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Abstract: The paper analyses the mechanical properties of shales from the Baltic Basin, focusing
on creep strain in conditions of variable stress and elevated temperature (85 °C). Rock samples
were collected from drill cores from various depths between 3600-4000 m. A series of creep tests
was performed using a triaxial apparatus in simulated pressure and temperature conditions in the
reservoir. The creep tests were conducted at variable levels of differential stress in variable time
intervals. The laboratory experiments were performed in order to study brittle and viscoelastic creep
proceeding in time in shales rich in organic matter and clay minerals. Creep compliance of shale
formations rich in organic matter influences the success of hydraulic fracturing procedures, as well as
migration of natural gas during exploitation. Laboratory characteristics of geomechanical properties
(compressive strength, strain and elastic moduli) is crucial for planning natural gas exploitation from
unconventional resources. The results indicate that the level of constant differential stress and creep
time significantly influence the mechanical properties of shales. The paper presents the differences
between brittle and viscoelastic strain registered during creep tests at variable stress conditions and
time intervals. In viscoelastic creep tests, creep strain is over two times larger in the second stage
of creep in comparison to the magnitude of strain registered in the first stage. In brittle creep tests,
axial strain in the first creep stage is two times larger than in viscoelastic creep tests in the second
stage. Based on the experiments, elastic parameters, i.e., Young’s modulus and Poisson’s ratio, have
been determined for each of the analysed samples. In brittle creep tests, Young’s modulus is smaller
than in viscoelastic creep tests. In viscoelastic creep tests Young’s modulus increases in successive
stages. Whereas Poisson’s ratio is larger for samples from brittle creep tests than for samples from
viscoelastic creep tests and does not change with subsequent creep stages in viscoelastic creep tests.

Keywords: brittle creep; viscoelastic creep; shale; young’s modulus; constant stress; strain

1. Introduction

Development of geomechanical investigations resulted in better knowledge and un-
derstanding of the elastic and strain properties of reservoir rocks. However, the most
recent studies [1-15], indicate that assessment of time-dependent creep parameters and
determination of brittle and viscoelastic strain may be of key significance for the successful
exploitation of natural gas from unconventional deposits. Strain caused by slow time-
dependent deformation, known as creep, may be a factor restricting or controlling changes
of stress caused by hydraulic fracturing [6-8,16].

Strain taking place during creep processes is important both in the assessment of
short-term and long-term reaction of the shale gas reservoir [3,16]. In a short interval,
viscoelastic strain may cause change of the stress state, which has impact on the success of
fracturing procedures [4,6], whereas in long intervals, viscoelastic strain may cause closing
of the created fractures and fissures in the rock massif resulting from hydraulic fracturing,
and thus decrease the permeability of the reservoir and hamper the migration of gas to
the borehole [7,17-19]. Taking into account the significance of creep strain both in short-
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and long-term exploitation of shale gas, it is important to evaluate the creep response in
shale rocks rich in organic matter and clay minerals. Understanding the reasons and rate of
production reduction, resulting from decreased permeability, is a key factor during design
and later gas exploitation from unconventional shale gas resources. Laboratory studies of
the mechanical properties of rocks are usually fixed and allow for assessing their behavior
in short-term conditions and at fast growing loading. In most processes acting in the rock
massif, a crucial role is played by time, long-term loading, or long-term deformation stages
(strain). Due to this fact, testing rock behavior at long-term loading or strain is of high
practical value.

Laboratory tests of the creep process are usually, due to technical and economic
reasons, restricted in time. Therefore, a common challenge for numerous researchers
(e.g., [13]) is estimating the duration of tests indispensable for determining parameters
used for forecasting strain occurring in rocks in a relatively long time span. Based on the
conducted short-term creep tests, the parameters necessary for modeling (e.g., using the
power function) of the behavior of unconventional hydrocarbon reservoirs in a relatively
long period of time are able to obtain [6,7].

The paper presents the behavior of siltstones and claystones (shales) under short-term
and long-term, permanent loading, and their strength and strain properties. The aim of the
studies performed at high pressure and high temperature conditions was to characterize
time-dependent, brittle and viscoelastic properties of siltstones and claystones from the
Baltic Basin.

2. Theoretical Background

A schematic diagram of the creep process presenting various time-dependent stages
showing the reaction of material subject to creep tests is shown in Figure 1. At a constant
temperature (T = const), the creep process comprises of the following characteristic, cor-
responding to various stages of deformation: initial (instantaneous) elastic strain (part
OA), primary (transient) creep (part AB), secondary (steady-state) creep (part BC) and
tertiary (accelerating) creep (part CD), resulting by material failure [1,2,20]. At the begin-
ning, depending on the magnitude of the applied stress, instantaneous deformation takes
place; it may be elastic as well as partly irreversible, which may be caused by dilatancy
(formation of microfractures and microfissures) [21]. In the primary stage, creep velocity
decreases with time. Usually, creep is reversible at this stage (elastic delay), although some
contribution of irreversible deformation is also possible. In the secondary stage, creep
proceeds with a constant velocity. Microfailure of the rock samples takes place at this stage,
and therefore durable (irreversible) deformation may also be observed after loading. In the
last stage, creep is characterised by rapid increase of the strain velocity, which is related
with the intensification of the destruction process, formation of macrofractures and in the
end of failure of the material [1,2,20]. The presented creep process is characteristic for rocks.
It is assumed that creep in rocks is larger in the case of samples with a higher content of
clay minerals and organic matter [7,9], where it is caused by compaction of clay mineral
sheets and of organic matter, as well as reduction of the pore space [6,11,15].

Depending on the magnitude of the stress applied to the sample, the test duration
and the properties of the material, primary, secondary and tertiary stages of creep might
occur. In the presented test results, in brittle creep, at high stress values at a minimum of
75% (01—03)max, all creep stages occurred, whereas in viscoelastic creep, at stress values
below 50% (01—03)max, maximally secondary stages of creep occurred. Whereas, in the
research by Rybacki et al. [11], the transition from primary to secondary creep occurred in a
narrow stress range, corresponding to about 84-90% of the compressive strength obtained
in constant strain rate tests of 5 x 107* s~ under similar pressure and temperature
conditions [22].
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Figure 1. Schematic diagram of the creep process [20], modified.

3. Material

Cores for laboratory tests were collected from various depths between 3600-4000 m
from three boreholes located in the Baltic Basin (northern Poland) (Figure 2). Core samples
were drilled perpendicular to the rock bedding and stored at room temperature and air
humidity. It is the best and the safest way to store shale cores at a constant temperature
of ~4 °C and a consistent relative humidity of >75% to minimise any micro fracturing
and internal moisture movement in the core [23]. For laboratory investigations, cylin-
drical samples were cut out from the core samples. Laboratory tests were performed on
26 samples. The creep tests were conducted on samples representing the lower Silurian
(Pelplin Claystone Formation, Pastek Claystone Formation, Jantar Bituminous Claystone
Member) and Upper Ordovician (Sasino Claystone Formation) lithostratigraphic units.
These units correspond to the interval between the Caradoc and Wenlock [24].

3.1. Geology of the Study Area

The most prospective with regard to natural gas in Poland are the lower Palaeozoic
graptolitic shales located on the western slope of the East European Craton (EEC) in the
Baltic Basin [25] (Figure 2). From the Late Ordovician to the late Silurian, development
of basin subsidence on the western slope of the EEC was linked with its flexural bending,
caused by the Caledonian, oblique collision of Avalonia and Baltica, which lead to the
formation of a foreland basin [26,27]. In the first stage of its development, bending of the
plate at slow clastic supply caused the formation of accommodation space and development
of anoxic conditions at the sea bottom, which favoured the deposition of shales rich in
organic matter. In the Caradoc, claystone deposition prevailed in the sedimentary basins in
the western and north-western part of the western slope of the EEC. The Llandeilo and
Caradoc are characterised by black clay shales with graptolites or inarticulate brachiopods.
The Silurian began with a marine transgression in the Llandovery, causing vast deposition
of siltstones and claystones rich in organic matter. This time interval is characterised by
black and grey clay shales with graptolites [28-30]. A characteristic feature of the lower
Palaeozoic sedimentary basins on the western slope of the EEC is their rather simple
tectonic structure. The main feature of the Baltic Basin is its regional flexural bending
to the west and south-west. A small number of faults, usually characterised by small
throws, is also typical for the area [27,31]. There is an interesting tectonic structure near the
research area (in the North direction). The Opalino Anticline is a symmetric box-fold with
subsidiary: two northern and southern anticlines and a syncline in the hinge zone, giving
in an m-shape [32]. This anticline was formed as a result of collision between Avalonia
with Baltica during the Caledonian Orogeny. Whereas the syn-tectonic strata that formed
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during fold growth, as observed in the limb of the Opalino Anticline, suggests that the
main stage of folding within the western part of the Caledonian Foredeep Basin occurred

during the Pridoli [32].
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Figure 2. Location of the analysed shale gas boreholes (green dots) with regard to (A) lower Paleozoic
Baltic Basin (CDF—Caledonian Deformation Front, TTZ—Teisseyre-Tornquist Zone [26,33]) and
(B) lower Paleozoic sedimentary basins and area covered by Upper Ordovician and lower Silurian
shales (PWZ—Ptock-Warsaw Zone, BNZ—Bitgoraj-Narol Zone, EEC—East European Craton, TESZ—
Trans-European Suture Zone [25,33]).

3.2. Specimen Characteristics

The mineral composition of the analysed rocks was determined using X-ray diffraction
(XRD). The results of XRD analyses and the petro-physical properties of lower Palaeozoic
gas shales from the Baltic Basin have been presented by Lesniak et al. [34]. The organic
matter (TOC) content was determined using pyrolitic Rock-Eval analysis [35]. The results
are presented in Figure 3 and Table 1.
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Figure 3. Mineral composition of the analysed siltstone-claystone formations.
Table 1. Mineral composition and organic matter (TOC) content in the studied siltstone-claystone formations.
Formation QFP [%] Carbonate [%] Clay [%] TOC [% Weight]
Pelolin 37.4-42.1 11.1-17.9 44.7-48.5 1.3-1.8
P [40.2] [13.7] [46.2] [1.5]
Pastek 35.4-36.5 4.6-7.6 56.3-59.6 0.7-1.2
aste 35.9] [6.5] [57.6] [0.9]
Jantar 26.7-38.5 44-344 37.0-57.1 3.3-54
[31.4] [22.4] [46.2] [3.8]
Sasi 35.6-65.6 0.9-4.6 29.8-60.8 3.0-53
astno [51.7] [3.5] [44.9] [4.3]

Samples from the Pelplin Formation are characterised by a very uniform mineral
composition (Figure 3). Shales of this unit contain have an average content of 46% clay
minerals, 40% quartz, feldspars and pyrite (QFP) and almost 14% carbonates. The organic
matter content reaches 1.5% weight. Shales from the Pastek Formation are also characterised
by a uniform mineral composition. They are rich in clay minerals (57.6%), whereas the QFP
and carbonate content reaches about 36% and 6.5%, respectively. In the shales, the organic
matter content is low (TOC < 1% weight), therefore the formation has low prospectiveness.
The mineral composition of samples from the Pelplin and Pastek formations is similar
to the mineral composition of samples from the Pelplin and Pastek formations that were
subject to mechanical anisotropy analysis [33]. The most prospective shale formations in
the Baltic Basin are the shales of the Jantar Member and Sasino Formation [25]. In both
units the TOC is about 4% weight (Table 1), but they have a variable mineral composition
(Figure 3). Due to this, the mechanical and strain properties of the analysed rocks are quite
different [33]. Shales from the Jantar Member contain 46% of clay minerals, 31% QFP and
22% carbonates. Shales from the Sasino Formation are richer in silicates, and averagely
contain 45% clay minerals, 52% QFP and only 3.5% carbonates.
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4. Experimental Methods

This paper presents the analyses of creep tests performed in a triaxial stress field. The
tests were conducted on shales rich in organic matter [0.9-4.3 wt%] in order to analyses the
brittle and viscoelastic deformation process taking place in these rocks.

Creep tests were made on samples oriented parallel to laminations. Two modes of
creep tests in a triaxial stress field were made. Brittle creep was tested in the first mode
(BCT) and viscoelastic creep—in the second mode (VCT). Each test comprised four stages:
thermal, hydrostatic, triaxial and failure. The first stage (thermal) and fourth stage (failure)
were performed according to the same procedure. A different methodology was applied in
the BCT and VCT for the second stage (hydrostatic) and third stage (triaxial). In BCT, in the
second stage (hydrostatic), the samples were subject to hydrostatic pressure (o7 = 07 = 03)
in one step, and then in the third stage (triaxial), they were step by step loaded axially
(o1 > 03 = 03). In VCT, in the second stage (hydrostatic), the samples were loaded with
3 steps of confining pressure, and next in the third stage (triaxial) they were step by step
loaded axially.

Analysis of creep strain taking place during the third stage (triaxial) was made by
experiments performed at different levels of differential stress. In order to register brittle
strain, the samples were performed according to the BCT at constant levels of maximum
differential stress reaching 75% and 85% (01—03)max, respectively. In turn, registering of
viscoelastic strain was accomplished by performing the VCT at constant levels of maximum
differential stress reaching 25% and 50% (01—-03)max, respectively.

Values of the levels of constant differential stress, at which the analyses were per-
formed, i.e., 75% and 85% or 25% and 50% (01—03)max Were determined based on the
result of single failure tests of equivalent samples from the same rock units and the same
boreholes as presented by Wilczynski et al. [33].

4.1. Sample Preparation

Cylindrical samples were cut out for the creep tests in a bedding-parallel direction
(horizontal samples) (Figure 4A), 1.5 inch in diameter (37.8 mm) and about 3 inches in
height. After removing the samples from the drill cores, their upper and lower surfaces
were polished to maintain parallelism according to the norm ASTM D 4543-01 [36]. After
the retrieval of any shale sample, it is important to ensure that structural integrity is
maintained (Figure 4B), and unwanted drying, evaporation, and oxidation is avoided [23].
Prior to the analyses the samples were stored at room temperature. In a subsequent step
the samples were sealed with a heat-shrink jacket (Figure 4C) against loss of humidity.
They were not dried or subject to additional saturation before the analyses, in order to
have no impact of the sample structure, and thus influence the change of mechanical
properties. Re-saturation process could damage the rock. On the other hand, due to the low
permeability of shales, a single drained test could take several weeks, even months [37,38].

A [ e

Horizontal sample for
brittle creep tests

C D) b=

1=76 mm (3n.)

Horizontal sample for

: viscoelastic creep tests
. M-43-B d=38 mm
1 3 . ‘ ‘ ‘ (1.5in.)

— 1=76 mm (3in)

Figure 4. (A) Scheme of preparing samples for laboratory tests, (B) protected sample for laboratory
tests, (C) and a single sample sealed with a heat-shrink jacket.

100 mm=4in.
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4.2. Experimental Equipment

Series of creep tests were carried out using a comprehensive, multi-purpose testing
system equipped with a termo-pressure cell for testing in the triaxial state (MTS-815). The
technical capabilities of the cell allow for simulating the conditions within the rock mass
at the depth reaching 5000 m below the ground level using pressure (up to 140 MPa) and
temperature (up to 200 °C).

The temperature in the triaxial cell was monitored by thermocouples installed in the
cell, and its increase was obtained using three electric heaters with a power of 2000 W each.
Each sample was sealed with a heat-shrink jacket to protect it against the surrounding
fluids. The surrounding fluid from the fluid medium (mineral o0il) can otherwise infiltrate
into the pore space and microfissures, contaminating the sample and altering its stress
regime during the experiment.

The axial extensometer measured the axial deformation and chain extensometer
measured the lateral deformation. The volumetric strain was calculated by the summation
of both the axial and the lateral strains (e.g., [39—41]) from the following Formula (1):

&y = €z + 2exy €))

where:

ey—volumetric strain,
£,—axial strain,
ex,y—lateral strain.

Confining pressure and differential stress were monitored using a pressure sensor and
a force sensor installed in the cell. In order to reflect the temperature and effective stress
at in situ conditions, all tests were performed at a constant temperature of T = 85 °C and
constant confining pressure of p. = 50 MPa. Confining pressure was set on the rock sample
at a constant velocity of 10 MPa/min.

4.3. Brittle Creep Test—BCT

Brittle creep tests were designed using and significantly modifying the hourly creep
index after Borecki et al. [42]. The test was conducted in four stages. At first, in the first
stage (thermal), temperature in the triaxial cell was increased to the target level. Warming
up of the cell to 85 °C took about 30 min. After reaching the target temperature, it was
maintained at a constant level till the end of the test. In the second stage (hydrostatic),
confining pressure was increased to 50 MPa and maintained at a constant level till the end
of the test (through all remaining stages). Confining pressure was increased with a constant
velocity of 10 MPa/min. The third stage (triaxial) took place at stabilised termo-pressure
conditions. This stage comprised two 3-h constant differential stress levels, during which
creep strain (e.r) was registered. The first creep strain (first loading) was registered at stress
values reaching 75% (01—03)max, and the second at stress values reaching 85% (01—03)max
(Figure 5). In BCT, the rock samples were loaded with a constant axial strain rate (1072571,
After finishing the second 3-h constant differential stress level began the stage of rock
sample destruction, comprising increase of axial stress with the same axial strain rate till
complete destruction of the sample took place.

Based on the performed creep tests in a triaxial cell (BCT), experimental deforma-
tion curves showing differential stress (01—03) to axial strain (¢,), lateral strain (exy)
and volumetric strain (ey) were obtained. Young’s modulus (E) and Poisson’s ratio
(v) were determined only at an initial stage of axial compression, prior to the first 3-h
constant level of differential stress. These parameters were determined based on the
American norm (ASTM) [43], European recommendations (Eurokod 7) [44] and ISRM
guidelines [45]. Young’s modulus was determined on a straight section of the differential
stress (01—03)—axial strain (¢,) curve. Poisson’s ratio (v) was defined as the relationship
(quotient) between the value of axial strain (¢,) and lateral strain (exy) for the straight
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section of all three characteristics showing the relationship between stress and axial, lateral
and volumetric strain.

250 Failure stage
—'®
oA
£ 200
:,.;gj Triaxial stage
35 85%(0, = G '
o5 150 75%(0,= ) f
20
8% g
ez 100
£5¢ /
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0
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— Differential stress —Confining pressure —Temperature

Figure 5. Schematic diagram of the brittle creep test (BCT).

4.4. Viscoelastic Creep Test—VCT

In viscoelastic creep tests the hydrostatic stage was extended and subdivided into
three steps, and the levels of constant differential stress were reduced in the triaxial cell
(Figure 6). The first stage (thermal) and fourth stage (failure) were performed as in the
brittle creep tests (BCT). The second stage (hydrostatic) and third stage (triaxial) in VCT
were made by modifying the procedure presented by Sone and Zoback [4-7]. In the
hydrostatic stage, the confining pressure was applied in three steps (up to 10 MPa, 30 MPa,
50 MPa) with a constant velocity of confining pressure increment at 10 MPa/min, till the
target pressure of 50 MPa was achieved. After each stage of confining pressure increase,
it was maintained at a constant level for 3 h for preliminary sample compaction and
achievement of sample equilibrium.

250

—'®
£ 200
2?06 Failure stage
e =
g é% 1 50 Hydrostatic stage Triaxial stage
? %E 50%(G1~ O2)u
oET |
593 100
££5
;E [ = 25%(c,— G;),.

[0)
Qe 50
©5

0
0 o 10 15 20 25 30 35 40
Time (h)
— Differential stress —Confining pressure —Temperature

Figure 6. Schematic diagram of the viscoelastic creep test (VCT).

During the 3-h constant levels of confining pressure, axial and lateral strain were
registered, but we do not refer to them as hydrostatic creep strain. It is debatable if isotropic
loading of a sample during hydrostatic stage does result in creep (e.g., [3,20]). It should be
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noted, however, that the results of other laboratory tests (e.g., [12,16]) suggest that creep
may also take place during the hydrostatic stage.

The third (triaxial) stage began at stabilised temperature-pressure conditions, i.e.,
after 9 h at 85 °C and confining pressure at 50 MPa. This stage comprised two constant
differential pressure levels, in which creep strain was registered. The first loading 25%
(01—03)max Was maintained for 5 h (for one sample exceptionally 3 h), and the second
loading 50% (01—03)max Was maintained from 5 to 20 h.

In order to determine the values of Young’s modulus and Poisson’s ratio, loading and
unloading cycles were subsequently performed after each creep stage. In the last stage
(failure), the samples were compressed axially with a constant axial strain rate (1075 s~ 1).
The analysis was conducted till the sample was destroyed.

5. Experimental Results and Discussion
5.1. Analysis of Brittle Creep Test

During the brittle creep tests strain was registered during two 3-h constant differential
pressure levels, however in four cases destruction took place in the triaxial stage. One
sample (M-60-A) was destroyed already after 90 s from the moment of reaching the first
constant differential stress level. Two samples (W-277-A and W-305-B) were destroyed at
stress increase from 75% (01—03)max to 85% (01—03)max, Whereas another sample (M-30-A)
was destroyed after 108 s from the moment of reaching the second constant differential
stress level. Destruction of these four samples in the first mode was caused by the fact that
the applied stress level in the samples was close to the maximum sample strength.

5.1.1. Example of Strain Data

The brittle creep process is presented on differential stress-strain curves (Figure 7) and
relationships between strain and time (Figure 8) based on the sample (M-43-A). Based on
these relationships, Young’s modulus and Poisson’s ratio were determined for all samples,
the magnitude of creep strain were determined for two constant differential strain levels
(triaxial stage), and the values of the maximum differential stress—for the failure stage
(Table 2). The table contains also information about the lack of the second creep stage due
to exceeding of maximum sample strength, which lead to its destruction, the duration time
and the value of the constant stress level.

250

ol N Ay e S

- _ 75% (01 — G3)max

100

Differential Stress (c,— c,) [MPa]

7
5 r——--%Y1-F- / EIT e Axial Strain | |
V1‘L \L e | gteral Strain
_____ i/ -~ """ Volumetric Strain
5 |
-0.004 -0.002 0 0.002 0.004 0.006 0.008
Strain (¢) []

Figure 7. Characteristics of differential stress—axial, lateral and volumetric strain obtained from the
brittle creep test for sample M-43-A.



Energies 2021, 14, 4633

10 of 22

0.010 250

s Axial Strain

0.008 4

e— |_ateral Strain

= == Differential Stress

0.006 4 Triaxial stage _

g | [P
2" level
‘---_-_--———— 150
i
[}
I
I

- .
- - —
N
S
8

0.004

1" level
0.002

Strain (¢) [-]

100

[edin] (o —'0) ssang [enuaiayig

@
o

0002 !
|
"

-0.004

-0.006 0
0 1 2 3 4 5 6 7

Time (t) [h]

Figure 8. Relationship between axial strain, lateral strain, and differential stress and time in the

brittle creep test for sample M-43-A.

Table 2. Conditions of the performed analyses and results obtained during brittle creep tests for all analysed samples from

the siltstone-claystone formations.

Creep Stress Duration Time Creep Strain Elastic Properties Maximum
ormation SWPle st mdle & e goungs  Poissons  Diffental
e e [hl [h] B 8 E, [GPal Vil (o mas
B-211-B 175 200 3 3 0.00060 0.00100 45.4 0.29 250
) M-30-A * 185 212* 3 108 s * 0.00160 0.00050 * 39.2 0.23 212*
Felplin W-264-B 181 207 3 3 0.00070 0.00070 47.8 0.26 248
Average 44.2 0.26 249
B-236-B 140 128 3 3 0.00040 0.00030 48.7 0.25 217
Pastek W-277-A* 164 - 3 - 0.0004 * - 47.7 0.32 196 *
Average 48.2 0.29 217
B-279-C 140 158 3 3 0.00057 0.00070 475 0.34 194
Jantar M-43B-A 163 184 3 3 0.00070 0.00050 481 0.32 230
W-305-B * 206 - 3 - 0.00120 - 40.0 0.33 216 *
Average 45.2 0.33 212
B-297-A 142 160 3 3 0.00050 0.00060 35.4 0.25 205
Sasino M-60-A * 175* - 90s* - 0.00030 * - 451 0.36 175*
W-320-A 183 207 3 3 0.00070 0.00070 41.0 0.27 254
Average 40.5 0.29 230

*—samples destroyed during the test.

Analysis of the values of creep strain registered during the first (¢.,1) and second (e¢y2)
creep stages shows that it is difficult to indicate at which stage larger creep strain was
registered. For three samples larger creep strain was noted in the second stage, for two
samples larger creep strain was obtained in the first stage, and for two samples the same
creep strain values were determined in the first and second stage (Table 2). According to
published reports, at high stress levels the strain in the first creep stage should be larger
than in the second stage. This is confirmed by studies at high stress levels (60%, 70%, 75%
and 85%) of Mishra and Verma [46], which show that samples are most deformed during
the first stage, and in subsequent stages much less, despite increasing loading.
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5.1.2. Observation of Creep Behavior in Brittle Creep Tests

Figure 9 shows the creep process at the first and second constant differential stress
level for sample W-264-B. The strain was measured from the moment at which stress
stabilised at a constant level. In this case, creep strain reaches the same value on both levels,
whereas the shape of the creep curve changes. Primary creep (transient) and secondary
creep (steady-state) were registered in the first stage according to the schematic diagram of
creep (Figure 1). In turn, in the second stage, beside primary and secondary creep, tertiary
creep was also observed. In this case a longer test would lead to sample destruction by
brittle strain.
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8

; /7
5 / /
-

// e 1 |evel - Gaxr = 18 1MPa
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Figure 9. Comparison of axial creep strain for the first and second constant differential stress level in
the brittle creep test for sample W-264-B.

5.1.3. Young’s Modulus and Poisson’s Ratio

Deformation curves (Figure 7) obtained for all samples presenting the relationship
between differential stress (01—03), and axial (¢;), lateral (exy) and volumetric (ey) strain
were used to determine Young’s modulus (E) and Poisson’s ratio (v). It should be empha-
sised that in brittle creep tests (BCT) only one Young’s modulus and one Poisson’s ratio
were determined during the elastic stage of sample loading to 75% (01—03)max (Figure 7).
Young’s modulus (E) and Poisson’s ratio (v) were determined in the beginning of axial
compression prior to the first creep stage.

In BCT, the determined average value of Young’s modulus for samples from particular
lithostratigraphic units was: 44.2 GPa for the Pelplin Formation, 48.2 GPa for the Pastek
Formation, 45.2 GPa for the Jantar Member, and 40.5 GPa for the Sasino Formation. In
turn, the average value of Poisson’s ratio for samples from particular lithostratigraphic
units was: 0.26 for the Pelplin Formation, 0.29 for the Pastek Formation, 0.33 for the Jantar
Member, and 0.29 for the Sasino Formation.

Young’s modulus from studies of mechanical anisotropy with application of classical,
single triaxial tests for samples cut out in a direction parallel (horizontal) to the bedding [33]
generally attains values for all formations similar to the values obtained from BCT, because
this parameter was methodically and physically determined for the same stress-strain
sections. In turn, the average values of Poisson’s ratio were slightly lower in mechanical
anisotropy studies [33] than the average values obtained in BCT.

5.2. Analysis of Viscoelastic Creep Test

During viscoelastic creep tests, none of the samples was destroyed during the triaxial
stage, because the samples in VCT were loaded with values below 50% (01—03)max. Loading
of samples with such low values of differential stress cannot result in their destruction,
because only constant viscoelastic strain will develop in this range of differential stress.
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5.2.1. Strain Data Example

The viscoelastic creep process is presented on differential stress-strain curves (Figure 10)
and relationships between strain and time (Figure 11) based on the sample (M-43-B). Based
on these relationships, the values of creep strain, Young’s modulus and Poisson’s ratio
were determined for all samples at two constant differential stress levels (triaxial stage),
and the values of the maximum differential stress were determined for the destruction
stage (Table 3).
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Figure 10. Characteristics of differential stress—axial, lateral and volumetric strain obtained in
viscoelastic creep tests for sample M-43-B.
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Figure 11. Relationship of axial strain, lateral strain, differential stress and confining pressure and
time in viscoelastic creep tests for sample M-43-B.
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Table 3. Conditions of the performed studies and obtained results during viscoelastic creep tests for all analysed samples from the analysed claystone units.

Creep Stress Duration Time Creep Strain Elastic Properties Maximum
Differential
Formation 133111:1};1; 1st Level 2nd Level t1 ty €t Ecr2 Young’s Modulus Poisson’s Ratio Stress
gt [MPal g2 [MPal [l [l 1 1 (Gral (Gial (Goal m ” b s
B-211-A 55 110 5 5 0.00010 0.00024 53.8 57.7 55.4 0.31 0.30 0.29 168
M-30-B 58 116 5 5 0.00016 0.00035 442 48.5 49.7 0.20 0.19 0.22 223
Pelplin W-260-A 58 116 5 10 0.00009 0.00026 57.5 54.7 53.1 0.23 0.24 0.22 253
W-260-B 58 116 5 10 0.00015 0.00036 50.5 53.2 56.7 0.22 0.22 0.26 224
W-264-A 58 116 5 5 0.00014 0.00029 51.3 54.4 53.2 0.26 0.26 0.27 211
51.5 53.7 53.6 0.24 0.24 0.25 216
B-236-A 425 85 5 5 0.00005 0.00012 56.6 55.5 56.0 0.17 0.20 0.22 208
Pastek W-278-A 49 98 5 10 0.00010 0.00026 51.8 56.0 55.5 0.28 0.21 0.20 174
W-278-B 49 98 5 20 0.00007 0.00049 56.7 58.8 55.7 0.38 0.27 0.35 143
55.0 56.7 55.7 0.28 0.23 0.26 175
B-275-B 445 89 5 5 0.00012 0.00035 37.8 409 419 0.25 0.26 0.28 172
B-279-D 445 89 5 20 0.00007 0.00028 51.4 50.9 499 0.25 0.29 0.27 194
Jantar M-43B-B 46 92 5 5 0.00013 0.00027 49.1 50.6 51.3 0.22 0.22 0.23 234
W-305-A 60 120 3 3 0.00012 0.00030 44.5 48.2 48.1 0.21 0.22 0.30 244
W-306-A 60 120 5 10 0.00017 0.00045 47.0 48.6 48.5 0.23 0.30 0.32 231
46.0 47.8 47.9 0.23 0.26 0.28 215
M-60-B 55 110 5 5 0.00010 0.00025 46.0 494 49.8 0.25 0.27 0.27 182
Sasino M-62-A 52 104 5 5 0.00009 0.00014 53.5 56.0 55.8 0.16 0.15 0.17 218
W-320-B 57 115 5 5 0.00008 0.00022 42.0 43.7 44.6 0.19 0.19 0.20 273
47.2 49.7 50.1 0.20 0.20 0.21 224
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In VCT, axial and lateral strain were observed during the hydrostatic and triaxial
stages. Figure 11 shows axial and lateral strain for sample M-43-B. Increase of axial strain
in the first step of the hydrostatic stage is visible, when confining pressure was elevated
to 10 MPa and the value was maintained for 3 h. In the second and third step of the
hydrostatic stage, such large increments of axial strain were not observed. In turn, lateral
strain rises in the hydrostatic stage but falls in the triaxial stage when the sample is loaded
with the differential stress.

In the triaxial stage, further constant rise of axial strain is observed. In VCT, axial
strain at the second level of constant differential stress are larger than in the first stage
(Table 3). In these tests, creep strain increased averagely by 2.5 times on the second loading
(ecr2) compared to the first loading (e.;1) in all analysed samples.

5.2.2. Observation of Creep Behavior in Viscoelastic Creep Tests

Axial and lateral strain during the triaxial stage for both levels of constant differential
stress for sample W-264-A are presented in Figure 12. In VCT, axial strain is twice as large
on the second loading than on the first loading, but the shape of the curves is similar;
primary and secondary creep may be distinguished following the schematic diagram of
the creep process (Figure 1).
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Figure 12. Axial and lateral strain for sample W-264-B.

Interesting, however, is the behavior of lateral strain during creep tests at both levels of
constant differential stress. Theoretically, after increasing differential stress and maintaining
it at a constant level for a long period of time, the sample should shrink axially and expand
laterally [6]. In thecurrent experiments, for most samples lateral strain registered during the
first level of constant differential stress after initial increase, decreased with time, whereas
during the second level of constant differential stress, lateral strain increased during the
entire experiment (Figure 12).

Shales of the Baltic Basin also show that that during axial differential stress loading
after initial extension, strain reversal may occur, which suggests a complex deformational
behavior leading to volumetric compaction [14]. In turn, the Barnett and Haynesville shales
lateral strain stabilised after 10 min and did not change till the end of the experiment [6].

5.2.3. Young’s Modulus and Poisson’s Ratio

Strain curves were also obtained for all analysed samples in VCT (Figure 9). Three
Young’s moduli and three Poisson’s ratios were obtained (Table 3), which were determined
in all stages of increasing sample loading, beginning from the first stage (E;, v1), and
terminating in the destruction stage (E3, v3).
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In VCT (Table 3), the average value of the first Young’s modulus (E;) for samples
from particular lithostratigraphic units was: 51.5 GPa for the Pelplin Formation, 55 GPa
for the Pastek Formation, 46 MPa for the Jantar Member and 47.2 MPa for the Sasino
Formation. Analysis of the results from Table 3 shows that for most samples the values
of the static modulus increase with subsequent creep stage. In turn, the average value of
the first-loading Poisson’s ratio (v1) for samples from particular lithostratigraphic units
was: 0.24 for the Pelplin Formation, 0.28 for the Pastek Formation, 0.23 for the Jantar
Member and 0.20 for the Sasino Formation. In these tests at subsequent loading stages,
for which the Poisson’s ratio was determined, such clear correlation is not visible as in the
case of Young’s modulus. In subsequent stages, the value of the average Poisson’s ratio for
samples from the Pelplin and Sasino formations is practically invariable. In turn, for the
samples from the Pastek Formation, the average value of Poisson’s ratio at first decreases,
and then increases at subsequent creep stages. In samples from the Jantar Member, the
average value of Poisson’s ratio increases with subsequent creep stages.

5.3. Comparison of Brittle Creep and Viscoelastic Creep

For comparison of the results obtained from brittle and viscoelastic creep tests, the
following sections will present creep compliance, comparison of strength-strain parame-
ters (Young’s modulus E, Poisson’s ratio v, maximum compressive strength (01—03)max)
obtained from both experimental modes, as well as an extended viscoelastic creep test, in
which a third level of stress at 75% (01—03)max Was added.

5.3.1. Creep Compliance

Some authors (e.g., [13,14]) normalize the measured values of the obtained strain
by the magnitude of stress step, due to which strain is expressed as creep compliance
(e.g., [9,47]). Creep compliance depends on the content of clay minerals and organic
matter in shale rocks and the orientation of bedding planes with respect to differential load
(e.g., [6]).

Creep compliance for samples W-305-B (BCT) and B-279-D (VCT) is presented in
Figures 13 and 14. Brittle creep strain (Figure 13) was registered during sample loading with
a value of about 75% (01—03)max, and viscoelastic creep strain (Figure 14) was registered
during sample loading with a value of about 50% (01—03)max. The sample loaded with
a higher value of differential stress obtained a higher value of creep compliance and
three stages of creep (primary, secondary and tertiary) were observed in this sample. The
obtained creep curve practically resembles the schematic diagram of creep (Figure 1). The
sample loaded with a value corresponding to about 50% (01—03)max had a twice smaller
value of creep strain than sample W-305-B, and a different character of the creep curve
was obtained (only transient and steady-state creep stages, without accelerating creep), in
spite of the fact that the sample was loaded for an almost 7 times longer time interval than
sample W-305-B. Based on the data it can be assumed that sample destruction was largely
caused by the magnitude of the applied loading rather than the time of loading, as well
as that loading below 50% (01—03)max Will not cause sample destruction, because constant
viscoelastic strain will develop with time, but the strain at which brittle strain will start to
develop, successfully leading to final sample destruction, will not be exceeded.
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Figure 13. Brittle creep compliance (sample W-305-B).
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Figure 14. Viscoelastic creep compliance (sample B-279-D).

5.3.2. Comparison of Young’s Modulus and Poisson’s Ratio from Brittle and Viscoelastic
Creep Tests

In BCT, one Young’s modulus and one Poisson’s ratio were determined according
to the methodology presented in chapter 4.3. In VCT, three Young’s moduli and three
Poisson’s ratios were determined at all stages of increasing loading. In the next section,
the analysis is based on the first-loading Young’s modulus (E;), and the first-loading
Poisson’s ratio (v1), from viscoelastic creep tests, determined at the initial stage of increasing
differential stress to the level of 25% (01—03)max-

The distribution of Young’s modulus values in particular lithostratigraphic units,
subdivided into the type of test: brittle creep /viscoelastic creep, is presented in Figure 15.
Values of Young’s modulus obtained from VCT are significantly higher than the values of
Young’s modulus from BCT. The average value of Young’s modulus in samples from the
Pelplin Formation from VCT is by 16% larger than for samples from the same formation
from BCT. In the Pastek Formation, the average Young’s modulus from VCT is larger by
23% than for samples from the same formation from BCT. The smallest differences were
obtained for sample from the Jantar Member. In this unit, the average value of Young’s
modulus from VCT is by 10% larger from the average value of Young’s modulus from BCT.
In the Sasino Formation, the average Young’s modulus from VCT is by 18% larger than for
samples from the same unit from BCT. Lower values of Young’s modulus were obtained in
BCT than in VCT. It should be emphasized that Young’s modulus was determined in BCT
at a higher level of differential strain than in the VCT).
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Figure 15. Comparison of ranges of Young’s modulus from brittle creep and viscoelastic creep tests
for particular lithostratigraphic units.

The distribution of the Poisson’s ratio in particular lithostratigraphic units, subdivided
into the type of test: brittle creep/viscoelastic creep is presented in Figure 16. Analysis of
the values of Poisson’s ratio from brittle and viscoelastic creep tests shows higher average
values of Poisson’s ratio from BCT than from VCT, and for example in the Sasino Formation
the average value of Poisson’s ratio from BCT is by 45% higher in comparison to the
average value from VCT.

5.3.3. Compressive Strength

Maximum differential stress obtained from brittle and viscoelastic creep tests was
compared with values of maximum differential stress obtained from conventional mechan-
ical anisotropy experiments, in which rock samples were compressed axially at a given
confining pressure [33].

In the performed creep and anisotropy tests, the samples were tested at the same
temperature (85 °C) and confining pressure (50 MPa). All samples were cut out in the
same direction (only results of mechanical anisotropy analysis for horizontal samples were
taken into account in this study). The conducted experiment modes differed in the applied
methodology (most of all the duration of particular experiments).

Results of the maximum differential stress for each analysed sample from creep
tests are presented in Tables 2 and 3. The distribution of strength in particular lithos-
tratigraphic units with subdivision into the experiment mode: brittle creep /viscoelastic
creep/anisotropy are presented in Figure 17.



Energies 2021, 14, 4633

18 of 22

Vi [-]

0.00 0.10 0.20 0.30 0.40 0.50
Brittle creep -
£
=
[
o
Viscoelastic creep | |
Brittle creep -
£
&
[
©
o
Viscoelastic creep | :I:I
Brittle creep .
=
i)
c
©
5
Viscoelastic creep D]
]
=
7]
©
(7]
Viscoelastic creep | |

Figure 16. Comparison of ranges of Poisson’s ratio from brittle and viscoelastic creep tests for
particular lithostratigraphic units.

Conventional creep experiments should decrease the strength of the rock material in
relation to the classical strength tests. Comparison of the results of maximum differential
stress obtained in three test modes shows that for all shale units the average values of
maximum differential stress from VCT are lower than the average values from anisotropy
tests. In turn, only for the Jantar Member, the average values (01—03)max from BCT are lower
than the average values (01—03)max from mechanical anisotropy tests. Comparison of strain
values for both creep modes indicates that the average values of maximum differential
stress for the Pelplin, Pastek and Sasino formations from VCT are lower than the average
values of maximum differential stress from BCT.

5.3.4. Third Creep Level in Viscoelastic Creep Tests

Additional tests were conducted, in which brittle creep was modelled after registering
viscoelastic creep. To achieve this, in two samples (W-260-A and W-306-A) a third level
of constant differential stress (75% (01—03)max) Was added after two levels of constant
differential stress (25 and 50% (01—03)max). Such tests allow for comparing brittle creep
strain on this additional level of constant differential stress with brittle creep strain (BCT).
The magnitude of registered third-loading strain for sample W-260-A (0.00053) is only
slightly smaller than the magnitude of strain for mode 1 (W-264-B = 0.00070) representing
the same Pelplin Formation and the same borehole (Table 2). A similar relationship was
obtained for samples from the Jantar Member, where the magnitude of registered third-
loading strain for sample W-306-A (0.00100) is also smaller from the magnitude of strain for
BCT (W-305-B = 0.00120) (Table 2). In turn, comparison of brittle creep strain of additional
experiments (for the third loading) shows that almost twice larger magnitudes of creep
strain were obtained for sample W-306-A than for sample W-260-A (Figure 18).
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Figure 18. Third-loading creep strain from viscoelastic creep tests for samples W-260-A and W-306-A.

6. Conclusions

A series of triaxial creep tests was performed on samples of shales rich in organic
matter and clay minerals in order to investigate time-dependent deformation. Brittle creep
(BCT) and viscoelastic creep (VCT) tests were conducted on horizontal samples (parallel to
lamination) from the Baltic Basin and originating from depths over 3600 m. All tests were
made at T = 85 °C. In the BCT, the samples were loaded axially at 75% and 85% (01—03)max.
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and in VCT—at 25% and 50% (01—03)max. Comparison of results obtained in different
experimental modes was achieved by cutting out the samples from the same section of the
core (Figure 4A), from the same lithostratigraphic unit and the same borehole.

All samples display variably time-dependent deformation regardless the experimental
mode. Axial strain during creep was larger than lateral strain. In BCT it cannot be stated
unequivocally at which stage larger axial creep strain takes place. For most samples, larger
strain was noted in the second stage. In these experiment, all three creep stages were
observed (primary, secondary and tertiary). In VCT, axial strain is much larger in the
second creep stage than in the first creep stage. Practically for all samples, creep strain
increased averagely 2.5 times in the second stage than in the first stage. Only two creep
stages were noted in these experiments (primary, secondary). Magnitude of strain in
second-loading VCT is twice smaller than the magnitude of strain in first-loading BCT. A
constant increase of viscoelastic creep in time was registered in VCT.

Young’s modulus is larger for samples from VCT than for samples from BCT and
increases in successive stages. Poisson’s ratio is larger for samples from BCT than for
samples from VCT and does not change with subsequent creep stages in VCT.

The obtained strength results from brittle and viscoelastic creep tests were compared
with strength results obtained from mechanical anisotropy experiments. Based on the
analyses it was assumed that long-term loading of a sample at various stress levels only
slightly decreases its maximum strength.

Additionally, special tests linking viscoelastic creep with brittle creep were conducted.
In VCT a third level of constant stress at 75% (01—03)max Was added. This step was
undertaken to check the differences in the magnitude of strain registered during the first
creep stage in BCT and the third creep stage in VCT. As a result, it was assumed that brittle
creep strain during the first creep stage is higher than the third creep stage in VCT.

Based on the performed experiments and the obtained results, it was assumed that a
more optimal extraction of natural gas from shales requires fracturing activities at pressures
higher than may be assumed from simple strength-strain analyses of the fracturing fluids.
The very high pressure of fracturing fluids should cause brittle strain, which with time will
develop into a network of fractures and fissures, and thus enable better and more efficient
gas migration to the borehole.

Fracturing at initially low pressures, in which the pressure is increased gradually, will
even have negative impact on the availability of the deposit, because viscoelastic strain may
take place during the fracturing process; this deformation will cause closing of fractures
obtained during the fracturing process in the rock massif. Long-term viscoelastic strain
may also hamper gas migration to the borehole through decreasing reservoir permeability.
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