4th International Conference on Sensors, Measurement and Intelligent Materials ICSMIM 2015)

Concrete structure monitoring with distributed long-gauge optical fiber
sensor

Yongsheng Tang

School of Urban Rail Transportation , Soochow University , Jixue Road 8#, Xiangcheng District,
Suzhou 215137 , China

E-mail: ystang@suda.edu.cn

Keywords: long-gauge optical fiber sensor; distributed strain; BOTDA; concrete crack; structural
health monitoring.

Abstract: The distributed optical fiber sensing technology, Brillouin Optical Time Domain Analysis
(BOTDA), isconsidered as an effective method for concrete structure monitoring due to its excellent
strain sensing performance. However, its sensing accuracy is greatly decreased around the cracks by
the influence of spatial resolution. In this paper a new type of optical fiber sensor is proposed based
on BOTDA, namely long-gauge sensor, to improve the strain sensing performance especially around
concrete cracks. The measurement principle of BOTDA was explained as well as the long-gauge
sensor structure and performance. Finally some experiments were implemented to verify the actual
sensing performance. From the results it can be concluded that the proposed method can be applied to
accurately measure the strain distribution even under the case of large cracks. Considering some other
sensing advantages, such as long-term sensing sability, the proposed method presents broad
application propects especialy in long-term SHM.

Introduction

The concrete structure is the main type of infrastructures due to its low cost especially. However, the
concrete crack often develops during the service time, influencing the structure durability or safety.
Due to its random distribution, it is not easy to be monitored and identified with the traditional
sensing methods. Based on the Brillouin scattering a new optical fiber sensing technique was
proposed that strain distribution along the optical fiber (OF) can be obtained at onetime even the fiber
is up to 20 km, making it possible to identify the random concrete cracks [1]. Since then, many
developments have been obtained not only about the application [2, 3] but also about the industrial
sensing system from Brillouin Optical Time Domain Reflectometer (BOTDR) to Brillouin Optical
Time Domain Analysis (BOTDA) [4, 5]. The strain sensing accuracy has been improved greatly up to
10ue, while the spatial resolution is up to 0.1m. However, the strain sensing accuracy around the
concrete crack will still be greatly influenced by the spatial resolution even it is only 0.1m, because
the complicated strain distribution within the spatial resolution will decrease the strain measurement
accuracy greatly [6].

In this paper, a new type of the OF sensor based on BOTDA, namely long-gauge sensor, is
proposed to improve the strain sensing performance. Within the sensing gauge the strain distributes
uniformly along the OF to ensure the strain measurement accuracy even around the crack. The
measurement principle of BOTDA isillustrated at first. Then the improved distributed optical sensor
is proposed using the long-gauge structure as well as the sensing performance. Lastly some
experiments of a concrete beam are implemented to verify the actual sensing performance.

BOTDA based distributed optical fiber sensing principle

The BOTDA technique is based on the stimulated Brillouin back scattering, and two laser sources.
Oneisapulse laser (pump laser) source and the other isacontinuous laser source, introduced into the
OF from different ends of the fiber. When the frequency difference between the two lasersis equal to
the Brillouin frequency shift, the back Brillouin scattering will be stimulated, and energy transfer will
be generated between the two laser. The center frequency of the Brillouin back scattring will move at
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the location where the strain change happens. Thus, the continuous strain measurement along the OF
can be implemented by measuring the Brillouin frequency shift. The relationship vz between the
Brillouin frequency shift and strain ¢ is expressed as EqQ. 1.

ng(Ty,€) =C, (e' eo)+nBo(T01eo) D

where C, isthe strain coefficients, while Tp and ¢ are the strain and temperature that correspond to a
reference Brillouin frequency vso.

Due to the existence of pulse width, the received back Brillouin scattering does not mean the
information for some point of the OF but asmall zone. The length of the zone is named as the spatial
resolution, calculated as Eq. 2.

S=nt /2 (2

where v is the light speed in the OF, and ¢ is the pulse width. The value of the spatial resolution is
needed to be decreased to increase the strain sensing accuracy especially when the strain distribution
is complicated. From Eqg. 2 the pulse with is only parameter to be decreased. However, there will be
some problems, such as poorer signal-to-noise ratios[7].

BOTDA based distributed long-gauge optical fiber sensor

L ong-gauge sensor design

AsshowninFig. 1, the OF iswrapped with many segments of plastic tube at first, the length of which
equals the sensing gauge length. Then, the fiber is braided around the wrapped OF. During this
process, the distance between the plastic tube segments should be fixed as the same as the designed
bonding length, about 2 cm~3 cm. After that some pre-strain should be implemented upon the OF, the
amount of which is determined by the actual needs. Finally the epoxy resin is applied to make the
long-gauge sensor formed and keep the pre-strain. The distributed long-gauge OF sensor is well
prepared with a diameter not larger than 1 mm. Meanwhile the number of the sensing gauges can be
also designed as the actual needs.
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Fig. 1. Distributed long-gauge OF sensor.

Sensing performance

In Fig. 2, the OFs were bonded on the steel plate surface to investigate the sensing performance
around crack. Different gauge length, namely 5 cm, 10 cm, 15 cm, 20 cm and 30 cm, was set in the
tension tests for comparison. These OFs were applied with different strain by changing the crack
width. The epoxy resin was selected as the bonding material due to its excellent property.
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Fig. 2. Experimental setup.

The typical strain distribution is as shown in Fig. 3, from which the sensing parts can be
recognized from the free segments easily except the part with 5cm gauge length. Actually the strain
along the OF is the largest for the 5 cm gauge length; however, the BOTDA system has obviously
failed to measure the strain as the gauge length is smaller than the due to the spatial resolution, 10 cm.

1125



For the other 4 gauge length, the results present some obvious trend. The larger strain change will be
obtained when the gauge length is smaller. In other words, increasing the gauge length will decrease
the strain sensitivity to some extent. However, the number of the points within the sensing part shows
an inverse trend for extracting the strain average. From the statistics, the higher accuracy will be
obtained with the larger sample number. In consideration of the two factors above, the integrated
performance should be assessed.

The crack width w was calculated with Eq. 3 to further assess the sensing performance of the
proposed distributed OF sensor. In Eg. 3, ¢ is the average strain of the gauge length, while | is the
gauge length. The results in Fig. 4 have already verified the excellent sensing perfromance as the
calculated crack width is close to the actual value with a error only about 0.02mm.
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Fig. 3. Typical strain results. Fig. 4. Crack width results.

Verification with a concrete beam

Experiment setup

A reinforced concrete (RC) beam was prepared to implement the verification of the proposed sensor
with a rectangle section with a width of 120 mm and s depth of 240 mm. The beam was simply
supported with a span length of 2700 mm as shown in Fig. 5. Meanwhile 18 long-gauge sensors with
a gauge length of 150 mm in total were installed on the down surface of the beam. The static loads
were implemented at the location of 1/3 span step by step until some distinct concrete cracks
developed. After some large cracks happening, the beam was reloaded to verified the sensing
performance for some special situation, such as earthquake.
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Fig. 5. Experimental setup and sensor installation (Unit: mm).

Resultsand analysis

The results of strain distribution are shown in Fig. 6, verofying the improvement strain sensing
performance especially when concrete cracks develop. In Fig. 6(a), when some cracks happen at the
load of 7 kN, there are several peaks along the strain distribution compared with the results of the
other load case, wherethe crack is developing within the monitored gauge length. While the peaks are
more obvious in Fig. 6(b) as the craks have already developed greatly. Therefore the strain
distribution can be accurately obtained with the proposed distributed long-gauge OF sensors even
under the case of large cracks.
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Fig. 6. Strain distribution at the case of: (&) cracks happening and (b) reloading after large cracks.
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Conclusions

In this paper, a new type of long-gauge sensor OF sensor based on BOTDA is proposed to improve
the strain sensing performance especially around concrete cracks. The measurement principle of
BOTDA isillustrated and then the long-gauge sensor. Lastly some experiments are implemented to
verify the actual sensing performance. Therefore, the conclusion can be drawn that the proposed
method can be applied to accurately measure the strain distribution even under the case of large
cracks. Combined with the advantages of fiber optic sensing, such as long-term sensing stability, the
proposed method presents broad application propects especially in long-term SHM.
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