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Abstract. The subject of the publication is the behavior of rock samples
faulted by individual discontinuities with different roughness under three-
axial compression conditions, with confining pressures up to 30 MPa.
Samples with discontinuities oriented at angles of 30°, 45° and 60° in
relation to the directions of external loads were prepared for the tests. Before
the three-axial compression tests, the discontinuity surfaces were scanned
and parameters describing the geometrical structure of these surfaces were
determined. It has been shown that the roughness of the discontinuity walls
causes a reduction in stiffness and strength. It has also been shown that with
the increase of the confining pressure, the strength of the samples increases
linearly, and the higher values of the angle at which the discontinuity is
oriented corresponds to higher strength.
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1 Introduction

Properties and behaviour of discontinuous rock centres depend, inter alia, on the number of
discontinuities, the distance between them, their orientation, opening, type and the degree of
their filling. The properties of discontinuities depend in particular on the geometrical
structure of their walls [4-7]. That structure allows to describe the parameters that
characterize the surface. One of them, proposed by Barton [1] and commonly used in
geomechanics, is the JRC coefficient - roughness coefficient of the discontinuity wall. This
coefficient is determined on the basis of the evaluation of a single profile (Figure 1). The
most even, smooth surfaces are assigned JRC values from 0 to 2, the most uneven, rough -
from 18 to 20.
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Fig. 1. Profiles of discontinuity wall roughness in rocks according to Barton [1].

Determination of the JRC parameter value is also possible on the basis of the so-called
reverse analysis, i.e. based on the results of a direct shear test. The relationship between shear
strength and normal stress is determined in accordance with Barton's strength criterion:

JCS
7y = autg (JRClog™ > + ) (1)
n
in which the limit strength for shear discontinuity 7, is a function of normal stress o,,, and

one of the parameters is the roughness index JRC. This equation shows the Joint Roughness
Coefficient (JCS) of the discontinuity wall and the residual friction angle ¢, [1, 2]. The JRC
parameter value is determined on the basis of that equation and depends on the stress and
properties of the rock material and, therefore, loses the features of a geometrical parameter.

In order to describe the geometric structure of discontinuities and the influence of
roughness on the behaviour of discontinuous rock centres, the parameters used in the material
science and tribology to describe the geometric structure of rough surfaces [8, 9] were used
in this paper.

2 Examination of the geometric structure of the surface

The rock samples tested under three-axial compression were affected by individual
discontinuities. The surfaces of these discontinuities had various geometrical structures.
Some of them were smooth after being cut with a rotating diamond disc, and others had
greater roughness resulting from the bombardment of these surfaces with a stream of quartz
sand.
In order to obtain information on the geometrical structure of the surface, the
discontinuity walls were scanned using the NJHP Stone Laser Profilometer.
The following parameters which characterize the geometric structure of the surface were
determined on the basis of the conducted measurements:
e S, — arithmetic mean of the profile ordinates,
e  Sq-— quadratic mean of the profile ordinates,
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Sp — height of the highest profile elevation,
Sv— depth of the lowest profile recess,

St— total height of the profile,

Ssk — profile asymmetry coefficient,

Sku — profile slope factor (kurtosis),

Sz — largest height of the profile.

Table 1. Average values of the parameters that characterize the surface obtained for smooth and

blasted walls.
Sa Sq Sp Sv St Ssk Sku SZ
mm mm mm mm mm - - mm
Smooth | 510 | 0.025 | 0.075 | 0231 | 0283 | -1.411 | 9.989 | 0211
surfaces
Rough | he7 | 0110 | 0322 | 0520 | 0.842 | -0.486 | 3.422 | 0.686
surfaces

On the basis of the measurements, it was found that the parameters describing the
geometrical structure of blasted discontinuity wall surfaces have three or four times higher
values than the parameters of smooth surface discontinuities, except for two of them:
asymmetry of height distribution and height distribution kurtosis, which are three times
smaller (Table 1). The arithmetic and quadratic means of the profile ordinates and the height
of the highest profile elevation are four and a half times higher for rough walls. The
differences between the largest elevation and the deepest recess for a given elementary
section are three times greater for rough walls, as well as the sum of the heights of the highest
profile elevation and the deepest depth of the profile for a given elementary section. The
depth of the lowest recess is slightly more than two times higher for rough walls (Table 1).

Those measurements show that the degree of roughness of discontinuity walls which were
subjected to sandblasting is significant, which allows the description of further tests with
regard to the division of models into those with smooth and rough walls.

3 Conventional tri-axial compression tests of rock samples
damaged by discontinuities

As a result of conventional tri-axial compression laboratory tests on rock samples damaged
by individual discontinuities, differential stress characteristics (ci-03) and vertical
displacement (A,) values were obtained. Depending on the angle at which the discontinuity
was oriented, the conclusion of the test was determined by an occurrence of material macro-
cracking or by a vertical displacement. In the case of samples with 60° discontinuities,
laboratory tests were terminated when a macro-cracking occurred in the rock material. In the
case of samples with 30° and 45° discontinuities, no macro-cracks occurred so laboratory
tests were terminated when the vertical displacement reached a value of about 2.5 mm. The
following values which characterize the behaviour of rock samples were determined on the
basis of the obtained characteristics:

¢ linear longitudinal stiffness coefficient (Figure 2), i.e. the directional coefficient of

the linear parts of the characteristics,
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Fig. 2. The method of determining linear stiffness coefficients from bimodal characteristics.

o the longitudinal stiffness coefficient corresponding to the strength limit (Figure 3),
i.e. the secant directional coefficient connecting the origin of the coordinate system
to the top of the curve,

A

Differential stress
=
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Fig. 3. The method of determining the linear and secant stiffness coefficients from the characteristics
of samples that have cracked.

e values of stress and strain at the slip point (i.e. the point of change of slope of the
characteristic stress - displacement),
e values of stresses at displacements from 0.5 mm to 2.5 mm,
e limit values of stresses in cases when the strength of the rock material has been
exceeded and the sample has been subjected to macro-cracking,
e maximum values of stresses in cases where rock macro-cracking did not occur
The tests allowed to obtain information on the impact of discontinuity wall roughness on
the behaviour of simple models of the cracked rock medium under tri-axial compression.
The deformation process of samples with smooth wall cracks oriented at 30° and 45°
relative angles to the vertical axis of the sample is bimodal and the so-called slip points occur
in the characteristics of the differential stress (ci-03) and vertical displacement (A,) (Fig. 4a,
b). This is the point where the characteristics of the slope change. Below the slip point, the
sample has a high stiffness determined by small deformability of the rock material. Above
this point, slip of one part of the sample dominates over the other (the so-called intermittent
slip). It is associated with temporary increases and decreases in differential stress due to
abrupt movement of one part of the sample relative to the other [3, 7, 9].
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Figure 4. Differential stress (c1-03) — axial displacement ().) characteristics for samples cut at a) 30°
and b) 45° angles.

Slip on the plane of the crack oriented vertically to the sample at an angle of 60° is
negligible; deformation is dominated by continuous deformation of the rock material.
Characteristics of differential stress - vertical displacement of samples with a 60° fracture
have the same form as the characteristics of intact rock samples (Figure 5).
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Fig. 5. Differential stress (c1-03) — axial displacement (Az) characteristics for samples cut at 60° angle.

The process of deformation of samples weakened by a 60° fracture results in an excess of
the limit strength of the rock material and an occurrence of shear macro-cracks, which usually
appear in three-axially compressed samples of intact rock material (Figures 5 and 6c¢).

In contrast to the specimens with stress - displacement characteristics typical for smooth
wall cracks, which consist of two linear parts separated by a slip point, stress - displacement
characteristics of the samples with rough walls discontinuities are significantly non-linear,
which reflects the decrease of roughness and the increase of displacement of the walls caused
by their friction (fig. 6).
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Fig. 6. Differential stress (o1-03) - vertical displacement (Az) characteristics for samples with rough
discontinuity walls cut at angles of a) 30°, b) 45° and c) 60°.

As in the case of samples with smooth wall cracks, the strength of rough wall crack
samples increased linearly with the increase of the confining pressure. However, unlike those
samples, the strength growth rate for the 30° and 45° orientation was the same (Fig. 7).
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Fig. 7. Effect of orientation of discontinuities and roughness of discontinuous walls on strength.

However, the roughness of discontinuity walls has a significant influence on the
longitudinal stiffness of the samples in the first stage of the deformation process, i.e. in the
non-slip stage.

In the case of samples with a 30° fracture at this stage, the longitudinal stiffness
coefficient (kl1) of the rough wall discontinuity samples ranged from 35% (for the confining
pressure of 5 MPa) to about 50% (for the confining pressure of 20 MPa) less than the stiffness
coefficient of samples with smooth wall discontinuities. In the second stage, where the
deformation process is dominated by the slipping of discontinuity walls in relation to each
other, values of the longitudinal stiffness coefficient (kl2) for both smooth and rough wall
were almost the same and very small, less than 10 MPa/mm at the confining pressures up to
30 MPa.

The values of the longitudinal stiffness coefficient increase significantly with the increase
of the confining pressure, while the rate of this increase is greater in the case of samples with
smooth wall discontinuities.

Higher inclination angles of the discontinuity with respect to the vertical axis of the
sample correspond to greater longitudinal stiffness of the sample (Figure 8).
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Fig. 8. Effect of confining pressure, discontinuity orientation (30°, 45°) and roughness of
discontinuity walls on longitudinal stiffness of samples.

Samples with discontinuities oriented at the angle of 60° were destroyed (macro-cracking
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of the rock material), which allowed to determine their secant stiffness coefficients
corresponding to the strength limit (ks). The largest values, equal to 92 MPa/mm,
corresponded to the pressure of 5 MPa and decreased to 78 MPa/mm at the pressure of 20
MPa. In the case of samples with rough walls, the tendency was reversed; the smallest value
of this coefficient, equal to 47 MPa/mm, was noted at the pressure of 5 MPa, and the highest,
equal to 66 MPa/mm, at the pressure of 20 MPa (Fig. 9).
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Fig. 9. Effect of confining pressure and roughness of discontinuity walls on longitudinal stiffness of
samples affected by 60° angle discontinuities.

4 Summary

Summarizing the results of the tests on rock samples damaged by singular discontinuities
which were subjected to tri-axial compression, it was found that in many cases the roughness
of the discontinuity walls causes a reduction in strength. The largest decrease is observed at
the most-inclined discontinuities (60°), smaller at the 45° orientation, while at 30° the
roughness virtually does not affect the strength (Fig. 7).

The roughness of the discontinuity walls has a big influence on the longitudinal stiffness
of the samples in the pre-slipping stage. At this stage, in the case of samples with a 30°
fracture, the longitudinal stiffness coefficient (kl1) of rough wall discontinuities was from
approx. 35% to approx. 50% smaller than the stiffness coefficient of the samples with smooth
wall discontinuities. At the stage where the slipping of discontinuity walls dominates the
movement and with the same orientation of discontinuities, the values of the longitudinal
stiffness coefficient (k12) for samples with smooth and rough discontinuity walls were almost
the same (Fig. 8).

It was found that the strength increases with the increase of the confining pressure. Higher
angles at which the discontinuity is oriented towards the axis of the sample correspond to
higher strength. The rate of strength increase is greatest for samples with discontinuities
oriented at the smallest angle (30°) and decreases with the increase of this angle.

The values of the longitudinal stiffness coefficient increase significantly with the increase
of the confining pressure, while the rate of this increase is even greater in the case of samples
with smooth wall discontinuities.

The values of linear and secant stiffness coefficients for samples with smooth walls
discontinuities oriented at the angle of 60° in relation to the vertical axis of the sample were
larger by approx. 50% than in the case of samples with rough wall discontinuities (Figure 9).
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