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ABSTRACT
This study presents results of indirect tensile tests on cap rock shale samples from Svalbard CO2 storage
pilot. It elaborates on tensile strength and the relationship between loading direction and post-failure
behaviour of cap rock shale samples. Several test plugs were sampled from Jurassic and Creataceous
Age cores of borehole Dh2, Dh4 and Dh6 from depth range of about 400 to 700 m. Samples were tested
both parallel and perpendicular to bedding plane. Result of the tests showed that cap rock shale samples
subjected to the Brazilian test in different directions relative to bedding planes differs not only in terms
of the peak strength but also in the shape of the post-failure curve. The cap rock shale loaded
perpendicular to bedding have higher strength and those loaded parallel with bedding show lower
strengths. Samples loaded perpendicular to bedding bear load up to a maximum peak followed by a large
drop and never reaches the maximum peak load again. For samples loaded parallel with bedding a
maximum load is reached at failure followed by sudden drop, but load can increase to the same or higher
level than the initial failure stress.

Introduction
Mechanical anisotropy, deformation behaviour and post-failure behaviour of cap rock shales are of
paramount importance in various engineering problems such as subsurface excavations, petroleum
production and CO2 storage (Hudson and Harrison 1997, Tutlouglu et al. 2015). Strength anisotropy,
pre-failure and post-failure behaviours of rock can be determined using laboratory tests such as the
Brazilian tensile strength test. A disc-shaped specimen is subjected to compression across the
diameter, which results in a tensile stress field inside the specimen, and leads to failure of specimen in
tension. Deformation of test specimen can be studied in detail and be related to loading direction and
failure processes.

Figure 1 Location of the study
area, Longyearbyen CO2 Lab,
78 degrees North.

Mechanical characterisation of cap rock shales from three bore holes (Dh2, Dh4 and Dh6) from the
Longyearbyen CO2 Lab (Braathen et al. 2012) (Fig. 1) has been presented in Bohloli et al. (2015),
where the main focus was the strength values rather than failure behaviour of the shale samples. The
current research extends beyond tensile strength anisotropy and focuses on the relationship between
loading direction and post-failure behaviour of cap rock shale samples loaded in different directions
relative to bedding plane. Several test plugs were sampled from cores of borehole Dh2, Dh4 and Dh6
from depth range of about 400 to 700 m (see Table 1 for details). They cover three geological
formations; Rurikfjellet, Agardfjellet and Knorringfjellet of Jurassic and Creataceous Age.
Methodology
We use the Brazilian tensile strength test, also known as indirect tensile strength test, to determine
tensile strength of cap rock shales and measure their deformation properties (e.g. pre- and post
failure). Brazilian test is one of the widely used methods in engineering practice to determine the
tensile strength of rocks indirectly. A disc-shaped specimen is loaded diametrically by two steel jaws
that cover an arc of contact of approximately 10º at failure (ISRM, 2007) as shown in Fig. 2. Height
of specimens is in most samples close to radius of specimen according to ISRM recommendation.
Details on specimen dimensions are given in Table 1. One layer of masking tape was wrapped around
the specimens. Load is applied continuously at a constant rate such that failure is reached typically
within 30 seconds. Axial load versus time is recorded and plotted for tested specimens.

Figure 2 Left: schematic illustration of Brazilian test (Courtesy of the Concrete Portal, 2015) and
right: photograph of a shale sample 19b before and after testing.
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The tensile strength σt (MPa) is calculated using the following equation:

where P is the axial load at failure (N), D is the diameter of the specimen (mm) and t is the
thickness of the specimen (mm).
Results and Discussion

Tensile strength of cap rock shale samples
Tensile strength of Rurikfjellet samples of Cretaceous Age from the depth of 308 through 425
m varies between 4.05 and 10.71 MPa perpendicular to bedding. Samples 32A and 32B from
depth of 425 m show significantly higher tensile strength than the others. These samples have
a high density of 2.85 g/cm3 and might be related to a fault zone, well known in the well logs.
Strong cementation associated with the fault rocks are suggested as the explanation for the
higher strengths (see Bohloli et al. 2015). No sample parallel to bedding is available from
Rurikfjellet formation. From Knorringfjellet and Agardfjellet formations specimens of
Jurassic Age were tested both parallel and perpendicular to the bedding planes. Comparison
of test results shows that tensile strength parallel to bedding is lower than that of
perpendicular to bedding.
Table 1 Specifications and tensile strength of cap rock shale samples from Rurikfjellet, Agardhfjellet
and Knorringfjellet formations of bore holes Dh2, Dh4 and Dh6.
Diameter
D (mm)

Thickness
t (mm)

Density
g/cm3

308
308
369
369
386
425
425
685
685
699
699
685
685
685
685
699
699

8A
8C
18
19A
25B
32A
32B
C1
C2
E1
E2
A1
A2
B1
B2
D1
D2

40.4
40.4
40.4
40.3
40.0
28.5
28.5
25.25
25.19
25.26
25.26
25.10
25.14
25.12
25.16
25.26
25.21

21
21
21
19
20
15
15
12.49
12.59
12.14
09.13
12.35
12.30
12.29
12.33
12.59
12.56

2.58
2.58
2.60
2.54
2.60
2.85
2.85
2.64
2.64
2.39
2.56
2.65
2.58
2.58
2.63
2.57
2.28

Tensile strength
(MPa)
5.76
5.60
4.94
4.57
4.05
10.71
8.33
4.35
2.38
3.02
2.24
2.80
2.44
6.65
3.08
2.94
5.06

Load
direction
Perpendicular to bedding

Sample
ID

Parallel with
bedding

Depth
(m)

Post-failure behavior of cap rock shale samples
A typical failure curve shows a stress increase up to a peak load where specimen cracks and load
sharply drops to a relatively low level (Tutluoglu et al., 2015). We observed that post-failure behavior
of the samples loaded parallel to bedding is different from those loaded perpendicular to bedding. For
the first group, it shows a first peak load (failure load) followed by a small load drop and several
subsequent peak loads. These secondary and tertiary peaks can reach or even exceed the first peak
load (Fig. 3). This indicates that after the first cracking, failure develops and the sample can bear
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loads that are significantly larger than the first failure load. This behavior is observed for all samples
loaded parallel to bedding irrespective of their strength (Fig. 3).

Figure 3 Load versus time for shale samples loaded parallel with bedding plane. Sample B1 (blackdashed line) reaches the first peak load and fails at around 40 seconds. Further failure development
results in peak loads that are higher than the failure peak. A similar trend is also observed for other
samples where post-failure peaks are almost as big as the failure peak.
Specimens loaded perpendicular to bedding plane show almost a typical failure curve throughout the
loading time. First, a peak load is reached which indicates cracking of the specimen. Then a sharp
load drop is observed (Fig. 4). For some specimens, e.g. 8A and 8C, two peak loads are registered but
after these peaks of almost the same magnitude, load decreases significantly and no recovery of load
versus time is registered. This shows that first failure/crack in such specimens requires a large load
but development of subsequent fractures requires much less stress. Thus, cap rock shale samples
tested in the laboratory by the Brazilian tests method that fail perpendicular to bedding plane can't
bear large loads in the post-failure region.

Figure 4 Load versus time for shale samples loaded perpendicular to bedding plane. Failure of
samples is indicated by the first peak load followed by a sudden drop. After the drop, sample bear
some loads but never reaches the same level as the failure peak.
From our experiments it can be stated that the post-failure behavior of cap rock shale specimens tested
is dependent on loading direction. This observation implies that samples that fails parallel to bedding
plane can bear relatively large load/stress in the post-failure region. On the other hand, samples that
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fail perpendicular to bedding plane have higher strength but bear quite small loads in the post-failure
region.
Post-failure behavior of rocks may be monitored by acoustic/microseismic measurements. Each
failure, indicated by a peak load followed by sudden stress drop, makes an acoustic event. This
happens in the post-failure region too. Assuming a shale loaded parallel to bedding plane and similar
to the Brazilian testing conditions, it may create a first acoustic emission then followed by several
events. The magnitude of post-failure events may exceed that of the first acoustic event. In contrary, if
a shale fails perpendicular to bedding, it may produce a major acoustic emission (or two) followed by
much smaller events. This can be a potential application of post-failure data for microseismic
monitoring. However, it has not been validated in the laboratory yet and requires further investigation.
Conclusions
Shale samples subjected to the indirect tensile test in different directions relative to bedding differs
not only in terms of the peak strength but also in the shape of the post-failure curve. This study shows
that cap rock shale specimens from Svalbard CO2 storage site loaded perpendicular to bedding have
higher strength and those loaded parallel with bedding show lower strengths, as is well known from
previous studies due to general anisotropic behaviour of shales. However, for samples loaded
perpendicular to bedding, they bear load up to a maximum peak followed by large drop, which never
reaches the maximum peak again in time domain. For samples loaded parallel with bedding, on the
other hand, a maximum load is reached at failure followed by sudden drop which can increase to the
same or higher level than the initial failure stress. This information from laboratory can be of
importance also for seismic monitoring in field, although, in-situ boundary conditions might affect the
post peak behavior compared to tests performed in the laboratory.
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