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Abstract: 
The aim of this work is to apply flash thermography to assess wall loss defects or pits in thin cylindrical Glass-
fibre reinforced polymer (GRP) pipes. A numerical finite element method (FEM) approach is applied to simulate 
wall loss defects under 2D transient heat transfer in reflection mode using ANSYS® software. The thermal 
contrast evaluation profiles are obtained from FEM simulations by measuring surface temperatures over wall 
loss region and no-wall loss region on the modelled specimen to analyse the effect of wall loss size and wall loss 
depth on maximum thermal contrast, time of maximum thermal contrast and detection time at minimal thermal 
contrast. The numerical FEM simulation results are compared with results obtained from experiments conducted 
on thin cylindrical GRP pipes with artificially induced wall loss defects. The results show that the deeper and 
larger wall loss defects can be detected faster with increased thermal contrast and vice-versa.  

 
1.  Introduction 
 
Glass-fibre reinforced polymer (GRP) is a prime variety of Fibre reinforced polymers (FRP) 
made of E-glass fibres with epoxy polymer matrix [1]. For the use in ambient temperatures 
and relatively low-pressure applications, GRP would offer an attractive alternative to steel in 
pipe manufacturing [2]. GRP pipes have been used with increasing frequency in 
petrochemical, desalination and power industries for the last two decades, and are particularly 
suited for offshore applications. Provided that the ratio of inside diameter to thickness of the 
cylinder is more than 20, it can be considered as thin cylinders. Since the pipe considered in 
the present study have diameter to thickness ratio of 50 it is considered as thin cylinders. The 
presence of various defects such as voids, wall loss defects, inclusions, corrosion, disbonds, 
improper cure and delaminations are almost common during manufacturing, handling and 
under servicing conditions of GRP pipes [3]. Among various defects, severe wall loss or wall 
loss defects can be internally produced after a certain period of time due to media corrosion, 
stress corrosion cracking, materials deterioration and cavitation erosion [4]. The proper 
assessment of such defects is essential for utilization of full potential of GRP pipes. 
 
Out of many non-destructive testing and evaluation (NDTE) methods available to inspect 
defects in GRP structures, such as radiography, ultrasonic testing and acoustic emission 
testing, infrared thermography (IRT) is one of the emerging efficient techniques for detecting 
defects because it is inherently fast, safe, non-contact, non-invasive, easy to deploy, versatile 
in applications and producing better accuracy [5]. Generally, the anomalies response towards 
heat under thermal stimulation will be better, faster and more accurate over other stimulation 
methods. In flash thermography technique, the surfaces to be inspected are excited by a 
powerful flash lamp and then immediate reflection of IR radiation is recorded by an infrared 
camera with high capturing frequency. The variation on the surface temperature is used to 
analyse subsurface defects [6]. The two common modes of thermography are reflection and 
transmission. In the former mode, the heat source and IR camera are positioned at the same 
side and the reflected thermal waves on the surface temperature are monitored. The latter 
mode needs to access the back surface of the specimen for placing heat source. 
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IRT has been successfully applied over the decades to evaluate the integrity of materials, such 
as detection of delaminations and disbonds in layered structures, hidden corrosion in metallic 
components, cracks in ceramics and metals, voids, impact damage and inclusions in 
composite materials [5], [7 - 9]. Only few researches were carried out in metallic pipes to 
analyse the nature and detection of wall loss defects used engineering applications [4]. The 
similar method of testing metallic pipes for wall loss defects may not be suitable for GRP 
pipes because of low thermal diffusivity. No indicative was done on thin cylindrical GRP 
pipes to analyse wall loss defects using the flash thermography technique by a reflection 
mode except the analysis of delaminations and disbonds [10, 11]. The novelty of this study is 
that the concept of combining the researches of [4, 11] in which wall loss defects are 
considered and the application of flash thermography technique by a reflection mode is 
implemented as per [10] research to evaluate wall loss defects in a thin cylindrical GRP pipes. 
Both the researchers were compared numerical results with experimental results based on IRT 
technique. In the flash thermography technique by a reflection mode, a short pulse for a few 
seconds was used by positioning IR camera and stimulator on the same side of the specimen. 
The reason of selecting reflection mode for this study is that the positioning of both detector 
and heat source are easier and more adoptable for inspection. The numerical analyses were 
done using FEM approach for evaluating wall loss defects in the thin cylindrical GRP pipe. 
The experimental studies were carried out by drilling a series of holes of various sizes with 
different percentage of wall loss depth. Hence, the present investigation mainly focuses the 
application of flash thermography to assess wall loss defects in thin cylindrical GRP pipes by 
both numerical analysis and experimentation.  
 
2.  Numerical Modelling 
 
The finite element method (FEM) is widely used to simulate thermal behaviour of materials 
containing defects for the better understanding of various parameters influencing IRT [12]. 
For this study, the transient heating of GRP pipes with wall loss defects of various sizes and 
depths was numerically simulated using a FEM tool, called ANSYS, to analyse the variations 
in surface temperatures as a function of time. Normally, drilled holes with known sizes and 
depths on inner wall of the GRP pipe are induced to simulate wall loss defects in experimental 
study. Initially, the study is made with 3 dimensional (3D) model for the pipe length of 
150mm with the same loading and boundary conditions as in 2 dimensional (2D) model to 
know the variation between 3D and 2D simulations. The results indicate that the thermal 
contrast evolution curves for both 2D and 3D simulations are similar. The value of ∆Tmax in 
3D was in a close agreement with 2D simulations. However, there is a slight variation 
between two curves after the point of ∆Tmax, which is out of focus for the study, and it can be 
ignored. Due to more computationally intensiveness of 3D models than 2D models, the slight 
difference in ∆Tmax is justified with the use of simpler 2D model for subsequent simulations. 
 
2.1 Thermal Properties of GRP 
 
Various properties of GRP pipe considered in this study are taken from [10]. 

Density of pipe, ρ = 2221.6 kg/m3 
Specific heat capacity of pipe, C = 747.77 J/kg K 
Longitudinal thermal conductivity of pipe, k11 = 0.8976 W/m K 
Transverse thermal conductivity of pipe, k22 = k33 = 0.6293 W/m K 

 
2.2 GRP Pipe Model Parameters 
 



The wall loss size and wall loss depth considered for both numerical and experimental studies 
are given in Table 1: 
 

Table 1. Wall loss parameters 
 

Size, d (mm) φ2, φ4, φ6, φ8, φ10 
Depth, p for φ6mm size 15%, 30%, 45%, 60%, 75% 

 
A 2D model of a pipe along with the wall loss defects was used in the transient heat 
conduction analysis. The dimensions of the simulation object are shown in Figure 1(a). The 
thin cylindrical GRP pipes were modelled with wall loss defects of various sizes and depths. 
The model to be analysed was simplified using a plane of symmetry. Taking the advantages 
of plane symmetry of the pipe, only 1/4th of the pipe, as shown in Figure 1(b) was considered, 
which subsequently reduces the mesh size, node numbers and element numbers, and 
therefore, it requires less computational time [13].  
 

 
 

Figure 1. 2D model of the GRP Pipe used for simulation 
 
2.3 Loading and Boundary Conditions 
 
The maximum temperature is the low glass transition temperature (Tg) of the GRP materials. 
When the temperature of the resin of the composite increases above Tg, the mechanical 
properties of the material degrades. The value of Tg for GRP pipes is on the order of 95oC 
[14]. However, the properties of well-designed custom made pipe, with 55o filament wound as 
in this study, are much more glass dependent than resin dependent. Glass fibres are not 
subject to creep and, for temperatures up to 200oC (the upper limit for GRP pipe), glass fibres 
do not lose its strength or stiffness [15]. By considering this temperature limit, heat pulse of 
750kW/m2 was applied on the outer wall of the pipe surface for 10ms. During observation, the 
outer surface of the pipe was retained to convection boundary with a convection heat transfer 
coefficient of 10W/m2 K [12]. The ambient temperature was set at 28oC.  
 
3.  Results and Discussions 
 



Thermal contrast evolution curves are obtained from the simulated and experimental model 
by considering two points, the first one, at the wall loss region and the second one, at the 
surface of no-wall loss region which is away from the wall loss defect. The temperature at the 
wall loss region is measured at the centre of the wall loss and the no-wall loss region is 
measured at the vicinity of the wall loss. For the analysis, the thermal contrast evolution curve 
during observation was obtained through numerical simulations for five wall loss sizes with 
50% wall loss depth of its own size at specific intervals, as mentioned in Table 1. The 
investigations were based on the thermal behaviours, such as the thermal contrast (∆T), 
maximum thermal contrast (∆Tmax), time for maximum thermal contrast (tmax) and detection 
time (t) at 0.1oC thermal contrast.  
 
3.1 Numerical Simulation 
 
3.1.1 Effect of wall loss size on thermal contrast 
Initially, the thermal contrast of a wall loss defect increases nonlinearly up to maximum for a 
few seconds and it decreases nonlinearly thereafter, as shown in Figure 2. It is also observed 
that the thermal contrast evolution profiles are stacked one above the other with increase in 
wall loss size, but mainly the initial shift is less than the shift between the last three wall loss 
sizes. The reason is that the temperature gradient increases as per Fourier’s law of heat 
conduction when the wall loss size is increased due to faster reflection of thermal waves under 
wall loss region than no-wall loss region. 
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Figure 2. Thermal contrast evolution curves for different wall loss sizes 

 
It is observed that the value of ∆Tmax increases exponentially with increase in wall loss size, as 
shown in Figure 3. The relationship between ∆Tmax and wall loss defect size (d) could be 
described by the equation: 
 
                                                    ∆Tmax = 0.004e0.610d .................................................. (1) 
 
For example, ∆Tmax for 4mm wall loss size is 0.0612oC whereas 0.5245oC is for 8mm wall 
loss defect size. The results reveal that the larger size wall loss defects are identified with 
increased ∆T. The reason is due to reduced wall thickness of GRP pipes thereby allowing 
thermal waves with more heat intensity to reach inner wall of the pipe and reflect immediately 
to reach the surface with high temperature than no-wall loss region. 
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Figure 3. Variation of maximum thermal contrast with wall loss size  
 
In contrast to previous case, the value of tmax decreases nonlinearly with increase in wall loss 
size, as shown in Figure 4. The variation is given by the equation: 
 
                                                    tmax = – 0.081d2 – 1.072d + 22.47.............................. (2) 
 
For example, the time taken by 6mm wall loss defect size to produce ∆Tmax is 13.2s and it is 
3.65s for 10mm wall loss defect size. The reason is that the larger wall loss defect will reduce 
the wall thickness of the pipe thereby allowing thermal waves faster to reach inner surface of 
the pipe and getting them reflected back to the outer surface earlier than thermal waves under 
no-wall loss region. Hence, larger wall loss defects can be identified faster than smaller wall 
loss defects due to the MRTD of the most of the thermal imager (IR camera) as around 0.1oC 
which is observed well in advance of ∆Tmax.  
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Figure 4. Variation of time for maximum thermal contrast with wall loss size  
 
Figure 5 shows that the detection time (t) at 0.1oC thermal contrast decreases nonlinearly with 
increase in wall loss defect size. For example, the detection time for 6mm wall loss size is 
6.6s which is more than the detection time of 8mm wall loss defect size as 1.95s. The 
sufficient thermal contrast of 0.1oC to detect wall loss defects was not obtained for 2mm and 
4mm sizes. Thus, the minimum detectable wall loss size and detection time were calculated 
using the Equations (1) and (2). The results show that the wall loss size with less than 
5.27mm at 14.57s cannot be detected with applied heat flux of 750kW/m2 due to insufficient 
∆T for the detection by IR camera. From above analysis, the wall loss size less than 5.27mm 
does not produce a sufficient ∆T for the detection and sometimes, negative temperature values 
occur for smaller wall loss defects due to instability in uniform heating. 
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Figure 5. Variation of detection time with wall loss size for 0.1oC thermal contrast 
 
3.1.2 Effect of wall loss depth on thermal contrast 
The similar kind of analysis with ∆T, ∆Tmax, tmax and t was carried for 15%, 30%, 45%, 60% 
and 75% depths of the wall loss size of 6mm. Similar to Figure 2, the value of ∆T increases 
nonlinearly up to the maximum for a few seconds and it decreases nonlinearly thereafter, as 
shown in Figure 6. The thermal contrast profiles do also increase with increase in wall loss 
depth due to the reason of reducing the wall thickness of the pipe thereby increasing 
temperature gradient. It is led to increase the surface temperature around the wall loss region 
more than the surface temperature under no-wall loss region.  
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Figure 6. Thermal evolution curves for different percentage of wall loss depth 

 
Similar to Figure 3, the maximum thermal contrast increases nonlinearly with wall loss depth, 
as shown in Figure 7. It could be described by the equation: 
 
                                                    ∆Tmax = 0.008e6.032p ................................................... (3) 
 
For example, the value of ∆Tmax for 45% wall loss depth is 0.1513oC whereas 0.3196oC is for 
60% wall loss depth. It is understood that the deeper wall loss has less wall thickness thereby 
increasing temperature gradient to allow thermal waves faster. The results reveal that the 
deeper wall loss defects are identified with increased thermal contrast. 
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Figure 7. Variation of maximum thermal contrast with percentage of wall loss depth  

 
From Figure 8, it is observed that the value of tmax decreases nonlinearly with increase in wall 
loss depth. The variation is given by the equation: 
 
                                                    tmax = – 14.06p2 –  13.12p + 23.26............................. (4) 
 
For example, the time taken by 30% wall loss depth to produce ∆Tmax is 18s and it is 14.55s 
for 45% wall loss depth. The results show that the deeper wall loss defects can be identified 
faster than shallow wall loss defects due to reduced wall thickness of the pipe which will 
allow thermal waves faster to reach inner surface of the pipe and getting them reflected back 
to the outer surface earlier than the thermal waves under no-wall loss region.  
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As discussed earlier, the detection time is calculated on the basis of 0.1oC ∆T as MRTD of the 
thermal imager.  Figure 9 shows that the detection time decreases nonlinearly with increase in 
wall loss depth. For example, the detection time for 45% wall loss depth is 8.45s and it is 
3.47s for 60%. From equation (3) and (4), it is calculated that the wall loss depth with less 
than 41.87% cannot be detected with applied heat flux of 750kW/m2. 
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Figure 9. Variation of detection time with wall loss depth 
 
3.2 Experimental Studies 
 
3.2.1 Test Sample 
For this study, a thin cylindrical GRP pipe was manufactured with unidirectional roving of E-
glass fibre with epoxy matrix using a filament winding process. For each rotation of the 
mandrel, the thickness of the pipe produced was 0.5mm. Thus, the total of 12 windings was 
made to produce a thickness of 6mm. The wall loss defects on the inner wall of the pipe were 
made by drilling a series of holes for sizes mentioned in Table 1. Different sizes of wall loss 
defects were introduced at equal interval and different locations. A schematic of the GRP pipe 
with wall loss defects used is presented in Figure 10. Wall loss defects numbered 1, 2, 3, 4 
and 5 have the size of 2 mm, 4 mm, 6 mm, 8 mm and 10 mm respectively with 50% depth of 
its sizes whereas the wall loss defects numbered 6, 7, 8, 9 and 10 have the depths of 15%, 
30%, 45%, 60% and 75% respectively with the same size of 6 mm. 
 

 
Figure 10. Specifications of a GRP pipe with wall loss defects 

 
3.2.2 Experimental Procedure 
All the experiments were conducted using the flash thermography in a reflection mode. A 
standard experimental setup was used for acquisition of thermal images. High power flash 
lamps, which give 6.4 kJ of energy for approximately 10ms were used as a heat source. 
Acquisition of thermal images was carried out using a CEDIP infrared camera which works in 
the range 7–10 mm, with a 320×240 pixels array having maximum acquisition frequency of 
228Hz. The thermogram data were taken after the application of flash pulse at the rate of 100 
fps for a time period of 25s.  
 
3.3 Comparison of Results 
 



Figure 11 shows the comparison between numerical and experimental thermal evolution 
curves for 10 mm wall loss size at 50% depth. It is observed that the numerical simulation 
provides a better ∆Tmax than experimental measurements. In numerical data, the value of tmax 
occurs earlier than the experimental data. The reason is that the experimental results are 
affected by a number of parameters (thermal noise, data capture limitation, surface emissivity, 
convection losses, etc.), which are very difficult to control [16]. However, the temperature 
evolution trend is similar for both cases.   
 

 
Figure 11 Comparison of thermal contrast evolution 

 
From Figure 12(a), the percentage variation of ∆Tmax and tmax between numerical results and 
experimental results is nonlinear with wall loss defect sizes. It is noticed that the percentage 
variation decreases with increase in wall loss size. The reason is that the detectability of larger 
size wall loss defects is faster with increased thermal contrast due to increased thermal 
gradient. For smaller size of wall loss defects, the detectability is not accurate and delays due 
to the problem of instability in non-uniform heating and less heat intensity of thermal waves 
reaching the surface. Since the time taken by thermal waves to reach ∆Tmax for larger wall loss 
defects is less than smaller wall loss defects which could minimize the variation between 
numerical and experimental results. 
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(a) Percentage variation of ∆Tmax and tmax with wall loss size 
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(b) Percentage variation of ∆Tmax and tmax with wall loss depth 
 

Figure 12. Comparison of numerical and experimental results 
 
For the study focused on the depth of wall loss defect, similar observations are obtained for 
the percentage variation of ∆Tmax and tmax between numerical results and experimental results, 
as shown in Figure 12(b). It can also be justified that the deeper wall loss defects are 
identified faster with reduced percentage of variation between numerical and experimental 
results than shallow wall loss defects. In both the size and depth of wall loss defect analyses, 
the variations between numerical and experimental results are less than 10% for the wall loss 
defect size from 6mm to 10mm and the wall loss defect depth from 45% to 75%. Hence, the 
percentage variations are in acceptable limit for the detectable range of defects.  
 
4.  Conclusions 

 
This study shows that the flash thermography could be utilized for the inspection of wall loss 
defects present in thin cylindrical GRP pipes effectively and efficiently. The larger and deeper 
wall loss defects located on the inner wall of pipes can be identified faster with increased 
thermal contrast, whereas the smaller and shallow wall loss defects can be identified later with 
reduced thermal contrast. Wall loss defects size less than 5.27mm with 50% depth and less 
than 41.87% wall loss defect depth for 6mm size cannot be identified with the applied heat 
flux of 750kW/m2. The experimental results are in a close agreement with numerical results 
for the detectable range of defects and hence, the numerical modelling is validated for the 
effective analysis of wall loss defects in GRP thin cylinders by the flash thermography.  
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