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Abstract

Structural components may contain cracks, and for these components a crack
tip represents a highly singular stress. The evaluation of the associated strain
gradient is difficult to achieve with experimental discrete methods. An efficient
alternative are the optical techniques which are non-contact, and so delivering
continuous information of the displacement fields and associated derivatives
for strain evaluation. This paper describes some experimental methods to fully
characterize the displacement field near a crack tip existing in flat plates.
Three optical field techniques based on image analysis were used in the
present work; respectively, Electronic Speckle Pattern Interferometry, Moiré
Interferometry, and Digital Image Correlation. These methods allow different
resolutions which can be adjusted according to the expected strain gradient.
While the first method depends on the laser wavelength and position of the
illumination sources, the second depends on the grating pitch and the last on
the surface texture or painted speckle. Algorithms to derivate and filtering the
displacement field are developed to compute the strain field and will be used
for further works.

Introduction

Many structural failures could be associated with
the fracture of the materials used in the fabrication
of that structural component. Such events occur as
consequence of structural defects as cracks, where a
high stress concentration is generated. The detection
of such structural singularities is of primary impor-
tance, being essential to focus the attention on frac-
ture mechanics parameters characterizing the eventu-
ally catastrophic consequences in case of components
failure when designing modern structures. The study
of fracture condition of structural components with
cracks has been performed since last century1–3

on using analytical approaches4,5,6,7 combined with
different experimental techniques8,9,10 and numer-
ical simulations.11 The analytical approaches are
based on assumptions which are simplifications

of the real aspect of the problem; still reliable,
but only for application on simple cases. The
experimental techniques can effectively assess the
displacement or strain fields close to a crack line
and this can be achieved in discrete and continuous
measurements. The discrete measurements are usu-
ally performed with electrical strain gages,12,13 while
continuous measurements are possible with optical
techniques like Moiré Interferometry (MI),14,15 Elec-
tronic Speckle Pattern Interferometry (ESPI),16 and
Digital Image Correlation (DIC).17,18 The electrical
strain gages measure a strain average correspon-
dent of the sensor area. On the other hand, the
previous referred optical methods (ESPI, Moiré, and
DIC) are field techniques that allow measurements of
in-plane and out-plane displacements without con-
tact and with a high resolution. The assessment to the
displacement field using holographic interferometric
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techniques has been developed since the 1970s19 until
the beginning of 1990s.20,21 In these first works, the
determination of the stress intensity factor (SIF) with
experimental methods was achieved on measuring
displacements in the area of crack apex using the
holographic interferometry to record holograms by
the scheme of opposing beams. With the advances
in the design of digital cameras, another interfero-
metric method started to be used, the ESPI.22 This
technique uses the surface roughness which a laser
illumination to generate a speckle pattern to mea-
sure the in-plane and out-of-plane displacement field.
The ESPI has been used to evaluate KI , J integral,
and other fracture mechanics parameters for differ-
ent kinds of specimens.16,23,24 All these techniques
use light to extract object surface information prior
and after application of the load system to enhance
displacements or strain fields. ESPI and MI need
coherent illumination to generate the fringe patterns
which characterize the object surface deformation.
DIC is an optical technique used frequently in frac-
ture mechanics field.25,26 This technique is also based
on the comparison of two images acquired at differ-
ent deformation states, one before and other after
deformation. In this technique, the object is illu-
minated by a non-coherent light and the intensity
patterns result due to the surface texture. Nowadays,
an important tool used to study the influence of the
stress field close to a crack in a cracked component is
the numerical simulation.27–29 Using this technique
it is possible to predict with good accuracy the crack
growth; however, the complex phenomena that occur
in the crack tip are very difficult to simulate despite the
improvement of numerical algorithms and computer
calculation capacity. To overcome these limitations,
hybrid methods are frequently used, allowing that
some experimental measurements are inserted in the
numerical simulations.30,31

Experimental Procedures

In this work, three different optical experimental
techniques were used: ESPI, MI, and DIC. ESPI and
MI are interferometric techniques and both setups
have capability for in-plane displacement measure-
ment; however, the ESPI setup can be adapted
to simultaneously measure in-plane and out-of-
plane displacements. A commercial system of DIC
(ARAMIS®—GOM, Braunschweig, Germany) was
also applied in the characterization of in-plane dis-
placements and strains on the surface of a three-point
bending test specimen (3PB) based on the setup
described by ASTM E399-90 standard.32

Electronic speckle pattern interferometry

The applications of this method to fracture mechanics
has been carried out in previous work where the
SIF of a part-through crack was measured.16 To
achieve this step, the experimental setup was coupled
with accurate image processing tools and designed
to cancel rigid body motion only obtaining the
abovementioned displacements and rotations along
the crack line of the plate. The optical setups used
to measure in-plane and out-of-plane displacement
fields with ESPI are schematically represented in
Fig. 1. In the case of in-plane measurements, the
object surface is illuminated with two beams with an
equal incident angle that defines a sensibility vector
parallel to the object surface. The mirror mounted on
a piezoelectric transducer is used to implement the
phase stepping technique, which in combination with
image processing algorithms, allows the calculation
of the spatial phase distribution. For the out-of-plane
measurements, the laser beam is splitted into two,
one being the object beam and used to illuminate
the object and the other one the reference beam; this
combination generates a sensibility vector normal to
the object surface. The light source used was a 2 W
laser from COHERENT (Verdi) with a radiation wave
length of 514 nm.

The specimen consisted of a polymeric (elastome-
ter) plate which had a part-through cut which was
made with the help of a paper cutter. The crack profile
was approximately elliptical, having l0/h = 0.5 (h =
6 mm the plate thickness) and h/a = 0.43 (where
2a ∼= 28 mm is the crack length) as geometric param-
eters.

The plate is uniformly stressed by a pair of equal
tensile load applied at both free ends of the plate.
To materialize this force system, a gravity load was
stretched with two identical pieces of string looped
around precision sheaves fitted with needle bearings.
Figure 2 shows the test specimen inserted in the out-
of-plane displacement setup and part of the load
system. The loading system was designed to avoid
any rotation of the specimen and, in this way, prevent
the rigid body motion. This purpose was achieved by
posterior analysis of the fringes.

The interferometric fringe pattern was obtained by
applying a low tensile load of about 10 N along the
horizontal direction.

Moiré interferometry

Another optical method used in the assessment of the
displacement field near a singularity is the MI. This
technique relies on the superposition of two grids,
one is the reference resulting from the interference
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(a) (b)

Figure 1 ESPI setup to measure displacement fields. (a) In-plane and (b) out-of-plane.16

(a) (b)

Figure 2 Specimen in an out-of-plane displacement setup (a). Top and side views of the experimental setup directly assembled on an optical table

(b).16

Figure 3 Schematic presentation of the

moiré interferometry optical setup

used.34

of two coherent laser collimated beams, which fall on

the surface, and the other follows the deformation of

the object surface. High-frequency grids (up to 1200

lines/mm or more) are recorded on the object surface.

The resolution depends on the grid pitch and can

be selected according to the expected displacement

amplitude. This method is restricted to in-plane

measurements, yet with accuracy to characterize

structural singularities like a through crack.33

Image processing algorithms, involving filtering,

phase calculation, unwrapping, and spatial differ-

entiation are used as data post-processing tools to
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Figure 4 MIsetuptoobtain the2Ddisplacementona3PBtestspecimen.

transform surface displacement into stress fields. In
Fig. 3 a schematic presentation of the MI optical setup
used in this work can be seen. Here, Laser is the laser
source, Ms is a mask, C is the collimator, WM is a
window mask, CB is the collimated beam, M1, M2,
M3, and M4 are plane mirrors, PP is a parallel plate
glass, L is a lens, TS is the test specimen, DG is the
diffraction grating, and I is the interferometer.

A four-beam optical system to produce displace-
ment fringe patterns in x and y directions was used,35

where x is parallel to horizontal direction and y to ver-
tical direction. The collimated laser beam is partially
obstructed by the window mask. This is constituted
by three elements whose function is to illuminate
simultaneously the grating and the mirrors: illumi-
nating M2 and grating by opening the middle element
allows the measurement of the displacement in the
x direction, otherwise illuminating M3 and M4 by
opening the upper and lower elements the measure-
ment of displacement is done in the y direction.

The light source used in this setup was a 2 W
laser from Coherent (Verdi, Santa Clara, CA). A CCD
camera, Sony XC-8500CE, with a resolution of 782 ×
582 pixels was used for image acquisition. A computer
controlled PI piezoelectric actuator was used to
perform the phase modulation needed to calculate the
phase maps using the four-interferogram algorithm
described by Creath.36 A high-frequency grating was

previously replicated on the specimen surface. The
grating used was a 1200 lines/mm, obtained with
aluminum vaporization on the top of an epoxy
replication of a master grating from Photomechanics
and has the dimensions of 19 mm × 26 mm. For this
grating frequency, the displacement measurement
sensitivity is 2.4 fringes/μm and the displacement
resolution is 0.1 μm. The grating replication process
described next is due to Post.37 Also, the setup
proposed by Post38 was used in the virtual grating
generation by laser interferometry. The reference
images were recorded after superposition of the
virtual grating over the object replication grating. A
temporal phase modulation was used to increase the
resolution of the displacement fields. A tiltable parallel
glass plate was used to promote phase modulation to
perform a four-image phase calculation algorithm.36

As seen in Fig. 4, the MI was used to charac-
terize the displacements on the surface of a 3PB
steel (P20) specimen. The measurements were per-
formed according with the parameters defined in
ASTM E399-90 standard.32

The first part of experimental test was to control
the specimen grating and mirror positions to obtain
a null field at room temperature. After the charge
application of 500 N, four-phase maps are recorded
for each orthogonal direction with phase shift step
of π/2. The phase steps are created by tilting the PP.
The obtained phase maps were used to measure the
displacement field near the crack tip.

Digital image correlation

This new optical technique is being spread recently
in the scientific community. Essentially, in the DIC
the object is illuminated by a non-coherent light
and the intensity patterns depend on the surface
texture. These intensity patterns, which should have
a random distribution, will be divided into smaller
areas. Each subdivision of the picture is initially
recorded and compared by correlation with the
obtained images of different deformation states of
the object. The determination of displacement and
strain fields are obtained by the correlation between
the random pattern of initial image (the reference
one) and the final one (assigned to the deformed
state).39 The texture can be natural or prepared
with special painting and influences the accuracy
of the measurement. In this particular technique the
software plays an important role as the displacements
are calculated from image details. To reach a higher
accuracy, correlations are based on squares of pixels,
known as facets, rather than individual pixel tracing.
The facets have an array of grayscale values which

Experimental Techniques 39 (2015) 10–20 © 2012, Society for Experimental Mechanics 13
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(a) (b)

Figure 5 DIC setup to obtain the 2D displacement on a 3PB test specimen (a) and the measurement region on the specimen (b).

(a)

(b)

Figure 6 Fringe pattern and phase

map obtained for in-plane (a) and

out-of-plane (b) displacement

measured with ESPI.11

correspond to the pattern texture, therefore allowing

tracking through the subsequent image stages. This

method could be used to measure 2D and 3D

strain and displacement fields. Recently there are

available integrated systems offering easy operation

with reliable results.

Before measuring the displacement field, a surface

preparation of the test specimen was carried out.

14 Experimental Techniques 39 (2015) 10–20 © 2012, Society for Experimental Mechanics
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(a) (b)

(c)

Figure 7 In-plane displacement: (a) phase map; (b) displacement field (unwrapping phase map), and (c) SIF.

For that, the surface to be examined was sprayed
with a thin uniform coat of matte white paint for
the background and a spray of matte black paint, so
materializing a random pattern of black dots.

For this experimental work, the DIC was conducted
using a CCD camera integrated in the GOM package
ARAMIS 6.0.2. The CCD sensor has a resolution of
1280 × 1024 pixels which allowed the detection of
facets with small physical size and consequently a
good resolution and accuracy.

Similar to the previous experimental measurement
with MI, the DIC was used to characterize the dis-
placements on the surface of the same 3PB specimen.

The measurements were performed according to the
parameters defined in ASTM E399-90 standard.32 The
setup can be seen in Fig. 5, as well as the region of
measurement in interest. For this study, the setup was
prepared to measure in-plane displacements; hence
only needing one camera placed in front of specimen
surface to capture the reference and deformed images.

Before capturing and saving the reference image,
it is essential to calibrate the setup. The first task
consisted in defining two parallel lines at a precise dis-
tance. The software allows the selection of two points
to define their distance; this value will be used as a
scale for the next computations of displacement field.

Experimental Techniques 39 (2015) 10–20 © 2012, Society for Experimental Mechanics 15
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(a) (b)

(c)

Figure 8 Out-of-plane displacement: (a) phase map; (b) displacement field (unwrapping phase map), and (c) SIF.

The first captured image is taken prior changing any
test specimen state, so being the reference image saved
in the computer hard disc. A second image is then
captured after loading the test specimen with a 500
N force; also saving the image corresponding to this
deformed state. The correlation algorithm developed
for Aramis system allows the determination of dis-
placement field on the region close to the crack tip.

Analysis of Experimental Results

Electronic speckle pattern interferometry

The illumination ESPI setup was the tool to mea-
sure the in-plane and out-of-plane displacements.

This operation resulted of the interferometry pattern
represented in Fig. 6(a and b), respectively. The fringe
pattern corresponds to the phase map obtained by
image processing after phase calculation with a phase
shift technique. These phase maps have disconti-
nuities in −π and π . To overcome this limitation,
an algorithm is used to unwrap the phase mak-
ing possible to obtain a continuous displacement
field.

Once the displacement is calculated, a hybrid
methodology allows the determination of compliance
factors for each slice element of the line spring model
(side edge cracked elements) placed along the crack

16 Experimental Techniques 39 (2015) 10–20 © 2012, Society for Experimental Mechanics
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(a) (b)

Figure 9 Displacement field, in u direction (a) and v direction (b), obtained with Moiré interferometry. Displacement units in meter.

(a)

(b)

Figure 10 Displacement fields obtained with DIC in x direction (a) and in y direction (b).
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plane. This allows the evaluation of the consequent
stress field and further determination of the SIF.

The problem of a part-through crack is approached
with precision using 3D Finite Element Techniques.
However, this simulation is expensive, once it means
a heavy computation effort near the singularity due
to the highly refined necessary for precision of results.
To overcome this drawback a line spring model was
proposed by Rice and Levy.40 The model consisted in
replacing the residual ligament along the part trough
crack surface by a set of side edge cracked plates
were each crack depth reconstruct the real crack pro-
file. Then the structural behavior of each side edge
cracked plate of the model acts like a spring when an
extensional displacement and crack edge rotations are
coupled. Using optical techniques like ESPI it is possi-
ble to record with high precision the relative distortion
of the conjugate crack surfaces along its length. After
obtaining the mentioned displacements and rotations
they are input in the line spring equations to compute
the SIF as detailed in a previous work.16

The main steps to obtain the SIF using in-plane
and out-of-plane displacements are shown in brief in
Figs. 7 and 8.

Moiré interferometry

The displacement fields are obtained by filtering and
unwrapping the phase maps. The displacement fields
for u and v directions are shown in Fig. 9.

In spite of being an accurate tool for the experimen-
tal measurement of displacements, its application field
is restricted to in-plane measurements which leave
the line spring method incomplete for the edge crack
rotations. However, the MI can be used to adjust
a numerical solution and complement it with the
surface rotation obtained with the FEM (Finite Ele-
ment Method). Still the MI method is fully applicable
to fracture mechanics problems dealing with through
cracks or side edge crack. Also in this technique, image
processing techniques could be involved to obtain the
continuous field displacement with temporal phase
shift.

Digital image correlation

The results of displacement measurements are shown
in Fig. 10.

The obtained images had an important level of
noise, so they were smoothed using a median
filter.

Comparing the results of the measurements
between MI and DIC, it is possible to verify that they
are very similar in the behavior of the displacement
fields. Even the values are nearest.

Conclusions

The procedures described appear as an interesting step
in the progress of hybrid processes in the evaluation of
the SIF in cracked plates. ESPI technique allows both
in-plane and out-of-plane measurements; however,
it is complex, expensive, and easily decorrelates; MI
is less sensitive to rigid body motion and accurate
enough for this application being the grid recording a
difficult and long-standing task. Finally, DIC appears
to be the less expensive technique, it also allows in-
plane and out-of-plane measurements and the direct
obtainment of strain fields, but is very demanding in
the computation effort and for very high resolutions
it is difficult to create the speckle small enough.

Another approach to solve these problems is to
use the numerical simulation. This is a very powerful
tool; however, to create an accurate model the input
of experimental data is necessary. ESPI, MI, and DIC
already prove to be able to deliver the necessary
experimental data for the numerical simulation. Some
results have been already obtained using DIC by
Trummer et al.41

All the methods referred in this work can be applied
to experimental fracture mechanics with good results
not only in SIF assessment, but also in the adjustment
of numerical models for the same goal.
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8. Parnas, L., Bilir, Ö., and Tezcan, E., ‘‘Strain Gage
Methods for Measurement of Opening Mode Stress
Intensity Factor,’’ Engineering Fracture Mechanics,
55(3):485–492 (1996).

18 Experimental Techniques 39 (2015) 10–20 © 2012, Society for Experimental Mechanics



J. Ribeiro et al. Displacement Field in Crack Tip on Flat Plate

9. Moore, A.J., and Tyrer, J.R., ‘‘Phase-Stepped ESPI
and Moiré Interferometry for Measuring
Stress-Intensity Factor and J Integral,’’ Experimental

Mechanics 35(4):306–314 (1995).
10. Yoneyamaa, S., Ogawab, T., and Kobayashib, Y.,

‘‘Evaluating Mixed-Mode Stress Intensity Factors
from Full-Field Displacement Fields Obtained by
Optical Methods,’’ Engineering Fracture Mechanics

74(9):1399–1412 (2007).
11. Belytschko, T., Organ, D., and Krongauz, Y., ‘‘A

coupled finite element-element-free Galerkin
method,’’ Computational Mechanics 17(3):186–195
(1995).

12. Kuang, J.H., and Chen, L.S., ‘‘A Single Strain Gage
Method for KI Measurement,’’ Engineering Fracture

Mechanics 51(5):871–878, 1995.
13. Dally, J.W., and Sanford, R.J., ‘‘Strain-Gage

Methods for Measuring the Opening-Mode
Stress-Intensity Factor, KI,’’ Experimental Mechanics

27(4):381–388 (1987).
14. Epsteina, J.S., Junga, H.Y., and Reuterb, W.G.,

‘‘Stress Intensity Factor Extraction Using Moiré
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