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Abstract  

 

GRPs are increasingly used in the petrochemical industry, but there is a reluctance to use 

them in extreme conditions due to unknown long term stability. They are cheaper, lighter and 

easier to install than traditional steel pipes. However it must be possible to give accurate, 

non-invasive data on degradation rate during component lifetimes of up to 30 years. This 

research was focussed on the development and integration of innovative glass fibre sensors 

into glass reinforced polymers (GRP) composites for applications in hostile environments. 

The diffusion and absorption of water into a vinyl ester resin in in simulated seawater, at 

120°C in pressurised steel vessels, was measured using optical fibre sensors. Low cost 

evanescent field sensors were prepared from a standard multimode fibre and compared to 

commercially available Bragg fibre gratings. It was found that both sensors were capable of 

detecting the ingress of water into the resin through different mechanisms. The Bragg fibre 

gratings showed a 1.02±0.24nm peak shift due to the swelling of the resin after 48hrs, whilst 

the evanescent field sensors showed a progressive reduction in transmitted power due to a 

change in the environment surrounding the sensor starting from the very early stage of the 

water diffusion through the thickness of the GRP. 

 

1. Introduction 

 

There is an increasing demand for the use of vinyl esters in glass reinforced polymers (GRPs), 

particularly in the petrochemical industry for applications such as transport and storage of a 

wide range of corrosive materials under severe conditions. The use of GRP components can 

give a significant cost reduction due to lower material costs and cheaper manufacturing 

processes when compared to traditional steel components [1-3]. They are also easier to install 

due to a significant weight reduction, do not require welding and have the potential for greater 

corrosion resistance [1-3]. 

 

A major challenge which is stopping more widespread use of GRPs in hostile environments is 

the unknown long term stability and failure mechanisms compared to materials such as steel. 
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Damage such as cracking and delamination within the structure can be measured with 

techniques such as ultrasonic excitation but the initial damage to the composite which can 

lead to embrittlement and increase the probability of a catastrophic failure is more difficult to 

monitor [3]. This has led to work on corrosion resistant materials and accelerated ageing of 

GRPs [4-5]. 

 

In this work fibre low cost optic evanescent sensors and commercial Bragg fibre gratings 

(FBGs) were embedded in a vinyl ester to monitor ingress of chemicals through the thickness 

of GRPs. In particular, the diffusion of water was monitored as this is a very early step in the 

degradation of the resin, and in turn GRPs. The possibility to detect water (or other chemicals) 

diffusion is would be very useful to assist with the development of a more reliable accelerated 

ageing test to assess the performance of GRPs in hostile environments. Besides, the use of 

these innovative and sensitive sensors in the structural part of pipe, close to the interface with 

the liner, would allow the monitoring of the environment diffusion into the structural part, 

thus detecting that the liner has been compromised, that is, the failure of the pipe. 

 

Evanescent field sensors are intrinsic fibre sensors that work on the principle of having a 

section of the core of an optical fibre exposed, the evanescent field is a portion of any 

transmitted radiation along the fibre which extends beyond the diameter of the core and 

interacts with the environment [6]. There has been extensive work on the use of evanescent 

sensors, and they have demonstrated the ability to detect a wide range of chemicals in various 

configurations [7-12]. FBGs are also intrinsic fibre sensors, however, they operate by 

selectively reflecting a certain wavelength [11-15]. They are produced in several ways but all 

consist of a periodically alternating refractive index, the spacing of which corresponds to the 

reflected light [14]. If the fibre is stretched or compressed, the reflected wavelength is also 

shifted to either a higher or lower wavelength respectively. 

 

2. Materials and testing methods  

 

2.1 Sample Preparation 

The evanescent sensors used in this work were prepared from a GIF 625 silica multimode 

fibre, (Thorlabs, Germany). The radii of the core, cladding, and coating were 62.5, 125 and 

250 µm respectively. Each fibre was cut to a length of 1m and had a 10cm sensing region. 

The sensor was prepared by mechanically stripping 10cm of the coating and then chemically 

etching the cladding using >40% HF (Sigma Aldrich,). 

 

The Bragg fibre grating sensors were all commercially available gratings supplied by 

(Raysung photonics Inc., China). They are prepared from single mode fibres (Corning 28e) 

and the radii of the core, cladding, and coating were 8.2, 125 and 245 µm respectively. The 

FBGs were used as supplied. 

 

Nine sensing fibres were embedded in a vinyl ester (ame6001,Ashland, Italy) using a silicone 

mould with dimensions of 110 x 90 x 6mm. The fibres were arranged in three stacks that were 

spaced 20mm apart: the three fibres in each stack had a vertical spacing of 1.5mm. The resin 

was cured at room temperature for 2 hours and then underwent a post curing heat treatment at 

90°C for 2 hours.  

The samples were then placed in a vessel that exposed a single face to simulated seawater at  

120 °C in pressurised steel vessels, at a pressure of approximately 2 bar. to induce 

degradation of the resin. Degradation times up to 192hrs were used.  
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2.2 Sample Characterisation 

The spectra of all fibres were measured on a HP 70951 optical spectrum analyser (OSA) with 

the spectra centred at 1550nm with a 100nm span. A Er doped broadband light source  

(Photonetics ) was used for all samples and the power was kept constant at 437.4 µW. All the 

spectra were taken from freshly cut cross sections of the resin  to limit any effect from surface 

contamination and give a true indication of absorption of water into the resin rather than the 

surface conditions of the sample. The fibres were connected to both the OSA and the light 

source using multimode pigtails with AT connectors. The pigtails and sensor fibre were 

cleaved (Fujikura CT07 high precision cleaver), and spliced using a fusion splicer (Fujikura 

FSM-40S arc fusion splicer). Both multi and single mode pigtails were used to generate 

different optical signatures for the sensor. The multimode pigtails were supplied by Thor labs 

and had dimensions of 62.5, 125 and 250 µm for the core, cladding, and coating, matching the 

dimensions of the optical sensors.  

 

The ingress of water into the VE sample was measured using FTIR (Bruker Equinox 5 

spectrometer operating at 2 cm
-1

 resolution, equipped with an ATR cell).  

 

 

 

3. Results 

 

The stability of the evanescent sensors was examined before being embedded in the resin. The 

results are shown in Figure 1. This was to ensure that the exposure of the core would not lead 

to severe changes in the optical signature in the time between etching the fibre and embedding 

it in the resin. It was found that over a period of 12 days there was very little deviation from 

the initial signal and with respect to both signal intensity and the obtained spectral pattern.  
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Figure 1: The spectra of an evanescent fibre from 0 – 12 days under atmospheric conditions. 
 

As well as the stability, it was also necessary to confirm that the evanescent field was 

interacting with the surrounding media. Figure 2 shows the change in optical response when 

an evanescent fibre sensor is immersed in isopropyl alcohol (IPA). The stability of the spectra 

is also demonstrated in IPA with a dwell time up to 84hrs. The reference spectrum is that 

obtained under atmospheric conditions. The change in signal after immersion is evident across 

the wavelength range; however, the change in profile is strongest around 1560nm where a 

strong peak can be observed for the reference sample which is almost lost entirely after 
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immersion in IPA. This provided clear evidence that the evanescent field of the fibre was 

interacting with the environment as intended. 
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Figure 2: The optical spectra of an evanescent sensor immersed in IPA compared to atmospheric conditions. 
 

The FTIR spectra were obtained for the vinyl ester samples after the exposure to pressurised 

seawater at 120°C for up to 192hrs. Figure 3a shows the spectra obtained around the OH 

stretching peak (3200-3600cm
-1

). Figure 3b shows the region of the spectra associated with 

hydrocarbon bonding. These regions were investigated to determine the extent of water 

absorption and degradation within the sample. The increase in the intensity of the OH 

stretching peak with time confirms the absorption water into the resin. The absorption can be 

seen in all samples and is particularly strong for the samples with dwell times over 48hrs. 

There is no significant change in the spectra for the region associated with hydrocarbon 

bonding. This indicates that the structure of the resin has been unaffected by the salt water 

immersion with a dwell time up to 192hrs. 
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Figure 3: FTIR spectra of vinyl ester samples after degradation in simulated pressurised seawater at 120°C with 

dwell times from 0 to 192 hrs. 

 

Figure 4 shows the optical spectra obtained for a series of evanescent field sensors with 

exposure times up to 72hrs. Figure 4a is plotted as decibels, whilst figure 4b is plotted in 

milliwatts to highlight the change in signal intensity on a linear scale. It can be seen in figure 

4a that there is a reduction in signal intensity with dwell time across the observed spectrum. 

(a) (b) 
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There is, however, a reduction in the peak height at 1560nm, particularly after a 72hrs 

exposure, when this peak is lost entirely. 

 

 The total transmitted power between 1500 and 1600nm was calculated from figure 4b and is 

plotted in figure 5 against the dwell time in seawater. There is a rapid initial reduction in 

signal intensity from 0.230 – 0.085mW after 24 hours of exposure, followed by a further 

reduction to 0.017mW after 72hrs as the water content increased.   
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Figure 4: Optical spectra obtained for evanescent field sensors from 1500-1600nm with exposure to seawater at 

120°C for up to 72hrs, plotted as: (a) decibels and (b) mill watts. 
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Figure 5: Shows the transmitted power from 1500-1600nm with a dwell time in seawater at 120°C of up to 

72hrs. 

 

Figure 6 shows the peak shift obtained for the FBGs compared to the suppliers indicated 

value. The initial value of +0.4nm had an error of less than 0.1nm and was assumed to be a 

calibration error in the testing equipment. There was no significant peak shift when the FBGs 

were embedded in the resin, the values for the as received sensor and the embedded sensor are 

within the margins of error. After degradation however there was a -1.02±0.24nm peak shift, 

indicating a compressive force on the sensor. 

  

(a) (b) 
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Figure 6: Shows the peak shift of the FBGs compared to the value given by the manufacturer. 

 

 

4. Discussion 

 

The stability of the signal received from the evanescent senor demonstrated in figure 1 is a 

crucial aspect of the sensor. If significant deviations in the response were observed over time 

the reliability  of the sensor would be severely impaired, it would very difficult to know 

whether changes in the signal were due to the environment or not.  The response of the sensor 

is to the presence of IPA, demonstrated in figure 2, confirmed that the evanescent field was 

able to respond to changes in the surrounding environment due to a change in the refractive 

index of the material surrounding the sensor. 

 

To monitor the initial stages of ageing within the resin it was important to determine the 

optimum exposure conditions for the samples. If the samples were overexposed the vinyl ester 

would begin to break down and would exhibit a change in optical properties. The FTIR results 

shown in figure 3 confirm that ageing of the polymer has been initiated but is only in the early 

stages. There is water absorbed from 24hrs, however, no change in the hydrocarbon bonding 

is observed with dwell times of up to 192hrs. This means that any changes in the optical 

signal received from the sensors are a result of the diffusion of water into the GRP and not the 

degradation of the vinyl ester itself. 

The evanescent field sensors were capable of measuring the diffusion of water into the resin, 

as shown in figure 4. The reduction in signal intensity is due to greater losses to the 

surroundings as the water content increases. There was an initial loss of 73% after 24hrs 

exposure, which increased to 92% after 72hrs, shown in figure 5. The initial loss of signal 

after 24 hrs is due to rapid diffusion of water into the resin which causes a change in the 

refractive index and in turn more of the radiation is lost due to the interaction of the 

evanescent field. The rate of signal loss is reduced after the initial rapid diffusion and was 

expected to reach a plateau as the resin becomes saturated and can be linked with increase in 

the strength  of the OH peak observed in the FTIR results in figure 3a. 

The commercially available FBGs also detected the diffusion of water into the vinyl ester, 

although based on a different principle. As the sample absorbed water the resin expanded, this 

compressed the embedded FBG which led to the observed peak shift of -1.02±0.24nm.  

A major advantage of the FBG over the evanescent sensor is that it is more mechanically 

robust, which simplifies the embedding process. The evanescent field sensors, however, can 
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be modified through sensitive coating materials that can increase sensitivity to various 

chemicals such as H2S and CO2, two key chemicals involved in the degradation of GRPs in 

the petrochemical industry. This fact, coupled with the significant cost reduction of using 

standard multimode fibres means they are a viable option for the detection of diffused 

chemicals into polymeric materials. There is also the possibility to couple both types of 

sensors, as they could be calibrated to link the swelling of the resin, and in turn the peak shift 

of the FBG, with the signal reduction exhibited by the evanescent field sensors. 

 

 5. Conclusion 

 

The viability of both evanescent field sensors and FBGs for the detection water diffusion into 

a vinyl ester has been demonstrated in this work. The evanescent sensor showed a change in 

signal profile at 1560nm and a reduction in signal intensity of 73% after only a 24hr 

immersion across the range 1500-1600nm. The commercially available FBG gave a peak shift 

of 1.02±0.24nm after 48hr. There is significant potential for the use of both sensors for the 

detection of the onset of degradation of vinyl esters in commercial applications. The 

evanescent sensor is a very low cost device that has the possibility to be modified to increase 

selectivity to a wide range of chemicals if necessary.    

The availability of new and low cost photonic sensors for the hostile environments found in 

the petrochemical industry and for the evaluation of the status of GRP equipment and the 

related analysis procedure, as well as opening new commercial opportunities in this specific 

market segment (a niche, albeit strategic), would also provide the background for developing 

similar approaches in other applications requiring the continuous monitoring of the changes of 

a chemical quantity. 
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