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Towards safe shearography inspection of thick composites with controlled 
surface temperature heating 

Nan Tao *, Andrei G. Anisimov, Roger M. Groves 
Department of Aerospace Structures and Materials, Faculty of Aerospace Engineering, Delft University of Technology, Kluyverweg 1, 2629 HS, Delft, the Netherlands   
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A B S T R A C T   

Thick glass fiber-reinforced polymer (GFRP) composites, e.g. thickness of more than 50 mm, are increasingly 
used in a wide variety of industries, particularly in the marine and wind energy sectors. Defect detection and 
characterisation in these composites remain appealing challenges due to the material complexity and the pres-
ence of various manufacturing and in-service defects. In this study, we propose a novel shearography method 
with controlled surface temperature (CST) heating for deep defect detection (i.e., 15 mm depth and more) in 
thick GFRP laminates. The proposed CST heating has been developed based on analytical solutions to control the 
maximum surface temperature of a test object during shearography inspection. Numerical and experimental 
studies have been performed to analyse the defect behaviour and defect detection under various heating sce-
narios, a topic which is rarely reported for thick composites with shearography. Compared with conventional 
shearography, the CST shearography method maximises heating energy input with a controlled and stable 
maximum surface temperature for deep defect detection. Results indicate an enhancement of about 27% in defect 
signal for the defect at 15 mm depth in comparison to conventional heating. The results also provide insight for 
implementing an efficient inspection in terms of the inspection duration and the number of datasets. This study 
makes a step towards safe, quantitative and predictable inspection of deep defects in thick composites.   

1. Introduction 

Benefiting from the improvement of advanced manufacturing tech-
niques, thick composite materials [1–3], represented by glass 
fiber-reinforced polymer (GFRP) and carbon fiber-reinforced polymer 
(CFRP), are increasingly being adopted in various industries including 
marine [1,4], aerospace [5,6] and wind energy [7,8]. For example in the 
marine RAMSSES project [9], a real-scale (6 m in height and 2.5 m in 
width) full composite hull section was manufactured from 
fiber-reinforced solid laminates and sandwich structures. The thickness 
of the hull varied in the range 50–300 mm. Thick composite materials 
have superior advantages of weight-reduction and corrosion resistance 
over traditional metallic materials [1,2,5]. Therefore, they offer a sig-
nificant contribution to reducing fuel consumption and greenhouse gas 
emissions. These materials tend to be used in safety-critical applications 
such as large primary or secondary load-bearing structures, where a 
structural failure may cause catastrophic consequences [2,10,11]. 
Hence inspection of thick composite materials is urgent for both 
informing the maintenance and repair processes and for further 

advancing thick composite structure performance. However, defect 
detection and characterisation in thick composites (especially for deep 
defects) remain an appealing problem due to their significant thick-
nesses, material complexity, and the presence of various defects [10,11]. 

Although many non-destructive testing (NDT) techniques have been 
adopted for defect detection in composite materials such as ultrasonic 
testing [1,5], thermography [12,13], vibration analysis [14,15] and 
X-ray [16,17], they may have problems when inspecting thick com-
posites. For example for ultrasonic testing, it can be time-consuming to 
scan an entire structure such as a ship hull. Besides, the attenuation of 
ultrasound signals and practical issues with high surface roughness of 
the test object can be significant [10,11]. For thermography, it is diffi-
cult to heat evenly a large structure and to avoid rapid heat dissipation. 
Therefore the ability to detect deeply buried defects is limited [10,11]. 
Among the various NDT methods available, digital shearography [18, 
19] is an optical interferometry method that has proven to be promising 
for thick composite inspection [1,20]. It offers remarkable advantages 
[21–23] including full-field and non-contact measurement, and the 
capability of detecting various defects (e.g. delamination, fiber 
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breakage, and impact damage). Shearography is used to characterise 
surface strain components (i.e. displacement derivatives) under loading, 
allowing it to identify defect-induced strain anomalies. Loading methods 
commonly used in shearography include thermal, vacuum, pressure, and 
vibration [19,21]. Common loading methods may have difficulties when 
inspecting thick composites. For example for vacuum loading [21], a 
vacuum test chamber is required and total enclosure is usually not 
practical for large and thick structures. Internal pressurization [21] is 
suitable for pipes, pressure vessels and honeycomb structures, but it may 
not be suitable for thick solid laminate plates. As for vibration, a PZT or 
shaker is often needed for dynamic excitation; it can be challenging for 
thick composites due to high stiffness. In this work, thermal loading was 
used because of its advantages [23–25] of being non-contact, versatile 
and convenient for on-site inspection. 

Common heating methods in shearography include flash, step, and 
lock-in heatings [26–28]. The combination of the lock-in method and 
Fourier transformation achieved an improved signal-to-noise ratio in 
defect imaging [29]. Later multi-frequency lock-in heating [30] was 
applied, which showed the capability of obtaining defect depth infor-
mation with less computational time. More recently, 
frequency-modulated photothermal excitation has been utilized in 
shearography and depth-tomographic profiles of subsurface structure 
can be generated [31]. To sum up, the aforementioned studies have 
made significant contributions to developing shearography inspection, 
increasing its readiness level, and allowing efficient inspection of com-
posite materials. However, these studies were limited to thin materials 
(less than 10 mm thickness) and shallow defects. Little research work 
has been done for defect detection, particularly deep defect detection (e. 
g., defect depth at 15 mm or more) in thick composites of 50 mm 
thickness and more. 

One concerning issue related to shearography with thermal loading 
is that thermal damage may occur if the maximum surface temperature 
exceeds a safe level, e.g. 80 ◦C for the material of the introduced com-
posite hull section in the RAMSSES project [9]. In conventional shear-
ography methods such as flash shearography, high energy pulses can 
lead to over 100 ◦C for a fraction of a second, which may irreversibly 
damage a test object [26]. While in the cases of thick composites and 
deep defects, the shearography signal with a normal excitation level is 
usually low. To increase the signal, the heating can be increased and can 
reach kW power for minutes and dozens of minutes. This heating 
amount may be dangerous. Hence the maximum surface temperature of 
the test object needs to be controlled and thus a new modulated heating 
is needed for safe shearography inspection. The focus needs to be placed 
on controlling the maximum surface temperature, meanwhile, the 
heating needs to be applied in an efficient way to save inspection time. 
To the best of our knowledge, no literature has reported on a modulated 
heating method that enables the control and selection of maximum 
surface temperature for thick composite inspection. 

Our previous work combined the finite element method (FEM) with 
shearography to study the defect detection capability of shearography in 
thick GFRP laminates [20]. Later spatially modulated heating was 
developed for shearography, where a reference undamaged panel was 
needed to compare with a defective one [32]. Nevertheless, temporally 
modulated heating has not been studied yet and the influence of 
different heating scenarios on defect behaviour and defect detection 
(especially for deep defects) remains unknown. 

In this work, we aim to investigate deep defect detection in thick 
composites with shearography. For that, a controlled surface tempera-
ture heating (CST) is proposed that enables the control and selection of 
the maximum surface temperature during heating. A GFRP laminate 51 
mm thick with flat bottom holes was manufactured to simulate major 
defects in thick composites, following a standard practice [33,34]. 
Defect behaviour and defect detection under three heating scenarios 
including a new controlled surface temperature heating case and two 
conventional heating cases were studied by a combination of numerical 
modelling and experimental study. The article is organized as follows. 

Section 2 introduces the test GFRP specimen, shearography theory and 
continuous strain measurement, the principles for achieving controlled 
surface temperature heating and our modelling approach. Section 3 
presents results and discussion. First a model validation for the transient 
temperature and the surface strain of the thick GFRP laminate with 
experimental data is given in Section 3.1. Afterward, the analysis of 
various heating scenarios on defect behaviour and defect detection is 
addressed in Section 3.2. Conclusions are given in Section 4. 

2. Methodology 

2.1. Specimen description 

The specimen of this study is a GFRP laminate made from E-glass 
fiber and vinyl ester resin. The layup of the composite laminate is [0/45/ 
90/-45]60 and the dimensions of the laminate are 600 × 450 × 51 mm3 

(Fig. 1(a)). To reliably simulate major defects in this laminate, thirteen 
flat bottom holes were manufactured with different diameters (D = 30, 
60 and 120 mm). The remaining thicknesses of the holes (Z) vary from 5 
to 30 mm, representing artificial defects at different depths. The selec-
tion of material and specimen, stacking sequence, defect size and depth 
are representative for composite ship construction [9]. The defect size of 
60 mm is comparable with industrial needs. Besides, defect sizes of 30 
and 120 mm were also manufactured to explore the sensitivity of the 
shearography technique. It can be noted that when drilling flat bottom 
holes, manufacturing errors exist between the designed remaining 
thickness values and the actual ones. Experimentally measured thick-
ness values (in brackets in Fig. 1(a)) were used for the FEM model in 
Section 2.4. The artificial defects are labelled using design values for 
convenience. The thermal and mechanical properties of the composite 
laminate (e.g., thermal expansion coefficients, specific heat, elastic 
modulus) that were used for modelling can be found in Ref. [20]. 

To understand the material and structural complexity of the GFRP 
specimen, X-ray micro-CT scans were performed for small samples 
(about 25 × 20 × 51 mm3) cut from the same GFRP laminate material. 
Fig. 1(b) shows a 3D reconstruction CT scan (spatial resolution: 25 μm) 
of a small sample and its internal stitched structure. A few 
manufacturing defects, e.g., voids, were found in the material. As these 
manufacturing defects are small (0–2 mm) compared with the artificial 
defects (~60 mm), they can be neglected in this study. Nevertheless, we 
should acknowledge that the presence of the manufacturing defects and 
imperfections may affect local mechanical and thermal properties, e.g., 
local stiffness. 

In this paper we focus on defects Z15, Z20 and Z25 with a diameter of 
60 mm (in orange color in Fig. 1(a)) for the objective of deep defect 
detection and due to a limitation of the field of view of the shearography 
system used (about 380 × 320 mm2). The results from the three defects 
Z15, Z20 and Z25 will be presented in Section 3. 

2.2. Shearogaphy system enabling continuous strain measurement 

Shearography theory and operation principle are well documented, 
see for example [18,19]. A schematic of the shearography setup based 
on a Michelson interferometer is shown in Fig. 2. The specimen surface 
was illuminated by scattered laser light. The effect of the shearing device 
is to create a pair of identical but laterally sheared images in the CCD 
camera, where the neighboring points, separated by shearing distance 
δx, interfere with each other, creating a speckle interferogram. The 
optical phase φ of the speckle interferogram contains surface informa-
tion of the test specimen, which can be obtained through temporal 
phase-shifting techniques [19]. When the test specimen is slightly 
deformed (e.g. by thermal loading), the corresponding speckle inter-
ferogram is slightly changed. Shearography measures surface strain 
components by comparing the phase difference (δφ) of two deformation 
states (φ,φ′) [18,19]: 

N. Tao et al.                                                                                                                                                                                                                                     
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δφ=φ′ − φ (1)  

In this paper, one channel of the previously developed 3D shape 
shearography instrument [35] was adopted for the investigation. The 
choices of the shearography camera oriented perpendicular to the 
specimen and the shearing direction along the x-axis (Fig. 2(b)) were 
made to measure the out-of-plane deformation (i.e., ∂w/ ∂x) as the 
corresponding deformation is expected to be dominant for blind holes 
and delaminations. In this study, the selection of the x-shear direction 
was determined experimentally due to its efficacy in defect detection. 
The phase difference δφ can be written as [18,19]: 

δφ=
4π
λ

∂w
∂x

δx (2)  

where λ is the wavelength of the laser and δx is the shearing distance in 
the x-direction. 

Traditional shearography methods suffer from a lack of awareness of 
the full process of transient deformation [31] and the applied load is 
usually not fully characterised [32]. In the proposed shearography 

method with the CST thermal loading, the whole surface thermal 
deformation during the cooling of the specimen was continuously 
measured and analysed to obtain a comprehensive understanding of 
thick composite inspection. It should be noted that during the heating, 
shearography measurements were not available as the light from the 
lamps can saturate the shearography camera sensor. 

The shearographic data processing procedure (Fig. 3) is as follows. 
First, the recorded sets of phase-shifted speckle interferograms were 
computed sequentially to generate phase differences of neighboring sets 
δφm− 1,m: 

δφm− 1,m =φm − φm− 1 (3) 

By summing up the phase difference sequence, a stack of phase maps 
Φ0,m corresponding to the reference state right after heating (t0) was 
built up, representing the evolution of thermal deformation in the out- 
of-plane direction during the inspection: 

Φ0,m =
∑m

i=1
δφi− 1,i (4) 

Fig. 1. (a) Diagram of the GFRP specimen with design value prefixed by Z and experimentally measured hole thickness in brackets. (b) Micro-CT scan of a small 
GFRP sample. The specimen and the sample were cut from the same larger GFRP panel. [Dimensions in mm]. 

Fig. 2. Schematic of shearography (a) and the experimental system (b). The specimen is placed at a distance of approx. 1 m from the shearography instrument.  

Fig. 3. Shearography with CST heating: (a) continuous measurement during cooling, (b) sequential shearographic data processing.  
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The efficacy of thick composite inspection with shearography may 
vary with different reference states [32]. The change of reference state 
from t0 to tm can be achieved by the equation below: 

Φm,i =Φ0,i − Φ0,m (5)  

When taking the reference state as the end of the inspection (tn): 

Φn,i =Φ0,i − Φ0,n (6) 

During the experiments, three halogen lamps (Fig. 2(b)) were used 
for heating the specimen. The nominal electrical power of the three 
lamps was controlled in the range of 0–1000 W each by specific hard-
ware. The actual heat flux from the lamps on the specimen surface with 
heating power was calibrated in the lab before performing the controlled 
surface temperature heating. The calibration was done in the full range 
of the lamps heating power with the surface temperature measured by 
the IR camera. Then the actual heat flux was calculated by solving an 
inverse problem from the thermal response (measured surface temper-
ature) [20,32]. The 7th-degree polynomial was fitted in the experi-
mental data points and further used for a direct control of the heat flux 
on the surface for the controlled surface temperature heating. The actual 
heat flux range from the lamps on the specimen surface is up to 1400 
W/m2. In this study, three heating scenarios (Fig. 4) were designed 
based on the idea of controlling maximum surface temperature and were 
applied in the shearography experiments:  

(1) CST780s (solid red line): new controlled surface temperature 
heating method for 780 s, the maximum surface temperature 
increases and then remains at 60 ◦C during heating.  

(2) CH780s (blue line): conventional constant heat flux heating with 
the same heating time as the CST780s case. The maximum surface 
temperature was the same as the CST780s case with reduced 
heating power.  

(3) CH278s (black line): conventional constant heat flux heating with 
full maximum available power. The maximum surface tempera-
ture was the same as the CST780s case with a reduced heating 
time of 278 s. 

As shown in Fig. 4, the maximum surface temperature in the CST 
heatings can remain around 60 ◦C for 20 min and more (CST1380s in 
dotted red line). This indicates that the proposed CST heating can con-
trol the surface temperature for a long period of heating. In other words, 
it allows high heating energy input with a controlled and stable 
maximum surface temperature for deep defect detection. 

2.3. Controlled surface temperature heating 

For thick composite inspection and deep defect detection with 
shearography, the defect signal with a normal thermal excitation level is 
usually low. To increase the defect signal, the heating intensity and time 
need to be significant. This heating amount may be dangerous when the 
surface temperature of the test object exceeds a certain value, e.g. 80 ◦C 
for the used specimen [9]. Hence the maximum surface temperature 
needs to be controlled for safe shearography inspection. 

This section presents the principles of controlled surface temperature 
heating during the thermal excitation of the object. Here the problem is 
simplified as a 1D heat transfer problem where heat propagates in the 
through-thickness direction z, therefore the thermal properties of con-
ductivity in the through-thickness direction (kz) and the corresponding 
thermal diffusivity (αz = kz/ρcp) are considered. Under the heating 
scenario of constant surface temperature, the surface temperature of the 
specimen T(0, t) is controlled to be a constant value Ts over time t: 

T(0, t) =Ts (7) 

As the specimen is thick (~51 mm) and its thermal diffusivity in the 
through-thickness direction is small (αz ≈ 0.23 × 10− 6 m2/s for the used 
specimen [20]), the analytical solution of a semi-infinite solid [36] was 
applied to obtain the transient temperature of the specimen T(z, t)
through-thickness direction (z): 

T(z, t) − Ts

Ti − Ts
= erf

(
z

2
̅̅̅̅̅̅αzt

√

)

(8)  

Where Ts is the controlled surface temperature, Ti is the initial tem-
perature of the specimen before heating, erf is the error function, αz is 
thermal diffusivity in the through-thickness direction, and t is the 
heating time. 

So the calculated heat flux qs on the specimen surface (z = 0) is [36]: 

qs = − kz
∂T
∂x

⃒
⃒
⃒
⃒

z=0
=

kz(Ts − Ti)
̅̅̅̅̅̅̅̅̅παzt

√ (9)  

Where kz is the laminate conductivity in the through-thickness direction. 
Eq. (9) shows that in order to achieve controlled constant surface 

temperature heating, the applied heat flux should be proportional to the 
reciprocal of the root of heating time t. 

In this study, the initial temperature of the specimen Ti is about 25 ◦C 
and the controlled surface temperature Ts is set to 55–60 ◦C to obtain a 
safe and reasonable temperature increase for defect detection. The 
theoretically calculated heat flux over time is shown in Fig. 5 (black 
line). It can be seen that heat flux goes to infinity when heating time t is 
close to 0 s, so this case is not practical in experiments. As a compromise, 
we first heat the specimen with the full maximum available power to get 
the desired temperature as fast as possible (about 30 ◦C increase in 180 

Fig. 4. Various heating scenarios used in the investigation. CST780s, CH780s 
and CH278s were applied in the shearography experiments; CST1380s as a 
reference to validate that the proposed CST heating can control the surface 
temperature for a long period of heating. Fig. 5. Calculated heat flux for controlled surface temperature heating.  
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s) and then apply modulated heating following Eq. (9) to maintain a 
controlled constant surface temperature. The calculated heat flux is 
shown as the red line in Fig. 5. It should be acknowledged that Eq. (9) 
does not take heat loss into account. So to compensate for heat loss in 
experiments, we further modified the heat flux by a factor of approx. 1.1 
(blue line in Fig. 5). The factor was experimentally determined for this 
study. 

In shearography applications with thermal loading, the selection of 
heating time often highly depends on experience or practice, which may 
affect the effectiveness of the inspection. Here we determine heating 
time based on thermal penetration depth (δp = 2.3

̅̅̅̅̅̅̅αzt
√

) [36], which is 
related to the thermal diffusivity in the thickness direction (αz) of the 
material and time t. The thermal penetration depth of the test GFRP 
specimen is shown in Fig. 6. 

For defects at about 15, 20 and 25 mm depth (Z15, Z20, Z25) in this 
GFRP specimen, it takes 160–220, 290–390 and 450–610 s, respectively, 
for heat to propagate. Therefore, the heating time was chosen to be 180 s 
of full power heating plus 600 s of modulated heating, resulting in a total 
heating time of 780 s for the CST780s case. These should be reasonable 
parameters for the investigation. It is also seen that it takes 1800–2500 s 
for heat to propagate to the back surface of the specimen (51 mm), 
which is much longer than the selected heating time. So Eq. (9) is ex-
pected to be valid in the chosen heating duration. In experiments, we 
measured the temperature profiles of the front surface for different 
modulated heating times, and they show a stable constant surface 
temperature heating with a variation of one standard deviation of 
0.64 ◦C from the desired 60 ◦C within 1380s heating (red dotted line in 
Fig. 4). 

2.4. Modelling approach 

FEM was carried out by using Abaqus CAE software. Three heating 
scenarios, the CST780s, CH780s, and CH278s cases (Fig. 4), were 
modelled. The established FEM model (Fig. 7) enables a more compre-
hensive understanding of various heating scenarios on defect behaviour 
and defect detection in thick composite with shearography. 

As the test composite laminate has repeating substructures ([0/45/ 
90/-45]), equivalent thermal and mechanical properties can be used for 
modelling to save computational time. There are a number of methods 
that can be used [37,38]. In this study, the equivalent mechanical 
properties were calculated with equal strain assumption according to 
Ref. [39] so that three-dimensional elastic properties can be obtained. 
The required equivalent properties including effective elastic moduli for 
modelling can be found in Ref. [20]. For this study, effective laminate 
conductivities were measured 10 times with a Hot disk TSP2200 

instrument and averaged axial (through-thickness direction) and radial 
(in-plane) conductivities of about 0.38 and 0.59 W/(m•◦C), respec-
tively, were obtained. These values were included in the model. 

As mentioned in Section 2.2, the specimen was heated from the front 
(defect-free) surface with three halogen lamps (Fig. 2(b)). The heat flux 
distributions of the three heating scenarios on the specimen surface were 
experimentally characterised by combining transient temperature 
measured with an IR camera and a 1D analytical solution of heat con-
duction in the semi-infinite solid [32,36]. Other methods can also be 
used to measure energy density [40,41] on the specimen, here the 
adopted method was used due to its ease of application for constant heat 
flux heating. The experimentally-estimated heat flux distributions were 
used as an input of thermal loading in the modelling. 

As an ideal mechanical condition, e.g. fully clamped, is quite chal-
lenging to achieve in actual experiments due to the significant thickness 
of the specimen, the test specimen was freestanding on the optical table 
during the inspection. Therefore the displacement of the bottom surface 
(along the y-direction) was fixed in the model. The heat loss from the 
composite laminate to the environment was taken into account in the 
model. Since the free convection heat transfer coefficient of gas is 2–25 
W/(m2⋅K) in literature [36] and airflow in the lab is relatively slow, 
small heat transfer coefficients (front surface of 2–3 W/(m2⋅K) and back 
surface of 8–12 W/(m2⋅K)) were selected for the model. The heat loss of 
the front and back surfaces was set differently due to the remaining heat 
of the lamps when they were turned off after heating. This approach 
showed a reasonable accuracy in temperature comparison between the 
FEM and experiments (Fig. 8 in Section 3.1). 

The element type of the model is C3D8RT, a common 3D solid 
element for coupled temperature-displacement analysis [32,42]. The 
model consists of about 700000 elements, which takes about 30 h of 
computational time using a high-performance computing (HPC) cluster. 
Considering that phase maps are the primary output from the shearog-
raphy inspections, a MATLAB code was developed to calculate simulated 
phase maps from the FEM displacement data based on Eq. (2). The 
experimentally-determined shear calibration according to Ref. [35] was 
taken into account to correct the simulated phase maps. The shear dis-
tance was found to be 8.1 ± 0.32 mm (mean ± std) over the calibrated 
area. We further compare the simulated phase maps of the calibrated 
area (Fig. 7) with experimental ones. 

3. Results and discussion 

This section reports the numerical and experimental results of CST 
shearography for defect detection of the thick composite laminate with 
flat bottom holes (Fig. 1(a)). Three heating cases including CST780s, 
CH780s and CH278s were modelled in Abaqus (FEM) and applied in 
shearography (DS) experiments. The influence of the three heating 
scenarios on defect behaviour and defect detection was investigated. In 

Fig. 6. Thermal penetration depth of the GFRP laminate, a 15% variation in 
thermal diffusivity in the through-thickness direction αz is indicated by the 
grey region. 

Fig. 7. The established model with mesh. The shear distance calibration area in 
shearography (DS) experiments marked in dotted red line. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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FEM, both heating and cooling durations were simulated and analysed, 
while in the shearography experiments, measurements were taken only 
during cooling because during heating the light from the lamps can 
saturate the shearography camera sensor. Optical filtering was found to 
be not efficient enough. As mentioned in Section 2.1, we focus on defects 
Z15, Z20 and Z25 of diameter 60 mm in this study. The raw data (phase- 
shifted speckle interferograms) is available at [43] with the metadata to 
reproduce the experimental results. The unit of phase in shearography is 
radian, and in this instrument-specimen geometry, 1 rad corresponds to 
5.2 με. 

3.1. The validation of the thermal-mechanical model 

As seen from the heating profile in time (Fig. 4), the CST780s heating 
is the most complicated scenario in this investigation, therefore here we 
present a comparision of experimental and numerical results of the 
CST780s heating case for model validation. To validate the model, the 
temperature and strain behaviours were modelled and measured for a 
direct comparison. 

First, the model validation of temperature behaviour is done. Fig. 8 
(a)-8(b) and 8(d)-8(e) shows 2D plots of the transient temperature of the 
specimen surface by experiment and by FEM at two representative in-
stants of time, namely 780 s (right after heating, the start of shearog-
raphy measurements) and 2490 s (after 1710 s cooling, the end of 
shearography measurements), respectively. The difference between 
measured and predicted temperatures is about ±2 ◦C (Fig. 8(c) and (f)) 
when the total range is about 35 ◦C. It shows a good agreement between 
experiment and simulation. The difference mainly occurs at the top re-
gion. This can be related to the estimated heat flux distribution which is 
calculated based on 1D heat conduction [32]. 

Fig. 8(g) and (h) show transient temperature over time at the front 
and back of the hole centers of defects Z15, Z20 and Z25, respectively. 
During the first tens of seconds of heating, the temperature from FEM is 
2–3 ◦C higher than that from experiments, this can be because of an 
overestimated heat flux at the early stage of heating. The maximum 

temperature difference between the experiment and simulation during 
cooling is about 2 ◦C. Possible reasons include a mismatch of estimated 
heat loss with the actual values during experiments and measurement 
errors in the conductivity of the through-thickness direction. Based on 
Fig. 8, the FEM model can predict the transient temperature of the [0/ 
45/90/-45]60 GFRP laminate with reasonable accuracy. 

Second, the model validation of the simulated phase with the 
experimental phase (proportional to strain) is given here. The five-step 
temporal phase shifting method was used to calculate phase maps 
because of its accuracy. Since phase filtering and phase unwrapping are 
required to denoise and to remove phase discontinuities, the phase maps 
were sin/cos filtered with 5 or 6 iterations of circular averaging with a 
radius of 6 pixels and median filter of an aperture of 5 × 5 pixels 
respectively. The phase unwrapping was made using the branch-cut 
method [44]. Fig. 9(a)-9(c) are original phase maps measured with 
DS, predicted by FEM, and the corresponding difference, respectively. 
The initial state is right after heating and the final state is after 1710 s 
cooling (the end of the shearography measurements). The difference 
between DS and FEM is about − 20 to +20 rad for a total phase range of 
370 rad. The main contributors are the local fiber-induced deformation 
(vertical and diagonal lines in Fig. 9(c)), and the top-left and 
bottom-right corners which may be caused by a difference in the 
effective boundary conditions and the effectiveness of the shear cali-
bration. A comparison of the original phase along the a-a axis is shown 
in Fig. 9(g), it indicates a good agreement between the experiment and 
the simulation. It can be noted that experimental data is with variations 
that appear as lines with angles of 90◦ and ±45◦ (e.g., Fig. 9(c) and (g)). 
The variations are considered to be due to the fiber deformation that is 
related to fiber layup. While in FEM, the fiber and the resin were 
homogenised per equivalent layer, hence the phase curve by FEM is 
smooth. 

As no defects are visible in Fig. 9(a) and (b), a compensation process 
[20,32] was further performed to extract defect-induced phase maps. 
This process aims to remove global deformation while keeping the 
defect signal. The defect-induced phase (DIP) maps measured with DS, 

Fig. 8. Model validation for transient temperature: (a)–(c) transient temperature at 780 s (right after heating) measured by experiments (EXP), predicted by FEM and 
the corresponding difference. (d)–(f) transient temperature at 2490 s (after 1710 s cooling) by EXP, by FEM and the corresponding difference. (g)–(h) transient 
temperature at the front and the back of the hole centers over time (front measured with the IR camera, back measured with thermocouples). 
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predicted by FEM, and the corresponding difference are shown in Fig. 9 
(d)-9(f). The initial and final states were selected to obtain the highest 
defect signal during cooling. The experimental DIP map and the simu-
lated one show a reasonable agreement; their corresponding difference 
is about − 8 to +8 rad. It can be noted that the total range of the original 
phase map is about 370 rad. The main contributor to this difference is 
local fiber-induced deformation. As will be seen later in Fig. 12 in Sec-
tion 3.2, the standard deviation of fiber-related deformation is about 5 
rad. Besides, the temperature mismatch between FEM and experiment 
during cooling (Fig. 8), the effect of local stiffness (e.g., due to 
manufacturing defects, Fig. 1(b)), and the errors from the compensation 
process may also contribute to this difference. From both simulated and 
experimental DIP maps (Fig. 9(d)-9(e)), the defects Z15 and Z20 are 
clearly detected, while defect Z25 is close to the detection sensitivity. 

Based on both temperature and phase comparisons, the established 
FEM model can predict the thermal-mechanical response with reason-
able accuracy. 

3.2. Analysis of various heating scenarios on defect behaviour and defect 
detection 

As the thermal-mechanical model is of reasonable accuracy, we 
combined shearography experiments with the FEM model to obtain a 
more comprehensive understanding of various heating scenarios on 
defect behaviour and defect detection in thick composites. This section 
reports experimental and numerical results to prove the efficacy of the 
proposed CST heating and the shearography. 

First, the temperatures of the three heating scenarios were 
compared. Fig. 10 shows the transient temperatures at defect depths 
Z15, Z20 and Z25 (i.e., hole centers at the back surface) for the three 
heating scenarios. 

Both experimental and FEM results show that the maximum tem-
perature at the three defect depths occurs later after the heating stops (e. 
g., for CST780s, the maximum temperature occurs at around 1100 s 
while the heating time is 780 s). It indicates a delay between the thermal 

Fig. 9. Model validation for shearography phase: (a)–(c) original phase maps measured with shearography (DS), simulated by FEM and the corresponding difference, 
respectively. (d)–(f) defect-induced phase (DIP) maps by DS, by FEM and the corresponding difference, respectively. (g)–(h) a comparison of phase along the a-a axis 
for the original phase and defect-induced phase, respectively, (g)–(h) supported with the strain axis. [1 rad corresponds to 5.2 με]. 

Fig. 10. Transient temperatures at defect depths of (a) 15 mm, (b) 20 mm, and (c) 25 mm for the three heating scenarios. [the solid lines: measured with ther-
mocouples (EXP); the dotted lines: from simulations (FEM)]. 
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excitation and the transient temperature response at the defect region. 
Moreover, the maximum temperature at those defect depths by CST780s 
is higher than the other two heating cases; This is straightforward to 
explain as CST780s uses more energy to excite the object than the other 
two conventional heating cases. Normally in inspection practice heating 
energy is not a limiting factor, however, the way the higher energy is 
applied has to be controlled to ensure safe inspection, which is realised 
with the proposed CST method. 

Second, the shearography phase of the three cases. Fig. 11 shows the 
comparison of the experimental and simulated DIP maps for the three 
heatings. As seen from the obtained DIP maps, the defect signal with 
CST780s (Fig. 11(a) and (d)) is higher than that with CH278s (Fig. 11(c) 
and (f)) and it is slightly higher than that with CH780s (Fig. 11(b) and 
(e)). 

For defect Z15, the defect signal from CST780s is higher than that 
from CH780s, while for defect Z20, the defect signals from the CST780s 
and CH780s heatings are close to each other. This may indicate that 
although there is a benefit of a higher temperature rise at the various 
defect depths with CST780s, the influence on defect deformation or 
defect signal is limited as defect depth increases. As shown in Fig. 11, 
defects Z15 and Z20 are detectable for the three heating scenarios from 
both experimental (Fig. 11(a)–(c)) and simulated (Fig. 11(d)-(f)) DIP 
maps. However, defect Z25 appears to be close to the detection sensi-
tivity for all the three cases. 

To further investigate the variation of defect deformation during 
cooling for the three heating scenarios, the evolution of defect defor-
mation corresponding to the reference state right after heating over the 
inspection time was made, as shown in Fig. 12(a)-12(c). Signals from the 
defects at depths of Z15, Z20, and Z25 and the heating scenarios of 
CST780s, CH780s, and CH278s were obtained by averaging defect- 
induced phases at the left and right edges of each defect (e.g., (-L +

R)/2 in Figs. 9 and 11), as the defect signal is the highest there. 
Considering that DS measurements were taken only during the cooling 
of the specimen, here the origin of time was right after heating (t = 0 s). 

The dotted lines are from the FEM results and the solid lines are from 
the experimental (DS) results. During the heating (t = [− 780 0]), defect 
deformation was not available by DS as the light from the lamps can 
saturate the shearography camera sensor. Therefore it was only derived 
from FEM data. During the cooling (t = [0 1710]), defect deformation 
was derived from both FEM and DS data. In Fig. 12(a), shaded error bars 
were made for the three heatings in experiments by calculating one 
standard deviation of the DIPs from a 10 × 200 pixel area (corre-
sponding to 1.6 × 33.0 mm2 area) at the defect edges. The error sources 
are expected to mainly come from fiber-related deformation that 
commonly exists in fiber-reinforced composites under thermal loadings 
[32]. In Fig. 12(b) and (c), only the shaded error bars of the CST780s 
case were plotted to make it concise. Fig. 12(d) shows the background 
deformation of an intact area for the three heating scenarios. The solid 
(DS) and dotted (FEM) lines were made by averaging the DIPs of an 
intact region, shaded error regions were also made for the three heatings 
in experiments by calculating one standard deviation of the DIPs from 
the intact area. The background deformation mainly comes from com-
plex fiber-related deformation and the compensation process. It can 
serve as a baseline for defect detection in thick composites. 

Table 1 summarises the variation range of DIP during the cooling 
time for the three defects (data from Fig. 12(a)-12(c)). Both modelling 
and experimental results show that the DIP range with the CST heating 
scenario for the defects at 15 and 20 mm depth is higher than with both 
conventional heatings. The ranges OB and BC (Fig. 12(a)) can both 
represent the variation range of DIP during the cooling time. In this 
paper, the range BC was used as the fiber-related noise is lower. The 
effect of the CST heating decreases as the defect depth increases, while 

Fig. 11. The defect-induced phase (DIP) maps for the three heating scenarios: (a)–(c) CST780s, CH780s, CH278s from experiments (DS); (d)–(f) CST780s, CH780s, 
CH278s from simulations (FEM); (g)–(h) the comparison of DIP along the a-a axis for the three heating scenarios, supported with the strain axis. The solid lines are 
from experiments (DS); the dotted lines are from simulations (FEM). [1 rad corresponds to 5.2 με]. 
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the defect Z25 (Fig. 12(c)) is close to the detection sensitivity as its 
defect signal is comparable to the fiber deformation from the intact area 
(Fig. 12(d)). The defect Z25 is rather deep, so more time can be needed 
for heat to propagate and interact with the defect. From the FEM results, 
it is seen that during heating the defects Z15 and Z20 have high defect 
signals (Fig. 12(a)-12(b), up to − 8 rad). While the defect Z25 has a 
rather low defect signal (Fig. 12(c), up to 2 rad), and the signal of the 
defect Z25 during cooling is also close to the detection sensitivity, which 
is similar to experimental results. There are two supplementary videos, 
depending on the reference state, readers can make their own decision 
on defect Z25. 

Fig. 12(a) and (b) also show that there can be an extreme DIP 
occurring during heating as well as during cooling. For example for the 
defect Z15, extreme DIP values occur at the time moments of around 
− 500 and 500 s, where only two sets of interferograms need to be taken 
and further processed (Fig. 13). These time moments provide the highest 
value of DIP of up to 14.3 rad. Therefore it can be a benefit for imple-
menting an efficient inspection in terms of the inspection duration and 

the amount of data. 
As explained before, we focus on improving deep defect detection 

with the defect size of 60 mm because of its interest for marine sector. 
For comparison, the size of realistic defects and damage for marine 
composites is usually 120 mm and more [45]. Besides, the sensitivity of 
this shearography technique in terms of minimum detectable defect is 
around 30 mm in diameter at 15 mm depth with the current heating 
sources. As the presented results were achieved with the test GFRP panel 
and in the lab environment, the capability of this technique in presence 
of real defects and in-situ tests on real marine structures will be inves-
tigated in the future. 

4. Conclusions 

In this work, the novel CST shearography method was proposed and 
adopted for thick composite inspection. For the first time, defects at 
15–25 mm depth have been detected in thick GFRP panel with 
controlled maximum surface temperature. To the best of our knowledge, 
no literature has reported on temporally modulated heating that enables 
the control and selection of maximum surface temperature for thick 
composite inspection. Moreover, few studies are available on defect 
behaviour and deep defect detection under various heating scenarios 
with shearography. This work makes a step forward in safe shearog-
raphy inspection for deep defect detection where overheating may cause 
thermal damage. A numerical and experimental study was conducted to 
analyse defect behaviour and defect detection under three heating sce-
narios including a new CST heating and two conventional heatings. The 

Fig. 12. The defect-induced phases (DIPs) of the three artificial defects over time for the three heating scenarios: (a) Z15, (b) Z20, (c) Z25, (d) background phase of 
an intact area [the solid lines: from experimental results (DS); the dotted lines: from simulated results (FEM), 1 rad ≈ 5.2 με]. 

Table 1 
Variation range of DIP during the cooling time, phase unit in rad (1 rad ≈ 5.2 με).   

Z15 Z20 Z25 

FEM DS FEM DS FEM DS 

CST780s 7.2 13.6 5.7 9.3 0.5 1.3 
CH780s 6 10.7 4.9 9 0.3 0.4 
CH278s 3 6.3 2.6 7 0.3 0.9  

Fig. 13. The DIP maps (for full specimen): (a) choosing reference states during cooling (dotted red area was compared with experiments) and (b) during heating, 
respectively. The ranges C’B’ and A’B’ can refer to Fig. 12(a). [Supplementary videos on experimental results are available]. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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main conclusions are summarized as follows:  

(1) The advantage of CST heating is that it maximises heating energy 
input with a controlled and stable maximum surface temperature, 
along with a higher temperature rise at the defect depth. The 
experimental and numerical results indicate that defects at 15 
and 20 mm depths can be reliably detected with CST heating. The 
defect-induced phase range with CST heating for these two de-
fects is higher than with both conventional heating methods. For 
defect Z15, the defect signal with CST780s is about 27% higher 
than with CH780s and 116% higher than with CH278s. However, 
the effect of CST decreases as the defect depth increases, with the 
defect at 25 mm depth close to the detection sensitivity. More 
time (e.g., a dozen to dozens of minutes of heating) is needed for 
heat to propagate and interact with defects of 25 mm depth or 
more.  

(2) The established FEM model can serve as a predictive model for 
investigating and determining the behaviour of the thick com-
posite for defect detection. Real inspection is usually difficult 
because experiments have problems such as global deformation, 
non-uniform heating and vibration. Therefore reliable FEM 
guidance is needed. This FEM guidance saves time during ex-
periments. Besides, FEM during heating shows the benefit of 
reference states and highlights the value of measurements during 
heating to be done. The measurements during heating can be 
done, e.g., by using cyclic heating. The gaps in the heating can 
allow intermediate speckle interferograms to be recorded without 
saturating the camera sensor. In addition, laser line-optical filters 
with narrow transmitted spectral region can be used to isolate the 
laser light from the wide illumination spectrum.  

(3) This study also provides insight for implementing an efficient 
inspection in terms of the inspection duration and the number of 
datasets, e.g., only two sets of interferograms during heating and 
cooling need to be recorded, producing the highest defect- 
induced phase value for defect detection. 

The conclusions were achieved with the test GFRP panel and in the 
lab environment, the capability of this technique in presence of real 
defects and in-situ tests on real marine structures will be investigated in 
the future. Future work will also study the influence of various heating 
times of CST and amplitudes of the controlled surface temperature on 
defect detection and characterisation. This work would also apply to the 
inspection of the structures such as polymeric coatings and paintings 
where the control of maximum surface temperature is critical. 
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