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FEATURE Technical Application Series
by W. Tong

AN ADAPTIVE BACKWARD IMAGE CORRELATION
TECHNIQUE FOR DEFORMATION MAPPING OF A
GROWING CRACK IN THIN SHEETS

Large-scale plastic yielding occurs during the fracture
process of a ductile thin sheet because plane stress is
predominant around an existing notch or crack. Sig-
nificant plastic deformation can develop before the fi-

nal rupture of ductile metallic or polymeric materials. Con-
sequently, determination of fatigue and fracture properties
of these materials often requires a detailed characterization
of the crack-tip deformation field so the energy dissipation
via plastic deformation outside the immediate fracture pro-
cess zone of a crack can be excluded from estimating the
essential work of fracture of the material1–3. Digital image
correlation (DIC) based whole-field deformation mapping
tools developed in recent years are ideally suitable for such
a task as they have advantages over the traditional moiré
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Fig. 1: The load-displacement record of a single-edge
notched stainless steel sheet and its fracture under tension
(where the tensile loading axis is aligned with the horizontal
axis of the images shown). The two images shown are the
undeformed and fractured SEN specimen respectively.
Initially, the width of the specimen is 9.128 mm and the depth
of the V-notch is 3.2 mm.

laser interferometry in terms
of simple sample preparation
and low-cost optical set-
up2–7. However, DIC applica-
tions in complete crack-tip
deformation field measure-
ments currently reported in
the literature are still limited
partly due to difficulties of
analyzing images with newly
created irregular sample
boundaries (due to the initi-
ation and growth of a crack
in the sample). Here a tech-
nique is described with an
aim to overcome these diffi-
culties in deformation map-
ping around a growing crack
by image correlation. The es-
sential idea of the technique
is to combine both adaptive
grid generation and back-
ward image correlation to re-
liably and efficiently measure
the plastic deformation field
around a growing crack.

DEFORMATION
MAPPING BY
ADAPTIVE BACKWARD IMAGE CORRELATION
Image correlation extracts local deformation variables at a
pixel point of a reference image (e.g., a specimen without
exerting any loading) by matching the contrast features of a
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small image region around the pixel point with those of a
current image (usually the deformed specimen). Instead of
evaluating deformation at every pixel on the reference im-
age, one often analyzes some selected pixels to reduce the
computational cost. The selected pixels called a grid point
set define the image region of interest and the small image
region around each grid point called a subset is used for its
local deformation measurement via image correlation. Uni-
form spacing between the grid points, square or rectangular
subsets, and a rectangular region of interest well inside a
specimen are almost exclusively used in many DIC defor-
mation mapping applications reported in the literature2–12.
There are applications such as the tensile loading of a
notched specimen shown in Fig. 1 that require the detailed

deformation mapping at and
near the irregular specimen
boundaries. It is proposed
that one should define a grid
point set adaptively over the
irregular specimen shape
and their subsets according
to the neighboring grid
points (see Fig. 2). Similar to
a mesh used in a finite ele-
ment analysis, the density of
grid points should be ad-
justed according to the strain
concentration characteristics
at notches, cracks, holes, or
other cutouts in specimens.
The deformation measure-
ment requirements for a
high spatial resolution near
the high strain gradient re-
gion and high accuracy and
reliability outside the strain
concentration region can
thus be effectively balanced.

However, when new speci-
men boundaries are gener-
ated due to crack initiation

and growth, an adaptive grid point set defined over an image
of the undeformed specimen as the one shown in Fig. 3(a) is
not longer valid. One needs to identify the newly created
specimen boundaries due to fracture so the discontinuity
across the free surfaces of a crack can be excluded from the
image correlation analysis to avoid poor correlation and false
strain measurements (e.g., see results reported in Refs. 9
and 10). It is rather difficult and impractical to properly de-
fine an adaptive grid point set for the cracked specimen over
an initial image of the undeformed specimen. It is suggested
that one should instead specify the grid point set based on
the current image of the cracked specimen and carry out the
image correlation analysis in a reversed order (Fig. 3b). Such
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Interior Grid Point
Boundary Grid Point

Fig. 2: The schematic of an adaptive grid point set (small
open circles) and the associated individual subsets (blackened
regions) of boundary and interior grid points used for image
correlation. The grid point set is defined over the undeformed
specimen (corresponding to image No. 13 shown in Fig. 1).

13 49

13 199

(a) Normal (forward) image correlation

(b) Reversed (backward) image correlation

Fig. 3: Schematics of forward and backward digital image
correlation techniques. The grid point set (relatively regular
white open circles) is initially defined for the undeformed
(reference) image No. 13 in a forward image correlation
analysis (a) while the grid point set (adaptive white open
circles) is initially defined for the deformed image No. 199
in a backward image correlation analysis (b).
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Fig. 4: Selected deformation-mapping results of the cracked stainless steel sheet at an intermediate loading step (corresponding
to image No. 199) using the backward image correlation with an adaptive grid point set shown in Fig. 3(b). Each contour line
shown in (a) and (b) corresponds respectively to 45 �m and 17 �m horizontal and vertical displacements.



May/June 2004 EXPERIMENTAL TECHNIQUES 65

ADAPTIVE BACKWARD
IMAGE CORRELATION

49

109

119

129

3

5

7

7

9

9

11

13

13

1
5

15

1
7

17

19 21

23

23

25

27
29

Level U1

29 18.105
27 15.351
25 12.596
23 9.842
21 7.087
19 4.333
17 1.578
15 -1.176
13 -3.931
11 -6.686
9 -9.440
7 -12.195
5 -14.949
3 -17.704
1 -20.458

SDMAP-3D

1 1

1

2

2

2

3

3

3

3

4

4

5

5

6

6

7

8

9

1
4

Level Er1
15 0.299
14 0.278
13 0.257
12 0.237
11 0.216
10 0.195
9 0.174
8 0.153
7 0.132
6 0.111
5 0.090
4 0.069
3 0.049
2 0.028
1 0.007

SDMAP-3D

3 5

7

9

11

13

13

15

17

19

21
23

23

25

25

27

29

Level U1

29 17.347
27 14.432
25 11.516
23 8.600
21 5.684
19 2.768
17 -0.148
15 -3.063
13 -5.979
11 -8.895
9 -11.811
7 -14.727
5 -17.643
3 -20.558
1 -23.474

SDMAP-3D

1

2

2

2

2

3

3

34

45

5

6

6

7

8

91
0

11

Level Er1
15 0.371
14 0.346
13 0.320
12 0.294
11 0.268
10 0.242
9 0.217
8 0.191
7 0.165
6 0.139
5 0.113
4 0.088
3 0.062
2 0.036
1 0.010

SDMA -3D

3

5

7

7
9 11

13

13

1
5

15

17
19

19

21

21

23

23

25

27

29

Level U1

29 16.891
27 13.659
25 10.427
23 7.195
21 3.964
19 0.732
17 -2.500
15 -5.732
13 -8.964
11 -12.196
9 -15.428
7 -18.660
5 -21.892
3 -25.124
1 -28.355

SDMAP-3D

1

2

2

2

2

3

3

34

4

5

5

6

6

7 7

8

9

10

Level Er1
15 0.419
14 0.390
13 0.361
12 0.332
11 0.303
10 0.274
9 0.245
8 0.216
7 0.187
6 0.158
5 0.129
4 0.100
3 0.071
2 0.042
1 0.012

SDMAP-3D

1

5

7 9

11

13

13

1
5

17

17

19

19

21

23
25

27
29

Level U1

29 0.315
27 -0.416
25 -1.148
23 -1.879
21 -2.610
19 -3.341
17 -4.072
15 -4.803
13 -5.534
11 -6.265
9 -6.996
7 -7.727
5 -8.458
3 -9.189
1 -9.920

SDMAP-3D

1 1

1

2

2

2

2
2

3

3
3

4

5

5

6
7

9 10

11

Level Er1
15 0.094
14 0.088
13 0.081
12 0.075
11 0.069
10 0.062
9 0.056
8 0.049
7 0.043
6 0.036
5 0.030
4 0.023
3 0.017
2 0.010
1 0.004

SDMAP-3D

(a)

1

1

1

2

2

2

2

2

3

3

3

4

4

5

5

6

7

7

8

9

10 1 1

12
1

3 1 5

Level Er1
15 0.586
14 0.546
13 0.506
12 0.465
11 0.425
10 0.385
9 0.345
8 0.304
7 0.264
6 0.224
5 0.184
4 0.143
3 0.103
2 0.063
1 0.023

SDMAP-3D

1

2

2

2

2
2

3 3

4

4

5

6
7

8

9
10

1
2

13

1
4

Level Er1
15 0.470
14 0.438
13 0.406
12 0.374
11 0.342
10 0.310
9 0.278
8 0.245
7 0.213
6 0.181
5 0.149
4 0.117
3 0.085
2 0.053
1 0.021

SDMAP-3D

1

1

2

2

2

3

3

3

4

4

5

67
8

9
10

12 14

15

Level Er1
15 0.782
14 0.729
13 0.677
12 0.624
11 0.571
10 0.518
9 0.466
8 0.413
7 0.360
6 0.307
5 0.254
4 0.202
3 0.149
2 0.096
1 0.043

SDMAP-3D

1

1

1

1

2
2

2

3

34

4

5

56

6

7
89

1
0

11
12

Level Er1
15 1.016
14 0.948
13 0.879
12 0.811
11 0.742
10 0.674
9 0.605
8 0.537
7 0.468
6 0.400
5 0.331
4 0.263
3 0.194
2 0.126
1 0.057

SDMAP-3D

3 5

7

9

9

11

13

1
5

15

17

17

19
21

21

23

25

25

27

Level U1

29 23.325
27 19.102
25 14.879
23 10.657
21 6.434
19 2.211
17 -2.011
15 -6.234
13 -10.457
11 -14.679
9 -18.902
7 -23.125
5 -27.347
3 -31.570
1 -35.793

SDMAP-3D

3

5

7 9

11

11

13

1
5

15

17
19

19

21

21

23

23

25

25

27
29

Level U1

29 18.919
27 15.362
25 11.805
23 8.247
21 4.690
19 1.133
17 -2.424
15 -5.982
13 -9.539
11 -13.096
9 -16.653
7 -20.210
5 -23.768
3 -27.325
1 -30.882
SDMAP-3D

3

5
7

9

9

11

1
1

13
1

5

17

19

21
23

25

27
29

Level U1

29 31.584
27 26.704
25 21.824
23 16.944
21 12.064
19 7.184
17 2.304
15 -2.576
13 -7.456
11 -12.336
9 -17.217
7 -22.097
5 -26.977
3 -31.857
1 -36.737

SDMAP-3D

1

3

5

7

7

9

9

11

13
1

5

1
7

19

21

21

23

25

25

27

Level U1

29 31.864
27 26.331
25 20.798
23 15.265
21 9.732
19 4.198
17 -1.335
15 -6.868
13 -12.401
11 -17.934
9 -23.467
7 -29.000
5 -34.533
3 -40.066
1 -45.599

SDMAP-3D

139

159

179

199

(b)

Fig. 5: Evolution of crack initiation and growth in notched stainless steel sheet at eight different load levels (as indicated by the
numbered images, see Fig. 1).
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ADAPTIVE BACKWARD
IMAGE CORRELATION

an approach has the advantages that allow one to easily
identify the specimen boundaries and adaptively adjust grid
point density (based on the current deformed shape of the
specimen). One needs only a simple post-processing proce-
dure to obtain the usual Lagrangian displacements and dis-
placement gradients from the backward image correlation
analysis (see Appendix for details).

AN ILLUSTRATIVE EXAMPLE
The proposed backward digital image correlation technique
with an adaptive grid point set is demonstrated in this sec-
tion by analyzing the digital images acquired during tensile
testing of a single edge notched stainless steel sheet.

A rectangular strip of the stainless steel sheet with dimen-
sions of 50 mm long, 9.13 mm wide, and 0.28 mm thick was
clamped down at both ends and stretched quasi-statically
under displacement control by a compact desktop tensile tes-
ter (100 mm-by-125 mm-by-50 mm in total dimensions, a
total crosshead travel of 50 mm, and a load cell of 4,400 N
maximum capacity). A 90� V-notch with a depth of 3.2 mm
was made at one of the edges of the rectangular stainless
steel strip and one of its flat surfaces was sprayed with fine
black-and-white paint speckles to aid the image correlation
analysis. A crack initiated during testing at the tip region of
the V-notch and grew along the width direction of the strip
gradually. The tensile test was paused frequently so digital
images (640-by-480 pixels, 8-bit grayscale) of the stainless
steel strip were acquired. The imaging system used includes
a telecentric lens (55 mm, Edmund Scientific Inc.), a mono-
chromic CCD video camera, and a frame grabber board.
Each digital image was acquired by averaging a total of 60
video frames to minimize noise5 and more than 200 digital
images were recorded for the test. The axial load versus dis-
placement curve of the test is shown in Fig. 1 along with
video images of the initially notched and later cracked strip.
Multiple small load drops shown on the curve correspond to
the times when the test was paused and digital images were
acquired. Nine selected images (their numbers in parenthe-
ses are placed on the load-displacement curve to indicate the
load levels when the images were taken) were analyzed by
the newly proposed adaptive backward digital image corre-
lation technique. For images with severe deformation levels
or significant image contrast variations, an incremental im-
age correlation procedure11,12 was also utilized.

The displacement and strain contour plots at the load step
of image No.199 are shown in Fig. 4. The grid point set
shown in Fig. 3(b) was used in the image correlation analysis
to obtain the deformation mapping results between image
No. 13 and No. 199. The units for the displacement contour
levels are in pixels (1 pixel � 24 �m here) so each contour
line corresponds respectively to 45 �m and 17 �m horizontal
and vertical displacements. The normal strain distributions
around the grown crack at image No. 199 show high concen-
trations around and ahead of the crack. The evolution of the
notch deformation and crack initiation and growth is illus-
trated via Fig. 5 for a total of eight different load steps. Both
horizontal displacement and longitudinal normal strain con-
tour plots show similar patterns with increasing concen-
trated deformation around the moving crack tip. The crack
initiated and grew before the axial load reached its maxi-

mum level (see Fig. 1) and the maximum axial true strain
level at the crack tip increased monotonically from 9.4% just
prior to crack initiation (image No. 49) to more than 100%
at the load step of image No. 199. The image pair of No. 13
and No. 49 was also analyzed by forward image correlation
using the grid point set shown in Fig. 3(a) as no crack ini-
tiation was visually detectable. As expected, little difference
was observed in the results by either a forward or a back-
ward correlation analysis for the image pair No. 13 and No.
49.

CONCLUSIONS
An adaptive, backward, and incremental digital image cor-
relation technique is proposed to extract detailed deforma-
tion maps around a growing crack in a ductile thin sheet.
Experimental results show that such a technique is very ro-
bust and effective in deformation mapping measurements of
a cracked stainless steel specimen with irregular and newly
generated boundaries. Besides one can obtain accurately the
crack-tip opening displacement (CTOD) and crack-tip open-
ing angle (CTOA) data for the material being tested. The
whole-field deformation measurement results are also read-
ily available to aid and validate finite element fracture anal-
yses. The proposed technique can also be used to improve
the spatial resolution and accuracy of mapping non-
homogenous deformation fields inside a diffuse neck of a thin
sheet, around interfaces (including interfacial fracture), and
in multiphase materials. A possible further development of
the proposed technique is to automatically detect the current
specimen boundaries at each load step using some conven-
tional digital image processing techniques so adaptive grid
generation on the current image can be speedily carried out.
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APPENDIX
In a planar deformation analysis of a solid, one usually con-
siders the motion of a continuum material point designated
by its Lagrangian or material coordinates (X, Y ) in a refer-
ence configuration as

x � X � U (X, Y ), y � Y � V (X, Y ), (A1)

where (x, y) are the Eulerian or spatial coordinates of the
material point in the current configuration. The normal (for-
ward) image correlation compares a deformed image with an
undeformed image to extract the Lagrangian displacements
(U, V ) at selected grid points (X, Y ) as shown in Fig. 3(a)

U(X, Y ) � x � X, V (X, Y ) � y � Y. (A2)

On the other hand, the backward image correlation com-
pares the undeformed image with a deformed image to ex-
tract the Eulerian displacements (u, v) at selected grid
points (x, y) as shown in Fig. 3(b)

u(x, y) � X � x, v(x, y) � Y � y. (A3)

The two types of the displacements of the same material
point are simply related with each other via.

u(x, y) � �U (X, Y ), v(x, y), � �V(X, Y ). (A4)

One can also compute the Lagrangian displacement gradi-
ents based on the Eulerian displacement gradients obtained
from the backward image correlation analysis, namely

�U(X, Y)
�X

�u(x, y) �v(x, y) �u(x, y) �v(x, y)
� 1 � �� �

�x �y �y �x
� ,

�u(x, y) �v(x, y) �u(x, y) �v(x, y)
1 � 1 � �� �� �

�x �y �y �x

�U(X, Y)
�Y

�u(x, y)
�

�y
� ,

�u(x, y) �v(x, y) �u(x, y) �v(x, y)
1 � 1 � �� �� �

�x �y �y �x

�V(X, Y)
�X

�v(x, y)
�

�x
� ,

�u(x, y) �v(x, y) �u(x, y) �v(x, y)
1 � 1 � �� �� �

�x �y �y �x

�V(X, Y)
�Y

�u(x, y) �v(x, y) �u(x, y) �v(x, y)
� 1 � �� �

�x �y �y �x
� ,

�u(x, y) �v(x, y) �u(x, y) �v(x, y)
1 � 1 � �� �� �

�x �y �y �x

(A5)

where an affine deformation of the continuum material point
in 2D ensures that

�u(x, y) �v(x, y) �u(x, y) �v(x, y)
1 � 1 � � � 0.� �� �

�x �y �y �x

(A6)


