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Abstract 

The application of Acoustic Emission (AE) - based damage detection is gaining interest in the field of civil 
structural health monitoring. Damage progress can be detected and located in real time and the 
recorded acoustic emissions hold information on the fracture process which produced them. One of the 
drawbacks for on-site application in large-scale concrete and masonry structures is the relatively high 
attenuation of the ultrasonic signal, which limits the detection range of the AE sensors. Consequently, a 
large number of point sensors are required to cover a certain area. To tackle this issue, a global damage 
detection system, based on acoustic emission detection with a polarization-modulated, single mode 
fiber optic sensor (FOS), has been developed. The sensing  principle, data acquisition and analysis in time 
and frequency domain are presented. During experimental investigations, this acoustic emission fiber 
optic sensor is applied for the first time as a global sensor for detection of crack-induced acoustic 
emissions in a full-scale concrete beam. Damage progress is monitored during a cyclic four-point 
bending test and the AE activity, detected with the FOS, is related to the subsequent stages of damage 
progress in the concrete element. The results obtained with the AE-FOS are successfully linked to the 
mechanical behavior of the concrete beam and a qualitative correspondence is found with AE data 
obtained by a commercial system.  

Keywords: acoustic emission technique, fiber optic sensors, concrete, damage detection, experimental 
testing, signal analysis, structural health monitoring (SHM), ultrasonic, polarization 

Research highlights: 
 A novel technique for acoustic emission detection in large concrete structures, based on a 

polarization-modulated, single mode fiber optic sensor. 
 The sensing principle, data acquisition and signal analysis are demonstrated by means of 

experimental testing of a concrete beam under cyclic four-point bending. 
 A relation between results from the global fiber optic sensor and the mechanical behavior of the 

concrete beam is successfully obtained. 
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1. Acoustic emission testing in large civil structures 

Structural health monitoring is an important tool to assess damage progress and remaining safety levels 
in existing structures and to support the design and evaluation of strengthening measures. For this 
purpose, the Acoustic Emission (AE) technique is an interesting option since damage progress can be 
detected and located in real time and the recorded acoustic emissions hold information on the fracture 
process which produced them. Acoustic Emissions (AE) are high-frequency transient elastic waves that 
are emitted within the material during local stress redistributions such as crack initiation and growth. 
These emissions are usually detected on the material’s surface by means of piezoelectric (PZT) 
transducers, pre-amplified, filtered and amplified before being sent to the data logger.  

It has been demonstrated that the AE technique is very useful for damage progress assessment and 
damage source characterization during laboratory testing on rock, concrete and masonry [1-10] and a 
restricted number of successful on-site campaigns has been reported [11-13]. One of the drawbacks 
when monitoring larger structures made from brittle, porous construction materials is the limited 
detection range of the sensors, caused by the high attenuation of ultrasonic waves. Therefore, a large 
amount of sensors is needed to cover a decent area and allow source location. To tackle this issue, a 
limited number of possibilities have been proposed, such as beamforming array techniques which rely 
on detection of Rayleigh waves and can be applied on simple, plate-like structures [13]. Wireless sensor 
networks were also proposed, but might pose problems of synchronization, power supply and cost in 
case of a large amount of sensors. It has been suggested that the use of micro-electro-mechanical-
systems (MEMS) might largely reduce the sensor cost in the near future, although their signal-to-noise 
ratio is often worse compared to PZT sensors and they do not yet meet the requirements for AE 
detection [14, 15]. Both, MEMS and PZT sensors might suffer from electromagnetic interference. 

In this study, a novel AE-detection system is presented for damage monitoring in large concrete and 
masonry structures, based on acoustic emission detection with a single mode fiber optic sensor (FOS) in 
a polarimetric setup. Optical fibers can be a valuable alternative to PZT sensors for AE detection in larger 
constructions, since one sensor can have an active length of several meters. FOS are insensitive to 
electromagnetic interference and can easily be embedded in other materials such as fiber reinforced 
polymers [16, 17] to produce “smart FRPs” or “self-sensing strengthening systems” for retrofitting of 
civil structures [18, 19]. 

Two main types of detection systems can be distinguished, being local and global FOS systems. Local 
sensors are positioned in a specific location and monitor the strains or acoustic emissions at that 
location. Examples are fiber Bragg gratings (FBG), which can be located at different points along an 
optical fiber to obtain data in several locations through multiplexing [20] or coiled sensors in which the 
optical fiber is winded to increase sensitivity [21]. Global sensors might operate as a fully distributed 
sensor network which can be interrogated at any point along the fiber length or integrate the response 
along the length of the fiber optic sensor and can thus cover a larger area [22, 23]. The disadvantage of 
global damage detection systems is the difficulty in accurately locating the damage once it has been 
detected. Therefore, hybrid local-global systems are applied to combine the damage detection 
possibilities and advantages of both systems. A global and local strain monitoring system was presented 



by Jiang et al. [24] although they did not combine both in the same experimental setup. An interesting 
approach on a global, distributed crack  sensor was presented by Bao et al. [25] who applied optical time 
domain reflectometry to measure the Rayleigh backscatter from fiber bends introduced by concrete 
cracks. By positioning the fiber in a zigzag pattern, they were able to detect crack location, orientation 
and opening. However, the crack pattern had to be very simple, with straight cracks which intersect the 
FOS twice and only crack openings larger than 0.5 mm could be reliably detected.  

A number of techniques have been suggested for detection of acoustic emissions with fiber optic 
sensors. Good results have been obtained with interferometric setups which rely on detection of high-
frequency phase modulations [23, 26] or with FBGs [22]. AE detection in concrete by means of fiber 
optic sensors has been investigated by Kageyama et al. [27] who applied coiled fiber sensors for 
detection of acoustic emissions in a concrete railway girder, based on the frequency shift of a light wave 
transmitted through a curved waveguide upon interaction with an ultrasonic wave. Although the 
developed sensors were point sensors, they could be multiplexed and showed high sensitivity. Chen et 
al. [28] applied a small fiber coupler-based AE sensor for damage detection in a concrete cube under 
compression. Obtained data could be fed into a commercial AE acquisition system. Schenato et al. [29] 
applied two different types of interferometric FOS to detect impact-induced acoustic emissions during 
experimental testing on a rock sample. Most studies apply the optical fiber as a point sensor, possibly 
multiplexed to obtain an array of point sensors which enables source location in case the ultrasonic 
wave attenuation is limited. Chen and Ansari [23] used a distributed fiber optic sensor in an 
interferometric setup for AE-detection. They introduced ‘kinks’ in the fiber to increase sensitivity at 
specific locations and allow linear AE source location in a steel beam, which has lower ultrasonic wave 
attenuation compared with concrete. 

In this study, a global, integrating fiber optic sensor setup is applied for acoustic emission detection in 
civil structures. Single mode fiber optic sensors in a polarimetric setup are introduced for the first time 
for acoustic emission-based damage detection in concrete. The setup is comparable to the polarimetric 
sensors presented by Thursby et al. [22], although in our case, not the change in polarization state itself 
is monitored. When damage is initiated, the released elastic energy, in the form of acoustic emissions, 
causes a high-frequency pressure variation and perturbs the light in the sensing fiber. The sensing 
principle is further explained below. The proposed system distinguishes itself from other AE-FOS 
techniques by the following: 

- The setup is straightforward and less complex compared to interferometers, which require a 
well-isolated, disturbance-free reference arm; 

- The single mode (SM) fibers applied in this research are relatively cheap and do not require 
highly specialized equipment (hardware) for data acquisition; 

- The FOS functions as a line-integrating sensor, integrating all the AE induced fluctuations along 
its length, which can be several meters, allowing to cover a larger area with a single sensor; 

- The sensor does not contain FBG, coiled fibers or other individual point sensor components; 

 



The major limitation of intensity-modulated FOS is that an intensity fluctuation in the output which is 
not related to a damage source, may cause erroneous results. Therefore, dedicated filtering is required 
and the repeatability of a single event detection is limited. A disadvantage of the line-integrating 
technique with a single FOS is that the location of the AE source along the fiber length cannot be 
determined unless a sensor grid or combination with multiplexed point sensors is made. This also means 
that two AE events, occurring within an extremely short time interval (dependent on the sampling rate), 
cannot be distinguished with the current setup. The setup also requires a physical connection between 
the concrete and FOS along the full sensing length to allow ultrasonic wave detection.  

In the experimental study presented in this paper, a fiber optic sensor is applied for real-time AE-based 
damage detection in a concrete beam. Firstly, the principle of the novel AE detection setup, data 
acquisition and analysis will be explained. Secondly, the setup and results of the experimental test 
program will be presented and discussed. Damage progress in a concrete beam was monitored during a 
cyclic four-point bending test and acoustic emissions were detected with a fiber optic sensor and with 
piezoelectric transducers for comparison. The detected acoustic emissions will be related to the 
mechanical behavior of the concrete beam during subsequent stages of damage progress.  

 

2. AE detection with polarization-modulated fiber optic sensors 

In initial work performed by Wevers and Rippert, intensity-modulated FOS were applied for damage 
detection in CFRP composite materials. Although sensitivity and signal/noise ratio were not satisfactory, 
detected AE transients could be compared with results obtained from AE monitoring systems [16, 30]. In 
the present work, an adapted version of this initial setup is applied. A polarimetric approach is used, 
which allows to control the detection range and thus to calibrate the sensitivity of the system at the 
start of the test. This polarimetric approach with single mode optical fibers was initially optimized for 
detection of ultrasonic surface waves in aircraft composites [31, 32]. In the presented research, the 
system was adapted to enable AE detection in brittle construction materials. To allow for the detection 
of AE waves in concrete (bulk waves), a high sampling rate was applied and optimization tests were 
performed to study the most favorable sensor location and contact medium between sensor and 
structure [33]. In the experimental work presented below, the polarization-modulated, single mode 
fiber optic sensor was applied for the first time in a successful, full-scale test on a concrete beam.   

2.1 Detection setup 

The AE detection setup is schematically presented in Figure 1. The polarimetric sensor configuration 
consists of following components: 

- A laser (type Ando AQ-4141B) which sends light at 1310 nm wavelength is used as a stable light 
source; 

- An isolator (Newport Isolator) is used to prevent light backscatter into the laser as this could 
destabilize the light source; 

- A manual polarizer controller (Fiber Control Industries FPC-3) equipped with paddles is added 
for adjusting the initial, optimum polarization state; 
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has to be noticed that the occurrence of cracks increases the heterogeneity of the concrete, which could 
cause relevant changes in AE wave velocity and attenuation in different directions.  Therefore, the 
location error could increase and a large number of AE sources would not be located towards the end of 
the test. 

 

Fig 5: Force-deflection evolution recorded during four-point bending test on concrete beam 

 

Further, it has to be remarked that a location analysis such as presented here can only be performed for 
concrete elements with limited size since the AE sensors need to be closely spaced. In a previous test 
program on masonry arches, the AE sensors were not closely spaced and damage location was only 
possible if cracks occurred in the vicinity of the sensors, while the FOS on the other hand was able to 
monitor the complete mechanical behavior of the arches and detect the moment at which the collapse 
mechanism was formed [38]. In the further discussion, it will be shown that the damage which was 
detected by the closely spaced AE point sensor network was also picked up by the single fiber optic 
sensor although, as discussed before, damage location is not possible with the chosen FOS-setup.  
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repeated opening and closing of the existing cracks. From the onset of interval 4, the number of 
detected fiber optic acoustic emission events increases significantly and the imminent failure of the 
beam is detected. It can be concluded that the results of the fiber optic sensor provide a very good 
representation of the overall behavior of the structural component. 

 

Fig 7: Comparison between cumulative number of AE events recorded with four piezoelectric 
transducers and with a fiber optic sensor. The lower graph presents the evolution of the applied load.  

Since the AE-PZT sensors and the AE-FOS sensor differ in sensor position, sensitivity, sampling rate, 
frequency response and frequency band filter, they do not detect the exact same AE events nor the 
same total amount of AE events. However it was observed during testing and data analysis that some of 
the acoustic events with large energy content were detected simultaneously by both sensor types. 
During calibration testing, when only one event is simulated by means of a pencil lead break, it is certain 
that both detections are caused by the same AE event. But as expected, the waveforms are not equal 
due to a difference in propagation path of the AE wave and a difference in sensor type (point sensor 
versus line integrating sensor), sampling frequency, frequency response and sample window size of both 
AE detection systems. In the discussion below, it is assumed that two AE detections, arriving 
simultaneously at the different AE systems, originate from the same source. 
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Figure 8 presents the AE events detected by means of the commercial PZT sensors and the fiber optic 
sensor during the first loading stages of the cyclic four-point bending test. The symbol size is related to 
the maximum amplitude of each AE event. A very good agreement is observed between the results of 
both AE systems. One of the high-energy acoustic emission events which was detected at the same 
moment by both systems is indicated in Figure 8 and the respective waveforms are presented in Figures 
9a-c. It is assumed that both signals originate from the same AE source.  

The AE-PZT signal, Figure 9a, has a high signal to noise ratio and shows many reflections (the transient 
signals which are present in the second half of the sample window). The window size is limited to 0.35 
milliseconds due to the software setup of the commercial system. The AE-OFS signal has lower signal to 
noise ratio but a much larger window size, up to 6 milliseconds, Figure 9b. A very long AE signal is 
detected, which is due to reflections but also a consequence of the line integrating principle. All 
fluctuations along the FOS length are integrated. The AE propagation path is shortest perpendicular to 
the fiber, so this causes the initial detection, while wave components with a longer propagation path will 
be more attenuated and are picked up in the tail of the signal. Figure 9c presents a magnification of the 
signal presented in Figure 9b on the same timescale as the AE-PZT signal. The difference in sample rate 
(1 MHz for the FOS system versus 10 MHz for the PZT system), which is related to the software and 
hardware restrictions of the current systems, does not allow for a quantitative comparison of the AE 
data of both AE detection methods. However, comparison of obtained data shows a good correlation 
between the results of the AE point sensor network and the AE fiber optic sensor , qualitatively as well 
as in terms of arrival time and signal strength. 

Fig. 8: AE events at the first loading stages of the test, with indication of an event which was detected by 
both systems.  
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setup even if the crack tip is located at a certain distance from the optical fiber. Good agreement was 
found between the AE data obtained by means of PZT sensors and the developed AE-FOS. Moreover, it 
was concluded that the AE-FOS data were related to the observed structural behavior. Although 
sensitivity of the fiber optic sensor to AE transients is less compared with piezoelectric transducers, the 
crack initiation, overall mechanical behavior and imminent failure of the concrete beam were 
successfully detected by the novel AE-FOS system. 

The challenge at this point is a further development of the signal filtering and post-processing as to 
distinguish more clearly between different event sources and an adaptation of the system hardware 
(laser) to facilitate on-site measurements. It was shown in this paper that results obtained by the AE-FOS 
system can be linked to the mechanical behavior of a concrete beam under four-point bending and can 
thus potentially be applied to predict damage progress levels during on-site application. For this 
purpose, a combination of the current setup with additional systems for measuring different physical 
quantities (humidity, temperature, strains) is to be developed.  
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