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Results of conventional triaxial compression tests on medium-grained and fine-grained
sandstone samples of the Upper Silesian Coal Basin in Poland, under a full range of strain and
two states of humidity, in the air-dry state and capillary saturation state, are presented. The
geomechanical properties in the pre-peak and post-peak sections of the stress—strain curve are
determined, as well as the equations of the envelope of Mohr's circles, the cohesion, and the
internal friction angle. We conducted tests that showed the tendencies of the changes in the stress
and strain parameters resulting from confining pressure. The dependence of the critical
differential stress, residual differential stress, critical strain, and total strain on the confining
pressure were described by linear functions. The dependence of the post-peak failure modulus on
the confining pressure for the tested sandstones in an air-dry state was described by a polynomial
function. In the tests of sandstones in the capillary saturation state we did not obtain reliable
results and further research is required in this area. There are few studies showing the influence
of humidity on the pre-peak and post-peak parameters of rocks undergoing conventional triaxial
compression tests in a servo controlled testing machine. Our test results have practical
applications in forecasting the behavior of rocks located deep underground and in designing safe

mining operations.

1. INTRODUCTION

When considering possible natural hazard risks
in the Carboniferous rock mass of the mined rock
formations of the Upper Silesian Coal Basin (USCB)
the weakening influence of water on certain properties
of rocks, e.g. geomechanical ones is an important
issue. Mining activity, especially in the areas
exploited for a few decades, is associated with
drainage of the rock mass and changes in the water
content of the rock. The water content in the
Carboniferous rock mass of the USCB is associated
with the rock structure and the water sources. The
hydrogeological cross-section of the USCB Upper
Carboniferous reveals aquifers, mostly porous and
fractured, consisting of sandstones and conglomerates.
The presence of sandstones in the mined
Carboniferous rock mass is one of the factors
contributing to certain natural hazards. Methane
hazard in the longwalls where sandstones occur in
the immediate roof and/or floor of the mine (Krause
and Smolinski, 2013) or water hazards associated with
dislocation zones and pillars in the vicinity of
abandoned and flooded collieries (Bukowski, 2009)
and mine shafts (Bukowski, 2011) are examples of
such hazards.

The distribution  of  sandstones and
conglomerates in the vertical cross-section of the
USCB upper Carboniferous varies (Fig. 1).

In the southwestern part of the USCB in Poland
(impenetrable for water) Carboniferous formations are
covered with a thick layer of impermeable rocks. This
results in reduced water supply in the rock mass
compared with other areas of the USCB. Mining
activities are conducted there in the layers of the
Mudstone Series and Paralic Series (marginal upper
beds). The Mudstone Series in particular are
characterized by a low percentage of water-absorbing
rocks compared with the lithostratigraphic units of the
USCB Upper Carboniferous (Fig. 1). The water
inflow to the collieries in the area is 0.2 to 3.3 m*/min.
Only in the area of a hydro-geological window, the
inflow reaches about to 6 m*/min. In the northeastern
and eastern part of the USCB, the water content in the
Carboniferous formations is associated with the
occurrence of sandstones of the Cracow Sandstone
Series and Upper Silesian Sandstone Series. In this
area the productive Carboniferous strata is not fully
separated from the surface and is abundantly supplied
with water. The natural inflow to the collieries in the
area is between 2 to 20 m*/min, up to a maximum of
60 m’/min. In the central and western part of the
USCB the coal seams occur together with rocks that
contain small amounts of water-absorbing rocks. Rock
mass drained of free water has lower values of open
porosity and a specific yield of water-absorbing rocks.
In the areas which are not fully separated from the
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Percentage of clastic rocks in cyclothems of Upper Carboniferous in USCB:

CSS — Cracow Sandstone Series; MS — Mudstone Series; USSS — Upper
Silesian Sandstone Series; PS — Paralic Series

surface and abundantly supplied with water, the
strength—strain parameters of the rocks forming the
Carboniferous rock mass are similar to the parameters
of rocks tested with their pores partially saturated with
water, while in the areas impenetrable to water
(unfavorable conditions of water supply to the rock
mass) the parameters are similar to those measured in
the so-called air-dry state — similar to the full drainage
state of the rock mass.

Considering the above-mentioned data, to
improve the methodology of assessing the natural
hazard risks in the USCB, including seismic hazards
and rock bursts (Stec, 2009, 2012; Kabiesz, 2010),
water hazards (Bukowski, 2010) and impacts of
underground coal-mining activity on the environment
with a special emphasis on groundwater guality
(Grmela and Rapantova, 2003; Rapantova and
Grmela, 2003), and radiation hazards (Wysocka,
2010; Ball and Wysocka, 2011) we tested the
geomechanical properties of Carboniferous sandstones
at different states of humidity and various load
conditions, through the full range of their
deformation. We also considered the fact that, as
a result of mining activity, the rock mass is destroyed
(Majcherczyk et al. 2005). Around underground
operations a destruction zone of the rock mass occurs;
therefore, it is necessary to predict the deformation of
the rock mass, assess the stability of the underground
operations (Majcherczyk et al., 2006). Currently, these
assessments are achieved by numerical calculations
and the full stress—strain characteristics of the rocks
are considered. Changing states of humidity in the
rock mass resulting from different hydrogeological
conditions in the rock surrounding the underground
operations influence the safety of both mining
activities and liquidation works.

2. METHODOLOGY OF TESTS ON SANDSTONES
IN DIFFERENT STATES OF WATER
SATURATION IN CONVENTIONAL TRIAXIAL
COMPRESSION TESTS

We conducted tests of the geomechanical
parameters of cylindrical samples of medium-grained
and fine-grained sandstone of different humidity,
under conventional triaxial compression. The
sandstone samples were collected from the formation
of the Upper Silesian sandstone series. Medium-
grained sandstone was collected from the Ruda beds
and fine-grained sandstone from the saddle beds.

Conventional triaxial compression tests were
conducted in a servo controlled MTS-815 testing
machine, where the vertical pressure on the rock
sample is produced with a moving plate and oil is the
confining pressure medium. The testing machine was
controlled at a longitudinal strain rate of 107s”,
measured in the measuring system of the press with
piston stroke.

The conventional triaxial compression tests were
conducted on cylindrical samples of 30 mm diameter
and slenderness ratio of 2. The tests followed the
schematics of a classical individual test (Kovari et al,.
1983). Four values of confining pressure were used: 0,
15, 25, and 40 MPa. Total tested 80 samples — the
samples 5 for each circular pressure. The samples in
the testing machine were compressed perpendicular to
the layering direction. The laboratory tests of the
sandstone geomechanical parameters were conducted
according to our own research procedures and those
based on the ISRM recommendations (Ulusay and
Hudson, 2007).

Many researchers have shown that an increase in
the value of the confining pressure leads to an increase
in the strength of the rocks and to a transition from
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astate of brittle fracture to ductile flow at high
confining pressure (Mogi, 1964, 1971; Bieniawski,
1971, Paterson, 1978; Pininska, 2007; Lukaszewski,
2007). The post-peak section of the stress—strain curve
shows a decrease in stress indicating that with the
increase in the confining pressure the value of the
residual stress also increases, and the post-peak curve
has a gentler slope towards the strain axis. This results
in lower values of the post-peak failure modulus,
which reflects the dynamics of rock destruction in the
post-failure range, and higher values of residual stress.

In laboratory conditions the geomechanical
properties of Carboniferous rocks are tested in various
states of humidity. These are: the state reflecting
humidity in a newly cut sample after going through
water scrubber; the state up to 48 hours after cutting;
the humidity after remaining in water for between a
few and several dozen hours; the state of humidity
obtained through moisturizing for 24 hours under high
pressure (10 MPa); the humidity after decreasing
moisture content through drying at temperatures of
105-110 °C for up to several dozen hours; the
humidity after leaving the sample in room temperature
for up to 24 hours.

Fine-grained and coarse-grained sandstones from
the upper Carboniferous USCB in Poland were tested
in various states of water saturation — in the so-called
air-dry state and in capillary saturation. The capillary
saturation state of rocks is associated with the
phenomenon of active capillarity. In laboratory
conditions, the capillary saturation state is the closest
state that can approximate the natural humidity
conditions in the rock mass. The humidity conditions
in the rock mass change as a result of drainage and the
influence of mining activity. In laboratory conditions,
the capillary saturation state is obtained by placing a
rock sample on capillary filtration material which
remains in contact with the sample and water can then
be absorbed into the sample by capillary action (Fig.
2). It is worth noting that the capillary saturation state,
obtained according to the methodology of
hydrogeological tests, was used here for the first time
in geomechanical triaxial compression tests of rocks.

3. RESULTS OF GEOMECHANICAL
PARAMETER TESTS OF SANDSTONES IN
VARIOUS STATES OF SATURATION

During conventional triaxial compression of
sandstone samples in two states of humidity the

following values were determined (Figs. 3, 4):

e  critical strain determined at maximum stress (&),

e residual strain in the post-peak section of the
stress—strain curve, which reflects residual stress

(STCS)S
post-peak failure modulus (M),

differential residual stress (Gye-03),

critical differential stress (G;-03),

and

e internal friction angle (¢) and cohesion (c) (from
Mohr’s circle).
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Fig.3 Idealized stress-strain curve and

geomechanical properties.

Based on the conventional triaxial compression
test results for the entire strain range of each sample
(pre-peak and post-peak range), we derived the
relationships between the confining pressure and the
individual parameters for the two states of humidity of
the sandstones.

Figures 5-14 show the dependence of the
geomechanical parameters on the confining pressure
applied in the tests. The results for the differential
stress, the critical strain, and the residual stress were
fitted with functions with high correlation
coefficients.

Critical differential stress: the dependence
between the confining pressure (040 MPa) and the
critical differential stress (Figs. 5, 6) for medium-
grained and fine-grained sandstone can be described
by a linear function with correlation coefficients of
between 0.960 and 0.993. Based on tests that
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Fig. 5 Dependence of the critical differential stress
on the confining pressure for medium-grained
sandstone.

destroyed rocks under conventional triaxial
compression, Kwasniewski (2002) proposed that at
low confining pressure, rocks can show “an effect of
high pressure sensitivity of strength caused by
cracking rocks”. This is expressed as a convexity of
the stress—strain curve towards the axis of the strength
limit. This effect is caused by structural defects in the
rock (closing of microcracks and pores as a result of
loading and fitting the plates of the testing machine to
the surface of the sample). That is why the graph does
not start in the (0, 0) coordinate point. The
dependence of the critical differential stress on the
confining pressure in the applied range of confining
pressure up to 40 MPa for the tested sandstone
samples was approximated with a straight line.

A4 o.8 1.5 2 2.5 3 3.5 1 a 4.5 5

b)

The course of force (kN)-displacement (mm), time (sec) curves for fine-grained sandstone at confining
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Fig. 6 Dependence of the critical differential stress
on the confining pressure for fine-grained
sandstone.

Kwasniewski (2002) presented a similar graph of the
discussed dependence for some rocks after the initial
compaction of the samples, at low confining pressure.
The literature shows that at high values of confining
pressure (=100 MPa), when the rock transits from
a state of brittle fracture to ductile flow, curvilinear
graphs are more common (Gustkiewicz, 1999).
Analysis of the test results shows an increase in
the value of the differential stress accompanying
an increase in the confining pressure. The increase in
the confining pressure of 40 MPa enabling tests to be
conducted at a confining pressure of 0 MPa is:

e a 3.6- and 4.3-fold increase for medium-grained
sandstone and fine-grained sandstone tested in an
air-dry state, respectively;
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Fig. 9 Dependence of the post-peak failure modulus
on the confining pressure for sandstone in an
air-dry state.
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Fig. 10 Dependence of the post-peak failure modulus
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a capillary saturation state.
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e a 43- and 5.8-fold increase for fine-grained
sandstone and medium-grained sandstone tested
in the capillary saturation state, respectively.

We also observed a bigger increase in the
differential stress for large-grain sandstone tested in
the capillary saturation state.

The tests confirm the increase in the differential
stress accompanying an increase in the confining
pressure is lower for sedimentary rocks than for
igneous rocks, e.g. for granite the difference in the
differential stress associated with the increase in the
confining pressure in the range of 20-50 MPa is
100 % (Li et al., 1999). Moreover, Bukowska and
Sanetra (2008) showed that in a confining pressure of
0-70 MPa, the differential stress for granite from
Strzegom beds (Poland) showed a 5—7.5-fold increase.

Residual differential stress: our results show
that the dependence of the residual stress on the
confining pressure can be approximated by a linear
function, for which we obtained a correlation
coefficient of 0.995-0.998 (Figs. 7, 8). An increase in
the confining pressure up to 40 MPa caused a 26- to
78-fold increase in the differential residual stress for
sandstone in the air-dry state and a 25- to 46-fold
increase for sandstones in the capillary saturation
state. At the same time, a bigger increase in the
differential residual stress was observed within the
pressure range of 0-40 MPa for larger-grained
sandstone. The increase in some way shows the
dynamics of the transition from the state of brittle
fracture to ductile flow during the loading process.

Post-peak failure modulus: the tests conducted
on sandstone showed that the dependence of the post-
peak failure modulus on the confining pressure in 0—
40 MPa of pressure can be described by a polynomial
function with high correlation coefficients of between
0.928 and 0.970 (Fig. 9). Only the post-peak failure

confining pressure for fine-grained sandstone.

modulus of the medium-grained sandstone samples
tested in the capillary saturation state showed an
upward tendency accompanying an increase in the
confining pressure and did not reach the minimum
value at a confining pressure of 40 MPa (Fig. 10). It is
worth noting that at low confining pressures, the post-
peak failure modulus changes irregularly and there is
an apparent decrease in the post-peak failure modulus
only at higher pressures (40 MPa). At the confining
pressure of 40 MPa, comparing with the value
obtained at 0 MPa, there was a decrease in the post-
peak failure modulus by 15 % for medium-grained
sandstone, and by an impressive 81 % for fine-grained
sandstone, both tested in an air-dry state. The fine-
grained sandstone tested in the capillary saturation
state showed a decrease of 48 % in the post-peak
failure modulus.

Critical strain and residual strain: the changes
in the critical strain and residual strain caused by
increases in the confining pressure are presented in
Figures 11-14. The dependence for the tested
sandstone in the applied confining pressure of 0-
40 MPa can be described by a linear function, for
which we obtained a correlation coefficient of
between 0.846 and 0.994. The most significant
increase in the critical strain (3-fold) was observed in
the confining pressure range of 0—15 MPa. A further
increase in the confining pressure to 40 MPa resulted
in a 5-fold increase in the critical strain. Note that
sandstone in the water capillary saturation state shows
bigger changes in the critical strain. Increasing the
confining pressure in the applied range influences the
residual strain in a similar fashion. At a confining
pressure of 40 MPa in the medium-grained sandstone
there was a 3- to 3.5-fold increase in the residual
strain and a 4.5-fold increase in sandstone in the air-
dry state, compared with the values obtained at
a confining pressure of 0 MPa.
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Table 1 Equations of the parabolic envelope of Mohr's circles of the tested sandstones.

Rock Air-dry state Capillary saturation state

=94 (o, + 4.06)
2 =71.5 (o, + 6.58)

2 =101.26 (o, + 4.89)
1% = 84.68 (o, + 7.84)

Medium-grained sandstone
Fine-grained sandstone

Table 2 Internal friction angle and cohesion of sandstone for air-dry state and capillary saturation state.

Air-dry state Capillary saturation state

Rock UCS, Internal friction Cohesion UCSs, Internal friction Cohesion
[MPa] angle [degrees] [MPa] [MPa] angle [degrees] [MPa]
Medium-grained 63.7 29033 474 422 27°54° 46.6
sandstone
Fine-grained 60.0 27°41° 445 453 25°55° 40.0
sandstone

Table 3 Internal friction angle (@) and cohesion (¢) of sandstone in various states of water saturation for various

values of normal stress.

Rock Air-dry conditions Capillary saturation conditions
Normal stress Normal stress
60 MPa 90 MPa 120 MPa 60 MPa 90 MPa 120 MPa
UCS (p = 0 MPa) 63.7 MPa 42.2 MPa
£ 2 % @ 31°59’ 27°19° 24°14° 29°11° 24°57° 22°9°
288 degrees
3 §og ¢ 43.6 51.5 58.4 42.3 49.2 55.2
> S MPa . . . . . .
UCS (p=0 MPa) 60.0 MPa 45.3 MPa
- M 31°12’ 26°34° 23°31° 27°23° 23°17° 20°36°
g g8 degrees
=3 O c
~ B ‘E MPa 41.3 49.1 55.8 37.9 44 4 50.0

Cohesion and internal friction angle: we
determined the cohesion and internal friction angle
based on the results of the tests on sandstones in the
conventional triaxial compression tests. The
parameters were determined based on the equations of
the parabolic envelope of Mohr's circles (Sanetra and
Paczesniowski, 2006). It was assumed that the
envelope of Mohr's circles is a parabola obtained with
the least squares method. The internal friction angle
and cohesion were calculated with an equation of
the tangent line to the parabola in an assigned point
for the medium-grained and fine-grained sandstone,
both in the water capillary saturation state and in the
so-called air-dry state. The equations of the parabolic
envelope of Mohr's circles of the sandstone samples
are presented in Table 1. The values of the internal

friction angle and cohesion of the sandstone samples
are presented in Table 2.

The tests results show that the internal friction
angle and cohesion decrease with the increase in water
saturation level of the sandstone samples. In
engineering geology this dependence has been
determined for soils; here, we confirm a similar
relationship for solid rocks of a productive
Carboniferous series.

Based on the parabolic envelope determined
during tests for a given rock (Table 1) it is possible to
predict the behavior of the rock mass in any state of
stress. Given the parameters of the equation of the
parabola, the internal friction angle and the cohesion
of sandstone for different values of normal stress were
calculated. Table 3 shows the values of the internal
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friction angle and cohesion of the tested sandstones
for normal stresses of 60, 90, and 120 MPa.

With the increase in normal stress, the internal
friction angle decreases for the sandstones tested both
in the air-dry state and the capillary saturation state,
suggesting that the internal friction angle for rocks
subjected to lower pressure, i.e. located in the
shallower layers, is bigger than in the deeper rocks.

The cohesion of sandstones in the air-dry state
ranged between 41.3 and 58.4 MPa, whereas for
sandstones in the capillary saturation state the range
was 37.9 to 55.2 MPa. Moreover, we observed that
the fine-grained sandstone has lower values of internal
friction angle and coherence than the medium-grained
sandstone.

4. SUMMARY

Conventional triaxial compression tests with
confining pressures of up to 40 MPa allowed us to
predict the behavior of the tested rock mass at a large
depth. The tests also provide data on the behavior
tendencies of deep rocks, which can lead to improved
design of safe mining of various raw materials,
including raw energy materials. The mining of
resources is being extended deeper underground
because of the gradual depletion of the shallower
reserves and the restructuring of collieries in the
biggest European coal basins.

We conducted tests that showed the tendencies
of the changes in the stress and strain parameters
resulting from confining pressure. Based on the
results, we derived functional dependences and
correlation coefficients for the tested rocks. The
changes in the critical differential stress, differential
residual stress, critical strain, and residual strain when
the confining pressure was increased from 0 to
40 MPa were described by linear functions with high
correlation coefficients. The literature quoted in the
paper shows that in most cases the confining pressure
dependences are curvilinear. According to other
researchers, the relationships for many sedimentary
rocks may be described by a linear graph; our results
agree with the latter studies.

Among the various geomechanical parameters,
residual stress shows the highest dependency on the
confining pressure. The residual stress shows the post-
peak bearing capacity of the rock mass in areas of
mining activity (e.g. load bearing zones of cracked
pillars). The tests showed a 25- to 78-fold increase in
the residual stress in confining pressures of 0—
40 MPa. We also confirmed that increases in some
parameters resulting from an increase in the confining
pressure were bigger for rocks of lower uniaxial
compression strength.

The dependence of the post-peak failure modulus
on the confining pressure within the range of 0—
40 MPa for the tested sandstones in an air-dry state
was described by a polynomial function. In the tests of
sandstones in the capillary saturation state we did not
obtain reliable results and further research is required
in this area.

The tests showed that fine-grained sandstone has
lower values of internal friction angle and cohesion
compared with medium-grained sandstone. Through
an analysis of the stress—strain curves we confirmed
a general rule that the value of the internal friction
angle of moistened rock is lower than that of fine-
grained sandstone.

It is worth noting that tests of USCB rocks in
different states of humidity under conventional triaxial
compression have not been conducted before. The
results of the tests are important, from a practical
point of view, for assessing the susceptibility of rock
mass to rockbursts and water hazards in areas of the
USCB that have a high water content, and operational
collieries located in the vicinity of liquidated mines.
Determining the cohesion and internal friction angle
for the rocks is essential for solving many issues in the
vast area of geoengineering. It concerns, among
others, calculations of the stability of slopes and rock
massifs. Moreover, the tests, along with fracturing
measurements, provide important information for safe
mining in opencast mines. They can be used to
determine the bearing capacity of the rock or for
construction purposes to evaluate the critical load of
the subsoil, as well as for running safe mining
activities in deep collieries to ensure the stability of
underground operations in the presence of fracture
zones in the rock mass around the operation zone.
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