Journal of Petroleum Science and Engineering 167 (2018) 354–365

Contents lists available at ScienceDirect

Journal of Petroleum Science and Engineering
journal homepage: www.elsevier.com/locate/petrol

Optical visualization of strain development and fracture propagation in
laminated rocks

T

Fatick Nath∗, Mehdi Mokhtari
University of Louisiana at Lafayette, USA

A R T I C LE I N FO

A B S T R A C T

Keywords:
Laminated formations
Fracture propagation
Full-ﬁeld strain development
Fracture pattern
Indirect tensile test
Digital image correlation

Shales are commonly anisotropic in nature due to layering and natural fractures which consequently impact the
m0echanical behavior of shale in terms of stress-strain distribution, fracture initiation, propagation and fracture
pattern. The classical method of strain measurement with strain gauges can not reveal the complex process of
strain accumulation and fracture propagation in such anisotropic rocks. Therefore, we applied optical techniques
along with image processing to measure strain on the surface of laminated Green River shale samples with
various lamination angles under indirect tensile testing conditions. Full-ﬁeld strain development was monitored
over time and fracture patterns were identiﬁed utilizing digital image correlation (DIC) technique. A load-strain
nature were established as a function of lamination angles incorporated with DIC generated horizontal, vertical
and shear strain maps which results in better understanding of sequences in strain development and fracture
pattern due to laminations. Variation in indirect tensile strengths are evaluated and reported with applied energy
which shows that sample with higher tensile strength required higher applied energy to fail it. Fracture pattern
obtained from DIC visualization are characterized which show that shear failure is dominant when failure occurred through laminations and tension for central failure samples. Finally, the measured axial strain from load
frame is compared with DIC and achieved a considerable agreement in both measurement. The knowledge of this
study can help in evaluating fracture behavior of laminated formations which can be important for energyrelated activities including fracturing, ﬂuid injection and extraction.

1. Introduction
Development of unconventional resources have been booming
globally much faster than conventionals due to the availability of
horizontal well drilling and hydraulic fracturing techniques (EIA,
2015). Shale formations show anisotropic behavior due to the laminations and natural fractures. In most hydraulic fracturing designs, it is
assumed that the formations are homogeneous, and fractures are linear
and symmetrical but in unconventional formations, anisotropy and
heterogeneity are very common. So, investigating the parameters that
impact the geomechanical behavior of laminated formations are in
great importance in understanding the fracture behaviors and hydraulic
fracture treatment design.
Fracture mechanism is complex due to laminations and organic
richness due to varying contents of total organic contents (TOC) and
clay structure (Sayers, 2013). The impact of kerogen volume on elastic
properties have been investigated (Prasad et al., 2011; Zargari et al.,
2013), however, the impact of these anisotropic features on local strain
development and fracture pattern is not well understood.
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The rock failure mechanism is a combination of complex process of
damage accumulation, fracture initiation, propagation, interaction and
subsequent failure (Amitrano, 2006). Accurate strain mapping is critical
for understanding the mechanical behavior during entire failure process
of rock. Conventional physical strain measurement systems (extensometer, Linear Vertical Diﬀerential Transformer (LVDT), strain
gauges, etc.) for determining the mechanical behavior of rocks are not
accurate enough due to the heterogeneous nature of shales. So, improving the study of material behavior, accurate strain measurement is
crucial which involved in predicting important material properties
(load-displacement nature, etc.).
Brazilian test set up commonly used to determine the indirect tensile strengths in which diametrically opposed compressive load is applied to determine tensile strength of the rock-like materials. Many
researchers conducted experimental work on strength and failure of
diﬀerent formations (Wang et al., 2010; Zhou and Zhao, 2011; Frash
et al. (2015); Mokhtari et al. (2014b); Li et al., 2017). Anisotropy and
layer orientation also greatly inﬂuence the rock strength (Vernik and
Nur, 1992; Vernik and Liu, 1997; Mokhtari et al., 2014a; Mokhtari and
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Tutuncu, 2016; Tavallali and Vervoort, 2010; Tan et al., 2015).
Most of the study explained the fracture pattern at the end of the
experiment, as it was not possible to detect strain development in each
time steps and to predict the fracture initiation point and propagation
over time. To overcome these issues, optical method with digital image
correlation (DIC) is utilized to create the map of full-ﬁeld deformation
over time throughout the entire fracturing process.
DIC is a powerful technique (Pan et al., 2009a; b) among other
experimental methods for determining the displacement and strain
ﬁelds across the surface of a specimen. DIC method oﬀers full ﬁeld, realtime, non-contact, and ﬂexible (Sutton et al., 2009) measurement at any
desired, exposed region of specimen. The theoretical fundamentals of
the DIC technique was ﬁrst introduced by Chu et al. (1985). It received
a widespread application in many ﬁelds (Rue, 2015) of material testing.
Nath et al. (2018) reported the dynamic visualization of strain development in cement-casing bonding using this optical method. Mokhtari
et al. (2017) applied DIC technique on naturally-fractured rock samples
under Brazilian testing conditions. They determined complex strain
accumulation leading to fracture initiation and complex propagation.
Therefore, this technique can be helpful in better fracture characterization required for the optimization of hydraulic fracturing (Parshall
et al., 2017).
Nath et al. (2017) illustrated the DIC technique in characterizing the
fracture growth and fracture behaviors of laminated sandstone and
carbonate rock samples. Na et al. (2017) explained the eﬀect of spatial
heterogeneity and material anisotrophy on the fracture pattern of
Mancos Shale using Brazilian testing and DIC. Zhang et al. (2012) reports the experimental investigation of deformation and failure mechanisms in rock under indentation by digital image correlation.
In this study, indirect tensile tests were conducted on Green River
shale samples with varying TOC and evolution of strain ﬁeld is obtained
using digital image correlation. Programmable pyrolysis is utilized to
determine the TOC content and maturity of the samples. Brazilian discs
were prepared according to the ISRM and ASTM standards. The laminated anisotropic samples were tested at various loading angles (0°, 15°,
30°, 45°, 60°, 75°and 90°). Load-strain nature were established for all
tested samples and tensile strengths were calculated using the peak load
of the primary fracture of each sample. Then, fracture energy and
trends in the fracture pattern were established based on anisotropy and
angle of lamination. This combined approach is applied in shale samples with anisotropy due to layering and tested at diﬀerent orientation
to layering. The indirect tensile strength is measured as a function of
lamination angle and ﬁnally full-ﬁeld strain development is evaluated
and compared.

Table 1
Green River shale properties.
Sample type

Outcorps

Kerogen Type
Avg. Density (g/cc)
TOC (wt. %)
Tmax (°C)

Type-I; immature, oil prone
1.62–1.76
26.4–30.56
442–443

Table 2
Pyrolysis results of tested specimen.
Sample ID

S1
(mg/g)

S2
(mg/g)

S3
Tmax (°C)
(mg/g)

TOC (%)

HI

OI

PI

GR
GR
GR
GR
GR
GR
GR

7.45
6.98
8.68
8.54
7.72
8.95
8.03

264.54
241.72
282.5
274.16
242.97
290.93
272.23

4.28
3.78
2.97
3.65
3.32
3.02
3.43

28.75
26.55
30.3
29.13
26.4
30.56
29.09

920
910
932
941
920
952
936

15
14
10
13
13
10
12

0.03
0.03
0.03
0.03
0.03
0.03
0.03

1
2
3
4
5
6
7

(0°)
(15°)
(30°)
(45°)
(60°)
(75°)
(90°)

443
443
443
442
443
442
444

Fig. 1. Lamination in GR shale.

Then cores were cut into 1 inch length Brazilian discs to meet the dimension with the ISRM and ASTM standards (2″ Diameter × 1″
Thickness) to evaluate the tensile strength and fracture behavior. Then
the samples were placed inside a stable temperature vacuum oven at
30 °C for two days to evaporate all ﬂuids from the pores.
The samples were tested at loading angles (Fig. 2) of θ = 0°, 15°,
30°, 45°, 60°,75° and 90°. The angle θ = 0° and 90° representing the
loading angle when lamination is parallel and perpendicular to the
applied force respectively. The angles were labeled on the back side of
the tested samples.
In this work, seven samples were taken with ∼2″ diameter and ∼1″
thickness for testing with seven diﬀerent laminations. Generally, core
samples are diametrically compressed (Fig. 3) in indirect tensile test
and rock failure occurred due to tension as compressive strength is
much larger than the tensile strength. The indirect tensile experiment is
sometime called Brazilian or splitting tensile test. The samples were
prepared and tested following the standard method, ASTM D3967-08.
The length to diameter ratio (L/D) is suggested as 0.2 to 0.75 according
to this standard. The sample diameter must be at least 10 times greater
than largest mineral grain of the sample constituent (ASTM, 2008).

2. Material and methods
2.1. Green River shale
Green River (GR) shale is an Eocene geologic formation that records
the sedimentation of intermountain lakes covering large area of Utah,
Colorado, and Wyoming (Donnell et al., 1967). To produce hydrocarbon from this immature organic-rich formation, artiﬁcial heating is
required to convert kerogen to free hydrocarbon. The pyrolysis test
reported that the tested samples have high amount of TOC
(26.4–30.56 wt. %). The overall geochemical properties of GR shales
tested in this study are listed in Table 1. Pyrolysis results of all tested
samples are presented in Table 2. Tested samples are investigated as
immature oil shale with type-I kerogen.
GR shale are typically laminated in nature (Fig. 1) and the laminated samples were examined for changes in fracture behavior due to
the direction of lamination relative to the direction of the compressive
force.
To begin preparing the samples, cylindrical cores with 2 inch diameter were drilled from larger irregular shaped rock blocks. It was
maintained that the axis of the cores was parallel to the bedding planes.

2.2. Theory of indirect tensile test
When a cylindrical sample disc with a diameter, D and thickness, t
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Fig. 2. Description of prepared GR Shale as a function of lamination angle.

correlation technique is used to measure strain map of the sample.

2.3. Digital image correlation principle
DIC is a non-contact optical measurement technique where digital
images of object surface are directly used for identifying displacement.
DIC is based on examining the pixel intensity of the two subsets in
speckle images before and after deformation. The corresponding positions of the two images are related by a mathematical function. The ﬁrst
image generally represents the undeformed (reference) shape. The
structure of the stochastic pattern is recognized by processing the digital images and distributed to image pixels. During DIC application,
initially in the reference image, a region of interest (ROI) must be
speciﬁed and is further divided into evenly spaced virtual grids.
Displacements are computed at each point of the grid to acquire the
full-ﬁeld deformation. The schematic illustration of the basic concept of
standard subset-based DIC is shown in Fig. 5. The coordinates (x, y) and
(x *, y *) are correlated by a function between the two images in Fig. 5
where (p and p*), (q and q*) are the positions of the same point before
and after deformation respectively.
For the in-plane camera and image motion, the relation function
between the two coordinates is given by Bruck et al. (1989),

Fig. 3. (a) Indirect tensile testing using diametrically opposed compressive
load. (b)Angle of lamination in the sample. (c) Side view of indirect tensile test.
(d) Schematic in Cartesian coordinate system.

are diametrically compressed until failure with ‘F’ amount of force, then
the Brazilian tensile strength can be calculated using Eq. (1) (ASTM,
2008),

σt =

2F
πDt

(1)

This equation is only valid for homogenous samples and it not valid
for heterogeneous and anisotropic samples due to the complex nature of
rock failure in shear and tension. Therefore Eq. (1) is merely used in this
study for comparison purposes of diﬀerent rocks tested and the reported
values do not represent tensile strength as it will be explained later.
In Cartesian coordinate, for any point (x, y) in the sample, the
analytical solutions (e.g. Jianhong et al., 2009) of stresses in x (σx ) and
y direction (σy ), and shear stress, τxy can be expressed by following
equations respectively,

σx =

σy =

τxy =

(R − y ) x 2
(R + y ) x 2
2F ⎧
1
+
− ⎫
2 + x 2)2
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⎬
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∂u
∂u
Δx +
Δy
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∂y

(5)

y∗ = y + v +

∂v
∂v
Δx +
Δy
∂x
∂y

(6)

Where

(u , v ,

∂u ∂u
∂v
∂v
, , ∂x , ∂y
∂x ∂y

) = six deformation parameters;

u and v = the displacements relative to (x, y) coordinate system,
located at the initial tip position;

Each of two images taken before and after deformation can be divided into discrete subsets. The tracking or matching process is attained
by searching the extreme location of a pre-deﬁned similarity criterion.
The displacement components of the reference and target subset centers
can be determined once the maximum similarity is found in the deformed image. Similar tracking process is repeated to obtain full-ﬁeld
displacement on other points of interest of the region of interest. Digital
image correlation is made using the correlation function (COF) (Zhang
et al., 2012) to evaluate the similarity between the two images which is
expressed as follows:

y ) 2x

(R −
(R +
2F ⎧
1
+
− ⎫
2
2 2
πt ⎨
((R + y )2 + x 2)2
D⎬
⎩ ((R − y ) + x )
⎭

x∗ = x + u +

(4)

All core samples were kept in oven at a constant temperature 30 °C
for two days before testing. This method ensured samples to complete
dry out at grain level. The ﬁnal step in sample preparation was to spray
paint the front face of the sample with a black on white speckled pattern (Fig. 4). During the indirect tensile test, the DIC tracked the displacement of the speckles due to the compressive force and the image
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Fig. 4. (a) Sample before painting (b) Spackle pattern after painting.

COF =

m
m
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(7)

shear strain, εxy =

Where

f (x , y ) = gray level value at coordinate ( x , y ) for the reference
image,
g (x ∗, y∗ ) = gray level value at coordinate (x ∗, y∗ ) for the deformed
image,
f and g
= average gray level value for the image
f (x , y ) and g (x ∗, y∗ ) , respectively.

1 ⎛ ∂u
∂v ⎞ ⎡ ⎛ ∂u ⎞ ⎛ ∂u ⎞ ⎛ ∂v ⎞ ⎛ ∂v ⎞ ⎤
+
+
+
⎥
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∂x ⎠ ⎢
⎣ ⎝ ∂x ⎠ ⎝ ∂y ⎠ ⎝ ∂x ⎠ ⎝ ∂y ⎠ ⎦
⎜

⎟

⎜

⎟

⎜

⎟

(10)

2.4. Combination of indirect tensile testing with DIC
The indirect tensile test was conducted using a universal testing
machine. The curved splitting test platens that adhered to the ISRM and
ASTM standards were magnetically attached to the load frame compression platens. Typical indirect tensile testing diagram combined with
DIC system is shown in Fig. 6. Servo-controlled load frame set up recorded the compressive load over time throughout the test. DIC computer was integrated with load frame computer to get the synchronized
load data with images at same time steps.
The load frame was programmed to record compression data every
tenth of a second, while compressing the platens at a rate of 0.02 mm/
min until specimen failure. The LED bulbs were leveled with the sample
disc to ensure the speckle paint pattern on the disc was identiﬁed by the
camera. For stability, camera equipped with lenses was mounted upon a
tripod located approximately 1 m behind the LED lights.

The spatial resolution of the image 2448 × 2048 pixels and the
average length-pixel ratio of the imaging system is about 3.45 μm/pixel.
The displacement error is 0.01 pixels by theoretical analysis, the accuracy in our tests is at least 1 μm based on calibration. After recording
of images, ROI is selected and full-ﬁeld displacement of the region of
interest can be computed by comparing the gray level of each point in
the deformed and reference images.
According to the Lagrangian strain formulation (Sutton et al., 2009)
in terms of displacement gradient, strain is calculated by,

Fig. 5. Basic principle of DIC method: matching the subset before and after deformation.
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Fig. 6. Typical schematic of 2D DIC measurement.

and highest peak load observed at θ = 90° which is about 2.5 times of
the load reported at θ = 0°. Similar observation reported by previous
researchers (Mokhtari et al., 2014a; b; Tavallali and Vervoort, 2010)
also.
Fracture propagation was recorded until the complete fracture/
break down of the sample and reported in load-strain curve. Fig. 7 illustrated multiple fractures for θ = 60° until ﬁnal break-down the
sample. As we will discuss in the DIC results, the multiple failures
correspond to the activation of multiple laminations before the ﬁnal
central failure of the sample. With increasing load, stresses are accumulated resulted each peak, and fracture/breakdown of sample occurred when the load dropped in the load-strain curve. After reaching
elastic limit, non-linear load-strain pattern obtained at θ = 15° which
indicates several cracks occurred before ﬁnal breaking the sample.
More cracks observed for θ = 45° sample compared to 30° orientation.
Similarly, peak load found for θ = 75° is greater than that of 60° orientation. Tested GR shale has very high TOC in the range of 26–30 wt.
% leading to ductile nature of the samples with high amount of deformation.

In this work, camera was operated by photogrammetry technique
and recorded photographs at the same rate as the load frame data (one
image per tenth of a second) which were utilized to obtain strain map.
Based on the test duration, the captured number of images varies approximately 3000 to 5000 for the tested samples to capture fracture
growth and propagation. Once the test was completed, the images
captured were analyzed using digital image correlation to evaluate fullﬁeld deformation.
3. Results
3.1. Load-strain curve
The load–strain relationship is fundamental for demonstrating mechanical deformation in laminated rocks. The failure behavior of laminated rocks is characterized by several stages, namely initiation of
cracks, fracture development and propagation and ﬁnally, failure of the
specimen. The load–strain curves for tested GR shale samples are shown
according to diﬀerent lamination angles (θ = 0° to 90°) over time in
Fig. 7. It shows that the displacement is linear initially which is the
indication of elastic nature in mechanical behavior whereas load-strain
nature turns to non-linear pattern after reaching a certain point (elastic
limit). As the load increased, the micro-crack spreads erratically and
break the samples. The peak load usually varies due to layering and
anisotropic nature of the samples (Tavallali and Vervoort, 2010). For
the current observation also peak load varies with lamination angles

3.2. Evaluate indirect tensile strength and fracture energy as a function of
lamination angle
The trend of indirect tensile strengths were evaluated based on the
angle of lamination of the rock specimens. The laminated Green River
samples were tested from 0° to 90° with loading angles of 15° increments, and the average tensile strengths were calculated for each
loading angle (Fig. 8).
The average strengths for the specimens displayed an overall trend

Fig. 8. Trend in indirect tensile strength and applied energy as a function of
lamination angle.

Fig. 7. Load-strain diagram for Green River shale.
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increased, shear crack intimate along the lamination planes but they
did not propagate as a single straight main fracture rather several shear
and tensile fractures initiated and propagated. This indicates that the
fracture pattern is complex mixed mode including splitting tensile
failure at the center and shear failure along lamination. Keeping the
load increased until ﬁnal breaking of the sample creates mixed mode
fracture with major central fracture.
Fig. 15 (θ = 75°) shows that tensile stress initiated from the loading
jaws and propagated towards the center of the sample. Subsequently,
compressive stress concentrated at the weak lamination of the sample
and ﬁnal fracture occurred along the line which is deviated from center.
The failure pattern for θ = 90° is shown in Fig. 16. Maximum
amount of tensile strain initiates at the upper loading point and the ﬁnal
fracture is a central vertical fracture perpendicular to laminations while
failure along lamination also occurs.
Both load-strain curve and DIC strain (εxx, εyy and εxy) maps consistently provided the fracture behaviors until completely fracture of
the sample. All of the above observations suggest that DIC is an eﬃcient
tool to analyze dynamic fracture behavior of the sample including
fracture initiation, development and propagation.

in increasing tensile strength from 0° to 90°. The 15° and 30° samples for
both specimens had a slightly lower strength than the 0° sample. The
45° sample was greater than 0° through less than 90°. The average
strengths for 90° laminated samples found nearly 60% greater strength
compare to that of 0°. Previous literature also found similar trend for
laminated GR samples (Mokhtari et al., 2014a; b), foliated slates (Tan
et al., 2015) and layered sandstones (Tavallali and Vervoort, 2010).
The area under the load-strain curve is indicative of the applied
energy for rock deformation and ultimate failure and is reported in
Fig. 8 as a function of lamination angle. Load and displacement are used
to calculate fracture applied energy from triangular area formula under
load displacement diagram within elastic region (Tavallali and
Vervoort, 2010). For example, peak load for a tested sample is 8.14 KN
(1830 lbf) and vertical displacement at failure load is 0.46 mm, so the
applied energy is 1.86 J (Joule). Indirect tensile strength and applied
energy trend follow the similar trend from which it can be concluded
that the sample with higher indirect tensile strength required higher
energy to fail it.
3.3. Analysis of fracture growth and strain development during tensile
failure

4. Discussions
Failure of all Green River shale samples that were successfully recorded with the help of photogrammetry, fracture development images
are systematically presented here according to lamination of the samples. The images of strain development created by DIC technique allowed for the analysis of the fracture behavior over time. DIC video was
recorded throughout the test until the specimen failure takes place. The
images at diﬀerent time steps during testing are recorded here. The
terms t1, t2 , t3 , t4 , t5, represent respectively the initial time, and time
intervals between the initial and ﬁnal time The ﬁgure shows the horizontal strain (εxx), vertical strain (εyy) and shear strain (εxy) measurements at these speciﬁed time intervals. Analyses of these three diﬀerent
strain maps can reveal the nature of failure in tension, compression or
shear. The location of fracture initiation and propagation was observed
until complete breakdown of the sample. Further, primary and secondary fracture behavior based on lamination with varying organic
richness were also observed in the current eﬀorts.
Strain (εxx, εyy and εxy) measurements with time for 0° lamination
sample is shown in Fig. 9 with diﬀerent stages of strain development
through fracture initiation, fracture development and propagation until
ﬁnal fracture of the sample. The created fractures were not linear and
initiated near the center of the x-axis of the sample, as shown in t1, t2
and t3. Similarly, εyy also illustrated near the center of the y-axis and εxy
of the sample in same time steps as εxx. The fracture pattern deviate a
little from the isotropic failure pattern. Due to heterogeneous nature of
the samples, it is possible that the lamination was not perfectly along
the loading cell, so the initial sample failure deviates a little from the
center with a small inclination from vertical. Dynamic load–strain curve
with time-steps illustrating diﬀerent stages of strain development is
shown in Fig. 10.
Similarly, horizontal strain (εxx), vertical strain (εyy) and shear
strain (εxy) development for other diﬀerent orientation (θ = 15°–90° at
15° increment) samples are shown in Fig. 11 through Fig. 16 with time
steps specifying distinguishable fracture stages.
Figs. 11–13 (θ = 15°, 30° and 45°) show that fracture initiated and
propagated along the lamination planes. Several shear fractures initiates along the bedding plane as loading increases and eventually
shear stress concentrates. With increasing time, a main shear fracture
activated and ﬁnally propagates along the direction of the lamination.
The fracture patterns reported for these orientations were not central
fracture rather deviated from the center along the lamination. From the
ﬁgures (εxy), it is evident that peak load reported by load frame is not
pertaining to tensile strength of the sample as shear failure take place
along lamination.
Fig. 14 (θ = 60°) shows mixed mode fracture pattern. As the load

Observations from indirect tensile test help in better understanding
of the fracture geometry in porous formations with the applied stress
conditions. Brazilian testing conditions do not represent in-situ stress
conditions, therefore these observations is only limited to the testing
conditions of Brazilian testing. The current experimental study using
DIC on the laminated Green River shale formation shows that the local
strain accumulation and the subsequent fracture patterns are signiﬁcantly aﬀected by the layer orientation and the heterogeneous
nature of shale samples.
The load-strain nature is also established as a function of lamination
angle for all samples. DIC results illustrated the fracture initiation and
propagation through consistent horizontal (εxx), vertical (εyy) and shear
(εxy) strain mapping. Previous studies on layered samples (Tavallali and
Vervoort, 2010; Mokhtari and Tutuncu, 2016) were based on the ﬁnal
fracture pattern and also in limitation to properly characterize the dynamic behavior of fracture in laminated samples. Current eﬀort overcome this issue characterizing dynamic fracture propagation of the
sample with the application of DIC.
4.1. Eﬀect of lamination on fracture patterns
The dominant fracture pattern for θ = 0° and 90° was tensile with a
central vertical fracture. For θ = 15°, 30° and 45°, fracture turns gradually into shear failure along the lamination. Mixed-mode failure with
tensile splitting and shear failure occurs at θ = 60° and 75°. To better
examine the variations of the tensile strength, ﬁnal fracture patterns
was analyzed for the samples according to the approach suggested by
Szwedzicki (2007) and the observation found by Tan et al. (2015) for
the layered slates. Fracture patterns observed are classiﬁed by three
categories – central fracture, lamination activation or shear failure and
mixed mode fracture which are represented in Table 3.
4.2. Validation of measured strain
Strain is a critical parameter in the calculation of elastic rock
properties, yet its conventional methods for strain measurement has
several deﬁciencies. Application of DIC provides a closer examination
of the fracture development and strain mapping. Current study compared the measured axial strain from load frame with the calculated
strain using DIC as a function of lamination angle and found a considerable agreement in both measurement. Fig. 17 shows that initially
measure strain from load frame are very closer with that of found from
DIC and variances gradually increased as fractures propagated. This
359
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Fig. 9. Strain (εxx, εyy and εxy) development and fracture growth in GR shale sample (θ = 0°).

recommended to future researchers that accurate speckled paint patterns must be ensured to determine more clear and consistent video of
fracture growth over time. The used paint stiﬀness is considered negligible here. According to best practices guidelines, ﬁrst spraying white
paint on sample surface then black paint lightly to be spread for
creating reliable speckle pattern. Otherwise, the majority of tests may
not be able to produce distinguishable fracture growth and strain development maps.

observation suggest that DIC does not work properly when fracture
becoming bigger as spackle paint displaced resulted increased variance
in measurement consequently. DIC works better before fracture of the
sample. For the sample of θ = 60°, greater deformation observed during
test which reﬂected higher deviation in both measurements where for
the other samples with diﬀerent orientation, a noticeably consistent
match was obtained.
As the DIC results are fully dependent on the image quality, it is

Fig. 10. Load–strain relationship during indirect tensile testing for GR shale sample (θ = 0°).
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Fig. 11. Strain (εxx, εyy and εxy) development and fracture growth in GR shale sample (θ = 15°).

pragmatic conclusions.

There are assumptions in relation to the interface between loading
platten and disc sample (frictionless interface) have been made.
However, knowledge and experience based on a literature suggest that
the loading condition signiﬁcantly inﬂuences the fracture propagation
during indirect tensile test. Additional studies are required to examine
the role of loading conditions, which ﬁnally will allow us to draw more

5. Conclusions
DIC demonstrates a quick and eﬀective way of examining fracture
behaviors and strain developments across the sample face. DIC results

Fig. 12. Strain (εxx, εyy and εxy) development and fracture growth in GR shale sample (θ = 30°).
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Fig. 13. Strain (εxx, εyy and εxy) development and fracture growth in GR shale sample (θ = 45°).

strain maps generated by DIC. This integration directly revealed the
sequences of sample fracture with time from cracks initiation through
propagation until ﬁnal fracture.
Indirect tensile tests were presented for Green River shale samples

showed the fracture initiation and propagation of entire test through
consistent strain mapping. This technique can used as a substitute of
traditional physical measurements which are in various limitations.
A reasonable match found in load-strain nature over time with axial

Fig. 14. Strain (εxx, εyy and εxy) development and fracture growth in GR shale sample (θ = 60°).
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Fig. 15. Strain (εxx, εyy and εxy) development and fracture growth in GR shale sample (θ = 75°).

natures are classiﬁed by three categories – central fracture, lamination
activation or shear failure and mixed mode fracture. Shear and tensile
failure observed at the vicinity of the sample face when sample fracture
is in mix mode. Shear failure found dominant when the lamination is
activated and tension is investigated as responsible means for central
failure samples.

show that fracture pattern and strain development were noticeably
aﬀected by the lamination. Dominant tensile fracture observed at
θ = 0° and 90°. For θ = 15°, 30° and 45°, shear failure observed in the
sample where DIC clearly illustrated the lamination activated and
mixed mode failure observed during θ = 60° and 75°.
Fracture patterns observed from the DIC maps and post failure

Fig. 16. Strain (εxx, εyy and εxy) development and fracture growth in GR shale sample (θ = 90°).
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Table 3
Fracture pattern of tested samples with axial strain (εxx) intensity.
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Fig. 17. Comparison of axial strain from load frame and DIC.

Measured axial strain from load frame are compared with the calculated strain using DIC as a function of lamination angle and found a
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