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ABSTRACT: The deterioration of concrete structures due to aggressive environments combined 

with increasing cost of maintenance and repair necessitates the development of non-destructive 

health monitoring techniques for evaluating the condition of concrete structures. Moisture is one 

of the key elements involved in most of the deterioration processes in concrete. Therefore 

monitoring moisture has great importance in understanding various durability aspects of 

concrete. Although there are moisture sensors available for monitoring applications in concrete, 

these are either bulky and/or influenced by presence of chloride ions in concrete.   

In recent years fibre optic sensors have been emerging as a potential sensing technique for 

monitoring the health of structures, as they are extremely small, lightweight, robust, can be 

multiplexed and have high sensitivity. However, due to vulnerability of these sensors in 

aggressive conditions experienced in concrete there is an essential need to package the sensors 

in the form of probes for monitoring applications in concrete. In this paper, a novel packaging 

technique for fibre optic RH sensors specifically designed for monitoring fresh and hardened 

concrete is described and demonstrated. The paper also deals with the issues of RH monitoring 

in fresh concrete using the conventional probe design and use of porous filters to overcome the 

sensing issues.  

1 INTRODUCTION: 

 
Structural health monitoring plays an important role in the observation and monitoring of 

deformations and environmentally induced problems in buildings, bridges, tunnels and other 

civil infrastructures. These infrastructures are considered to be the most expensive asset of any 
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country. Maintaining this infrastructure for the intended service life is a major issue, especially 

if it is deteriorating at a faster rate due to changes in external environmental conditions. Most 

concrete and masonry structures are prone to chemical attack in aggressive environments 

experienced in urban settings (Hall and Hoff, 2002). The deterioration of concrete structures 

usually involves movement of aggressive contaminants, such as chlorides in seawater, from the 

surrounding environment into the near surface zone of the concrete, followed by physical and/or 

chemical changes in the porous matrix of concrete (Basheer and Nolan, 2001). The movement 

of such aggressive substances occurs due to differentials in humidity, ionic concentration, 

pressure and temperature within the microstructure of cover concrete. Such deterioration can be 

either caused by climatic variables, such as humidity and temperature variations, or internal 

factors within the concrete itself.  The damage caused by these deteriorations is of several types 

– which may be mechanical, physical or chemical. Mechanical damage is typically due to 

impact, erosion, abrasion or cavitation. The chemical influences can be internal, like alkali-silica 

or alkali-carbonate reactions, or external attack which mainly occurs through the action of 

aggressive ions, such as chlorides, sulphates, carbon dioxide and other salts originating from 

seawater.  The remaining group of physical deterioration effects can arise due to changes in 

thermal expansion of aggregate as a result of the ‘freeze-thaw’ process and the action of de-

icing salts (Bungey et al, 2006). In almost all these deterioration mechanisms moisture plays a 

key role in initiation and propagation of the process that eventually causes physical and 

chemical damage to concrete. Apart from involvement in deterioration mechanisms moisture 

plays a prominent role in cement hydration, curing and strength development of concrete. 

Therefore, the ability to monitor moisture and temperature changes in concrete has a great 

importance in understanding properties of concrete in fresh and hardened state.  

In concrete the most common methods for in-depth moisture measurement are the gravimetric, 

electrical and hygrometric methods (Pascal, 2002). Gravimetric method is applicable for 

laboratory based moisture measurement. Monitoring of moisture in-situ is generally performed 

either by measuring the electrical properties of the material as a function of moisture in the case 

of electrical method, or by measuring the relative humidity in a cavity in concrete in the case of 

hygrometric method. However, the sensors used in these methods are often bulky and 

experience reliability issues in aggressive environments, for example marine environment with 

presence of sea water and electromagnetic interferences (Glisic and Inaudi, 2007). In this paper 

the design, calibration and packaging of fibre optic based humidity sensors for monitoring 

moisture changes in concrete has been discussed and demonstrated. 
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2 FIBRE OPTIC RELATIVE HUMIDITY SENSOR: 

 
In the last few years fibre optic sensors have made a slow but significant contribution in the 

sensor field for monitoring civil infrastructure. The use of optical fibre based sensors have 

numerous advantageous over conventional electrical methods, such as their small size, 

geometric versatility, multiplexing capability and resistance to corrosive and hazardous 

environments (Yeo et al, 2006).  Several optical fibre humidity sensors are reported based on 

sensing materials like calorimetric dyes that change colour as a function of humidity (Gupta et 

al, 2001), change of refractive index as a function of humidity (Healy et al, 2003) and swelling 

type gel that change in size with humidity (Yeo et al, 2005). In recent years, Fibre Bragg 

Grating (FBG) based sensors are popularly used in structural health monitoring of concrete 

structures due to their increased sensitivity to strain and temperature (Slowik et al, 1998). 

Furthermore, the small dimensions of FBG’s can be utilised as “microsenors”. By applying a 

calorimetric or size sensitive based chemical coating on FBG’s, they can help in measuring 

different parameters. This principle was taken as a basis in developing a FBG based relative 

humidity sensor, wherein a moisture sensitive polymer was coated on the grating, which swells 

with increase in moisture and thus induces a strain effect on the FBG (Yeo et al, 2005, Pascal, 

2003). Therefore, relative humidity level is given through the shift in wavelength caused by the 

expansion of the moisture sensitive polyimide layer on the Bragg grating. Equation (1) describes 

this relationship in the case of strain or temperature effect: 

                                  
TPePe

B
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         (1) 

where Pe is the photoelastic constant of the fibre, ε is the strain induced on the fibre, α  is the 

fibre thermal expansion coefficient and  ξ  is the fibre-thermooptic coefficient. The above 

equation is slightly modified for relative humidity sensing so as to consider the strain effect 

induced by swelling of polyimide moisture sensitive polymer, as given below in equation (2): 
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Thus from the above equation the shift in Bragg wavelength is related to three main 

components, the strain effect induced on the FBG due to moisture ( RHε ) and thermal expansion 

( Tε ) and the thermooptic effect (Yeo et al, 2005). 
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3 SENSOR DEVELOPMENT AND CALIBRATION: 

3.1 Sensor fabrication: 

The FBG sensor used in this work were inscribed in boron–germanium (B/Ge) co-doped 

photosensitive optical fibres using the phase mask technique. The gratings were annealed for 

more than 7 h at 200 ◦C to stabilise the performance of the device [Pal et.al, 2003]. Prior to the 

polymer deposition, the gratings were cleaved at one end to facilitate the use of the dip coating 

technique which was found to be most effective for this research. The gratings were also treated 

with a silane coupling agent (0.1% 3-APTS solution using deionised water) to enhance the 

adhesion at the silica/polymer interface. This treatment is to ensure effective strain transfer to 

the grating as a result of the polymer swelling. The moisture sensitive polymer is coated onto 

the FBG using an automated and programmable dip coating system developed at City 

University, London. This technique helps to apply a uniform film and avoids bubble formation 

of polymer on the FBG. The selection of the coating material and the optimum thickness of the 

coating plays a critical role in the performance of the FBG-based moisture sensor. The moisture 

sensitive polymeric material used in this work is Polyimide (PI) with an optimum coating 

thickness of 24 µm for better sensitivity and response time as described elsewhere by some of 

the authors (Yeo et al, 2005).  

The measurement of Relative Humidity (RH) requires a probe with both moisture and 

temperature capabilities as the RH values have to be calibrated against the effects of a change in 

temperature. Thus FBG based temperature sensor is placed along with fibre optic moisture 

sensor. Both the temperature sensor and moisture sensor are placed in a stainless steel tube of 

5mm diameter to protect the fibre against damage  due to manual handling and perforations are 

made at one end of the tube near the sensor region to allow the moisture flow as shown in Fig-1. 

  

PI coated FBG 
humidity sensor

FBG 
Temperature 
sensor

Heat shrink

Pigtailed connectors  to 
the interrogation system

PI coated FBG 
humidity sensor
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Temperature 
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Fig-1: Fibre optic RH probe encased in stainless steel 
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3.2 Sensor Calibration: 

The relative humidity probe was calibrated for humidity against temperature measurements. The 

humidity calibration was done by saturated salt solution technique, where in the probe was 

placed in an enclosed bottle containing saturated salt solution that can maintain standard relative 

humidity at a particular temperature. The temperature and humidity inside the bottle was also 

monitored by using a reference chilled mirror based hygrometer, to enable comparative 

measurements to be made. The fibre optic RH probe was calibrated for humidity at three 

different levels using saturated salt solution of MgCl2, K2CO3, NaCl and KCl that can maintain 

a relative humidity of 33.07%, 43.16%, 75.47% and 85.11% respectively at 20°C. The 

temperature inside the bottle was varied from 10ºC to 50ºC, in increments of 10ºC at a particular 

humidity level to ascertain the influence of temperature change on the humidity measurement 

made by the sensor. The temperature calibration of the FBG temperature sensor in the RH probe 

is shown in Fig-2(a). It can be observed from the humidity calibration graph, as shown in Fig-

2(b), that the wavelength of the FBG humidity sensor changes due to both the change in 

humidity and the change in temperature levels. Thus from the humidity calibration graph, the 

temperature coefficient was calculated and applied as a correction factor to the relative humidity 

measurements. The temperature and relative humidity coefficients obtained from the calibration 

curves were entered into the LabView software for the data acquisition and direct measurement 

of RH.  
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Fig-2(a): Calibration graph of Fibre Optic 
temperature sensor 

Fig-2(b): Calibration graph of Fibre -Optic Humidity 
sensor 

4 EXPERIMENTAL PROCEDURE: 

 
In order to monitor the changes in RH during the hydration stage of concrete/cement mortar, the 

Fibre Optic RH probes has to be embedded at the casting stage. In this experimental programme 
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Fibre Optic RH probe was embedded into mortar samples during the casting phase and the 

consequences of casting and compaction of cement mortar on RH probe performance has been 

studied.  

The cement mortar was manufactured with CEM II as per BS EN 197-1 and normal sand at 

saturated surface dry condition as per the mix proportions shown in Table-1. The mixing of the 

constituents was were carried out in a 10 litre Hobart mixer with cement and water initially 

mixed for 30 seconds and in another 30 seconds sand is added to the mix. The mortar was 

mixed thoroughly for a further period of 3 minutes so as to ensure an homogeneous mix. 

The resultant mortar mix was poured and compacted in three layers as per BS EN 12390-2, 

2000 in a slab mould of dimensions: 230mm x 230mm x 80mm. After the first layer of mortar 

was compacted, the fibre optic RH probe was carefully placed in the middle of mould at a depth 

of 25mm from bottom surface of the mould. The second and third layer of mortar was poured 

and compacted very gently to avoid potential vibration and/or shock damage to the sensor. After 

the mould was completely filled and levelled with mortar, the fibre optic cables of the RH probe 

were connected to the control unit for data logging temperature and relative humidity 

measurements. 

Table-1: The mix proportions of mortar 

Mix W/C ratio Cement/Sand 

ratio 

Cement (g) Water (g) Sand (g) 

Trial1 0.60 1:3 2500 1500 7500 

Trial2 0.60 1:5 1800 1080 9000 

5 RESULTS AND DISCUSSION: 

5.1 Trial 1: 

The resultant mortar mix made in this trial had a good flow characteristics as it had a high 

cement content and low sand content. When the data logging for this trial was started the fibre 

measuring temperature was working well, whereas the fibre measuring relative humidity was 

damaged during the process of casting the mortar and the humidity could not be monitored. 

However, temperature sensor functioned and the measurements made in this trial are shown in 

Fig-3. It can be observed from Fig-3 that the temperature values were intermittently jumping 

from 20°C to 70°C. This was attributed to noise caused by the contamination of FBG 

temperature sensor caused by the ingress of cement paste through the perforations in the RH 

probe and further initiation of hydration reaction by the cement paste. 
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Fig-3: Temperature data of fresh mortar slab in Trial1 

     

5.2 Trial 2: 

After observing the issues in Trial 1, the mortar mix for Trial 2 was designed for very low 

workability to prevent the contamination of the bare fibre with fluid cement paste. Therefore, 

the mix was modified by increasing the sand content such that the cement-sand ratio was 1:5, 

whilst keeping the water-cement ratio the same at 0.6. 

Fig-4(a): Temperature data of fresh mortar slab 
casted in Trial2 

Fig-4(b): RH data of fresh mortar slab casted in 
Trial2 

 

The results of temperature and relative humidity data logging with the mortar sample cast in 

Trial 2 are shown in Figure-4(a) and Figure-4(b) respectively. It can be observed from these 

figures that both temperature and humidity measurements were fluctuating due to noise as 

similar to Trial 1. Although the graph appears to be showing four different curves, it is actually 

measurements made by one sensor with intermittent jumping of temperature measurements due 

to noise or distortion of the sensor grating.  
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6 PROTECTION & PACKAGING OF FIBRE OPTIC RH PROBE: 

 
In order to prevent the bare sensor grating from contamination by the cement paste, possible 

impact by aggregates in fresh concrete and for long-term monitoring of hardened concrete there 

is a need to package and protect the sensors from any hazards. The stainless steel sheath that 

was used as a casing to protect the fibres can conduct temperature changes easily all along its 

length and found to be not suitable for point based temperature and RH measurements. In the 

case of RH sensors it was essential to measure temperature and humidity in a closely spaced 

cavity so as to apply temperature correction on humidity measurements. The sketch of the new 

sensor probe is shown in Fig-5(a) and picture of FBG temperature and humidity sensor 

fabricated according to the new design is depicted in Fig-5(b).  

 

  

Polypropylene 
filter

RH & 
Temperature 
FOS

GlueFO connectors

Polypropylene 
filter

RH & 
Temperature 
FOS

GlueFO connectors

 

Fig-5(a): Schematic showing Fibre Optic RH probe design 
with porous filter cap 

Fig-5(b): Fabricated RH probe showing 
FBG humidity and temperature sensor 

 

Thus the RH probe is modified by replacing the stainless steel sheath with polycarbonate 

material which has high strength, low thermal conductivity and good compatibility with the 

measuring environment. Also the humidity and temperature sensing region of the probe is 

protected with the help of detachable ceramic tube of 3µm pore diameter so as to prevent 

ingress of contaminants inside the sensor as shown in Fig-6(a). However, based on the initial 

trials using the porous ceramic tube it is observed that response time of the sensor has been 

effected drastically. Thus another type of porous filter containing a polycarbonate tube with 

polypropylene filter cloth of 40µm is attached, as shown in Fig-6(b). 
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Fig-6(a): Fibre Optic RH probe with porous 
ceramic cap 

Fig-6(b): Fibre Optic RH probe with detachable 
polypropylene filtered cap 

7 CONCLUSIONS: 

 
In this work the potential use of fibre optic relative humidity sensors for monitoring moisture 

changes in concrete/mortar has been demonstrated. The calibration of RH probe at different 

humidity and temperature levels showed that both temperature and humidity influences the 

wavelength shift in FBG humidity sensor. This is caused by strain induced on the grating both 

due to humidity and temperature changes. Thus in order to eliminate the influence of 

temperature on RH measurements by the sensor the temperature correction factor is introduced.  

Most of the humidity sensors which have been used for monitoring moisture in concrete are 

normally placed in a drilled hole in concrete, in this work an attempt was made to embed the 

sensors directly inside concrete during fresh casting stage. The initial study to embed the fibre 

optic humidity probe in two different mortar samples revealed that it is essential to protect the 

sensor fibres from contamination of cement paste and from possible impact of aggregates in 

fresh concrete. A new sensor probe setup has been developed by introducing a porous cap with 

polypropylene filter cloth at the sensing portion of fibre optic humidity sensor and further 

research with this new sensor is on going.  
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