Geological Quarterly, 2021, 65: 33
DOI: http://dx.doi.org/10.7306/gq.1603

Unconfined compressive strength of Lower Paleozoic shales from the Baltic Basin
(northern Poland)

Michat WOJTOWICZ', Marek JAROSINSKI? and Radomir PACHYTEL? *

1 Wellfield Geoscience, Grzegdrzecka 67C/102, 31-559 Krakéw, Poland

2 Polish Geological Institute — National Research Institute, Rakowiecka 4, 00-975 Warszawa, Poland

Wojtowicz, M., Jarosinski, M., Pachytel, R., 2021. Unconfined compressive strength of Lower Paleozoic shales from the Bal-
tic Basin (northern Poland). Geological Quarterly, 2021, 65: 33, doi: 10.7306/gq.1603

Associate Editor: Beata Jaworska-Szulc

Unconfined compressive strength (UCS) is one of the crucial parameters for geomechanical modelling of unconventional
reservoirs useful for the design of hydraulic stimulation of hydrocarbon production. In spite of a large amount of UCS data
collected from the Lower Silurian and Ordovician shale successions of the Baltic Basin (northern Poland), no comprehensive
study on this subject has been published so far. Here, we compile the results of 247 single-stage confined compressive
strength tests (CCST) provided by our industrial partner from four exploration boreholes. Based on the integration of these
results with geophysical logging data, including dipole sonic logs, we derive empirical equations describing the relationship
between UCS and Young’s modulus or sonic wave slowness. Considering the strong anisotropy of elastic properties in
shales we have introduced different empirical equations for UCSy, (vertical) and UCS;, (horizontal), respectively perpendicu-
lar and parallel to bedding. The formula for UCSy, is determined with less accuracy than for UCSy due to scarce laboratory
tests with bed-parallel loading. Based on the empirical formula proposed, we have estimated the VTI-type of anisotropy to be
in the range of 12—27%, depending on the lithostratigraphic formation. The results of our UCS estimations are compared with
the results of multi-stage CCST from the adjacent borehole. Both confined tests yielded similar results for UCSy, with slightly
higher values obtained from the multi-stage tests. In turn, a comparison of our solution with the results of true uniaxial com-
pressive strength tests (UCST) for vertical samples from one of the studied boreholes revealed a significant discrepancy.
The mean UCS results for shale formations from UCST are several times lower than those evaluated from the single-stage
CCST. The usefulness of the results obtained for borehole breakout analysis is discussed.
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INTRODUCTION (Gazaniol et al., 1995; Zoback, 2010), which constitute part of a
more complex wellbore stability analysis.

UCS can be simply determined by a direct uniaxial com-
pressive strength test (UCST), conducted without confining
pressure. However, these simple tests reduce the most inter-
esting in situ UCS values due to the existence of open mi-
cro-cracks produced during rock coring, core relaxation, sam-
ple preparation, and drying, which is especially important for
shale (Josh et al., 2012). These effects cause the rock sample
to fail under uniaxial load in one step, providing neither a good
measure of the Cy nor the internal friction angle for the Mohr-
Coulomb strength model for reservoir studies (Khaksar et al.,
2009). Therefore confined compressive strength tests (CCST),
in which technological cracks in a sample are closed under con-
fining pressure, are considered to provide more credible and
useful measurements of UCS (King, 1912; Robertson, 1955).
Technically, there are two methods for evaluating UCS from the
results of CCST on core samples (ISRM, 1983):

— multi-stage CCS testing, in which several measurements
are performed on one sample allowing construction of the
* Corresponding author, e-mail: rpac@pgi.gov.pl failure envelope (Kovari et al., 1983);
Received: July 6, 2020; accepted: May 13, 2021; first published — single-stage CCST performed on several samples similar in
online: July 7, 2021 terms of lithological and possibly mechanical properties.

Unconfined compressive strength (UCS) together with fric-
tion angle (), coefficient of internal friction (u= tan @), and co-
hesion (Cy) are basic rock strength parameters commonly used
in the Mohr-Coulomb failure criterion (Jaeger and Cook, 1979).
UCS is a key factor for geomechanical analysis of shale reser-
voirs, useful in hydraulic fracturing design and interpretation of
its results (Zoback, 2019). In particular, knowing the UCS value
is necessary to perform wellbore stability and sand production
analyses, constraining in situ stress magnitudes from wellbore
wall failure, simulation of drilling penetration rate, drill bit wear
analysis, and structural modelling of tectonic faulting (Crawford
et al., 2010). Our goal was to determine UCS for a future study
of stress profiles from the presence of borehole breakouts
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In this case, careful sample selection for UCS tests is im-
portant, especially for shale in which mechanical properties
may change from bed to bed. Considering sample homogene-
ity, a multi-stage CCST performed on one sample is a better
method, more accurate while less time- and cost-consuming
due to a lower number of core samples needed. There are also
some shortcomings of multi-stage CCST that stem from uncer-
tainties in recognition of initial rock failure due to loading steps,
and the fact that each successive stage is performed on a par-
tially failed rock sample (Youna et al., 2010). For the purpose of
our study, we had access to the results of single-stage CCST,
which were provided by our industrial partner.

There are also some other indirect methods of UCS deter-
mination such as a scratch test for fine-scale strength profiling
(Suarez-Rivera et al., 2003) and Schmidt hammer for semi-
continuous rock mechanical properties (Taylor and Appleby,
2006). In contrast to CCS tests, these are non-destructive and
do not require special core preparation, but need calibration
with laboratory data.

Mechanical analyses of core samples are usually not avail-
able in the large amounts necessary for determination of the
UCS differentiation in the highly variable shale profiles of a sedi-
mentary basin. Therefore, a small number of samples allow
only their use for calibration of geophysical logs resulting in the
construction of the continuous strength profile of a borehole. To
optimize log-core calibration many empirical relations have
been introduced (overviews in Chang et al., 2006; Mavko et al.,
2009). However, there is no single generic empirical relation-
ship that would be suitable for all cases. All relationships are
limited to particular rock types, formations, or work only region-
ally (Crawford, 2010). The most used geophysically derived
UCS predictors are Young’s modulus (E), P-wave velocity (Vp),
sometimes expressed as slowness (DTP), and formation po-
rosity (Chang et al., 2006). Applicability of empirical relations for
regional use comes with the assumption that geomechanical
parameters for a particular lithostratigraphic formation do not
significantly change at the wide regional scale (Horsrud, 2001;
Chang et al., 2006).

Until recently, most of the UCS laboratory measurements for
the oil industry in Poland were performed under uniaxial load in a
direction perpendicular to bedding planes. In this paper, we ana-
lyse the results of CCST under vertical and horizontal compres-
sion in order to provide the empirical relations of UCS to
anisotropic petrophysical parameters derived from the dipole
acoustic tool logging (Wojtowicz and Jarosinski, 2019). Finally,
our results are compared to the UCS data derived from the true
uniaxial tests, taken on samples from one of the boreholes stud-
ied, and to the data from multi-stage CCST from the borehole ad-
jacent to the study area. One of the main aims of this contribution
is to demonstrate the quality and quantity of data available from
the Baltic Basin and show an example of their synthesis. Such an
analysis is a necessary step on the way to recognizing the state
of contemporary stresses in the basin from borehole wall failure,
which we also referred to in the discussion.

GEOLOGICAL SETTING

Our study area is located within the early Paleozoic Baltic
Basin in northern Poland (Fig. 1). The Ordovician and lower Si-
lurian shale successions analysed accumulated in the calm
sedimentary environment of the distal part of the Caledonian
foredeep basin (Poprawa et al., 1999; Poprawa, 2019); there-
fore, the facies are laterally relatively homogeneous at a ba-
sin-scale (Pachytel et al., 2017). That allows us to group the

samples taken from four boreholes, located 70 km apart, into
similar classes related to lithofacies.

Data used in the study are provided by the Polish Oil and
Gas Co. from four shale gas exploration boreholes (Fig. 1A).
Geomechanical analyses were performed at the Department of
Geomechanics of the University of Warsaw (confined CCST)
and at the Department of Geomechanics, Civil Engineering and
Geotechnics of AGH (unconfined UCST). For the purpose of
this work, the boreholes are called B-1, B-2, B-3, and B-4. The
borehole core samples and logs analysed were taken from the
relatively homogeneous, flat-lying early Paleozoic shale suc-
cessions without significant internal tectonic deformation.
Among the formations analysed, the Piasnica, Sasino, and
Jantar dark shales are considered as gas prospects (Fig. 1B).
The Prabuty and Kopalino formations, which separate the most
promising units, are highly enriched in carbonate. The upper-
most of the units analysed units, the Pelplin Formation, is a
bright shale with a total organic carbon content of <1%.

THEORETICAL BACKGROUND

Let us consider a cylindrical rock sample (Fig. 2A) with ap-
plied axial 64 and confining o3 stresses. At a given o3, the 64 is in-
creased until the rock undergoes irreversible deformation. The
value of oy at this point is called the rock strength or peak
strength which, apart from the internal properties of the rock, de-
pends also on the applied confining stress o;. Rock strength can
be described in terms of the Mohr-Coulomb failure criterion,
graphically represented by the Mohr failure envelope (Fig. 2B).
Semicircles constructed using a set of stress pairs (o4, 03) at
which rock fails, define the envelope line. The UCS is an amount
of o4 for which o5 = 0; therefore, it is also called the uniaxial com-
pressive strength. The simple failure criterion describing the lin-
ear failure envelope is as follows (Jaeger and Cook, 1979):

T= uo, + S, 1]

where: urepresents the coefficient of internal friction and S, is cohe-
sion.

The Mohr-Coulomb strength envelope could be also pre-
sented in a 64/03 coordinate system (Fig. 2C), in which the UCS
value is illustrated by the point at which the envelope crosses
the o4 axis. In this case, the failure criterion is:

o1 =no3z+ UCS [2]

To fully describe the strength of a rock, apart from UCS, we
need to know the slope of an envelope given by n, u, or the angle
of internal friction @. Relations between these parameters are:

e.r [3]
a=z+7
@ = arctan (u) [4]
" 1+ sin(9) [5]
" 1-sin(®)
n- [6]
@ = arctan| —=
arc an[ 25)
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Fig. 1A — location of the boreholes analysed within a sim-
plified tectonic context of Central Europe (Mazur et al.,
2015); B — the stratigraphic column covered by borehole
data

ASH. — Ashgil, LLA. — Llanvirn, TR. — Tremadoc, Pi. — Pia-
$nica, Pra. — Prabuty; in the mineralogical column: quartz (yel-
low), feldspar (red), calcite (light blue), dolomite (dark blue),
illite (dark green), chlorite (light green), kerogen (reddish), oil
(black), bound water (orange); CDF — Caledonian deformation
front, GF — Gréjec Fault, STZ — Sorgenfrei-Tornquist Zone,
TTZ - Teisseyre-Tornquist Zone, VDF — Variscan deformation
front
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Fig. 2A - atest plug subjected to loads with a plane of failure; B — simplified Mohr linear failure envelope
referred to as Mohr-Coulomb failure with a graphic representation of the parameters analysed; C — the
Unconfined Compressive Strength (UCS) representation based on Mohr-Coulomb linear failure criteria

Symbols are explained, and the equations are given, in the text

The easiest way to measure UCS is to perform a uniaxial
compressive strength test (UCST) under zero confining pres-
sure (o3 = 0), but both the tendency of unconfined rock to split
vertically and the presence of micro-cracks induced by core
handling (Handwerger et al., 2011) cause the results of such
measurements to be clearly lower then UCS determined from
confined tests. The discrepancy between the UCS values ob-
tained from uniaxial and triaxial tests is also considered in the
Discussion section.

To obtain the UCS value from the single-stage CCST re-
sults we had to find the strength envelope of the Mohr-Coulomb
diagram. In our simplified approach, forced by the data quality
with a minor spread of loading conditions and single-stage
tests, only the linear strength envelope could be considered. In
order to find the trend of the envelope, one has to group the
CCST results performed under different confining pressures
into similar groups. Then, for each group, the linear failure en-
velope was constructed that allows the calculation of UCS and
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@ (Fig. 2), according to Eq. [2] and [6]. Ideally, all measure-
ments for each failure envelope should be performed on the
samples from one uniform bed but in real borehole conditions,
where the volume of rock is limited, this is unheard of.

In the previous study (Wojtowicz and Jarosinski, 2019) we
have demonstrated that changes in elastic properties of the
shale successions studied are homogeneous and exhibit
strong anisotropy described as vertical transverse isotropy
(VTI). Anisotropy of shales also applies to UCS (Crawford et
al., 2012) which means, that UCS perpendicular to bedding
(UCS,) and UCS parallel to bedding (UCS},) do not have to be
equal. Therefore a separation between these measurements
has to be made. From the geomechanical point of view, both
horizontal and vertical UCS values are useful for application to
the shale reservoir (see Discussion section). However, the
minimum UCS values in shales are determined in plugs di-
rected obliquely to bedding where the weak lamination planes
are sheared (Crawford et al., 2012; Bonnelye et al., 2016).
The UCS anisotropy is expressed by strength changes in rela-
tion to angle (B) (Fig. 3A) between axial stress 6,and bedding
planes of the rock (Crawford et al., 2012). According to the
above study, the minimum UCS for shale occurs when angle 3
is in the range of 45-60° (Fig. 3B), and its value could be 20 up
to 80% lower than maximum UCS depending on rock type.
These values are obtained in the UCS laboratory test or in di-
rect shear tests. Having no access to such data, we have lim-
ited our study to the horizontal/vertical UCS anisotropy. That
seems to be more suitable for stress analysis in vertical explo-
ration boreholes, in which lamination is orthogonal to the prin-
cipal stress axis and, therefore, at these planes, the shear
stresses are close to 0. For inclined borehole intervals, the
lamination may play an important role as a weakening plane
influencing borehole wall failure.

DATA FROM THE SINGLE-STAGE CONFINED
COMPRESSIVE STRENGTH TESTS

Data from confined compressive strength tests (CCST)
were available for all boreholes studied. No multi-stage CCST
was performed for any of them. For all boreholes, we pos-
sessed 224 single-stage CCST results measured perpendicu-
lar to bedding planes, and 25 CCST measured parallel to bed-

A S,

TIV axis

B

A UCS

\

ding plane for three boreholes (not for B-1). The CCST tests
were performed at the temperature evaluated for the shale res-
ervoir that is variable in a range of 60-90°C. All samples ori-
ented parallel to bedding planes had a nominal diameter of
37 mm and a height twice that. The samples perpendicular to
bedding planes had diameters of either 37 or 50 mm and
heights twice that. Available data, presented as pairs of oy
(peak axial stress) and o3 (confining stress) are shown in Figure
4 for each borehole separately. Samples perpendicular to bed-
ding, called vertical (giving UCS,) are shown separately from
samples parallel to bedding, called horizontal (giving UCS},).
The location of samples was chosen by the concession owner
to represent formations of interest with more or less constant
spacing. The important limitation was that samples parallel to
bedding planes were measured under a constant confining
pressure of 50 MPa, which is close to the effective lithostatic
pressure at the depth of the successions analysed.

UNCONFINED COMPRESSIVE STRENGTH
DETERMINATION

A large number of available vertical samples enables us to
cluster them in groups for which the USC, values were possible
to determine by means of simple linear inversion using Mohr-
Coulomb failure criteria (see Fig. 2C). For the purpose of sam-
ple grouping we assumed the following criteria:

— samples should come from the same lithostratigraphic for-
mation,

— samples should have similar lithological features,

— samples should have similar corresponding geophysical log
responses,

— separation of samples should be no longer than 25 m,

— samples should be determined from at least two different
confining pressures, which is than that recommended by
the ISRM (1983), of at least 3 samples.

We have accepted such a solution due to the scarcity of hor-
izontal samples. Following the above assumptions, we were
able to distinguish 34 groups of vertical samples. Among these,
there are 22 groups having three or more measurements, per-
formed under three or more confining pressures, which pro-
vided the most credible control on UCS,. Another 5 groups have
three or more measurements performed under two confining
pressures, and the rest consists of only 2 measure-
ments each. In the grouping procedure we have re-
jected 10 samples (4%) as evident outliers, not
meeting the above criteria, and thus obtained 6.1
measurements per group. In the following part of
the study, the mean USC, values for these groups
are referred to as the UCS data points in order to
differentiate them from the results of individual
measurements.

The failure envelope was evaluated for each
group using the linear Mohr-Coulomb criteria.
UCS, and @ were calculated using Eq. [2] and [6].
Figure 5 shows two examples of groups while eval-
uating UCS, and @, in borehole B-1. The depth at

817*@

Fig. 3A — core sample cut oblique to VTI axis (and lamination) subjected
to triaxial load; B — example of the relation between the UCS value

and the angle between axial stress and VTI axis

The minimum UCS under ~50° and the strength anisotropy parallel

and transverse to lamination are shown

60

which the calculated UCS, values are marked as
data points was set as an average depth of sam-
ples assigned to the specific group. To show how
our UCS, estimations fit the data we show the dis-
tribution of the coefficient of determination (R?) for
the groups having more than two points (Fig. 6A).
For obvious reasons, those groups with two points
were not considered in these statistics because
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their fit to the line is always perfect. With the proviso that the
amount of our data is limited, we can see that for only one UCS,
determination is the coefficient R? <0.5. The vast majority of co-
efficients of UCS, determination fall into a range of R?>0.8. In
order to evaluate whether the strength envelopes obtained are
acceptable for shales, we show the distribution of internal fric-
tion angles (g,) for the UCS, data points (Fig. 6B). Except for
three outliers, the rest of the @, values fall into a broad range of
10-35°, while the mean value of friction angle for all data points
is @,=22°. The distribution is not very far from Gaussian. Con-
sidering that a compilation for shale reservoirs in the USA re-
veals g in the range of 20-38° (Kohli and Zoback, 2013), our re-
sults seem reasonable. A graphical representation of the UCS,
values (Fig. 6C) shows their range from 60 to 160 MPa, with a
weakly visible trend of Gaussian distribution. One of the rea-
sons for the abnormal UCS, distribution is the small number of
groups. Despite this, the most frequent values are in the middle
of this range, between 80-140 MPa.

Bedding-parallel samples were grouped according to simi-
lar principles as for the UCS,, except the last term, which is not
applicable due to the constant confining pressure used during
testing. To determine the USC,, for such groups we had to make
an additional assumption evaluating the slope of the failure en-
velope. Laboratory studies of fine-grained rocks (Crawford et
al., 2012) at various confining pressures, up to 35 MPa, indicate
that the angle of internal friction for samples loaded perpendicu-
lar to bedding can be either higher or lower than parallel to bed-
ding with a slight predominance of the latter. For determination
of the UCS;, we adopted the uniform value of @, = 25°, which is
typical for shales (Kohli and Zoback, 2013), and only slightly
higher than the mean calculated by us for UCS, data points. In
that case, the only unknown in Eq. [2] is UCS,.

Finally, we obtained 11 UCS;, data points for 3 boreholes
that are 2.3 CCST tests for one UCSy, data point on average.
Most of the groups were composed of only 2 samples. In this
case, the scarce CCST results in groups have no negative im-
pact on UCS}, determination because they could be determined
for every single measurement when the @, trend is assumed.
The distribution of the CCSy, values for samples under constant
50 MPa confining pressure seems to follow a Gaussian trend
(Fig. 7A). The most common values fall in between
220-300 MPa. To demonstrate the quality of grouping we show
the mean deviation of CCS;, values from the average for each
group (Fig. 7B). From the mean deviation of <20 MPa, we can
judge that in 7 groups the samples are similar. The rest of the
groups are more heterogeneous. Obviously, the identical distri-
bution is for the individual UCS, values for samples. The distri-
bution obtained of the UCS}, for groups (Fig. 7C) represents val-
ues in a range of 90—170 MPa, with a majority >130 MPa.

UCS EMPIRICAL EQUATIONS

There are many UCS estimators that could be used de-
pending on the area of interest, formation, and available data.
The most used predictors for UCS are log-derived Young'’s
modulus (E) calibrated with laboratory tests, P-wave velocity
(Vp), sometimes expressed by slowness (DTP), and formation
porosity (Chang et al., 2006). Using log-derived parameters is
justified by the simplicity of application for other boreholes in the
region or basin. The situation is more complicated for aniso-
tropic vertical transverse isotropy (VTI) formations when UCS is
not uniform in all directions so the logs do not carry all the infor-
mation necessary to describe the mechanical properties of the
formations. The quality of our data does not allow the full de-

scription of UCS value in relation to bedding planes as a func-
tion of angle 3. However, the data allow consideration of empiri-
cal equations for UCS in vertical and horizontal directions.
These two directions are especially important for the description
of the VTI formations, and UCSy, or UCS, will be more appropri-
ate to use in failure criteria (Eq. 2) when performing breakout
presence predictions.

We had an access to all Young’'s modulus data measured
on samples both perpendicular and parallel to bedding, as well
as to raw log datasets containing P-wave slowness, S-wave
slowness, and density. Calculated values of perpendicular and
parallel Young’s modulus (E) look like the best predictors of
UCS since they were determined based on a full stiffness ten-
sor from the dipole sonic and density logs calibrated with the re-
sults of laboratory tests (\Wojtowicz and Jarosinski, 2019). The
laboratory tests for E calibration were the same single-stage
CCST tests on horizontal and vertical samples as for the pres-
ent UCS study. There is no simple dependence between E and
USC, although they both carry some important information on
formation anisotropy (Wilczynski et al., 2021).

Looking for the empirical equation which fits best to labora-
tory data one may realize that the data available to us are not
sufficient to characterize the non-linear function of UCS de-
pendent on E. For this relation, we have adopted the form of ex-
ponential function UCS = a - E?, which is recommended for
shales (compilation in Sone and Zoback, 2013a; Zoback,
2019). The a and b parameters of this function were determined
by matching our data points estimated from laboratory tests to
the calculated values (Fig. 8) using the least squares method.
Compiling data from all 4 boreholes, we found the best fit for
UCS, and USC,, (Fig. 8), receiving empirical equations (E, and
E; in GPa while UCS, and USCy, in MPa):

UCS, =15.82-E22 [7]

vstat

UCSs, =4.47-EX%! (8l

hstat

For these equations, low coefficients of determination R =
0.5 and R? = 0.1 for the UCS, and USC, respectively indicate
that the data are obviously not sufficient to perform a nonlinear
regression.

To use the above formula based on borehole logging data
the dynamic Young’'s modulus is necessary. We have adopted
the common assumption of a linear relation between static
(Estar) @nd dynamic (Egs) Young’'s modulus (Mavko et al.,
2009). Then, the Eg, measured in laboratory tests on the same
samples for which the UCS was examined in both the vertical
and horizontal directions, were provided by our industrial part-
ner. In our previous work (Wojtowicz and Jarosinski, 2019),
these data were compiled on cross-plots with Egy, derived from
the dipole acoustic logging tool. Based on this compilation the
best-fitted formulae were derived by applying a least squares
method:

Evstat = 073 : Evdyn_ 275 [9]

Ehstat =0.88 - Evdyn_ 3.3 [10]

It is not common to possess such data from poorly recog-
nized basins at the beginning stage of exploration. Therefore,
we have also searched for empirical equations based on
P-wave slowness log measurements (DTP), widely available
even for older logs, and usually covering long intervals. DTP,
however, does not carry information about formation aniso-
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Fig. 4. Available data from confined compressive strength

Lithostratigraphic formations from the top to the bottom: Kociewie (orange), Pelplin (light green), Pastek (dark green),
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Fig. 5. Examples of constructing a failure envelope based on the data points for UCSv
for the B-1 borehole

A — UCS, 95% confidence intervals 109-134 MPa;
B — UCS, 95% confidence intervals 45-82 MPa
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Fig. 6. The results of sample grouping for the UCS,

A — distribution of coefficients of UCS, determination (R?) for groups of samples with more than 2 measurements;
B — distribution of angles of internal friction (g,); C — distribution of the UCS, values for groups in MPa
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Fig. 7. The results of sample grouping for the UCS,,

A — distribution of UCS,, values for samples loaded in a horizontal direction; B — distribution of standard deviation for groups
of samples in MPa; C — distribution of the UCSy, values for groups in MPa

tropy, therefore it could be used only as a first quick and simple The determination coefficients are very low, R?=0.37 and
estimator of UCS. For DTP [us/m] we found the following empir- R*=0.1 for the UCS, and USC,, respectively. Without additional
ical relations: assumptions about the form of this function, it is impossible to
derive them through direct regression. Therefore we can con-

UCS, = 2.93 - 10° . DTP "% [11] clude that these equations are not strictly determined by the

data points, though the constants of the predefined equations

UCS, = 0.95 - 10° . DTP~"' [12] are optimized using data.
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Fig. 9. UCS versus DTP for data points in two directions

For explanations see Figure 8

Considering the poor constraint afforded by the empirical
equations above, we have checked how the UCS data points
deviate from the theoretical values. UCS profiles are shown for
four boreholes, correlated with data points (see Fig. 10). From a
practitioner’s point of view, the visually assessed fit of the calcu-
lated UCS values to laboratory measurements using Eq. 9-12
seems acceptable. To quantify the fit of our models to data
points we have calculated the standard deviation between the
curves and the data points (for Figs. 8—10), summarized for four
boreholes. For 34 UCS, data points, we have obtained a stan-
dard deviation of +18.2 MPa for E, and +21.6 MPa for DTP, es-
timators. For 11 UCS,, data points, the standard deviation is
1+29.3 MPa for E, and +27.7 MPa for DTP,, estimators. Signifi-
cantly better accuracy has been achieved for UCS,. To deter-
mine how significant these standard deviation values are, they
have been compared to the UCS values. The UCS for the data
points ranges from 60 to 170 MPa with the mean UCS, =
108.5 MPa and mean UCSy, = 137.8 MPa. Since the standard
deviation is ~17% of the mean UCS, and 20% of the UCS,
such approximations have to be used with caution.

COMPARISON WITH OTHER UCS DATA FROM
THE BALTIC BASIN: A DISCUSSION

The UCS analysis described, for a significant amount of
data from four boreholes, shows that the measurements so far
have not been optimized for the analysis of useful rock strength.

The empirical relations obtained hold a relatively high level of
uncertainty. Due to the limited number of the available samples
and their clustering at a constant confining pressure, the UCS,
function is matched to data with a significantly higher uncer-
tainty level than the UCS,. This is a serious drawback, as UCS,
is more important for stress analysis based on borehole break-
out data from vertical boreholes. However, it was the best that
we could do with the available dataset.

To independently check our results, we have compared
them to other sets of data from the same shale basin. For this
purpose, we have calculated the mean UCS values for shale
formations from the B-1 borehole (Table 1), for which we had an
independent set of measurements. Our UCS values were ob-
tained from individual geophysical records (see the number of
samples in Table 1) by applying empirical equations for the
Young’'s modulus in vertical and horizontal directions (Egq.
7-10). The mean values of UCS, for shale formations (Pelplin,
Pastek Jantar, Sasino, and Stuchowo formations) vary from 83
to 121 MPa, while UCS,, is higher in each case, with values
ranging from 108 to 137 MPa. Such results indicate a UCS
VTl-type of anisotropy in the range of 12—-27%. Slightly higher
mean UCS values and lower anisotropy are obtained for marls
(Prabuty Formation — 13%) and limestones (Kopalino Forma-
tion —9%). This relationship can be explained by higher carbon-
ate contents at the expense of clay minerals (see Fig. 1) leading
to rock matrix lithification with carbonate, which commonly de-
creases shale anisotropy (Sone and Zoback, 2013b; Guo et al.,
2014). The measure of the UCS diversity is given by standard
deviation (SD), which varies in a narrow range for lithostrati-
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Fig. 10. UCS profiles for the boreholes analysed

Track 5 — data points versus calculated empirical UCS, values, track 6 — data points versus calculated empirical UCS}, values

Table 1

Comparison between UCS values obtained for the same shale successions in UCST gor the B-1 borehole),
multi-stage CCST (borehole outside the study area), and our results for the B-1 borehole
extrapolated through geophysical logs

Multi-stage CCST for T-1 Our results for B-1 from geophysical Anisotropy
" UCST for B-1 (7-14 MPa logs using our empirical equat?ons (UCS=UCS,)
Formation of confining pres.) IUCSy,

(shale in bold) M q

No of | UCS, | V&% JRE? No ucs, No UCS, #SD | UCS#SD | ¢ & 4

sampl. | [MPa] M Pa]v of samples [MPa] | of samples* [MPa] [MPa]
Pelplin 41 45 (20-87) 3000 121 %08 137 +08 12%
Pastek 4 22 (11-38) 458 85 £12 113 #11 25%
Jantar 2 15 (10-21) 2 103 116 83 £ 08 108 +06 23%
Prabuty 1 8 1 135 68 122 £10 140 £16 13%
Sasino 3 30 (8-72) 6 141 203 93 06 110 =07 16%
Kopalino 2 35 1 126 170 140 £12 153 +08 9%
Stuchowo 1 42 2 106 77 91 £32 125 £21 27%

The results are for samples loaded in a direction perpendicular to bedding, except for our ones, where those also parallel to bedding
are shown; the mean values for shale formations are in bold; the remaining two formations comprise limestone and marl; * — the large
number of samples is due to the acceptance of geophysical records as samples
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graphic formations, below <+16 MPa (except for the Stuchowo
Formation where SD = +32 MPa), pointing to relatively stable
UCS values in formations.

The above-determined mean UCS values for formations
have been verified by comparison with the results of uniaxial
compressive strength tests (UCST) from the same B-1 bore-
hole, and multi-stage confined compressive strength tests
(CCST) performed by the industry on samples taken from T-1
borehole, located 15 km away from the study area. The UCST
were performed only in a vertical direction. The samples from
the shale formations in our study are scarce, except for the
Pelplin Formation where 41 tests were performed. The individ-
ual UCSy values vary from 8 to 87 MPa, and the mean values
for formations range from 15 to 45 MPa (Table 1). For individual
formations, the differences are 6 to 10 times higher than the
standard deviation of our results (except for the Stuchowo For-
mation where it reaches only 1.5 times the standard deviation).
Such a significant discrepancy of the UCSy, obtained by differ-
ent methods from the same borehole intervals needs explana-
tion. Significantly lower strengths from UCST than from confin-
ing tests have been described in the literature (e.g., Khaksar et
al., 2009) and explained by easier propagation of tectonic and
technological cracks, which are open in the UCST tests without
confining pressure. The rock in the reservoir lacks a large popu-
lation of technologically-produced cracks due to core drilling, its
extraction to the surface, drying, and cutting the test plugs.
These problems are acute in shales with high amounts of clay
minerals and fine lamination, which are prone to disintegration
while drying or unloading. This is the reason why, for the reser-
voir studies, the UCS values from CCST tests are preferred
above the UCST values.

Finally, we have compared our results with the dataset from
the T-1 borehole where multi-stage CCST in a vertical direction
were conducted. In the multi-stage tests, every single sample is
subjected to several cycles of loading close to, but not reaching,
complete failure. Therefore, in each successive stage, the rock
may lose strength due to the failure accumulation that may re-
sult in flattening of the strength envelope and a decrease in the
internal friction angle. To minimize this effect, we have taken
two first stages for our estimation of the UCS that were per-
formed under the confining pressures of 7 and 14 MPa. This
pressure level is large enough to close the cracks but, at the
same time, low enough to prevent a large error caused by ex-
trapolation of the results of measurements with a linear trend to
0 MPa in unconfined conditions. Although the data are scarce,
the results are consistent (Table 1). The mean UCSy, values for
formations range from 103 to 141 MPa, which is slightly higher
than the USCy obtained by the mean of our equations. This
may be astonishing because the scope of confining pressure in
multi-stage tests was lower than in the single-stage CCST
(20-90 MPa) used for calibration of our equations. Due to a
common convex-upwards shape of the Mohr-Coulomb failure
envelope, the USC for lower confining pressure is usually lower.
We can expect that this discrepancy may result from the differ-
ence in sample size, which for the single-stage tests was
1.5-2.0 inches of sample diameter while for the multi-stage only
1 inch, with the same aspect ratio for both.

In the T-1 borehole, horizontal single-stage CCST were
also performed at the same laboratory and with the sample size
as for the vertical samples from the T-1 borehole, under 21 MPa
of confining pressure. Comparison of these results with the
CCST in vertical orientation for the samples from the same
beds (depth difference in centimetres) and the same confining
pressure indicates that for 75% of samples which reveal aniso-
tropy, the horizontal strength was higher than the vertical one, a

relation which generally conforms to our results for the B-1
borehole.

From the above comparisons, it is clear that our results are
much closer to the multi-stage CCST results than to the UCST
measurements. Since a large span of UCS values for shale,
ranging between 2-200 MPa, is common in the literature (com-
piled by Chang et al., 2006), it can be contested as to which re-
sults should be used for geomechanical studies. For a techno-
logically intact reservoir, it seems obvious that the UCS values
obtained in CCST are appropriate. However, it can be ques-
tioned as to which values should be used for the construction of
the stress profile based on analysis of breakout-type failures of
the borehole wall. Considering the effective stresses in porous
reservoirs, the borehole wall is a free surface due to the as-
sumed balance between borehole mud fluid pressure and pore
pressure in the vicinity of the boreholes (Zoback, 2010). This is
the reason why the unconfined strength (UCS) is used for
stress profile construction instead of the confined compressive
strength. On the other hand, due to the technological cracking
of the borehole wall while drilling, the near-borehole zone may
be weakened compared to the intact reservoir rock. Fluids and
pressure may penetrate within the technological micro-cracks
and influence breakout failure. Following that, the effective fail-
ure conditions may become similar to those assumed in the
UCST. However, they are still not the same, because the bore-
hole wall has no technological damage associated with core re-
laxation, plug preparation, desiccation, and wetting of samples.
Therefore, one may expect that for breakout analysis, UCS val-
ues in a wide range between 1D and 3D strength tests can be
assumed.

The extremely low permeability of shale may cause preser-
vation of pore pressure in the borehole wall below the mud pres-
sure, which in such a scenario exerts effective stress on the
borehole wall. Then, considering the origin of breakouts, the
confined compressive strength under low confining pressure
may be more proper than the UCS. From that point of view,
higher values of UCS achieved from the CCST are more appro-
priate. Stress modelling conducted in two adjacent boreholes
penetrating shale successions (Huffman et al., 2016) showed
that the best prediction of breakout shapes was obtained by
adopting Mohr-Coulomb strength criteria with UCS slightly be-
low that determined from CCST. Our results, which gave values
slightly below those from the multi-stage 3D tests, seem to be a
good trade-off between the boundary options discussed.

In the common case of shale anisotropy, there also comes
the question as to which values of UCS should be taken for
stress analysis from breakouts, determined under vertical or
horizontal directed compression? For instance, in the vertical
exploration boreholes, stress estimations base on breakouts
are developed predominantly under deviatoric stress in a hori-
zontal plane. In this case, the minimum stress is defined by the
mud pressure while the maximum is exerted by the enhanced
far-field tectonic stress (Symax). The situation is more complex in
the case of horizontal boreholes, drilled commonly in the direc-
tion of the minimum horizontal tectonic stress (Symin), as in the
case of hydraulically fractured boreholes. In that situation, initia-
tion of breakouts can be controlled either by vertical stress (in a
normal faulting stress regime) or by a horizontal one (in a
strike-slip faulting stress regime). Therefore, the 12-27% UCS
anisotropy that we estimated in this study can make a signifi-
cant difference in stress analysis.

The weakest point of the empirical equations presented in
this paper is the poor quality of correlation, especially for hori-
zontal UCS values. However, this results from the nature of the
data. Our study reveals the weaknesses of the CCST measure-
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ment configuration in terms of determining useful UCS values
in the Baltic Basin. Such a poor state of the art in this aspect re-
sults from a conventional approach to the reservoir, typical for
isotropic rocks, where the common practice is to perform me-
chanical tests in one direction, which is usually vertical (perpen-
dicular to bedding). Such oriented samples, especially large
ones, are easier to prepare along the borehole core axis. How-
ever, if the results of the UCS analysis are to be useful in further
geomechanical studies, the dominant role should be assigned
to the tests on horizontal samples, taken along the bedding.

CONCLUSIONS

This study includes the first compilation of a strength data-
set from the Baltic Basin and the use of this for the prediction of
the unconfined compressive strength (UCS), a parameter use-
ful for stress analysis. UCS was studied in 4 boreholes in shale
successions which are relatively continuous and homogeneous
laterally across the basin. This allowed us to compare the re-
sults from the same lithostratigraphic formations between dif-
ferent boreholes.

We have compiled the results of 247 single-stage confined
compressive strength tests among which 222 were performed
perpendicular to bedding (vertical) and 25 parallel to bedding
plane. Bringing these tests together in mechanically similar
sets, we obtained 34 vertical UCS, values and 11 horizontal
UCS, values.

Applying available Young’'s modulus logs from the dipole
acoustic tool in vertical (E,) and horizontal (E;,) directions, we
have derived empirical equations for UCSy and UCS;, respec-
tively. To optimize the parameters of each formula we used the
least squares method for fitting the calculated UCS values to
those evaluated from the laboratory tests. For the same set of
data, the linear relations between static and dynamic Young’s
modulus were presented, as well as the equations for UCS de-
pendent on P-wave slowness (DTP) from log measurements,
both determined in vertical and horizontal directions.

The empirical equations obtained reveal low values of the
determination coefficients. The theoretical UCS values deviate

from data points estimated from laboratory tests by the stan-
dard deviation in a range of (depending on the type of estima-
tor): £18.2-21.6 MPa for the UCS, and 27.7-29.3 MPa for the
UCS;. Considering the high values of the UCS, these results
can provide a rough estimation, more accurate for the UCS,
due to better data control.

The mean UCS values for shale formations of the B-1 bore-
hole, calculated using our equations, gave results in the range of
85-134 MPa for UCSy. These UCSy values are always lower
than UCSy, by 12—27%, according to the VTI anisotropy of UCS.

These values are similar to those obtained from the multi-
stage confined compressive strength tests on core samples
from the test T-1 borehole located 15 km away from the study
area. The mean laboratory-derived UCS, values are only
slightly higher than those calculated by us.

A comparison of our UCSy, values with those obtained from
the unconfined compressive strength tests for samples taken in
the same B-1 borehole revealed striking differences. These un-
confined UCSy, values for shale formations (8—45 MPa) are sev-
eral times lower than those obtained from the confined tests,
both the single- and multi-stage. Such a discrepancy, also
well-known from the literature, raises concerns about an option
that should be taken into account for stress analysis from break-
outs. Although we have no unequivocal answer to this question,
our empirical equations gave moderate results, that may be
useful for stress studies in the Baltic Basin.
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