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ABSTRACT 
 

To perform the real-time health monitoring of the smart composite structures, two fiber optic sensor systems are 
proposed, that can measure the strain and detect the moment of fracture simultaneously. The two types of the coherent 
sources were used for fracture signal detection – EDFA with FBG and EDFA with Fabry-Perot filter. These sources 
were coupled to extrinsic Fabry-Perot interferometer sensors imbedded in composite specimens to monitor the fracture 
behavior of composites. To understand the characteristics of matrix cracking signals, at first, we performed tensile tests 
using surface attached PZT sensors. This paper describes the implementation of time-frequency analysis such as short 
time Fourier-transform for the quantitative evaluation of the fracture signals like matrix cracking. From the test of 
tensile load monitoring using optical fiber sensor systems, the measured strain agreed with the value of electric strain 
gage and the fracture detection system could find out the moment of damage with high sensitivity to recognize the onset 
of micro-crack fracture signals. 
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1.  INTRODUCTION 
 

Composites are increasingly being used as the part of primary and secondary structures in aircrafts, submarines, and 
other structures because of high specific strength and stiffness. But the complexity of fracture mechanism and failure 
mode makes it difficult to use composite materials. Therefore, to reduce the possibility of unexpected structural failure 
and guarantee the safety, it is desirable to develop health monitoring techniques and standard-judgment of structural 
integrity. Most of the conventional nondestructive inspection methods are time-consuming and require the structures to 
be out of service. And they are often difficult to implement on hard-to-reach-parts of the structure. For these reasons, a 
built-in real-time assessment system must be developed to constantly monitor the structural integrity. 

 As a sensing part of the smart composite structures, fiber optic sensors (FOS) have shown the potential of the real-
time health monitoring system. They can be easily embedded or attached to the structures without causing mechanical 
defect and have wide operation temperature range. Also, they are immune to electromagnetic interference and are not 
affected by electrical noise from the environment [1].  

Recently, fiber optic sensors are expanding their application fields from the strain measurement to fracture, vibration, 
temperature monitoring and simultaneous sensing of multiple parameters [1-8]. The objective of this study is to develop 
structural health monitoring system of smart composites that can measure the internal strain and detect the moment of 
fracture simultaneously. In this paper, two types of FOS systems are proposed. The types of the coherent sources used 
for fracture signal detection classify the systems – EDFA with FBG and EDFA with Fabry-Perot filter. These systems 
were connected to an extrinsic Fabry-Perot interferometer (EFPI) sensor embedded in composite specimen. For the 
strain measurement, theory of white light interferometer of absolute-EFPI (AEFPI) was used, while interference of 
coherent light source extracted from the EDFA was used for the detection of fracture signals. This paper describes the 
implementation of time-frequency analysis such as short time Fourier-transform (STFT) for the quantitative evaluation 
of the fracture signals like matrix cracking. This two-beam interferometer has enough sensitivity to detect the high 
frequency stress waves from structural fracture [1,4] and AEFPI, which uses white light interference, can measure the 
strain without accumulation of errors [5-7]. 



In this study, single head EFPI sensor and broadband light source was used for the simultaneous monitoring of strain 
and the moment of fracture. To certify the performance of the systems, we applied the FOS systems to the tensile tests 
of the composites specimens. 

 

2.  FRACTURE DETECTION 
 

- Coherent light interferometer  

Fabry-Perot interferometers can be divided into the intrinsic and extrinsic types whether the light medium in the 
sensor gage is optical fiber or air. Intrinsic sensors have serious drawbacks such as the beating and drifting of signals. 
However, there are no handicaps like this for extrinsic sensors [1]. In this study, EFPI sensor was used as shown in 
Figure 1.  

EFPI consists of a hollow glass tube capped over the end 
of a single-mode fiber. A gold deposited fiber placed inside 
the glass tube facing the single-mode fiber functions as a 
Fresnel reflector and forms an air gap that acts as a low-
finesse cavity. The first reflection at the glass-air interface 
acts as the reference reflection signal for the interferometer. 
The second reflection from the surface of the gold 
deposited mirror generates the sensing reflection signal. 
These two form an interferometer and the reflected 
intensity can be written as a sinusoidal function [1]. 

(1 cos 2 )I A B kd∝ +   and   02 /ck nπ λ=                           (1) 

where A and B are constants, k is the wave number which equals to 02 /cnπ λ , and d is the width of gap separation. In 
the equation of k, cn (� 1) is the refractive index of air cavity and 0λ  is the wavelength of the laser in vacuum state, 
1533.8 nm. The relation between optical phase and gap separation is 2kdφ =  and L is the gage length of EFPI. 
Because the fiber core is strain free in the glass tube, using the relation, L d∆ = ∆ , equation of phase change can be 
written as follows. 
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 Since the light medium of EFPI is air, there is no change in refractive index and sensor has immunity to polarization 
fading. The signal from EFPI can be converted into the infinitesimal displacement by measuring φ∆ and the change of 
phase is expressed as the intensity variation. Therefore the frequency characteristics of output signal show the equal 
dynamic peculiarities of infinitesimal displacement of the sensor [5]. 

- Short time Fourier transform (STFT) 

 In many information-processing systems, it is desirable to transform the sensor data from its raw time-domain format 
to the frequency domain, where appropriate spectral analysis and feature extraction can be applied [1]. The most 
commonly used method is the Fourier transform. Because this transform uses the sinusoidal basis functions that are 
localized in frequency only, it lose the transient feature of signal data. Therefore it is necessary to adopt the time-
frequency analysis for diagnostics of transient signals such as damage-induced signals [9]. Moreover the time-frequency 
analysis can be used for damage monitoring of smart structures. 

Fig. 1 Schematic diagram of EFPI. 
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Fig. 2 Typical output of the AEFPI; white
light interferometer. 

The STFT has a short data windows centered at time t. From the data, local spectral coefficients are obtained which 
describe the frequency composition of the record. The windows is then moved to a new position and the calculations are 
repeated. The STFT of a signal f(t) is defined as follows [10]. 

( , ) ( ) ( ) i tSTFT f t g t e dtωτ ω τ
+∞ −

−∞
= −∫                           (3) 

The result can be interpreted as the Fourier transform of the signal f(t) windowed by a function g(t) around time τ. 
However, we can only obtain time-frequency information with limited precision, and that precision is determined by the 
size of the window. Because two requirements of a short data windows and a narrow bandwidth are irreconcilable, it is 
impossible to achieve high resolution in time and frequency simultaneously [5]. STFT, however, does not require long 
computation time compared with other time-frequency analysis, therefore it is suitably applied to the real-time 
processing for failure detection. In this study hamming window was applied for STFT and LabView® program language 
as well as Signal Processing Toolbox of Matlab® were used for the signal processing. 

 
3.  STRAIN MEASUREMENT 

 

- White light interferometer  

 The shape of an AEFPI sensor is identical to that of an EFPI sensor shown in Figure 1. But it utilizes the concept of 
white light interferometer in that a broadband source is employed instead of the laser diode. The use of this white light 

interferometer system can overcome the limitations of EFPI 
system in strain measurement such as the non-linearity in the 
output signal, difficulty in distinction of direction of strain, 
and requirement of complex fringe counting technique [2]. 
The signal processing was performed using a computer 
followed by an optical spectrum analyzer (OSA) in real-time.  

Figure 2 shows the reflected signal of AEFPI acquired by 
OSA. Two wavelength 1λ  and 2λ  are determined from the 
OSA and signal processing program calculates the gap 
separation d using the following equation [7]. 
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where 1λ  and 2λ  are two wavelengths that are 2mπ  out of phase and m  is an integer. The i is the number of 
measuring instant, and in case of initial state, i=0. If the sensor has a gage length of L, the applied strain can be 
expressed as 

0nd d d

L L
ε − ∆= =                                      (5) 

where d∆  is the change of gap separation, and nd , 0d  are the final and initial length of gap separation, respectively. 
The thin deposition of metal such as gold or aluminum on the cavity mirror enhances the finesse of the cavity and 
sensitivity of the sensor. The finesse, F, is the parameter used to characterize Fabry-Perot cavities [8]. In this work, we 
deposited the gold on the second reflecting fiber end to increase the finesse of the sensor. 

 



4. OPTICAL FIBER SENSOR SYSTEMS 
 

Two FOS systems proposed in this paper use an EDFA broadband source. And, the types of the coherent sources 
extracted from the EDFA classify the systems – EDFA with FBG and EDFA with Fabry-Perot filter. These systems 
were applied to an extrinsic Fabry-Perot interferometer (EFPI) sensor embedded in composite specimen. Figure 3 
shows the schematics of the FOS systems. 

The reflected EFPI sensor signal from EDFA is divided into two equal signals by a coupler. And the one is 
transferred to strain computation computer through an optical spectrum analyzer (OSA). The input signals of the OSA 
are reflected ones of white light interferometer from EFPI shown in Figure 2. Using Equations (4) and (5), strain is 
calculated by the signal processing computer. Two FOS systems of Figure 3 have the same strain measurement part. 
The other side of the coupler output is connected to fracture signal measurement part. In the system using F-P filter, the 
cavity length is adjusted using PZT to make output wavelength of 1533.80 nm. This filtered coherent light is converted 
into voltage signal and processed in the signal processing computer to detect composites fracture signals. Like the 
preceding system using F-P filter, in the system using FBG, the reflected wavelength of 1533.78 nm determined by 
Bragg condition is used to detect fracture signals. These extracted coherent lights play the same role as the laser diode 
of single wavelength interferometer. In the case of using F-P filter, filtered wavelength is easily adjusted by changing 
the cavity length using PZT. But it is hard to fabricate and has more reflection loss than FBG because the light is 
reflected repeatedly in the air cavity between two fiber mirrors. Compared with F-P filtered system, though FBG has 
initially determined reflecting wavelength, it is easy to make and has little reflecting loss. To compare the extracted 
coherent sources of fracture detection part in the two systems, spectrum of the two extracted sources are presented in  
Figure 4. 

 

 

 

 

 

 

 

 

 

(a) Fiber optic sensor system using F-P filter  (b) Fiber optic sensor system using FBG 

Fig. 3 Fiber optic sensor systems for the simultaneous monitoring of fracture and strain 

 
 

 
 

EFPI sensor

F-P filter
Photo  
detector 

EDFA source OSA Data 
processing 
computer 

 
 

 
 

EFPI sensor

FBG : 1533.8 nm 

Photo detector 

EDFA  source OSA 
Data 
processing 
computer 

1528 1530 1532 1534 1536 1538 1540
0.00

0.50

1.00

1.50

2.00

1533.80

1533.78

 

 

∆λ = 0.18 nm

∆λ = 0.30 nm

In
te

ns
ity

 (
µW

)

W avelength (nm)

 FBG filtered 
 F-P filtered

Fig. 4 Coherent source profile of the two FOS systems. 



As we can see in the figure, the quality of FBG is better than that of F-P filter as coherent source of fracture detection 
part. In FBG filtered system, intensity of the light is 1.8 times higher and the bandwidth of center wavelength is 
narrower than those of F-P filtered system by 0.12 nm. Therefore, for the sensing of the small fracture signals such as 
initial matrix cracking, FOS system using FBG will be able to detect the moment of fracture more sensitively.  

5. EXPERIMENT 
 

In this experiment, single head EFPI sensor and the two fiber optic source systems were applied for the simultaneous 
monitoring of strain and the moment of fracture in tensile tests of the composites specimens. 
 
- Specimens and experimental setup 

Specimens for tensile tests were made of graphite/epoxy (HFG CU-125NS) prepreg tapes using autoclave curing. 
Stacking sequence of the laminates was [02/{0}/9016/02]T. An EFPI sensor was embedded in the specimens between the 
layer of 0� and 90� degree, and on the specimen surface a PZT and an electric strain gage were attached to compare 
the signal response with the EFPI. The gage length and gap separation of the EFPI were 10.45 mm and 245 mµ , 
respectively. Figure 5 shows the composite specimen for the tensile tests. The specimen had the dimension of 170 mm × 
20 mm and was clamped to universal test machine (INSTRON, 4482). The experimental setup is presented in Figure 6. 

 

- Results and discussion 

When impact or excessive loads are applied on the composites, if damages do not break out in the structure, we can 
only see the acoustic wave signals below the frequency range of 20 kHz. But, for the case of structural fracture, stress 
wave emission induced by matrix cracks or fiber breakages can be observed by examining the 20 kHz ~ 200 kHz 
frequency range [9].  

Fig. 7 Matrix cracking signal and its STFT : using PZT sensor. 

Fig. 6 Experimental setup for the simultaneous 
monitoring of fracture and strain in 
composites. 

EPFI sensor 
on specimen 

Fiber optic 
sensor 

DAQ board 
PCI 6110E  

IEEE-488.2 
GPIB  

Data 
Acquisition 

& processing 
PC 

For fracture 
detection  

Data 
Acquisition 

& processing 
PC 

For strain 
measurement 

Fig. 5 Schematics of tensile test specimen.  
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Fig. 8 Matrix cracking signal and its STFT :EFPI 
system using F-P filter at 0.5% strain. 

Fig. 9 Matrix cracking signal and its STFT :EFPI
system using F-P filter at 0.9% strain. 

Figure 7 shows the matrix cracking detected by the PZT sensor and its STFT. In frequency domain, notable peaks 
with high amplitude were observed around 40 kHz and 150 kHz, and they lasted about 0.2 ms. And along the frequency 
region, the figure shows that stress waves induced by matrix cracking can be observed over 400 kHz. The emitting 
duration of the matrix cracking varies with the frequency range. As the frequency goes up, the duration of the signal 
gets down. Matrix cracking signals over the range of 150 kHz lasted about 0.2 ms and the signals of 50 ~ 150 kHz 
stayed about 0.4 ms, two times longer than signals over 150 kHz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
�Matrix crack signals detected by the FOS system using F-P filter are presented in Figure 8 and 9. Figure 8 is the 
STFT of the matrix crack signal detected for 0.5 % strain and shows the maximum intensity of 20 mV in time domain. 
Compared with the signal of PZT in Figure 7, its signal intensity is 1/200 ~ 1/150 of that of PZT. This low signal 
intensity is due to the losses from the long gap separation of the EFPI sensor including the losses of couplers and filter. 
But, despite of the low intensity, this FOS system could sense the fracture signals over the audio frequency range and 
could detect the subtle high frequency signals over 150 kHz. Figure 9 is the matrix crack signal detected for 0.9 % strain 
by the same system. In this case, because the length of the sensor cavity increased with the strain increment, the 
maximum intensity of the sensor output was decreased to 15 mV and the fracture detection system could not sense the 
matrix crack signal above 80 kHz. 

Figure 10 and Figure 11 show the matrix crack signals and its STFT detected by FOS system using FBG. Comparing 
the Figure 8 and Figure 10, signal intensity of the system using FBG is higher than that of F-P filtered system for 0.5 % 
strain. And, from Figure10, we can observe the signal of frequency range over 100 kHz more clearly, which is the result 
of low reflection loss of the FBG. Figure 11 is the STFT of the matrix crack signal detected for 0.9 % strain. Though the 
cavity length of the EFPI increased with the strain increment, this FOS system showed enough sensibility to detect the 
small fracture signals over 80 kHz that could not be sensed by the FOS system using F-P filter.  

In conclusion fracture detection system using FBG showed the better sensibility than that using F-P filter for the 
strain measurement. But these two FOS systems showed good performance and had sufficient sensibility to detect the 
fracture signals of composites over the range of audio frequency.  
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Fig. 12 Measured strain using the FOS system. 

The two FOS systems in this experiment used different scheme in fracture signal detection but these two had the 
same strain measurement part. Therefore the simultaneously measured strain showed the same results and one of the 
result is presented in Figure 12. The reflected output signals of white light interferometer are transformed to wavelength 
domain using OSA and the wavelength information is transferred to real-time signal processing computer through GPIB 
interface.   

Fig. 11 Matrix cracking signal and its STFT :EFPI 
system using FBG at 0.9% strain. 

Fig. 10 Matrix cracking signal and its STFT :EFPI
system using FBG at 0.5% strain. 



Figure 12 shows the experimental result of strain measurement from AEFPI using white light interference. The dotted 
line is the result from the electric strain gage attached on the specimen surface. The strain measured by AEFPI shows 
good agreement with the value of strain gage. From this result, it is confirmed that AEFPI can be applied to the 
structural health monitoring system for long term strain measurement. 

To sense the strain with more accuracy with white light interferometer of AEFPI sensor system, it is necessary to 
lengthen the gap separation. But, the wider the gap separation of the sensor, the lower the intensity of fracture signals 
detected by the EFPI sensor systems. However, in this study, we could detect the failure signals sensitively with the 
sensor of wide gap separation by using the sensor with gold deposited reflecting mirror. From the result above, we can 
confirm that it is possible to develop simultaneous failure detection and strain measurement techniques for health 
monitoring of composite structures using only one EFPI sensor. 

6. CONCLUSION 
 

In this study, two types of FOS systems were developed for structural health monitoring that can measure the internal 
strain and detect the moment of fracture simultaneously. This paper describes the implementation of time-frequency 
analysis such as STFT for the quantitative evaluation of the composites fracture signals. And the FOS systems could 
detect the moment of fracture by monitoring the time-frequency transformed signals. In the experiment of structural 
health monitoring, it was confirmed that the two FOS systems successfully detected the moment of fracture and could 
measure the strain simultaneously for long period of time. 
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