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Abstract Mapping full-field displacement and strain changes
on the Earth’s surface following an earthquake is of paramount
importance to enhance our understanding of earthquake mechanics. Currently, aerial and satellite images taken pre- and postearthquake can be processed with sub-pixel correlation algorithms to infer the co-seismic ground deformations (e.g., [1, 2]).
However, the interpretation of this data is not straightforward due
to the inherent complexity of natural faults and deformation
fields. To gain understanding into rupture mechanics and to help
interpret complex rupture features occurring in nature, we develop a laboratory earthquake setup capable of reproducing displacement and strain maps similar to those obtained in the field,
while maintaining enough simplicity so that clear conclusions
can be drawn. Earthquakes are mimicked in the laboratory by
dynamic rupture propagating along an inclined frictional interface formed by two Homalite plates under compression (e.g.,
[3]). In our study, the interface is partially glued, in order to
confine the rupture before it reaches the ends of the specimen.
The specimens are painted with a speckle pattern to provide the
surface with characteristic features for image matching. Images
of the specimens are taken before and after dynamic rupture with
a 4 Megapixels resolution CCD camera. The digital images are
analyzed with two software packages for sub-pixel correlation:
VIC-2D (Correlated Solutions Inc.) and COSI-Corr [1]. Both
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VIC-2D and COSI-Corr are able to characterize the full-field
static displacement of the experimentally produced dynamic
shear ruptures. The correlation analysis performed with either
software clearly shows (i) the relative displacement (slip) along
the frictional interface, (ii) the rupture arrest on the glued
boundaries, and (iii) the presence of wing cracks. The obtained
displacement measurements are converted to strains, using
non-local de-noising techniques; stresses are obtained by introducing Homalite’s constitutive properties. This study is a first
step towards using the digital image correlation method in
combination with high-speed photography to capture the highly transient phenomena involved in dynamic rupture.
Keywords Digital image correlation . Dynamic rupture .
Earthquake mechanics . Remote sensing

Introduction
Observing earthquake-induced deformation in nature is a
challenging but important task. Measuring displacements,
strains, and stresses on the Earth’s surface due to an earthquake would reveal key features of the rupture mechanics.
Such measurements would also enable us to quantify the
pattern of ground shaking in the near field and its decay away
from the fault line, which is directly linked to the damage
level. The existing ground-based seismic networks have a fine
temporal resolution but rather limited spatial distribution. The
best existing networks have average inter-station distances of
the order of 10 km (e.g. [4]). On the other hand, remote
sensing based on radar interferometry or on air- and
spaceborne optical images offers a much denser spatial coverage, and it has been successfully applied to tectonics and
other geological processes (e.g. [1, 2, 5–7]).
The advantage of air- and spaceborne images is that they
can be analyzed with optical flow methods, which offer sub-
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pixel accuracy. COSI-Corr (Co-registration of Optically
Sensed Images and Correlation) software package implements
image-correlation techniques optimized for co-registration of
pairs of images, and it is capable of measuring displacements
with a maximum uncertainty of about 1/200 of a pixel [1]. An
example of the displacement and strain maps obtained by
correlating pairs of pre- and post-earthquake aerial images,
for the 1992 Mw 7.3 Landers earthquake in California, is
shown in Fig. 1 [2]. While such maps offer insight into the
co-seismic ground deformations, there are many unclear aspects due the inherent complexity of a natural earthquake.
Motivated by developing a laboratory analogue of air- and
spaceborne remote sensing techniques, this study employs the
digital image correlation method in the laboratory earthquake
setup which has been previously used to reproduce some key
dynamic rupture phenomena such as supershear transition,
bimaterial effect, and pulse-like rupture propagation [3,
8–13]. The diagnostics currently employed in this laboratory
earthquake setup is focused either on temporally accurate
velocity measurements (based on laser velocimetry and
representing a laboratory analogue of seismometers) but with
a sparse spatial resolution (up to three measurement stations in
one experiment) or on photoelasticity, which provides a fullfield technique to measure maximum shear stress. The current
laboratory configuration is not capable of a spatially continuous measurement of displacements, strains and stresses. While
photoelaestic measurements of maximum shear stress are
useful to explain many key aspects of the rupture process,
they do not provide all components of stress and strain,
and they are not easy to compare with the field data
(Fig. 1).
The goal of this study is to obtain full-field displacement
measurements and compute strain and stress changes during
ruptures in the laboratory, mimicking the measurements and
information that would be obtained from air- and spaceborne
optical measurements. This setup offers a unique opportunity
to observe up-close the mechanics of laboratory earthquake
rupture and yet maintains enough simplicity so that clear
conclusions can be drawn. Enriching this setup with the digital
image correlation technique holds promise for exploring new
dynamic rupture phenomena.
The digital image correlation method is an optical technique to analyze images of an object, recorded in a digital
form, to obtain full-field deformation measurements [14]. It
was first applied to experimental mechanics by Peters and
Ranson [15]; Sutton et al. [16]; Chu et al., [17] and since then
it has experienced a rapid growth in the number of applications. Surface displacements are computed by tracking the
motion and/or deformation of image subsets containing a
characteristic pattern. The digital image correlation method
has been successfully used to study crack problems and to
measure fracture parameters both statically and dynamically
(e.g. [18–24]). In this work, we employ DIC to map the static

displacement, stress and strain changes associated with the
propagation of a dynamic mode II crack.
In this study, the laboratory earthquake setup [3] is modified to include constant intensity white-light illumination to
mimic the sun light, while the specimen surface is coated with
a characteristic random pattern to reproduce the texture of the
surface topography. Images are taken before and after a laboratory experiment by a CCD digital camera. The images are
subsequently analyzed with digital image correlation techniques to characterize the full-field static displacement of a
dynamic rupture. Two digital image correlation software
packages are employed in this study: COSI-Corr [1], developed in the context of satellite image analysis, and VIC-2D
(Correlated Solutions Inc.), developed in the context of experimental mechanics, and the results are compared. Both
cross-correlation methods perform the search of a correlation
peak by optimizing a suitably defined correlation function.
The main difference between the two approaches is that VIC2D performs this search in the space domain, while COSICorr operates in the Fourier domain. Traditionally, space-domain
methods were regarded as slower compared to Fourier-domain
methods. However, subsequent implementations using the Newton–Raphson or Levenberg-Marquardt methods have made
space-domain implementations significantly faster than their
earlier versions [25, 26]. In this paper, we employ the 2D
implementation of the digital image correlation method (2DDIC) since, in the laboratory earthquake experiment, the outof-plane displacements are less than a third of the in-plane
displacements [27].
This study constitutes the first step towards developing a
full-field technique of measuring dynamic displacements,
strains, and stresses, in which a high-speed camera system
will be employed to capture the transient deformation. The
dynamic measurements would be a laboratory analogue of the
space optical seismometer [28]. The outline of the paper is as
follows. First, the laboratory earthquake experiment is described, and then the image acquisition, processing, and
post-processing procedures are explained. The static displacement, strain, and stress measurements of a dynamic rupture
are presented and discussed for two examples, one with a
rupture that propagated at sub-Rayleigh speeds and the other
with a rupture that transitioned to supershear speeds. The
method error is subsequently discussed, followed by concluding remarks.

Laboratory Earthquakes and the Digital Image
Correlation Method
How to Make Earthquakes in the Laboratory
The experimental setup mimics a fault in the Earth’s
crust prestressed both in compression and shear (e.g.
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Fig. 1 (a) North–south component of displacement field for the
1992, Mw 7.3 Landers earthquake in California. Pairs of aerial
images (USGS-NAPP 1989–
1995) are correlated and composed in a mosaic of displacement
maps. (b) Strain field obtained
from the displacement maps
shown in (a). Adapted from [2]

[3, 10]). A rectangular plate of Homalite-100, a transparent stress birefringent material, with the dimensions of
360 mm × 180 mm × 10 mm, is cut using computer-numericalcontrol (CNC) into two quadrilaterals, introducing a fault plane
with an inclination angle α (Fig. 2(a)). A unidirectional
pressure P is applied to the upper and lower edges of the
quadrilateral plate assembly (Fig. 2(b)). The parameters P and

α determine the resolved shear traction τ0 =P sinα cosα and
normal traction σ 0 = P cos 2α on the fault. The nondimensional shear prestress given by f0 =τ0/σ0 =tanα indicates
how close the interface is to failure according to the Coulomb
criterion. Because the static friction coefficient of the interface
is approximately 0.6, the inclination angle α is chosen to be
30° or less in order to prevent sliding during the static
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Fig. 2 Schematics of the test
specimen geometry and loading
configuration. Two static compressive stress levels are applied
to obtain sub-Rayleigh and
supershear rupture speeds respectively: P=5 MPa and P=15 MPa.
(a) Nominal dimensions (in mm)
of test specimen and glued interface. (b) Loading configuration of
the test assembly and typical profile of the glued region observed
in the manufactured specimen.
The transparent Homalite specimens are decorated with a random
speckle pattern to produce a characteristic texture for the
digital image correlation

preloading stage. The specimens considered in this study have
an inclination angle α=29° . Two static compressive stress
levels are studied: P=5 and P=15 MPa.
In a number of past studies, both lateral edges of the
Homalite specimen are free (e.g., [3, 10, 12, 13, 27]). In this
study, we employ the configuration of Gabuchian et al. [29]
(Fig. 2) in which, to prevent buckling, the left vertical edge of
the specimen is supported. The support is achieved by two
opposite sets of eleven M13 bolts which are lightly screwed
along a vertical line positioned 10 mm from the left edge. The
right edge of the specimen is free (Fig. 2(b)). While the bolts
have the purpose of constraining the out-of-plane motion of
the Homalite specimen, the measurements presented in subsequent sections reveal that they also end up constraining
some in-plane motion. Since we study the final static displacement of a dynamic rupture (i.e. the displacements after the
rupture has arrested), these boundary conditions affect the
presented results. In contrast, the boundary conditions at the
left or right edge do not affect the study of Gabuchian et al.
[29], or any previous studies in similar experimental setups
(e.g., [3, 10, 12, 13, 27]), since they consider the propagation
of a dynamic rupture before stress wave reflections from the
boundaries reach the field of observation.
To remove defects from CNC cutting, the mating surfaces
of the quadrilateral plates are first polished to a near optical
grade finish. The surfaces are subsequently roughened by

using a micro-bead blasting treatment with abrasive glass
beads having diameters in the range of 43–89 μm [13, 27].
This surface preparation procedure ensures repeatability of the
dynamic frictional rupture experiments. Two end portions of
the interface are covered with a film of glue, in order to
confine the rupture before it reaches the ends of the specimen.
To achieve nucleation of dynamic rupture, a NiCr wire,
79 μm in diameter, is placed at the desired rupture nucleation
site along the interface of the two Homalite test sections. The
NiCr wire is connected to a 1.5 kV capacitor bank through
alligator clips and copper wire. The sudden electrical disintegration of the NiCr wire introduces a local pressure release on
the fault plane, which triggers a dynamic shear rupture, due to
resolved shear stress exceeding locally the frictional strength
of the interface. The rupture is dominated by 2D in-plane slip
similar to large strike-slip earthquakes that saturate the entire
seismogenic depth.
In laboratory earthquake studies [3, 10, 12, 13, 27], dynamic photoelasticity, in conjunction with high speed photography, is used to capture full field images of the transient
dynamic event. An expanded and well-collimated laser beam
is used to illuminate the transparent specimen. A pair of
circular polarizers, one in front and one behind the Homalite
specimen, forms the basis of a dark-field polariscope assembly. The resulting isochromatic fringe patterns correspond to
isocontours of maximum shear stress τmax =(σ1 −σ2)/2, where
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σ1 and σ2 are the principle stresses at each location. In addition
to acquiring full field photoelastic images, laser velocimeters
are used to measure particle velocity history at selected points
on the surface of the specimen [30, 31]. The instruments
record a specific velocity component which can be faultparallel, fault-normal, or out-of-plane (normal to the face of
the specimen), and they are capable of tracking particle velocities of up to 10 m/s.
While photoelasticity gives the full-field maximum shear
stress, the individual values of the principal stress components
remain unknown. Laser velocimetry provides measurements
of high temporal resolution (of the order of picoseconds), but
it has low spatial resolution. Typically up to three velocimeters
are employed in this experimental setup.
Developing Full-Field Imaging of Laboratory Earthquakes
by the Digital Image Correlation Method
One way of obtaining a full-field characterization of the inplane displacement and strain field is by employing the Digital
Image Correlation (DIC) technique. The advantage of this
technique is in its ability to measure small surface displacements with sub-pixel accuracy, which is achieved by processing grey-scale data comprising the images of randomly speckled patterns applied to the surface of a test specimen. In this
study, the DIC technique is employed in the laboratory earthquake setup in order to measure the static deformation of a
dynamic crack.
The specimens are first coated with a uniform layer of
Krylon flat white paint. Second, a random black-speckle
pattern, which provides the surface with characteristic features
for image matching, is obtained by coarse-spraying Krylon
black paint. In order to capture large displacement gradients, a
small feature size is required, to maximize the information
content in each comparison window. At the same time, features which are too small would result in aliasing. A number
of patterns with speckles of different sizes have been produced
by controlling the distance of the spray can to the target. These
patterns have been imaged and analyzed to determine which
pattern minimized the measurement error (see section “Accuracy of the DIC Measurements for Laboratory Earthquakes”).
The average feature size has been selected to be in the range of
3–6 pixels. This feature size ensures that optimum pattern
matching is performed [14].
Digital images of the specimens are taken with a 2,048 ×
2,048 pixel resolution JAI Pulnix TM-4200CL camera and a
55 mm lens. A Photron light is used to provide a steady light
source during the exposure time. The spatially continuous
mapping of the fault-parallel and fault-normal displacement
fields is obtained by processing two static images, one taken
before and one after a laboratory earthquake (section “Analysis of Displacement, Strain, and Stress Fields for SubRayleigh and Supershear Rupture Cases”). In addition, a

series of nominally identical images of the specimen are taken.
The displacement fields inferred from these images are used to
quantify the error associated with the measurement technique
(section “Accuracy of the DIC Measurements for Laboratory
Earthquakes”). An example of two typical images taken before and after a laboratory earthquake is shown in Fig. 3. In
order to measure the pixel size, pictures are taken with a
millimeter paper on the target. The pixel size is determined
by the number of pixels per millimeter. In all images presented
here, there are 124 pixels in 10 mm or 12.4 pixels per millimeter. Hence, the pixel size is 80.6 μm. The image taken
before dynamic rupture features a wire with alligator clips
connected to the NiCr filament (left panel). As the NiCr
filament bursts during the rupture nucleation procedure, the
alligator clips and the rest of the wire fall off, and consequently they are not visible in the image taken after the dynamic
rupture has propagated (right panel).
The digital images are analyzed with two software packages: VIC-2D (Correlated Solutions Inc.) and COSI-Corr [1].
There are two key parameters to be selected for each image
correlation analysis: the subset size and the step size. To
perform a correlation, image sets are broken down into subsets. Each subset contains a gray level signature. This characteristic information is compared between subsets in correlating two images. The subset size is the size of such image
regions over which pattern matching is performed. The subset
size controls the spatial resolution of the correlation maps.
Larger subsets contain more information and facilitate pattern
matching. However, larger subsets also imply averaging deformation over larger regions with consequent reduction of
spatial resolution. Correlation analyses have been performed
with a range of subset sizes. The optimum subset size, which
offers the best compromise between spatial averaging and
correlation accuracy, is 32 × 32 pixels. This subset size implies
that displacements are averaged across regions of 2.6 ×
2.6 mm, since the pixel size is 80.6 μm. A typical subset is
shown in the insets of Fig. 3. Once pattern matching is
performed on a given subset, the analysis proceeds to the next
subset. The step size is the size of the pixel increment from
one subset to the following. For a given spatial resolution, the
step size determines the density of data in the output. Small
step sizes give dense data sets at the expense of computational
time, while large steps may result in fields which are too
sparse. In this study, a step size of 4 pixels is found to optimize
data density and computational time.
Two reference systems are introduced (Fig. 3). The reference system denoted as x1 '- x2 ' has its axes oriented parallel to
the edges of the specimen; this is the reference frame in which
the DIC software outputs the displacement fields. To facilitate
the interpretation of the full-field deformation maps, it is
convenient to introduce a reference system with axes x1and
x2 being parallel and perpendicular to the experimental fault
line, respectively.
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Fig. 3 Images of the test specimen before and after a laboratory earthquake. These digital images are correlated to infer the full-field displacement. The
insets show a typical subset magnified and the associated pixel size: 1 pixel ~80.6 mm

Data Post-Processing: Displacement Filtering, Strain
and Stress Calculation
The horizontal and vertical components of displacement computed by the correlation analysis are denoted by u1 ' (x1 ', x2 ')
and u2 ' (x1 ', x2 ') respectively (Fig. 3). The displacement fields
are subsequently exported from the DIC software for plotting
and post-processing with a different package (Matlab, The
MathWorks Inc.). An example of the horizontal and vertical
displacement fields obtained from a typical correlation performed with COSI-Corr is presented in Fig. 4(a) and (b). The
displacement magnitude is expressed in pixels. In this example, the externally applied load before the dynamic rupture is
P=5 MPa. VIC-2D gives very similar results.
The inferred displacement fields (Fig. 4(a) and (b)) contain
a significant amount of noise. The presence of this noise
affects the strain calculation process. To illustrate this, it is
useful to plot the displacement fields along selected paths. For
example, the displacement field u1 ' (x1 ', x2 ') is tracked along
Path #1 and Path #2 (marked in Fig. 4(a)) in Fig. 5(a) and (b)
(blue curves), respectively. While these curves do capture key
rupture features, such as the overall displacement gradients
and the displacement jump across the ruptured interface, the
noise level of the displacement fields does not allow for
accurate strain computation.
Several approaches have been developed to compute
strains from noisy full-field displacement data (e.g. [32–34]).
One typical approach is to filter displacements with a Gaussian filter. However, Gaussian filters are not ideal for problems

with interfaces, since they achieve signal smoothing by averaging the gray level content of each pixel with that of the
neighboring pixels. The averaging is performed regardless of
the difference between the gray level of the pixel to be averaged and that of the surrounding pixels. For instance, in a
displacement map containing a discontinuity at an interface, a
pixel at the boundary of the interface would be averaged with
neighboring pixels on the opposite side of the interface. This
concept is illustrated in Fig. 4(c) and (d) where the displacement fields obtained in VIC-2D (very similar to Fig. 4(a) and
(b)) have been filtered using a local filter with a Gaussian
window of 39x39 pixels. Local smoothing is a suitable approach when operating over continuous displacement fields
(Fig. 5(a)) but it has the negative effect of losing sharp edges
and signal discontinuities, such as displacement jumps across
the interface of a mode II rupture (Fig. 5(b)). In contrast, the
Non-Local-Means Filter [35–37], also referred to as NLmeans filter, considers a set of pixels (neighborhood) around
each pixel to be averaged, and compares it to the surrounding
neighborhoods. It then performs a weighted average of the
pixel neighborhoods, with higher weights expressing a higher
degree of similarity. This principle allows effective image
denoising, preserving sharp edges and avoiding excessive
flattening with consequent loss of gradients. The NL-means
method requires choosing the size of the neighborhood N, the
search area dimension Ω (which defines the extent of the
search for similar neighborhoods), and a noise parameter h,
related to the level of noise in the signal. The displacement
fields of Fig. 4(a) and (b) were initially denoised with the NL-
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Fig. 4 The full-field static displacement of a dynamic rupture
that propagated at sub-Rayleigh
speeds (applied load P=5 MPa):
(a) horizontal and (b) vertical displacement fields. Correlation
analysis is performed with
COSI-Corr employing a subset
size of 32 pixels and a step of 4.
(c) The horizontal and (d) vertical
displacement fields filtered with
the Gaussian decay filter available
in VIC-2D using a window of
39×39 pixels. (e) The horizontal
and (f) vertical displacement
fields filtered with the Non-Local
Means Filter tool available in
COSI-Corr. The data of (a) and
(b) are filtered twice, first with
parameters N= 5×5 pixels, Ω =
51×51 pixels, h=0.08 and a second time with h=0.1 and all other
parameters unchanged. The filtering parameters are explained in
the text

means filter (as implemented in COSI-Corr; [38]) using the
parameter set N=5×5 pixels,1 Ω=21×21 pixels, and h=0.08,
as a starting guess [36–38]. Strain fields have been computed
from such filtered displacement fields (see paragraph below).
The effect of different filtering parameters, as well as filtering
twice, on the strain fields has been investigated. A larger
search area dimension of Ω=51×51 pixels results in smoother
displacement and strain fields. During the second filtering
process, the same N and Ω have been used, with both a larger
1
The pixels referred to in this section are the pixels of the displacement
field images, 512 × 510 pixels, resulting from the correlation analysis, not
to be confused with the pixels of the original images, 2,048 × 2,040
pixels.

noise parameter (h=0.1 pixels) and a smaller noise parameter
(h=0.01 pixels). Higher noise parameters result in smoother
displacement fields. To quantify this effect, the displacement
magnitude has been tracked along pre-defined paths and compared for different noise parameters. These plots facilitate
comparison between sets of filtering parameters and allow
us to optimize parameter choice. The resulting displacement
fields are shown in Fig. 4(e) and (f). The comparison between
the filtered and unfiltered displacement signals is given in
Fig. 5(a) and (b), where the horizontal displacement is tracked
along the paths marked in Fig. 4(a) as Path #1 and Path #2.
Strains are computed from the displacement fields using
either the central difference scheme or the multiple linear
regression approach. In the central difference approximation,
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Fig. 5 Comparison of local and non-local filtering of signals for the case of rupture that propagated at sub-Rayleigh speeds. (Top panels) The horizontal
displacement value (expressed in pixel) along the paths marked in Fig. 3a: (a) Path # 1, (b) Path # 2. (Bottom panels) (c) The full-field map of the normal
strain in the horizontal direction computed from the displacement fields obtained in COSI-Corr; the displacements are filtered with the Non-Local Means
filter [24]. (d) The full-field map of the normal strain in the horizontal direction computed in VIC-2D; the displacements are filtered with a local filter

the normal and shear strains are expressed in the x1′-x2′
reference system as:
ε11 0 ði; jÞ ≅

u1 0 ði; j þ 1Þ − u1 0 ði; j−1Þ
2 s

ε22 0 ði; jÞ ≅ −

ε12 0 ði; jÞ≅

u2 0 ði þ 1; jÞ − u2 0 ði−1; jÞ
2 s

ð1Þ



1
u1 0 ði þ 1; jÞ−u1 0 ði−1; jÞ u2 0 ði; j þ 1Þ−u2 0 ði; j−1Þ
−
þ
2
2 s
2 s

where u1 ' (i, j) and u2 ' (i, j) represent the generic elements of
the horizontal and vertical displacement matrices, respectively, and s is the step size (here s=4 pixels). The negative sign in
the expression of the normal strain ε22 ' (i, j) and in the first
term of the shear strain ε12 ' (i, j) is due to the x2′axis pointing
upward, and the index i taking increasing values downward.
In this approximation, only first-order terms are considered.

Strains have been also computed including the second-order
terms but no significant difference has been noticed. So all
strain fields discussed henceforth neglect the second-order and
higher terms. An example of the normal strain field ε11′ is
given in Fig. 5(c); the strain map is computed from the
displacement field exported out of COSI-Corr, with the displacements filtered in COSI-Corr with the Non-Local-Means
filter. Fig 5(d) shows that the same strain field computed by
VIC-2D, with the displacements filtered in VIC-2D using a
local filter, contains too much smoothing and does not capture
important features close to the simulated fault. Note that the
displacement fields obtained from VIC-2D can be exported
out and filtered with the Non-Local-Means filter. Strain maps
computed from these displacement fields are able to capture
important strain features (see section “Analysis of Displacement, Strain, and Stress Fields for Sub-Rayleigh and Supershear
Rupture Cases” and Fig. 10(d)). This example shows that using
a non-local filter to smooth displacement fields before computing strains is a key step in obtaining meaningful strain fields, in
the presence of discontinuities in the displacement field. Note
that these fields are strain changes from the configuration that
has already been strained by pre-loading.
Strains have also been computed by fitting the filtered
displacement fields u1 '(x1 ',x2 ') and u2 '(x1 ',x2 ') over m x m
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pixel regions, with a multiple linear regression of the form
u1 '(x1 ',x2 ')≅a+bx1 '+cx2 ' and u2 0 ðx1 0 ; x2 0 Þ ≅ aþ bx1 0 þ cx2 0 .
At pixel (i, j), the strains are given by: ε11 '(i,j)=b, ε22 0 ði; jÞ ¼

−c and ε12 0 ði; jÞ ¼ −c þ b =2 . A larger m × m patch provides more averaging but too large a patch would lead to loss
of spatial resolution. It is found that a region of 3 × 3 npixels
gives the best compromise between strain resolution and
displacement smoothing. The two approaches of strain
calculation, central difference scheme and multiple linear
regression, lead to the same results.
For the analysis in the following section, the displacement
and strain fields have been rotated into the fault-related x1 −x2
reference system. The stresses are obtained from the strains by
employing the standard plane-stress relations with the
Young’s modulus E=3,860 MPa and Poisson’s ratio υ=0.35
[39].

Analysis of Displacement, Strain, and Stress Fields
for Sub-Rayleigh and Supershear Rupture Cases
The static field of a dynamic frictional rupture is mapped for
two rupture speed regimes: sub-Rayleigh and supershear. The
rupture speed regime is controlled by the interface friction, the
specimen geometry (inclination angle ), and the external
applied load P. By employing the same specimen geometry
and interface preparation as used in the present work,
Gabuchian et al. [29] showed, with photoelastic and laser
velocimetry techniques, that sub-Rayleigh and supershear rupture speeds are observed with external applied loads of P=5
MPa and P=15 MPa, respectively, and these load levels are
applied to the test specimen in the present study.
Static Fields of Sub-Rayleigh Rupture (P=5 MPa, α =29°)
The full-field fault-parallel and fault-normal components of
the static displacement obtained by performing a correlation
with COSI-Corr are shown in Fig. 6(a) and (b), respectively.
The displacement fields, obtained in pixel units, are multiplied
by the pixel size (i.e. 80.6 μm/pixel). In what follows, the
displacement fields are expressed in µm, unless otherwise
specified.
The fault-parallel component of displacement features a
displacement jump (slip) across the central part of the interface
up to about 47 μm (Fig. 6(c)). In contrast, there is no slip
across the glued regions of the interface. When the rupture
reaches the upper right edge of the frictionally held region, it
forms a secondary opening crack (also called a wing crack or
tailcrack) inclined at an angle of θt ≈ 75° with respect to the
fault line. The absence of a wing crack at the bottom left edge
of the frictionally held region is attributed to the effect of two
causes: (i) The irregular spreading of the glue on the left end of

Fig. 6 Full-field static displacement of a dynamic rupture that
propagated at sub-Rayleigh speeds (applied load P=5 MPa). (a)
Fault-parallel and (b) fault-normal displacement fields obtained by
filtering and rotating the correlation results from COSI-Corr. The
fault-parallel displacement field displays a maximum slip of~40
µm. The glued regions act as a barrier for rupture propagation.
Note the wing crack that results from an abrupt rupture arrest. The
fault-normal displacement field shows no significant discontinuity
across the interface, indicating a pure mode II rupture. (c) The
relative fault-parallel displacement (slip) along the fault. The left
and right dashed lines indicate the planned ends of the frictional
regions; clearly, the glue extended into the frictional region, arresting the rupture sooner. The dash-dotted line corresponds to the
position of the rupture initiation; the rapid accumulation of slip in
that location corresponds to a small off-fault opening crack created
by the explosion
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the frictionally held interface creates a more gradual transition
from frictional to glued interface, since the glue is not introduced sharply through the specimen’s thickness, but it is rather
spread over a finite width, and (ii) the presence of a secondary
crack at the hypocenter, where the rupture is nucleated by
means of electrical discharge through a NiCr wire, partially
relieves the high tensile strain below the left part of the
interface. The fault-normal component is nearly continuous
across the interface, indicating a pure mode II rupture. It is
noted that most of the deformation occurs at the upper right
corner of the specimen as a downward displacement, while the
specimen’s left edge has minimal deformation (Fig. 4). This is
explained by the different boundary conditions at the two
lateral edges. As mentioned in section “How to Make Earthquakes in the Laboratory”, while the right edge is free, the
presence of the anti-buckling bolts close to the left edge
locally constrains the motion of the specimen, resulting in
near-zero motion there (Figs. 4 and 6). Although the array of
bolts is intended to constrain the out-of-plane motion, it is
clear from our measurements that it also constrains the inplane motion in this particular experiment. During the preloading stage, the vertical compression with load P creates
horizontal extension, due to Poisson’s effect, which is nonsymmetric, as the left edge does not move, and the right edge
has a positive horizontal displacement. When the dynamic
rupture releases some of the deformation, the right edge
moves in the negative horizontal (x1’) direction, while the left
edge is again constrained. That is why all the horizontal
displacements in Fig. 4(a) are negative, which makes the
fault-parallel displacements in Fig. 6(a) negative as well.
Yet, the displacement discontinuity (slip) across the rupture
interface is clearly present (Fig. 6(c)). The slip profile exhibits
a jump at the location of the hypocenter (dashed dotted line in
Fig. 6(c)) and a further increase of slip to the right of the
hypocenter. These features are caused by a combination of
effects from two secondary cracks, one below the hypocenter
and one at the right edge of the frictional segment, both of
which serve to increase the relative interface motion to the
right of the hypocenter.
The normal and shear strain fields in the x1-x2 reference
system (Fig. 7) show two prominent near-fault regions of
compressional fault-parallel strain ε11(deep blue, Fig. 7(a)),
as expected. One region of extensional fault-parallel strain,
though smaller, is present on the left part of the interface, again
as expected (Fig. 7(a), red). The other expected extensional
region above the interface is replaced by a wing crack, with
the red color at its tip signifying the tensile strain concentration there. The deviations from anti-symmetry are attributed to
the lack of symmetry in the pre-stress field, boundary conditions, and glued interface (the glue forming an irregular
boundary on the interface, as shown in Fig. 2(b)), and the
formation of two off-interface cracks, one wing crack and the
other crack in the wire channel area. The non-symmetric glued

Fig. 7 Full-field static strain maps of a dynamic rupture that propagated
at sub-Rayleigh speeds (applied load P=5 MPa): (a) fault-parallel, (b)
fault-normal, and (c) shear strain field. The strain in the fault-parallel
direction displays a compressive pattern anti-symmetrically with respect
to the interface. The anti-symmetric extensional pattern is less pronounced due to the stress release at the wing crack (above the interface)
and to the presence of the alligator clips (below the interface)

interface is also responsible for the formation of one wing
crack (instead of two). A closer inspection of the glued interface reveals that the glue on the higher end of the interface
forms a sharper edge so the rupture arrest is abrupt and a wing
crack forms on the extensional side of the rupture. In
contrast, the lower end of the glued interface is less
sharp and provides a more gradual rupture arrest zone,
preventing the wing crack there. The formation of a wing
crack has the effect of releasing locally tensile strains. So
the extensional lobe expected to the upper right of the
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shear strain ε12 (Fig. 7(c)), consistent with the counterclockwise shearing deformation of the specimen, is seen in a
broad region around the interface. The negative shear strains
around the rupture tips are due to the constraints imposed by
the neighboring material arresting the rupture.
Normal and shear stress fields, plotted in the x1-x2 reference
frame, are shown in Fig. 8. The normal stress maps are similar
to the normal strain maps since the dominant component in
σ11 and σ22 are ε11 and ε22, respectively. Likewise, the shear
stress field is consistent with the shearing of the material
around the interface and displays stress concentrations at the
crack tips. The shear stress field change around the interface is
of the order of 1 MPa. This quantity, called “stress drop”, is
important in seismology. This value is consistent with the
prediction of an analytical formula for a 2D crack embedded
in a plane-stress medium:
Δτ ¼ Cμ

δ
;
2a

ð2Þ

where C is a coefficient of order 1, δ is the magnitude of
average slip and 2a is the crack length. Using the left side of
the frictional interface, which is not affected by a wing crack,
one estimates δ ¼ 15 μm; a=20 mm, and hence Δτ ≅
0.55 MPa.
Static Fields of Supershear Rupture (P=15 MPa, α =29˚)

Fig. 8 Full-field static stress maps of a dynamic rupture that propagated
at sub-Rayleigh speeds (applied load P=5 MPa): (a) fault-parallel, (b)
fault-normal directions, and (c) shear stress field

interface is not present. Tensile strains, however, are
concentrated at the tip of the secondary crack. Similarly,
the crack at the hypocenter partially relieves the tensile
strains below the left part of the interface, decreasing the
expected tensile strains there and increasing the compressive
lobe to the right.
Normal strains in the fault-normal direction ε22 (Fig. 7(b))
would tend to be tensile in the regions that experience compressional strains in the fault-parallel x1 direction, due to
Poisson’s effect. However, the confinement of the neighboring
material induces a state of compression instead. A positive

The unfiltered fault-parallel and fault-normal components of
displacement obtained with COSI-Corr are shown in Fig. 9(a)
and (b) respectively. The central region of the upper plate
exhibits a negative (downward) fault-parallel displacement in
excess of 200 μm, while the central region of the lower plate
has a positive (upward) displacement of about 400 μm. Since
this rupture propagates under higher loading and with higher
stress changes, the motion involved is much stronger and the
effect of the bolts on constraining the lateral displacement of
the left edge is significantly reduced. The fact that the rupture
transitions to supershear speeds further intensifies the motion.
The fault-normal displacement field shows no significant discontinuities across the interface, indicating a pure mode II
crack. Two wing cracks extend from where the rupture fronts
hit the glued boundaries. The wing cracks form two kink
angles with respect to the interface of θt(u) ≈70° (upper wink
crack) and θt(l) ≈75° (lower wink crack). It is noted that the
wing crack path is curved. As expected, the wing crack propagation stops once the crack path is aligned with the direction
of compression.
The inferred full-field strain maps are shown in Fig. 10.
Prior to computing the strains, the displacement fields are
filtered according to the procedure described in section “Data
Post-Processing: Displacement Filtering, Strain and Stress
Calculation”. When the rupture reaches the glued boundaries,
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Fig. 9 Full-field static displacement of a dynamic rupture that
propagated at supershear speeds
(applied load P= 15 MPa). (a)
Fault-parallel and (b) fault-normal displacement fields obtained
by rotating the correlation results
from COSI-Corr; (c) fault-parallel
and (d) fault-normal displacement
fields obtained by rotating the correlation results from VIC-2D. The
fault-parallel displacement field
displays a maximum slip in excess of ~600 μm. The glued regions arrest the rupture on both
the upper and lower end. Note
the wing cracks forming on the
extensional sides of the rupture
as a result of the abrupt rupture
arrest. The fault-normal displacement field shows no significant
discontinuity across the interface,
indicating a pure mode II rupture

it forms wing cracks on the extensional sides. Two wing
cracks are formed this time, as both glued edges are sharp
and stress changes involved are higher due to higher loading.
Fig. 10 Full-field static strain
maps of a dynamic crack that
propagated at supershear speeds
(applied load P=15 MPa): (a),
(d) fault-parallel, (b) fault-normal, and (c) shear strain field.
The strains in (a-c) are computed
from the displacement fields obtained using COSI-Corr, and the
strain in (d) is computed from the
displacement fields obtained
us ing VIC-2D. Unlike for
Fig. 5(d), the displacements used
for panel (d) are filtered with the
NL-means filter, as done in COSICorr. As the strain is released with
the formation of secondary
cracks, the extensional sides become less pronounced in the plot.
The full-field strain maps are able
to capture singularities at the
crack tips

The strain fields are complex, reflecting both the interface
rupture and dominating effects of two curved wing cracks
which are larger than the initial interface rupture. Shear strain,

Exp Mech

main (interface) crack and our future experimental design will
include gradual transition from the frictional to glued interface, to prevent wing crack from forming.
Secondary (or wing) crack growth in brittle materials under
compression has been observed by several authors (e.g.
[40–42]) and it has been shown that secondary cracks grow
along a curved path, which becomes parallel with the direction
of compression. The curved crack path is due to the crack
growing in a non-uniform stress-field. Brace and Bombolakis
[40] report some early observations on crack growth in
photoelastic materials used to investigate brittle fracture of
rocks. Analytical models of wing crack mechanics have been
subsequently developed [41–47]. For example, Willemse and
Pollard [47] present analytical solutions for the kink angle
based on linear fracture mechanics (LEFM) and cohesive end
zone (CEZ) flaw models. They show that LEFM predicts
tensile cracks extensions at an angle close to 70° from the
direction of the parent crack, with overall compressive stress
conditions (i.e. no opening mode singularity), while CEZ
predict significantly lower angles. The authors argue that the
most appropriate description (LEFM or CEZ) depend on the
boundary conditions that accompany sliding. We found kink
angles close to θt ≈ 70°, consistently with the LEFM analytical
predictions. Angles higher than 70° may be due to nonuniform boundary of glue across the plate thickness (also
leading to a through thickness crack twist) and, in the case
of the lower angle in Fig. 9, may be due to the effect of the
bolts in proximity of the specimen’s left edge, which partly
constrain the in-plane motion at the left edge (Fig. 2(b)).
Comparison between COSI-Corr and VIC-2D

Fig. 11 Full-field static stress maps of a dynamic crack that propagated at
supershear speeds (applied load P=15 MPa): (a) fault-parallel, (b) faultnormal, and (c) shear stress field. Note that the two wing cracks, as
expected, form on the extensional sides of the rupture. Despite the stress
release during the wing cracks propagation, tensile stresses are still visible
on the upper and (less pronounced) lower wing crack

shown in Fig. 10(c), is approximately anti-symmetric. The
positive regions reflect the plate shearing while the negative
regions correspond to the rupture arrest. Strain concentrations
at the tips of the rupture are clearly visible. Full-field stress
plots are reported in Fig. 11. Normal stress σ11 reveals the
compressional quadrant at the lower end of the interface,
while the compressional quadrant at the upper end is masked
by higher tensile stresses in the lower plate. The extensional
quadrants create the wing cracks and, as the cracks propagate,
the stress is released. Note that our interest is in studying the

A comparison of the digital image correlation analysis obtained with VIC-2D and COSI-Corr is given in Fig. 9. Despite
some minor differences, the displacement fields obtained with
the two software packages are in good agreement overall. A
slightly more elaborate procedure is necessary to produce
VIC-2D results. VIC-2D requires the user to specify a starting
point for the correlation procedure. In some cases, such as the
example discussed in this section, the analysis outcome is
dependent on where the initial point is selected, while COSICorr has no such requirement. In this example, the starting
point is selected to be on the bottom plate, between the wire
and opening crack. With this selection, the program automatically excludes from the correlation a small region around the
wire, which cannot be correlated between the images, as the
wire is absent in the image after deformation (Fig. 3). If a
different choice is made, however, the correlation would only
converge on a portion of the specimen.
The importance of filtering displacement fields prior to
computing strains with a non-local filter is emphasized in
section “Data Post-Processing: Displacement Filtering, Strain
and Stress Calculation” (Fig. 5). COSI-Corr, which was
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developed to deal with displacement offsets occurring in
earthquake problems, implements the Non-Local Means filter
of Buades et al. [36] in order to preserve discontinuity features
while smoothing the displacement fields. The strains computed from the displacement fields of COSI-Corr filtered with the
Non-Local means filter capture important features even in the
presence of displacement discontinuities (section “Data PostProcessing: Displacement Filtering, Strain and Stress Calculation”; Fig. 5(c), 7, and 10). In contrast, VIC-2D implements
local filters, so the discontinuities are not clearly preserved
when smoothing the displacement fields (Fig. 5(b)), and the
strains computed from such displacements do not capture
accurately the displacement gradients (Fig. 5(d)).
The displacement fields obtained from VIC-2D can alternatively be exported and filtered with the NL-means filter
(implemented outside of the COSI-Corr framework), using
the same procedure employed with COSI-Corr. An example
of the normal strain in the fault-parallel direction computed
following this approach is shown in Fig. 10(d), using the same
source images as for Fig. 10(a)-(c) (supershear case). While the
main strain pattern is captured, some small-scale features present in Fig. 10(a) are not present in Fig. 10(d). Note that
approximately the same subset size is used to run the

Fig. 12 (a) Fault-parallel and (b)
fault-normal displacement fields
obtained by correlating two nominally identical images with
COSI-Corr. Correlating two nominally identical images gives a
scale for the measurements error.
The correlation analysis is performed with the same parameters
as those used for the above analysis. Subset size: 32, Step: 4.
Probability distribution function
of the (c) fault-parallel and (d)
fault-normal maps (blue curves).
A gaussian fit (red curve) is added
to infer bias and standard
deviation

correlation analysis in VIC-2D (31 × 31 pixels; VIC-2D requires the subset size to be an odd number) as in COSI-Corr
(32 × 32 pixels; COSI-Corr requires the subset size to be a
power of two), and the same filtering parameters are used to
filter the displacement fields. However, the NL-means filter
implemented outside of the COSI-Corr framework has an
effective noise parameter h larger than the equivalent parameter in the COSI-Corr implementation. As a result, the strain
field computed from VIC-2D data (Fig. 10(d)) is smoother
than that obtained from COSI-Corr (Fig. 10(a)).

Accuracy of the DIC Measurements for Laboratory
Earthquakes
The accuracy of the method is affected by a number of factors:
the interpolation method, the shape function order, the intensity of the pattern noise, and the subset size. (e.g. [48–52]).
One way to assess the accuracy of the DIC method is by
translating the target images by a known amount and comparing the input displacement to the measured displacement. The
target images can either be shifted numerically (by using the
Fourier’s shift theorem) or by translating the specimen
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Fig. 13 (a) Fault-parallel, (b) fault-normal and (c) shear strain fields
obtained by filtering and differentiating the displacement fields of Fig. 12.
The strain level due to noise is significantly lower than strain measured
during the experiments presented here

with a calibrated stage. The errors measured by shifting
the images numerically quantify the errors due to interpolation
at sub-pixel locations. This procedure does not account for
other sources of error such as camera noise and intensity of the
pattern noise. On the other hand, translating the specimen on a
stage has the shortcoming of the input displacement uncertainty. While interpolation errors can be significantly reduced
by using appropriate interpolation functions (e.g. [14, 48]), we
would like to quantify the errors due to the camera noise,
intensity of the pattern noise, and micro vibrations of the
measuring system, as they likely give the largest contribution
to the measurement error in this setup.

Two independent images of the specimen with no load
applied are taken. The displacement and strain fields associated
with the correlation of the two nominally identical images are
then computed. The discrepancies of the displacement and
strain fields from zero provide a measure of the error. The
displacement fields obtained by correlating two nominally identical images with COSI-Corr are shown in Fig. 12(a) and (b), in
the fault-parallel and fault-normal directions, respectively. The
subset size and step size are 32×32 and 4 pixels, respectively
(the same as those employed in “Analysis of Displacement,
Strain, and Stress Fields for Sub-Rayleigh and Supershear
Rupture Cases”). The probability distribution functions (blue
curves) are shown in Fig. 12(c) and (d); Gaussian fits (red
curves) to the probability distributions are also displayed in
the same plots. The bias and standard deviation associated with
the normal distributions give a scale of the systematic and
random errors of the measurements. The fault-parallel component has the largest values: the bias is 2.4 μm and the standard
deviation is 1.7 μm (which correspond to approximately
3/100 and 2/100 of a pixel). The analysis of the same
images with VIC-2D gives very similar error results.
A comparison of these values with the measured displacement of Fig. 6 (the example with the smaller maximum
displacements) shows that meaningful displacement measurements are possible in this setup, since displacements are in the
tens of microns while the displacement accuracy is of about a
few microns. Likewise, the strain errors (Fig. 13), computed
by filtering and differentiating the displacement errors
(Fig. 12(a) and (b)), are significantly smaller than the smallest
strains measured in this study (Fig. 7), indicating that meaningful strain measurements are indeed possible.
The error measurement procedure has also been used to
determine the optimum subset and step sizes. Correlations
performed with a smaller subset size lead to a loss of accuracy
while increasing the subset size causes a loss of resolution. So
the optimum subset size is determined to be 32 × 32pixels.
Correlations performed with a step size larger than 4 pixels
would display a decreased data density, while decreasing the
step size to less than 4 would significantly increase
computation times.
Different speckle patterns containing features of different
size and density have been analyzed to determine the optimum
pattern for this study. The pattern of Fig. 3 is found to minimize the displacement and strain errors. This is attributed to
the fact that patterns with sparser features would lead to large
regions without a gray level variation, while too dense patterns
would result in black-saturated patches. Producing the speckle
pattern by spraying the specimen surface does not allow for a
fine control of the feature size but it allows us to produce gray
level variations which are suitable to be analyzed with the DIC
method and produce reasonably accurate results.
To study the effect of filtering on the error, the displacement fields of Fig. 12 are filtered, following the same
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procedure outlined for the displacement fields of the above
examples. Similar plots to those of Fig. 12(c) and (d) are
produced for the filtered signals (not shown here). It is noted
that the standard deviation is reduced, while the bias is unvaried, as expected. The filtered displacement fields are used to
compute the strain fields (Fig. 13). Since the strain errors are
significantly smaller than the strains measured in either of the
two tests presented here, it is concluded that accurate strain
measurement is possible in this setup.

Concluding Remarks and Discussion
The full-field static displacement of a laboratory earthquake
rupture has been successfully characterized with two DIC software packages: VIC-2D and COSI-Corr. Two rupture speed
regimes have been investigated: sub-Rayleigh and supershear.
The correlation analysis performed with either software clearly
shows (i) the relative displacement (slip) along the frictional
interface, (ii) the rupture arrest on the glued boundaries, and (iii)
the presence of wing cracks. Displacements are processed using
de-noising techniques and strains are subsequently computed
using two alternative approximations: central-difference
scheme and multiple linear regression. The full-field strain
maps computed with either approach, together with the stress
maps, reveal the extensional and compressional state along the
ruptured interface. The displacement fields contain enough
resolution to capture strain and stress concentration at the
rupture tip. Slip along the interface as well as the shear stress
drop can be inferred from the obtained results.
A key step in obtaining meaningful strain and stress fields
is appropriately filtering the displacement fields. COSI-Corr
implements an effective non-local filter which allows to
smooth displacement fields while preserving discontinuities
in the data. The strain maps computed from the displacement
maps filtered by the non-local filter capture important features
of the deformation field. In contrast, the local filters available
in VIC-2D are not suitable for cases with displacement discontinuities as they average displacement values across the
discontinuity and prevent accurate computation of displacement gradients in the proximity of such boundaries. However,
the displacement data computed by VIC-2D can be exported
and post-processed outside the VIC-2D software with a nonlocal filter, to produce similar results to those obtained with
COSI-Corr.
The adopted technique to glue a portion of the interface can
be used in a systematic study of crack arrest, as one possible
technique to arrest ruptures. Another technique would comprise
a transition zone from glued to purely frictional interface in
order to have a gradual arrest of the rupture. This could be
achieved by gauging the amount of glue from a sparser to a
denser pattern of glue spots. On the other hand, an abrupt
rupture arrest, producing secondary cracks, such as the one

featured in this study, is not unrealistic. Indeed, secondary
cracks have been observed forming on opposite tips of a fault,
as a consequence of the faulting process [46, 53–58]. Kinked
crack extension under overall far-field compression has explained a number of geological phenomena, such as splitting,
exfoliation and rockburst [42]. Secondary crack extension has
not only been observed in geological phenomena but also in
planetary science. For example, wing cracks at the tips of strikeslip faults have been observed on the ice shell of Jupiter’s
moon, Europa [59].
The method accuracy has been studied by correlating two
nominally identical images. The statistical properties of the
measured signal are used to quantify the error associated with
the measurements. The bias is of the order of 2.4 μm and the
random error is of the order of 1.7 μm, when the correlation is
performed with COSI-Corr. Similar values are obtained with
VIC-2D. Overall, the error analysis reveals that the digital
image correlation technique as implemented in the laboratory
earthquake setup discussed here is capable of capturing displacements of the order of (or larger than) 10 μm, while errors
in the order of up to few microns are expected. Smaller displacements can be captured with a higher magnification factor,
at the cost of a smaller field of view for a given camera
resolution.
Existing remote sensing techniques allow to measure the
co-seismic deformation, with pre- and post-earthquake images
offering an invaluable tool to understand the earth deformation.
However, they lack the capability of capturing highly transient
phenomena. The “space optical seismometer” is a new concept
that would allow capturing full-field optical satellite images
during a seismic event over a wide area, providing a unique
opportunity to monitor the evolution of the Earth’s surface
[28]. The concept is based on a geostationary satellite optical
telescope with a high-density spatio-temporal sampling. While
theoretical and numerical simulations indicate that the concept
of space optical seismometer should be possible [28], it is
important to demonstrate the feasibility of the concept with
experiments. We plan to couple the DIC technique with highspeed photography in order to obtain the temporal evolution of
the full-field displacement and strain during the rupture process. The error analysis of our preliminary static measurements
suggests that useful dynamic measurements should be feasible
with the present instrumentation, in an area of about 2 by 2 cm.
This would be sufficient for characterizing the evolution of slip
and slip rate in areas of interest, such as interaction of rupture
with a heterogeneous patch or a branch.
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