index βm for mth sensor can be defined as  
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4 NUMERICAL EXAMPLES 

A steel cantilevered beam with 1m length, 50mm 
width and 3mm height is used as a simulation 
example. Its FE model shown in Fig.2 includes 20 
elements and 40 DOFs. It can be found from Equ.(4) 
that the modal macro-strain vector with different 
dimension and value will be decided by the number of 
installed long-gage sensors, their respective gauge 
length and fixed location. The sensitivity of 
evaluating index βm to damage locations in different 
cases will be discussed in detail as follows.   

 
 

 
 
 
 
 

 

4.1 Different Damage Scenarios 
Suppose the beam is installed with 20 distributed 
long-gage sensors, each for the macro-strain 
measurements of one element. Three damage cases 
are considered: (a) Single damage with 10% stiffness 
reduction at element 8; (b) Double damages with 
10% stiffness reduction at element 8 and 14; (c) 
Multiple damages with 10% stiffness reduction at 
element 8, 10 and 14. Fig.3 (a)-(c) show that damage 
index βm (m=1~20) from MMSV is a nice indicator 
for damage location and available for different 
damage  

 
 
 
 
 
 
 
 

(a) Single damage 
 
 
 
 
 
 
 
 

(b) Double damages 
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Figure 2. Cantilevered steel beam 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Cross section:    a×b=50×3 mm 

Elastic modulus:  E= 2.10×1011 kg F/m2 

Density:        ρ=7.862×103 kg/m3 



 
 
 
 
 
 
 
 

(c) Multiple damages 
Figure 3. Damage index βm from MMSV in various damage 

scenarios 
 
scenarios. It is worth noting here that βm is positive 
for the sensor at damaged position while negative for 
that at intact position owing to the obvious fact that 
damages lead to the increase of strain measurements. 

4.2 Different Number of Modes used for Damage 
Indexβm 

In Equ.(9) all modes are included to calculate the 
damage index βm . However, it is often infeasible for 
engineering practice especially for large-scale 
structures to obtain integrated modes due to the 
limitation of sensing techniques and measuring 
difficulty. Furthermore, many researches have shown 
that the first several modes of a structure, which 
gather up most of vibrating energy, can represent the 
structure well  
 
 
 
 
 
 
 
 

(a) Mode 1 
 
 
 
 
 
 
 
 

(b) Modes 1 and 2 
 
 
 
 
 
 
 
 

(c) Modes 1, 2 and 3 
 

Figure 4. Damage index βm based on different number of 
modes 

enough. Considering the case of double damages 
mentioned above(b), Fig.4. shows the damage index 
βm using different number of modes. It can be found 
that a satisfied result can be obtained by use of only 
the first two modes. 

4.3 Different FBG Sensors Placements 
Still in the case of double damages, two other 
sensors placements are considered by comparing with 
the application of 20 distributed long-gage sensors: 
(a) 4 sensors, (b) 8 sensors. The position and gauge 
length of each sensor is plotted in Fig.5. The 
elements in yellow represent the damaged ones. 
From Equ.(9), damage index βm of beam with 
different sensors placements can be calculated. As 
shown in Fig.6, βm is sensitive to the damage location 
for it is highlighted and positive for the sensors which 
are placed at the position including damaged 
elements. Moreover, it can be seen from Fig.6 (a) 
that for closely distributed damage scenarios, this 
method is efficient even though the extent of damage 
is low (here, 2% stiffness reduction for FBG2 and 
FBG3), which helps to solve the problem that 
flexibility-based method faced. 
 
 
 
 
 
 
 
 

Figure 5. Cantilevered steel beam with fixed FBG sensors 
 
 
 
 
 
 
 
 
 
 

(a) 4 sensors 
 

 
 
 
 
 
 
 
 
 

(b) 8 sensors 
 

Figure 6. Damage index βm of beam with different sensors 
placements 
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4.4 Quasi-distributed and Undistributed FBG 
Sensors 

It should be noted here all the above discussions only 
consider the case where long-gage sensors are fixed 
to the whole structure in a distributed way. But for 
large-scale civil structures in practice, it is difficult 
and costly to install sensors along the full structure. 
Therefore, the applicability and effective of the 
proposed method based on quasi- or non- distributed 
sensor placements should be discussed. Fig.7 shows 
the results from different sensors placements in the 
above-mentioned double damages case. It can be 
found that any damage can be detected as long as the 
gauge length of fixed sensor involves the damage 
domain. 
 
 
 
 
 
 
 
 
 

(a) 10 sensors from element 1 to 10 
 

 
 
 
 
 
 
 
 

(b) 10 sensors from element 6 to 15 
 

 
 
 
 
 
 
 
 

(c) 5 sensors at element 3,8,10,14,18 
 

Figure 7. Damage index βm of beam with quasi- and non- 
distributed sensors 

4.5 Noise Polluted Cases 
As many researchers have reported, mode-shape 
based method for damage location is very sensitive to 
measurement noise. The relative lower measured 
precision of mode shape may bring on the failure of 
some methods in practical application. Here, different 
levels of random noise are introduced to modal 
macro-strain vector to discuss the effect of 
measurement noise. Single damage case with 10% 

stiffness reduction at element 8 is considered. As 
shown in Fig.8, low level of noise (1%) has little 
influence to the results. 5% noise polluted damage 
indexes, although weaken the identified ability, seem 
still effective as for the highlighted β8. When the level 
of noise goes up to 10%, damage indexes are 
seriously disturbed and fail to locate the damage. 
Fortunately, FBG sensors which stand out for their 
notable merits of high precision have the potential to 
obtain modal macro-strain vector with high quality. 
 
 
 
 
 
 
 
 
 

(a) 1% noise 
 
 

 
 
 
 
 
 
 
 

(b) 5% noise 
 
 
 
 
 
 
 
 

(c) 10% noise 
 

Figure 8. Damage index βm with different levels of random 
noise 

5 EXPERIMENTAL INVESTIGATION 

A cantilevered beam with the same size and material 
as that of the above simulated one is used for 
experimental verification. Damage is introduced as 
the reduction of beam width from 50mm to 24mm at 
element 8. Three kinds of sensors placements are 
considered in Fig.9: (1) 4 distributed FBG sensors of 
250mm gauge length. The actual stiffness reduction 
at FBG2 due to damage is 10.4%; (2) 10 distributed 
FBG sensors of 100mm gauge length. The actual 
stiffness reduction at FBG4 due to damage is 26%; 
(3) 20 distributed FBG sensors of 50mm gauge 
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length. The actual stiffness reduction at FBG8 due to 
damage is 52%. 
 
 
 
 
 
 
 
 
Figure 9. Cantilevered steel beam with fixed FBG sensors 
 

Hammer impulsive loadings are applied at the free 
end of the beam. The macro-strain time series data 
before and after damage are then measured from 
long-gage FBG sensors. Based on the proposed 
method, MMSV can be directly extracted from the 
dynamic macro-strain measurements, from which the 
damage indexes in the three cases may be calculated. 
For case1, the indexes from FBG1~FBG4 are 
denoted as β1 ~β4. For case2, suppose the indexes 
from [FBG2, FBG4, FBG6, FBG8] be denoted as 
[β1, β2, β3, β4]. For case3, suppose the indexes from 
[FBG3, FBG8, FBG13, FBG18] be denoted as [β1, 
β2, β3, β4]. As shown in Fig.10, [β1, β2, β3, β4] in each 
case locate the damage accurately. With the increase 
of damage extent, index β2 presents more distinct 
indication to damage location.  

 
 

 
 
 
 
 
 
 
 

Figure 10. Experimental damage index βm in three cases 

6 CONCLUSIONS 

Based on our previous research on development of a 
novel long-gage fiber optic strain sensor, a damage 
location method with no need for a detailed analytical 
model by direct use of dynamic macro-stain 
measurements is presented, which can be included as 
follows:  

(i) Macro-strain measurements from long-gage 
sensors can be used directly to obtain a series of 
transfer functions, from which modal macro-strain 
vector (MMSV) may be constructed, which is 
theoretically proved to have a mapping relation with 
displacement or more exactly rotational mode shape. 

(ii)A damage evaluating index can be obtained 
from MMSV to provide an indicator to damage 
locations. Numerical examples have shown that it is 

sensitive and effective in different damage scenarios 
and sensors placements. Meanwhile, simulated 
results show the method is successful in locating 
damage with 5% noise pollution. 

(iii)Experimental results of a cantilevered beam 
verify the effectiveness and applicability of the 
proposed method.  
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