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ABSTRACT

Corrosion of steel reinforcement in concrete is major factor, provoking deterioration of concrete structures, reducing their service life. Maintenance of reinforced concrete structures and planning of the work on their remediation requires effective monitoring techniques. These techniques should be accurate, cost effective, immune to aggressive substances, and should provide long term measurement stability. Corrosion of steel can be measured directly, or indirectly by measuring parameters correlated with corrosion such as moisture, pH value, Cl- ion content, and cracks in concrete due to the corrosion process. Many monitoring techniques have bee developed for these purposes, of which most are the electrochemical ones. Chemical fibre optical sensors (FOSs) are an interesting approach for making measurements of parameters correlated with corrosion. The FOSs are advantageous compared with conventional measuring methods. They posses long-term stability, immunity to electromagnetic fields, and ability to make distributed measurements. The FOSs are in use for chemical analyses of solutions or gases, and application for making measurements in concrete structures needs further research and development. The FOSs can be extrinsic or intrinsic. The extrinsic sensors use an optical fibre for the transmission of light from the sensing element and back to the detector. The intrinsic sensors make use of the properties of fibre to measure a given parameter. Important measurement principles used in FOSs are based on evanescent wave absorption phenomenon and micro bending. 
INTRODUCTION

Fibre optical sensors (FOSs) are widely investigated during last 20 years; due to their advantages compared to the conventional measuring devices. They are used in Chemical Engineering, Biotechnology, Medicine, Aeronautics, Material Sciences, and Civil Engineering. In Civil Engineering sensors intended for measuring physical parameters (mostly deformations) are well developed and commercially available, while chemical sensors do not widespread application yet. The aim of this paper is both to propose possible methods of operation of FOSs suitable for corrosion monitoring of concrete structures, and to give an overview of corrosion measuring methods based on FOSs. Most of these methods are still under development. 

Fibre optical sensors have many advantages compared with conventional measuring methods, but also some disadvantages, which is given in Table 1.

	Advantages
	Disadvantages

	Immunity to aggressive influences
	Detection systems may be complex and expensive

	Possibility for simultaneously measurement of a few parameters with one optical fibre 
	

	Multipoint measurement possibility
	Requirement for precise installation procedures

	Small sensor dimensions
	

	Sensor can be embedded into construction
	Development of usable measuring systems is complex

	Immunity to electromagnetic fields
	


Table 1. Advantages and disadvantages of fibre optical sensors

BASIC PRINCIPLES OF OPTICAL FIBRE WAVEGUIDE

[image: image7.png]


Optical fibres guide light using principle of total internal reflection. Optical fibres consist of a core made from a material of refractive index n1 and a cladding with refractive index n2, where n1(n2 as shown in Figure 1. 

Figure 1. Principle of light propagation through an optical fibre

When a ray of light propagating through the core strikes the interface of the cladding at an angle that is greater than the critical angle (c, it will be totally reflected back to the core. The Critical angle is defined with Equation 1.
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An acceptance cone of an optical fibre depends on the refractive indices of the core and cladding as is shown with Equation 2.
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Where, n0  is the vacuum refractive index, and n1, n2 are the indices of refraction of the core and cladding.

Signal attenuation in an optical fibre is another important characteristic; although this is a disadvantage when fibres are used in telecommunication applications, fibre optical sensors use these mechanisms as a sensing principle. Causes of signal attenuation are shown in Table 2.

	CAUSES OF ATTENUATION

	Material absorption

	Bending losses:
	macrobending 

microbending 

	Scattering loses:
	Rayleigh scattering

Brillouin scattering
Raman scattering


Table 2. Causes of attenuation in optical fibres

FIBRE OPTICAL SENSORS

Light in an optical fibre is characterised by amplitude, phase, frequency and polarisation. Under external influences any of these parameters may be changed. The external influences (measuring values) include strain, stress, vibrations, temperature, chemical influences, and magnetic or electric fields. It is obvious that there are a wide variety of possible sensing principles, and fibre optical sensors can be classified in different ways.

Based on sensing place they can be extrinsic or intrinsic. Extrinsic fibre optical sensors use an optical fibre only for guiding light to a sensing element and back to the detector. 

Intrinsic fibre optical sensors use properties of an optical fiber for external influence sensing.

Based on modulation they can be interferometric sensors, intensity sensors and polarisation sensors. Interferometric fibre optical sensors can be divided according to different well known principles of interferometry:

· Mach-Zender interferometry

· Michelson interferometry

· Fabry-Perot interferometry

· Bragg diffraction

Intensity sensors measure physical influence to an optical fibre, which may result in a change in the intensity of light in the fibre. In this manner force, pressure, deformation and moisture are measured. 

The polarisation sensors measure rotation of the polarisation plane under external influence (magnetic field sensors).

Based on the application they can be physical or chemical. Physical sensors can measure a lot of physical parameters. In structural monitoring special attention is given to deformations, vibrations, force, pressure, acceleration, and temperature.

Chemical fibre optical sensors measure different chemical compounds. When monitoring corrosion of concrete structures, pH value, moisture, and Cl- ion content are of particular interest.

CHEMICAL FIBRE OPTICAL SENSORS

Chemical FOSs use optical fibres to detect chemical contaminants. There are four types of chemical fibre optical sensors.

The chemical FOSs of the first type use optical fibre for guiding light to the measuring place and back to the detector as shown in Figure 2. Light reflected or emitted by the contaminant is analysed with a spectroscopic method. The refractive index of the material at the end of fibre is used to determine what phase is present (solid liquid or gas).
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Figure 2. Simple chemical fiber optical sensor

The second type of the FOSs, shown in Figure 3, consists of chemically sensitive thin film at the end of an optical fibre. This film interacts with certain chemical compounds. Changes in refractive index, in colour, and in fluorescence or phosphorescence are used for measuring the concentration of a chemical compound.
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Figure 3. Fibre optical sensor with chemically sensitive film

The third type of the FOSs involves an injected reagent in the material near the fibre tip as shown in Figure 4. This reagent reacts with the chemical compound in question.

[image: image10.png]Relationship Between Measured Crack Size
and Light Signal Loss in Optical Fiber

Light Signal Loss (dB)

4

05 10 15
Crack Opening (mm)

In lbortoy ess, the researchers have demonstaed e feasibiy of e new oticl fher
crack sensor. They atach th sensor o » sarple bear, pulse gt o the her,and measure
e itensityofthe forward sigrl s crack opers, spanned by e fber. This e shows the
loss ofthe sigal versus the widh fhe crack (s measured diect). These esulscorfimn
bt foniaonof 3 crack prouces 3 measurbl oss inSianel. Mareover, the raide ofthe
loss comelts wih crack size forcracks belw 2 llnter i with. Ahove 2 millneter, exact
Size i nelevant hecause allcracks should be repired.




Figure 4. Fibre optical sensor with injected reagent

The fourth type shown in Figure 5 is based on the phenomenon of an evanescent field. Light in an optical fibre is guided with total internal reflection, which is described with equation (3). The transverse component of the reflecting ray generates standing wave at every point where the ray strikes the boundary. This harmonic wave that penetrates the cladding media over a small distance is called an evanescent field. Evanescent field is attenuated exponentially as shown with Equation 3. 
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Where,

Ez 
- 
transverse component of electromagnetic field

E0 - 
field amplitude at the interface (z=0)

z 
- 
distance normal to the interface

dp 
- 
the effective penetration depth
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The evanescent field can be used to excite sensitive dye molecules in the fibre cladding.

Figure 5. Fibre optical sensor based on the evanescent field

PH Value Sensors

Under ideal conditions pH value of concrete is approximately 12.5 which provides protective environment for reinforcement embedded in concrete. A thin film of iron oxide formed on the surface of steel protects steel from corrosion. Decrease of pH value causes depasivation of metal surface and initiation of corrosion. The pasivating film breakdown is caused by two processes. Firstly, CO2 from air causes process of carbonisation which leads to acidic environment development. Secondly, under the influence of marine environments or de-icing salts, Cl- ions penetrate into concrete and pasivating film becomes permeable. So, pH value measurement gives good indication of corrosion.

A fibre optical method for measuring pH value can be based on an evanescent field phenomenon. The idea is to replace the existing fibre cladding with a new cladding sensitive to pH value. Massound G. and Vimer C.S. make new cladding from poly-metil metachrilate doped with a pH sensitive chromophore (Massound &Vimer, 2002). The evanescent field is used to selectively excite pH sensitive molecules in the cladding. As a result light intensity depends on the pH value of the medium surrounding an optical fibre. Usage of different dyes makes possible wide variety of inorganic and organic chemical compounds identification.
Moisture Sensors

The moisture content in concrete is correlated with corrosion. Pore water mobilises harmful substances, which leads to reinforcement corrosion. 

Sensor with indicator dye

E. Udd investigated extrinsic fibre optical sensor for moisture measuring. The sensor consists of a steel body, with sensing material placed in the cavity. The sensing material is the indicator dye dissolved in a polymer. Good solvatochromic dye is pyrindium-N-phenolate-betaine because of its large solvatochromic range (450-800nm). A sensor is placed at the end of the optical fibre, which is used for transmitting light to the sensor and back to the spectrometer. The white light source is a deuterium lamp or a white LED. The spectrometer is based on a charge-coupled device (CCD) which makes possible complete absorption spectrum measurement almost simultaneously (Wiese et al., 1999). Schematic of measuring system is shown in figure 7. The polymer matrix in a sensor has moderate hydropholicity to be able to absorb water. By water diffusion into the polymer the polarity is increased and electronic ground state lowered. The energy gap between ground and the first excited state increases which leads to a negative solvatochromatic shift in absorption spectrum as illustrated in Figure 6.
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Figure 6. Negative solvatochromism
Figure 7. Schematic of fibre optic moisture



measurement system

Fluorescence Sensor

This sensors based on a remote fibre optical spectroscopy technique have been developed by M. Ghodrati. The sensors consist of bifurcated fibre optical probes. A light beam is transmitted through the input leg of a miniprobe to a given location of the soil matrix. The signal reflected from the soil is guided with the second leg of the optical fibre to the detector. The intensity of the reflected signal is changed when the applied fluorescence tracer passes in front of the fibre tip. For distributed detection a bundle of optical fibres is used. Two fluorescence tracers are used, viz. uranine and pyranine (Ghodrati, 1999). Sensors are intended for measuring water flow in soil, but the principle is interesting for development of a sensor for measuring water permeability of concrete

Evanescent Field Sensor

A moisture sensor based on evanescent field absorption has been developed by Jindal R., Tao S. and Singh J.P. They burned off the fibre cladding. A part of the fibre was coated with an aqueous solution of PVA and CoCl2. The sensor was calibrated against a commercial relative moisture probe (Jindal et al., 2002).

Microbending Based Sensor

Water content measurement using fibre optical sensors can be based on transformation of moisture into strain measurement. The first sensor based on this principle has been developed at Stratchlyde University. The sensor contains a hydrogel layer and steel spiral around the fibre, which induce microbending of the fibre (Figure 8). Microbending results in a loss in light intensity. By feeding in quick pulses of light and monitoring the backscattered signal as a function of time, it is possible to measure moisture at different parts of the structure (Inaudi et. al, 2000). 

[image: image14.png]What is a Bragg Gr.

s
g ‘ £
- \/— s
9, -t ﬁ
- / U |E e




Figure 8. Principle of hydrogel based sensor

Cl- ion sensor

Embeddable fibre optical sensors for the ion chloride concentration in the concrete structures measurements have been developed (http://www.corrosion-doctors.org/Advances/FibreOptics.htm) Figure 9. shows constructed sensor.
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Figure9. Embeddable fibre optical sensor for the chloride ion concentration measurement

The chloride ion concentration measurement at the defined depth in concrete gives the indirect indication of the reinforcement corrosion. The chloride ion detection is based on the Fajan’s method of chloride analysis, with an improvement of using optical fibres for the light transfer from and to the sensing unit. A broadband input light signal is passing through the optical fibre coil situated in the silver nitrate solution. A chamber with the silver nitrate solution has a porous membrane at the top. The chloride ions will migrate through the membrane to the silver nitrate solution. The chloride ions react with silver nitrate to form silver chloride, with excess of silver ions. Silver ions adsorb onto the silver chloride molecule surface resulting in a positive charge. As a result, the indicator dichlorfluorscein changes colour in pink, which is detected by the optical sensor. 

PHYSICAL FIBRE OPTICAL SENSORS

Crack Detection Sensor

An optical sensor involves an optical fibre placed within a concrete structure as shown in figure 10, which makes the detection of cracks possible all along the fibre length. This type of sensor indicates not only the appearance of new cracks, but also their size and locations. When a crack forms, the fibre bends and light passing through the sensor have lower intensity. Figure 11 shows the relationship between a measured crack size and a light signal loss in the optical fibre. The signal loss is detectable at the crack openings below 0.2 mm. The loss in signal indicates the formation of a crack, but not its location. To determine the location, a backscatter signal should be measured. As the light passes through the fibre, a small amount is reflected backwards by nonuniformities in the glass structure. By feeding in quick pulses of light and monitoring the backscattered signal as a function of time, it is possible to calculate the position and width of cracks, based on the light speed in glass. Fibre sensors can be embedded in the concrete or, for the existing structures, sensors can be mounted on a surface by a special technique [image: image16.png]input
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(web.mit.edu/energylab/www/e-lab/ july-sep97/july_sep.html). 
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Figure 10. Optical fibre embedded in concrete
Figure 11. Dependence of crack size on signal loss

Mach-Zender Sensor
The sensors of this type are based on Mach-Zender interferometric technique. They consist of two fibres, viz. measuring fibre and reference fibre as shown in picture 12. The measuring fibre is fixed to the construction whose deformation is measured, and the reference fibre is free. Input light is divided into two rays and, after passing through the reference and measuring fibres, rays are coupled together and transmitted to the detector. As deformation of the structure occurs and as, consequently, the length of measuring fibre changes so do the optical length of light passing through the fibre. The coupled light rays interfere constructively or destructively depending on the deformation of the measuring fibre. Thus, deformation can be measured by measuring light intensity at the fibre end. This is the basic principle of this measuring method. 

An improved method based on this principle has been developed by SMARTEC, a Swiss company (Glisic, Inaudi, Vurpillot, 2002). Their sensor has the ability to measure absolute deformation, which has been achieved by incorporating the Michelson interferometer in the reading unit. As light is reflected back at the end of the sensor, the light source and detector are placed on one side for practical reasons. The SMARTEC sensors have successful application in many bridges, dams, tunnels, buildings and other civil engineering structures. 


Figure 12. Basic principle of the Mach-Zender fibre optical sensor
Fabry-Perot Sensor
Fabry-Perrot extrinsic sensors consist of two mirrors facing each other, with resonant cavity between mirrors as shown in figure 13. 
Figure 13. Fabry-Perot extrinsic fibre optical sensor

When monochromatic light enters the cavity through one mirror it is reflected back unless the distance between the mirrors is exactly a multiple of half the wavelength of the incoming light. This resonance condition can be described with Equation 4.
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Where, 

c0 
- 
the speed of light in vacuum

n 
-  
the index of refraction of medium filling the cavity

d 
-  
length of the cavity

p 
- 
mode of the resonance frequency

( 
- 
resonance frequency 

Due to the applied deformation the length of the cavity changes, which affects resonance condition represented with Equation 4. Deformation is determined by resonance wavelength measuring.



Figure 14. Resonance cavity
Figure 15. Output signal

FISO Technologies have developed strain gages based on this principle. Sensors are commercially available, and an example of such an application is The Jofre Bridge located in Sherbrooke (www.fiso.com).

Bragg Grating Sensor
The Bragg grating is a periodic variation in the refractive index of the fibre core in the sensing part of an optical fibre. The Bragg grating is produced by applying the laser light to the photosensitive germanium doped optical fibre. When a “white” light is guided through an optical fibre, the peak of a certain wavelength is reflected at the Bragg grating. The Bragg wavelength is defined by the Bragg equation:

(B=2nd
(5)
Where, 

(B
- 
wavelength of radiation reflected at the Bragg grating
n 
- 
refraction index of Bragg grating

d 
-  
period of Bragg grating


Figure 16. Bragg grating sensor principle

When a strain is applied to the optical fibre, the period of grating and index of refraction will change. By measuring the shift in Bragg wavelength, we can determine applied deformation according to Equation 6. 
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Where,

L 
- 
length of the sensor (Bragg grating)

P 
- 
optical strain coefficient (typical 0,22 for axial strain)

((B -
Bragg wavelength shift

(B
- 
Bragg wavelength before applied strain

The Bragg grating sensor principle is shown in Figure 16.

Measurement at multiple points is possible with an optical fibre with many gratings placed at desired locations. Up to 100 Bragg gratings may be written in the single optical fibre. The Bragg gratings have different periodicity, which makes it possible to distinguish the measurement location. Figure 17 shows principle of measuring system with multiple Bragg gratings.


Figure 17. Principle of sensor with multiple Bragg gratings
Blue Road Research is developing a multiaxis Bragg grating fibre optical sensor, which has potential to measure simultaneously three axes of deformation and temperature through only one optical fibre. The sensor consists of dual gratings written in a polarisation preserved optical fibre (Figure 18).


Figure 18. Multiaxis Bragg grating sensor

When two broadband light sources centred at two different wavelengths enter the fibre, four peaks can occur in the reflected light. These peaks can give the information about axial strain, two transverse strains and temperature (Udd et al., 2000).

Another interesting characteristic of the fibre optical Bragg sensors is a short response time (several (s) and high sensitivity, which enable small vibration measurement. This is successfully applied in measuring the speed of elastic waves in a rock (www.gfz-potsdam.de/pb5/pb51/html/conny3_en.htm).
It seems that the fibre optical Bragg sensors can be used for measuring acoustic emissions from reinforced steel corrosion. This is of particular importance because, by using them, multipoint measurements can be made, which provide additional information about the positions of the corrosion process.

Direct Corrosion Measurement

This measuring principle is based on the fact that the colour of a base metal changes when it corrodes. When the optical fibre is placed across the reinforcing bar the changes in its colour can be detected. As the investigations into this method are still underway, it has not come into use yet.

CONCLUSION

In Civil Engineering fibre optical sensors are used mostly for deformation monitoring. They do not have widespread application for corrosion measurement yet. There are many possible methods of operation of FOSs suitable for indirect corrosion monitoring of concrete structures, although extensive research and development is needed. The FOSs are advantageous compared with conventional measuring methods. They posses long-term stability, immunity to electromagnetic fields, and ability to make distributed and multipoint measurements.
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