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ABSTRACT: Steel corrosion is a major cause of degradation in reinforced concrete structures, 

and there is a need to develop cost-effective methods to detect the initiation of corrosion in a 

structure.  This paper presents the development of a new corrosion sensor for concrete structures 

based on fiber optics.  An iron coating is sputtered on the end of a cleaved optical fiber, which is 

then packaged and placed inside a concrete structure.  Light is sent to the fiber end and the 

reflected power is monitored. Once the environment becomes corrosive, due to chloride 

penetration or carbonation, the iron coating is removed, and the reflected power shows a 

significant drop. The present work focuses on the design of a corrosion sensor that can be 

retrofitted to an existing structure. Details on sensor design, fabrication, installation and data 

acquisition will be provided. Results of a field trial are presented to demonstrate the 

applicability of the corrosion sensor under aggressive marine environment. 

 

1 INTRODUCTION 

Reinforced concrete structures make up a large portion of the physical infrastructure of the 

world, and their durability is an issue of great concern.  Steel corrosion is a major culprit for the 

degradation of concrete members. In order to perform proper maintenance which can extend the 

lifetime of concrete structures, techniques for steel corrosion detection need to be developed. 

Within the alkaline environment of concrete, steel is in a passivated state, with negligible 

corrosion rate. However, when carbon dioxide and chlorides penetrate through the concrete 

cover to reach the steel, depassivation occurs and the corrosion rate becomes significant. One 

approach to assess the corrosion of steel is hence to measure the carbonation depth or the 

chloride profile in the concrete structure. The conventional approach is to perform chemical 

analysis on samples cored from the concrete structure.  Detailed description can be found in 

Broomfield (2006). 

Embeddable corrosion sensors have been developed and installed in concrete structures. The 

most notable example is the ‘ladder’ sensor developed in Germany (Schiessl et al, 1992, 

Raupach, 2002), which can measure the corrosion activity at different levels in the cover. This 

sensor is expensive and cannot be retrofitted to existing structures. Various fiber optic sensors 

for monitoring different factors affecting steel corrosion, such as chloride content (Huston and 

Fuhr, 1998, Ghandehari, 2001), pH (Habel et al, 2007, Melhorn et al, 2007) and humidity 

(Melhorn et al, 2007) have been developed.  However, pH sensors cannot detect chloride-

induced corrosion and humidity measurements do not reflect corrosion directly.  Also, the 
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chloride content for corrosion initiation is dependent on pH but the relationship is not well-

defined (Bentur et al, 1997).  

In this paper, we will present a new fiber optic based technique for detecting the onset of steel 

corrosion in concrete structures.  The feasibility of the sensor has been demonstrated by various 

experiments in the laboratory (Leung et al, 2008).  This paper reports a recent field trial in 

which packaged sensors are installed in an existing concrete structure under aggressive marine 

environment.  In the following, the sensing principle is first described. Fabrication and 

packaging of the sensor is then introduced.  A detailed description of the field work, including 

site situation, installation procedures and data collection method will be provided.  Major 

findings from the monitoring results will be highlighted. 

2 SENSING PRINCIPLE 

The novel corrosion detection method is based on the simple principle of light reflection 

illustrated in Figure 1.  An optical fiber is stripped and cut with a cleaver to produce a flat 

surface at its end that is perpendicular to the fiber axis. Using the ion sputtering technique, an 

iron thin film (thickness around one hundred to several hundred nanometers) is deposited on the 

cleaved fiber end. Light is then sent through the optical fiber and the reflected light intensity is 

monitored as a function of time. Initially, the iron film at the end of the fiber acts like a mirror 

and all or most of the light is reflected (Figure 1a). As corrosion occurs, the film thickness 

decreases. Consequently, the intensity of the reflected signal also drops (Figure 1b).  Ultimately, 

after the film is completely removed, the reflected light intensity will return to the level for the 

cleaved glass surface. 

 

Figure 1. Illustration of the Corrosion Sensing Principle 

Compared to other corrosion sensors, the ‘reflection’ sensor possesses a number of advantages. 

Since the principle is very simple, interpretation of results is easy and direct. It is applicable to 

corrosion induced by either chloride penetration or carbonation. The technique does not require 

the use of special optical fibers, so low-cost single mode telecommunication fibers can be 

employed. In the sputtering process, a large number of fibers can be placed in the sputtering 

chamber and coated at the same time. Mass production of the sensor at low cost should 

therefore be possible. Moreover, with the small size of the sensor, it can be retrofitted to 

existing structures. Since the monitoring involves light intensity measurement, to avoid 

variations due to (i) fluctuations in the light source, and (ii) changes in connector loss when 

fibers are disconnected and re-connected, the loss in reflected light power is best measured with 

an optical time domain reflectometer (OTDR). This method measures the relative power of light 

reflected at points along the fiber, and that at the fiber end. Since it is a relative measurement, 

results will not be affected by the variations mentioned above. 

Coating thickness 

reduced by corrosion 

Drop in intensity of 

reflected light 

Light loss 

at fiber end 

Optical Fiber 

Iron thin film 

With sufficient coating thickness, 

light is totally reflected 

Cladding 

Core 

(a) 

(b) 



4th International Conference on Structural Health Monitoring of Intelligent Infrastructure (SHMII-4) 2009 

22-24 July 2009, Zurich, Switzerland 

 

 

 

3 SENSOR FABRICATION AND PACKAGING 

To form an iron thin film with controlled thickness on the cleaved end of the optical fiber, the 

sputtering deposition technique was employed. The fibers were placed inside a vacuum 

chamber, with the cleaved ends facing a pure iron target. The sputtering process involves the 

bombardment of target with energetic ions to induce the ejection of vapour particles. Inside the 

vacuum, the vapour will deposit as a thin film on fiber surface. The film thickness depends on 

the distance of the fiber from the target as well as the deposition time.  

To prepare sensors, a bundle of cleaved fiber was put into the sputtering chamber facing the 

pure iron target. With different deposition times, fibers with different coating thicknesses were 

prepared. In this study, the definition of reflectivity is 10log(Proportion of light reflected). The 

theoretical reflectivity of cleaved fiber end without the iron coating is calculated to be -14.6dB. 

For fibers with various thicknesses of iron coated at its tips, the reflectivity was experimentally 

determined by an OTDR. The results (Figure 2) indicate significant difference (about 8dB) in 

reflectivity between the coated and uncoated fiber. There was no reflectivity data for film 

thickness in the range of 25nm to 100nm. The dotted lines represent a hypothetical bilinear 

relationship. To make corrosion sensors, the iron coating thickness was taken to be 200nm. 
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Figure 2. Relationship between the reflectivity and the film thickness 

The aforementioned sensor is simply a bare fiber with iron coating which is extremely fragile. 

For field applications, the sensor requires proper packaging to make it robust against the 

concrete casting process. An approach to package the sensor is illustrated in Figure 3. To fit the 

fiber bundle into the sputtering chamber, the length of each coated optical fiber is about 200mm. 

To package the coated fiber, it is embedded in a 1mm diameter hollow flexible plastic tube and 

fixed inside by glue. The coated end inside the plastic tube is then well protected (from 

mechanical actions) during concrete casting (for new structures) or mortar grouting (for sensors 

installed in a hole drilled into an existing structure). To enable proper transfer of corrosive 

agents from the concrete to the tip of the fiber, mortar is added into the plastic tube (see Figure 

3). A proper mortar mix can be made with fine sand and high water/cement ratio. A high 

water/cement ratio is necessary to ensure the easy transportation of corrosive agents to the end 

of the optical fiber. To get the mortar into the fine plastic tube, a bundle of tubes with optical 

fiber (about ten per batch) is inserted into mortar with the tube end just under the mortar surface 

(Figure 3b). For proper filling, the mortar container is shaken on a vibration table to facilitate 

the penetration of mortar into the plastic tube. The filled plastic tube is then taken out and 

placed horizontally until the mortar is hardened.  

The length of the coated optical fiber, which is only 200mm, is certainly not long enough in 

practical applications. It is therefore connected to an extension cable by fusion splicing and the 

joint is protected by a heat-shrink splice protector (Figure 3a). The whole fiber (coated fiber + 
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fiber extension) is protected by flexible plastic tube and no bare fiber is exposed.  A finished 

sensor with the cable and connector is shown in Figure 4. 

 

 

Figure 3. Schematic diagram of sensor packaging 

 

Figure 4. A packaged sensor with cable and connector 

4 FIELD TRIAL OF THE SENSOR 

4.1 Site location and objective of the field trial 

As mentioned in the introduction, laboratory experiments have already been performed to 

demonstrate the applicability of the sensor for the detection of steel corrosion in concrete. A 

field trial was therefore arranged to assess the sensor’s performance in concrete structures under 

aggressive environment.  The location is a footbridge in the Southern part of Hong Kong Island, 

adjacent to a beach and facing the sea.  Under high tide condition, the piers of the footbridge are 

partially submerged in seawater.  Also, wind will carry chloride ions and moisture to the 

surfaces of the pier directly facing the sea (which is 0.5m in width) and on the two sides (of 

1.0m width). The footbridge was constructed about 30 years ago, and has shown significant 

deterioration such as cracking, concrete spalling and steel rusting. It was repaired several years 

ago but rust stains have re-appeared in some parts, indicating the recurrence of steel corrosion.  
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There are three objectives of the field trial. Firstly, the site installation procedure of corrosion 

sensor in an existing concrete structure is to be verified. Secondly, the ability of the sensor to 

detect corrosion is to be assessed. Thirdly, the robustness of the sensor including its 

communication cord under extreme conditions (such as typhoons) is to be proved. 

4.2 Sensor installation and data collection 

To perform the field trial, ten corrosion sensors were installed in holes drilled on two adjacent 

piers. The locations of the five holes for sensor installation on the side surface of one pier are 

shown in Figure 5. The other five sensors were installed at identical locations in the other pier.  

The horizontal levels of the sensors are above the normal high tide line.  However, during the 

stormy season, especially when there is a typhoon, waves will be high enough to flood the 

sensors. It is therefore possible to see if the sensors and its cables can survive extreme in-situ 

conditions. To install a packaged corrosion sensor, which is in the form of a rubber tube 3mm in 

diameter (Figure 4), a 10mm diameter hole was drilled into the concrete.  The hole was sloping 

downwards slightly (at an angle between 15 to 20 degrees) to facilitate the penetration of grouts 

for proper filling.  After drilling, each hole was cleaned with compressed air.  A cement grout, 

with water/cement ratio of 0.7 and the addition of a viscosity modifier to prevent bleeding, was 

then mixed on site. The drilled hole was wetted by a film of water and the grout was injected 

into the hole with the use of a syringe. Two hours after the hole was completely filled by grout, 

rapid-hardening epoxy was painted onto the surface of the grouted hole.  After the hardening of 

epoxy, waterproofing paint was applied to cover the hole and the surrounding region.  With the 

sealing procedure, the grout (which is of high water/cement ratio) and its interface with the 

existing concrete will not act as preferential paths for chloride and water penetration. The 

sensors will then be monitoring the existing condition in the pier, or the penetration of corrosive 

agents from the seaward side if there are little chloride ions at the sensor locations when they 

are installed. 

 

Figure 5. Sensor locations and schematics of the sensing system 

The first three sensors were installed at 60mm, 80mm and 100mm from the seaward surface 
respectively.  The depth of each hole (taken as the horizontal distance from the bottom of the 
hole to the side surface) is 40mm in each case.  The concrete cover to the longitudinal 
reinforcement is 50mm on each side. In our original plans, the holes were to be drilled within 
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the cover, to a depth higher than 50mm (so we will be detecting chloride penetration from the 
seaward surface as the sensor tip is closer to this surface than the side surface).  However, there 
was a concern of the bridge owner (which is a government office) that the drilling of holes in 
the relatively thin cover might cause significant damage and surface spalling.  As a result, the 
holes were drilled at locations behind the steel reinforcement.  Also, as the reinforcement 
density is rather high near the member surface, the drilling was stopped within the concrete 
cover, so we will not be hitting the steel reinforcements and introducing damages.  As rust stains 
have been observed on the pier surface, the chloride concentration within the cover should be 
high enough to induce corrosion.  We can therefore expect to detect corrosion with sensors 1, 2 
and 3.  As higher chloride concentration should exist for the sensor closer to the seaward 
surface, it is likely that corrosion will be detected in sensor 1 first. Sensor 4 was installed at the 
back of the pier, near the surface away from the sea. The depth was also 40mm. At this location, 
the amount of chloride and water from sea spray should be much lower than those in the 
locations of the first three sensors. Corrosion should therefore start later.  Sensor 5 was installed 
in a location 300mm from the seaward side and at a depth of 100mm.  We expect to have very 
little chloride in this location so there should be little change detected by the corrosion sensor. 
All the above arguments related to the trend of results will be assessed by in-situ corrosion 
monitoring data. 

To detect corrosion, the reflected signal from each sensor should be measured at regular 

intervals. The measurement was performed with the use of an OTDR.  As shown in Figure 5, 

the signal from the light source of the OTDR is passed through a coupler and split into several 

channels, with one sensor along each channel.  Once the light (in any channel) hits the iron-

coated end of any fiber, it is reflected. The reflected signal will return to the OTDR, and the 

time of its arrival depends on the distance between the OTDR and the sensing point.  By putting 

different lengths of fiber spools in front of each sensor, the reflected signals from various 

sensors arrive at significantly different times so the results from different sensors can be clearly 

identified from a single OTDR record. In addition, an uncoated fiber with a well-protected tip 

should also be connected to the coupler. Since the reflection from this fiber should be constant, 

the reflected signal can serve as a good reference for the other readings. 

4.3 Results and Discussions  

Since the results obtained from the two piers are similar in trend, only those from one of them 

will be shown and discussed.  The OTDR record right after the installation of all sensors is 

shown in Figure 6. The reflected signals from each sensor and the reference fiber are widely 

separated and can be individually measured. Figure 7 shows the results for all the measurements 

taken over a period of about 5 months after the installation.  From the figure, significant drops 

can be clearly identified for the peaks corresponding to sensors 1, 2 and 3, while the reference 

fiber shows no change.  For sensors 4 and 5, some changes can be found, but the drop is not 

very significant. 

A better way to show the results is to plot the actual change (the difference between the current 

and original measurements) versus time for each sensor.  The results are shown in Figure 8. At 

time equals zero, the loss at each sensor is taken to be around -6dB.  This is the reflected power 

from an iron coating of 200nm which was employed in the corrosion sensors of this study (see 

Figure 2). According to theoretical calculations, the reflection from an uncoated flat fiber end in 

air and water is 14.6dB and 26.8dB respectively. In other words, when the iron coating is 

completed removed by corrosion, the reflected signal should be between 14.6dB and 26.8dB 

depending on the moisture condition in the vicinity of the fiber tip. According to the test results, 
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Figure 6. OTDR record right after sensor installation 
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Figure 7. OTDR records obtained at different times after the installation 
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Figure 8. Loss at each sensor versus time after installation 
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sensor 1 shows very rapid corrosion as the reflected power drops below -14.6dB after the first 

two days, indicating complete depletion of the iron coating. For sensors 2 and 3, the corrosion is 

more gradual, with complete depletion of coating between 80 to 120 days. Sensor 4 shows 

significant loss within the first month, but the loss becomes smaller in subsequent 

measurements. After 145 days, the loss is only slightly higher than 1dB, which is the precision 

of the portable OTDR. We consider the corrosion activities to be low at this location. For sensor 

5, the fluctuation is small over the whole monitoring period, indicating little corrosion at a 

location that is far away from all surfaces of the pier.  The measured results appear to be 

consistent with the expected trend discussed in Section 4.2.  Currently, there is a plan to obtain 

powder samples from the pier around the sensor tips for chemical analysis. The severity of 

corrosion can then be directly correlated to the chloride concentration. 

Before closing, it should be mentioned that the sensors have survived two typhoons within the 

monitoring period.  There robustness is hence verified. 

5 CONCLUSIONS 

This paper presents the fabrication and packaging of a fiber optic based corrosion sensor, as 

well as its practical installation in an existing concrete pier next to the sea. Corrosion monitoring 

results up to 145 days are found to be in reasonable agreement with expected trend. While 

further experiments should be performed to verify the correlation between the sensor output and 

chloride concentration, the present results are able to demonstrate the sensor’s potential for 

corrosion monitoring of an existing concrete structure under severe environmental conditions. 
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