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Aim of the work

Development of a standard, reliable and quantitative measurement
procedure for Shearography inspections of composite materials in
case of thermal load applications.
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Shearography
Measurement principle

Interferometric, full-field
technique
No need of reference beam
Output: first derivative
along a specific direction
(shear) of the out-of-plane
displacement of the observed
surface.
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Shearography
Applications

Detection of composite materials defects and damages, such as:

Delaminations

Debondings

Impact damages
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State of the art

Current softwares

Current procedures

Current devices
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State of the art
Current softwares

Algorithms for defect characterisation

No robust algorithm for defect size and morphology carachterization.

Software support for indications about procedures

Numerical models for fringe prediction for the determination of the effects of
test conditions (shear, defect depth, defect size. . . ):

knowledge of material properties is compulsory
prediction of noise and sensitivity effects is impossible.

The more precise are the ones based on vacuum loading conditions, while for
thermal load applications:

problems about considering the attenuation of thermal radiation;
confident with experimental results only for defects very close to the
surface (up to 1 mm depth);
problems about definition of boundary conditions of the framed portion of
the surface.
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State of the art
Current procedures

Heating time

General and qualitative indications provided by Shearography producers
according to heating source and/or inspected material.

Uncertainty sources

In literature the problems of air turbulences and residual radiations even
after lamps’ switching-off are highlighted.

Acquisition sequence

No standard indication. The moment when to store reference image is an
open issue too.
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State of the art
Current devices

The evolution of Shearography systems and devices over time
involved mostly software interfaces rather than new hardware
solutions.

Triggering the acquisition with the heating lamps and
acquiring a video sequence with a given frame rate.
Accessing raw data.

Unfortunately, software upgrades are very expensive.
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Work packages

Limitations of Shearography technique described by state of the art,
have been studied and overcome in this work according to the
following work packages:

1 design and implementation of a proper algorithm for defect
size and morphology estimation;

2 design and equipment of a computerised measurement setup,
aiming at reducing some of the uncertainty sources;

3 definition of a measurement procedure both for data
acquisition phase and analysis, that takes into account the
variability of the technique’s behaviour with measurement
parameters.
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A new algorithm for defect size and
morphological characterization

1 Data encoding, phase computation and optical corrections.
2 Local shear computation.
3 Phase-map Filtering and Unwrapping.
4 Wavelet Transform Scanning plus Structural Intensity Analysis.
5 Defect area evaluation.
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A new algorithm for defect size and
morphological characterization
Data encoding, phase computation and optical corrections

(a) I1 (b) I2 (c) I3 (d) I4⇓

⇓
Φi = arctan

(I4 − I2)

(I1 − I3)

∆ = Φi − Φref .

⇒

∆ : Variation in the phase relation
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A new algorithm for defect size and
morphological characterization
Local shear computation

Computation of:
mm/pixel ratio;
shear components;
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A new algorithm for defect size and
morphological characterization
Phase-map Filtering and Unwrapping

Filtering

Unwrapping

(e) Original (f) Filtered (g) Unwrapped
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A new algorithm for defect size and
morphological characterization
Wavelet Transform Scanning plus Structural Intensity Analysis

Entropy-based threshold for centroid
detection;
definition of a set of line passing through
the centroid (1◦ angular spacing);
extrapolation of of the phase profiles
along the scanning lines by a sub-pixel
interpolation ;
Wavelet Transform computation of each
profile;

selection of the dominant singularities
thanks to Structural Intensity parameter
associated to an automatic choice of
related hyperparameters (excess mass,
absolute threshold).
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A new algorithm for defect size and
morphological characterization
Defect area evaluation

(h) Reconstructed
boundaries still
affected by the
shearing effect

−
Excess area
caused by the
shearing effect

=

(i) Final defect
reconstruction

At the end, the coordinate of Fig.(i) are used by the Matlab polyarea
function for area computation.
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Design and equipment of a computerised
measurement setup
Setup elements

In order to reach repeatable acquisitions
and to reduce uncertainties related to
residual radiation and turbulences:

controlling thermal load (provided by
two heating lamps) → a HID relay was
exploited;

screening off the lamps after loading →
another HID relay, controlling two
electromagnets, keeps in position two
shutters that are make falling after
loading;

acquisition of a video sequence
synchronized with lamps and shutters.
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Design and equipment of a computerised
measurement setup
Acquisition sequence: design of a Virtual User in Labview environment
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A new test procedure

The developed procedure exploits the new hardware and software
discussed above, and can be divided in:

preliminary operations;
defect characterization.

At first a PVC test panel with
artificial and accessible defects
was used for implementation,
then three real case studies
validated the procedure.
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A new test procedure
Preliminary operations: definition of measurement ranges

This phase is carried out before checking the presence of possible
defects and involves the definition of measurement ranges for what
concerns:

heating time;
shear;
out-of-plane displacement gradients for given heating time.
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A new test procedure
Preliminary operations: definition of heating time range

Minimum heating time given by the system’s rapidity
Maximum heating time given by phisical assumptions

A defect can be well represented
by Shearography technique only if
its deformation is sufficiently
different from the deformation of
the rest of the structure.
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A new test procedure
Preliminary operations: definition of heating time range

f =
L2

πα
[s] phase shift

α =
k

ρcp

[
m2

s

]
thermal diffusivity

τ = 0.63× asympt. value time constant

with:

L = material thickness
k = thermal conductivity
ρ = material density
cp = specific heat at constant preassure
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A new test procedure
Preliminary operations: definition of shear range

Minimum shear limited by the shearing-mirror moving system
Maximum shear limited by the shearing-mirror moving system
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A new test procedure
Preliminary operations: definition of out-of-plane displacement range for
given heating time
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A new test procedure
Defect characterization

Once defined the measurement ranges, the operator starts imposing
to the inspected structure a series of intensity-increasing loads, and
to acquire the corresponding time histories of the cooling phases,
according to the following sequence:

1 heating the structure;
2 taking the reference image 1 s after lamps switch-off;
3 acquiring an image per second for 60 s;
4 phase computation, filtering, unwrapping and displacement

gradient computation;
5 if one or more defect is (are) detected → defect size and

morphological reconstruction for each frame of each cooling
phase .
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A new test procedure
Defect characterization

Variables influencing defect size estimation

Shearing
amount

Sensitivity

Deformation

resolution

Observation
distance

Spatial

resolution

Impact of air

turbulences

Imposed
deformation

The defect

appears larger or

smaller

according to

load intensity

Smaller load

lead to smaller

SNR, larger load

may lead to

saturation

Defect
size & depth

defect

dimensions and

position

influence the

generated

deformation,

hence the SNR
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A new test procedure
Defect characterization

In order to reach a reliable defect size estimation, the effects of all
the mentioned parameters have to be modeled for each case study.
For the PVC specimen, the values chosen for developing the
procedure are:

Shearing
amount
[mm]

Distance
of obser-
vation
[cm]

Heating
time [s]

Defect
size [mm]

Defect
depth
[mm]

3, 5, 10 24, 50, 70 1, 2, 3, 5,
10, 15

1, 2, 3, 4 10, 15, 25
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A new test procedure
Defect characterization

A very important datum is the time history of the difference between
the out-of-plane displacement gradients of the defect and the rest of
the structure.
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A new test procedure
Defect characterization

It has been noticed that
when the difference of
out-of-plane displacement
gradients is stable, the
computed defect size is
stable to, while it changes
when deformation is more
dynamical. Therefore, by
matching the deformation
differences and the defect
size, an accumulation
point is detected.
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A new test procedure
Defect characterization

However, there are cases in which the relationship between
deformation (or temperature variation changes) and defect size is
completely random:

The load is not sufficient to
guarantee such relationship
→ the defect is not well
represented.
The load is too large → the
transit through the stability
region is faster and no
accumulation point can be
detected.
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A new test procedure
Defect characterization

Considering a given combination of shear, observation distance
and defect depth, we have to choose which of the
measurement associated to the different loads can be chosen
as the most confident result.
Since the higher the load, the more distorted the defect, we
choose the smallest load that is able to generate an
accumulation point.
The challenge was to find a suitable criterion for a code-based
choice.
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A new test procedure
Defect characterization

Load condition to accept Load condition to discard
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A new test procedure
Defect characterization

Therefore, for each combination of

shear-observation

distance-depth-size, the more

confident load condition has beed

detected, and consequently the

associated defect size.

Furthermore, matching the shear

amount with the associated

computed size for each variable

combination, a parabola is always

found. The vertex of the parabola

corresponds to the actual defect size

and therefore, to the optimal shear

needed to correctly estimate it.

Optimal shear[mm] Best defect esti-

mation achievable

[mm]

5.4 25.0
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A new test procedure
Defect characterization

The part of the curve between the lower

shear values and the optimal value is due to

the fact that, as the shear increases, the

deformation resolution and the instrument

sensitivity increase too, providing a better

defect reconstruction.

After reaching the optimal value, the effect

of sensitivity is more evident than the effect

of resolution. For this reason, the defect

reconstruction starts to get worse again,

moving away from the theorethical trend.
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A new test procedure
Defect characterization

Optimal conditions for the 25 mm-diameter defect affecting the the
PVC test panel
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A new test procedure
Defect characterization

Optimal conditions for different defects within the PVC test panel
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Validation by means of three case studies

Sandwich panel 1:
honeycomb core +
carbon fiber skin
affected by teflon
inserts.

Sandwich panel 2:
honeycomb core +
fiberglass skin with
a sub superficial
delamination.

Carbon thin plate
affected by teflon
inserts.
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Validation by means of three case studies
Sandwich panel 1: Shearography inspection

Optimal shear[mm] Best defect estimation achievable [mm]

6.1 15.3
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Validation by means of three case studies
Sandwich panel 1: comparison with Ultrasound results

Shearography defect
reconstruction by means of the

developed procedure

Deq = 15.3mm

Air-coupled Ultrasound defect
reconstruction

Deq = 15± 2mm
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Validation by means of three case studies
Sandwich panel 2: Shearography inspection

Optimal shear [mm] Best defect estimation achievable [mm]

1.6 28.6
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Validation by means of three case studies
Sandwich panel 2: comparison with Ultrasound results

Shearography defect
reconstruction by means of the

developed procedure

Deq = 28.6mm

Air-coupled Ultrasound defect
reconstruction

Deq = 28± 2mm

40 of 44



Validation by means of three case studies
Carbon thin plate: Shearography inspection

Optimal shear[mm] Best defect estimation achievable [mm]

7.8 14.8
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Validation by means of three case studies
Carbon thin plate: comparison with Ultrasound results

Shearography defect
reconstruction by means of the

developed procedure

Deq = 14.8mm

Air-coupled Ultrasound defect
reconstruction

Deq = 13± 2mm
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Conclusions

A deep study of Shearography technique was performed in
order to define the limitations that still impede its quantitative
use.
A specific algorithm for defect size estimation and
morphological reconstruction was developed.
A programmable and robust measurement setup was designed
and equipped.
A repeatable measurement procedure for Shearography
inspections involving thermal load applications was developed
and validated on real case studies.
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