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Abstract. Experimental data on the relationship of the residual shear strength of rocks in closed cracks with the func-
tional characteristics of intact rocks — the tensile and compressive components of adhesion, the roughness of the crack
surfaces, and the level of normal stresses are presented. A unified integrated approach determines the shear strength of
intact and destroyed rocks, the residual shear strength of closed rough cracks has been developed. The approach pro-
vides for the selection of stress intervals corresponding to different types of fracture, for each of which a strength
criterion is proposed, expressed in terms of functional characteristics of intact rock. An express method for estimating
the residual shear strength of rocks by cracks with a rough surface has been developed, in which an improved method
of loading samples with spherical indentors is used as a basic test method. The express method implements the transi-
tion from the data of mechanical tests of samples with spherical indentors to the shear strength indicators for cracks in
the rock mass, taking into account the level of normal stresses and the roughness of the crack surfaces measured in field
conditions. In this case the roughness scale developed by Barton is used. The express method is informative and avail-
able in the fieldwork.

Keywords: intact rock; destroyed rock; crack; roughness; residual shear strength; critical condition; adhesion; angle of
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Introduction. The destruction of rocks in the masses during the operation of the deposit occurs
in the conditions of an inhomogeneous stress state in the mode of stress redistribution during mining
operations and has a probabilistic character [1, 2]. So, for geomechanical similarity to the processes
encountered in mining practice [3, 4], during laboratory mechanical tests of rocks and its weakening
surfaces (cracks), special attention should be paid to the representativeness of tests with respect
to the type of stress state and the mechanism of destruction characteristic of real conditions in the
rock masses. These requirements are met by methods of splitting samples with concentrated loads
[5] — the method of loading samples with spherical indentors [6] and its analogue point-load
strength test [7]. These test methods implement a complex mechanism of sample destruction,
including local destruction of intact rock by separation and cut, as well as deformation of the
destroyed rock at high compressive stresses. Taking into account the technical simplicity and
accessibility for mass use, the improved method of loading samples with spherical indenters is
used as a basic test method for simplified evaluation of the parameters of the certificate of the
ultimate and residual strength of the rock [8, 9].

The rock mass is characterized by a significant difference in the strength properties of the com-
posing rocks and the weakening surfaces (cracks) [10-12]. The shear resistance of cracks in a rock
mass 1s more often estimated based the laboratory tests of small-sized samples on closed cracks and
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the description of natural cracks in the field [13-15]. In practice to describe natural cracks, both the
scale of standard roughness profiles developed by Barton [16] and the roughness assessment in the
first approximation, based on the selection of smooth, wavy or stepped morphological types of closed
cracks according to the Russian classification, are used [17]. At the same time, the determination of
shear strength (SS) by cracks in laboratory conditions' is often complicated by the lack of the required
sample amount, the spread of crack characteristics, the discrepancy between the geometric dimen-
sions of cracks and their roughness parameters in the sample and rock mass. In addition, damages to
the surfaces of natural cracks during sampling and preparation for testing samples further distort ex-
perimental data. Due to the complexity of sampling representative samples, it is relevant to develop
accelerated methods available in the field for determining the shear strength of rocks by cracks
according to technically simple tests of small-sized samples.

The results of studies aimed at developing a new approach to assessing the shear strength of
rocks by cracks based on the test data of intact samples with spherical indentors are presented. The
approach takes into account the stress level and the roughness of cracks in real conditions and
is designed to obtain initial data on the SS of the rock mass on the weakening surfaces.

Methods. To assess the ultimate stress state of a fractured rock mass as an empirical criterion of
failure, data on the construction of the envelope of the limiting circles of Mohr stresses (strength certifi-
cates) are widely used. At the same time, the shear strength of a rock mass is usually estimated based
on determining the properties of intact rocks and an integral assessment of the influence of weakening
surfaces (cracks) on these rocks [18-20].

The same rocks in different stress states can break down brittle and deform plastically
[21, 22]. At the same time, the transition from one type of destruction to another with a change
in the stress state occurs gradually [23], with a certain probability of its implementation [24].
In the Mohr diagram, it is manifested in the fact that the shear strength of rock samples,
both intact and destroyed by triaxial compression or weakened by cracks, is characterized
by envelopes of limiting stress circles similar in shape [16, 23]. The envelope strength curves
of both intact and structurally weakened rock during the transition from the interval of tensile
stresses to the interval of compressive stresses flatten out and tend to merge at a high stress
level [25, 26].

The construction of Mohr stress envelopes corresponding to the ultimate and residual strength
of rocks, according to laboratory tests of cylindrical samples, is associated with numerous tests in a
wide range of stresses on complex equipment. Given the complexity and difficulty of this approach,
simplified computational methods for constructing envelopes of ultimate and residual strength based
on empirical dependences of shear strength on normal stresses, taking into account the characteristics
of specific rocks, have become widespread [25, 27, 28]. As the main parameters of empirical
dependencies (fracture criteria), the values of mechanical indicators characterizing various types of
destruction (shear and separation) are usually used, and which are determined by technically simple
and accessible methods [29, 30]. Two approaches to the presentation of empirical dependencies
(fracture criteria) are most common.

The first approach is to use mathematical formulas describing a single dependence for the entire
range of possible values of normal stresses [16, 29, 31]. The disadvantage of such empirical fracture
criteria is usually the limited scope of their application by the characteristics of specific rocks, the
type of fracture or the stress range [32]. For example, a computational method for constructing a

! ASTM D5607-16. Standard Test Method for Performing Laboratory Direct Shear Strength Tests of Rock Specimens Under
Constant Normal Force. West Conshohocken, USA: ASTM International, 2016.
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strength certificate based on the data of determining the strength limits for uniaxial compression and
tension (GOST 21153.8) it is not recommended to use in the range of normal stresses exceeding the
values of 1.5 of the strength limit for uniaxial compression.

The second (complex) approach provides for conditional selection of normal stress intervals cor-
responding to different types of destruction, for each of which a separate strength criterion is pro-
posed. When constructing dependencies in the selected stress intervals, preference is given to simple
empirical formulas. For example, when describing the shear strength of a rough crack in accordance
with the Patton criterion and when determining the ultimate and residual strength of rocks under
triaxial compression in accordance with the ISRM? standard, a bilinear approximation of the limiting
envelopes is used. In addition, in accordance with the modified Mohr — Coulomb strength criterion,
a circular arc [30] replaces the rectilinear limiting envelope in the interval of tensile stresses.

The shear resistance of cracks of various types in sedimentary, igneous and metamorphic rocks
can be described by general dependencies that take into account the inclination angles of surface
irregularities for closed cracks, the strength properties of crack walls and the level of normal stresses.
At the same time, the shear resistance differs significantly for cracks of smooth, wavy and stepped
morphological types [33-35]. With this in mind, a nonlinear empirical SS criterion for cracks in a
rock mass (the Barton — Bandis criterion) is proposed, which takes into account the roughness and
strength of the rock walls of cracks [36]:

Tnax = 418 (JRClogm [ﬁ] + @,}, (1)
Gn

where o, — effective normal stress; JRC — crack roughness coefficient, varies from 0° for smooth

sliding surfaces to 20° for stepped rough surfaces; JCS — compressive strength of the crack surface;

¢, — residual friction angle (about 30°).

The empirical Barton — Bandis formula allows to take into account the peculiarities of changing
the parameters of the ultimate strength envelopes for cracks in the rock mass. Analysis of this ap-
proach has shown that at normal stress o,, exceeding the crack surface strength JCS, or low stress 6,,
corresponding to the value of the friction angle of more than 70°, the equation (1) stops working.
Considering this, it was noted in [37] that the Barton — Bandis criterion should be used with caution
when designing the walls of open pits. A large number of studies aimed at improving this criterion have
been published [38-40].

A similar comprehensive approach is proposed for constructing a rock strength certificate based
on the results of tests for splitting samples with spherical indentors by an improved method developed
at Saint Petersburg Mining University [41, 42]. The essence of this test method consists in axial com-
pression of the sample by two spherical indentors, fixation of the destructive power P and measure-
ment in the destroyed sample of the separation surface area S and the zones of the rock destroyed by
the cut near the indentors F1 and F>, of which the larger F is taken into account (Fig.1, a). Thus,
within the framework of the known approach, a significant refinement is proposed — in addition to
determining the tensile component of the stresses o; in the sample, the compressive component of the
stresses p 1s additionally estimated for local destruction by a cut. This makes it possible, in contrast
to the standard test method (GOST 24941), to take into account the complex nature of the sample
destruction, including deformation of the destroyed rock at contacts with indentors and destruction
of the rock by separation and cutting at the boundary of the destroyed zones.

When calculating the parameters of the strength certificate, the tensile and compressive compo-
nents of the ultimate shear resistance (adhesion) are taken as functional characteristics that determine
the rock destruction:

2 Suggested methods for determining the strength of rock materials in triaxial compression. ISRM: Suggested Methods for Triaxial
Compression Testing. 1983. Vol. 20. N 6, p. 283-290. DOI: 10.1016/0148-9062(83)90598-3
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Fig.1. Construction of a strength certificate of an intact rock sample [5]: @ — scheme of testing
the sample with spherical indentors; b — construction of a strength certificate of the sample
in the Mohr coordinate system

; (2)

P=—; 3)
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For the convenience of calculations, formulas can be expressed using the brittleness coefficient K

(K = plo;) or the brittleness coefficient Kr equal to the ratio of the strength limits under uniaxial

compression and tension (Kr= 6./c7). At the same time, the relation of 6; and p with the strength
limits is established:

o, =p+C,; (5)

20,p 2K
r= =0, .
G, +p I+K

c (6)

In the Mohr diagram, the envelope of the rock stress limit circles was approximated by a complex
of interrelated segments: rectilinear segments corresponding to stable types of macrofracture
(separation, cut, and quasi — plastic deformation), and circular arcs of the Mohr stress limit circles,
for which the type of fracture is probabilistic (Fig.1, b). In this case the coupling Co, which
was approximated by a segment of the Mohr circle arc {—o;; p} in the range of normal stresses from
0 to (p — o1)/2, corresponded to the probabilistic fracture by separation or shear, while the maximum
cut resistance Tmax, Which was approximated by a segment of the Mohr circle arc, corresponded to the

probabilistic cut failure or quasi-plastic deformation {c}'; )"}

3 -3c
o =5 V0P +Gﬁ%; (7

o' =R(%—2c,]; 8)
oM ZGC+K(%—2GIJ. 9)

In the intervals of normal stresses corresponding to stable types of macro-fracture, it is proposed
to approximate the envelope of the limiting stress circles by tangents to the circles of probabilistic
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failure. It should be noted that the rectilinear section of the envelope corresponding to cut failure is
approximated by a single tangent to the Mohr circles corresponding to the conditional strength value
at “pure” shear (at the main normal stresses {—Co; Co}) and the maximum cut resistance Tmax
(at stresses {G} ;6" }).

The results of comparison of experimental and calculated data indicate that the integrated ap-
proach is also applicable for simplified estimation of the residual strength of fractured rocks [9] and
shear strength for closed cracks [43]. At the same time, dependences were established [43] that link
the parameters of the residual SS with the functional characteristics of the intact rock o, and p
without taking into account the features of the crack surfaces roughness. Taking into account the
preliminary nature of these results, Saint Petersburg Mining University has carried out comprehensive
research aimed at developing an express method for assessing the shear strength of rocks along the
rough cracks based on the results of testing small-sized samples with spherical indentors.

Residual strength is understood as the “extreme” strength of the destroyed sample under defor-
mations that can be reasonably obtained in triaxial tests [5]. In the course of the research the following
questions were studied:

* the main regularities of changes in the residual SS of rock destroyed by triaxial compression
and rough cracks depending on the level of normal stresses (general view of the envelopes of limit
and residual strength on the Mohr diagram, intervals of possible values of shear strength, dependence
of the parameters of the envelopes of limit circles of Mohr stresses on the type of macro-fracture);

« the effect of roughness and relative strength of the crack wall surface, rock brittleness on shear
strength;

* the relationship of the parameters of the residual SS of the destroyed rock and rough cracks
with the parameters of the strength of the intact rock.

To ensure the representativeness of the tests in relation to the type of stress state and the fracture
mechanism, comparative tests of a wide range of hard rocks from weak and ductile to strong and
brittle (Cambrian clay, marble, limestone, mudstone, siltstone, coal, chromite, etc.) were performed
for splitting samples with spherical indentors [9, 43], for uniaxial separation of the samples and
triaxial compression in the mode of controlled axial deformation of samples. The ultimate
strength o. of rocks varied from 2.55 to 179.34 MPa, and the brittleness coefficient Ky
from 5.8 to 13.9. At the same time, both monolithic and samples containing natural and artificial
cracks were subjected to compression tests.

Compression tests were carried out in accordance with the requirements of standard methods of
the Russian Federation (GOST 21153.2 and 21153.8) and the international ISRM society® in the rigid
load device BV-21, which is installed on a press designed to create a compressive force of up to
1000 kN, and is equipped with a pumping station designed for working fluid pressure up to 60 MPa.
Tests of rock samples with spherical indentors were carried out in the BU-11 loading device (Russia),
which is installed in the Insight 50 universal testing machine (USA), designed to create a compressive
force of up to 50 kN. Loads were applied to the samples in accordance with GOST 24941 through
steel indentors with a diameter of 15 mm and a Rockwell hardness of HRC 60-65 units. Samples with
a thickness of 20-50 mm and an expected fracture surface area of 5-20 cm? were tested.

Result discussion. Based on the results of comprehensive studies of the mechanical properties
of rocks, new experimental data have been obtained on the relationship between the residual shear
strength of rocks along closed cracks and the functional characteristics of intact rocks o; and p, the
roughness of crack surfaces and the level of normal stresses.

3 ISRM: Suggested methods for the complete stress-strain curve for intact rock in uniaxial compression. International Journal
of Rock Mechanics and Mining Sciences. 1999. Vol. 36. Iss. 3, p. 279-289. DOI:10.1016/S0148-9062(99)00006-6
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Fig.2. Construction of SS envelopes of rock and cracks («); experimental data of comparative tests
of marble (b)

1, 2 — the ultimate and residual strength of the rock; 3, 4 — the residual SS on cracks (JRC = 20; JRC = 0); 5, 6 — the ultimate
and residual strength of the rock destroyed by triaxial compression; 7 — the residual cut strength
with compression on cracks

It 1s generally assumed that in the Mohr diagram the limiting “critical” state corresponding to the
maximum cross-section resistance Tmax 1S characterized by the ratio of the minimum and maximum
principal normal stresses equal to 1/3 [25, 33]. Taking this into account, the components of the
limiting critical stress state (o3cir and o1cri2) are taken as a characteristic of the SS along the most
weakened surfaces. The critical state {G = Gav crir; T = Tmax} Was considered as a transient stress limit
state corresponding to the probabilistic nature of shear failure along plane cracks.

The assumptions made it possible to construct the envelope of the residual SS over flat cracks
based on the results of testing a monolithic sample with indentors. In the Mohr diagram, the envelope
of the residual shear strength along a plane crack is approximated by a complex of interrelated seg-
ments, the arc of the circle of the limiting circle of Mohr stresses {G3crir = Tmax; Olerit = 3T max}, fOr
which the type of failure is probabilistic, and two rectilinear segments tangent to this circle and cor-
responding to stable types of macro-destruction (Fig.2, a, envelope 4). One of the segments passes
through the origin at an angle of residual friction ¢, equal to 30° and touches the circle at the point
with coordinates {G = (2 — Sin®,)Tmax; T = COSQ,Tmax }, While the horizontal segment touches the circle
at the point with coordinates {G = 2Tmax; T = Tmax}.

In the Mohr diagram, the validity of such an approximation is confirmed by the coincidence of
the lower boundary of the range of values of the residual SS for smooth cracks in marble, established
during triaxial tests, with the calculated envelope of the residual SS for a flat, even crack (Fig.2, b).

In the range of average normal stresses corresponding to stable macro-fracturing of samples by
cut, the envelope of the residual strength of the fractured rock is approximated by a segment of a
single tangent to the Mohr circles corresponding to the maximum cut resistance and the conditional
strength of the pure shear of the fractured rock [9, 37]. It is established that in the range of average
normal stresses exceeding the conventional limits of strength under uniaxial compression, the enve-
lopes of the residual SS of both the destroyed rock (Fig.2, a, envelope 2) and the residual SS along
a rough crack with JRC = 20 (Fig.2, a, envelope 3) are reliably approximated by segments of the
common tangents to the Mohr circles. They correspond to the conditional strength at pure shear
of the destroyed rock (at the main normal stresses {—o/; o;}) and the maximum cut resistance Tmax.
In this case, the residual strength of the destroyed rock corresponds to the segment of the tangent to
the Mohr circle common to the intact and destroyed rocks, and the residual SS along a rough crack
corresponds to the segment of the tangent to the Mohr circle directed to the conditional point with
coordinates {6 = Gav; T = Tmax}.
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/Ge In the Mohr diagram, the validity of the proposed
approximation for the envelope of shear strength for cracks
0.3 with rough wall surfaces confirms that the upper limit
! of the range of values of the residual SS for rough cracks
0.2 5 ——<7  in marble, established during triaxial tests, coincides with
jra / the calculated envelope of residual shear strength (Fig.2, b,

0.1+ //,// envelope 3).
N 4 At low normal stresses, the envelope of the residual
3/ s " strength of the destroyed rock has a non-linear form and

01 00 01 02 03 on/c. touches the Mohr circle corresponding to the residual
strength under uniaxial compression (Fig.3) [9]. To clarify
the type of limit envelopes of the residual strength of the

Fig.3. Construction of the calculated envelope
of the relative residual SS over cracks in the range

of low normal stresses for Ky=7.5 destroyed rock and the residual shear strength along cracks
1-JRC=20;2-JRC=0; 3 — destroyed rock in this range of normal stresses, additional laboratory tests
at pure shear; 4 — JRC = 20 (wall strength .
of cracks) were carried out.

It has been experimentally established that at normal
stresses that do not exceed the conditional limits of uniaxial compressive strength, the defining pa-
rameters of the certificate of the residual shear strength of the destroyed rock and cracks with a rough
surface (JRC = 20) are: the absolute value of the tensile component of adhesion o;, the conditional
limits of strength under uniaxial compression, which are similar to the parameters of the strength
certificate of intact rock — Co and uniaxial compressive strength o.:

(c}“+c§”)
Cog =0, (10)
(02”+cs,)
— 2Gl
GOr - (l—Sin(pr) ) (11)

where o, is the conditional friction angle along a rough crack with JRC = 20.
For the interval of normal stresses (less than co,), two limit stress states of crack surfaces are

20, .
(1+K)’
similar to the limit stress states of intact rock — the transition state from cut failure to separation failure

characteristic, described by arcs of Mohr circles {03 = c,= (0, — c,)} and {03 =0; o1 = o/},

. . c o
{o3 = —0¢ ; 61 = p} and stress-separation fallure{cs3 =-20, +TI’{;GI=CO}. Rectilinear segments

formed by common tangents to the circles (Fig.3, envelope 1) approximate the intervals
between them.
Based on the results of the research, it is established that the deviation from the rectilinear

form of the envelope of the residual shear strength for cracks with a rough surface (JRC = 20)
occurs at an average normal stress that is less than the conditional uniaxial compressive strength 6o,. This
stress state corresponds to a Mohr circle with a minimum principal normal stress equal to o,
(Fig.4). The radius of this Mohr limit circle corresponds to the analog of the compressive com-
ponent of the coupling p, which is numerically equal to the difference between the conditional
uniaxial compressive strength and the coupling analog (Go — o;).

In the Mohr diagram, the envelope of the residual strength of the destroyed rock at low
normal stresses can be approximated in the first approximation by a segment parallel to the same
segment of the envelope of ultimate strength [9]. The shape of the curve in the low-stress region is
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Fig.4. Design of calculated envelopes of residual SS in siltstone (a) and sandstone (b)
1 — destroyed rock; 2, 3 — crack (JRC =20 and JRC = 0); 4, 5 — strength at 63 = 5, of the destroyed rock
and crack walls (JRC = 20); 6 — residual strength of the rock destroyed by triaxial compression

refined in accordance with the integrated approach. It is experimentally established that the enve-
lopes of the residual strength of rock destroyed during compression and cut along closed rough cracks
(JRC = 20) practically do not differ in the normal stress range not exceeding o, This interval
. . 2
corresponds to Mohr circles with values o3 at most s/
(1+K)

Taking into account that the probabilistic state transitioning to stable cut failure of samples
corresponds to the Mohr circle with the value 63 equal to o;, the limit envelope in the interval char-

. 2 .
acterized by the values o3 from (ILII() to o, can be approximated by a common tangent to the

+

corresponding Mohr circles corresponding to the cut along closed rough cracks. The parameters of
Mohr circles that characterize similar stress states during shear over intact and fractured rock and closed
rough cracks at low normal stresses are presented in Table 1.

Table 1
Correspondence of Mohr circle parameters for the characteristic stress limit states of intact
and compression-fractured rocks and their cracks
Description of the shear surface
Description of the ultimate stress Intact rock, Rock destroyed Stepped closed
state of intact rock MPa by compression, MPa surface, MPa
O3 O] O3 O] O3 (9]
. . . . 6;
Separation failure under compressive tension -20, Go 0 (o] 0 (o
VK
Probabilistic separation failure or cut 20 20
p : —Ot pP= Gc - CO . GOr - Gt . GOr - Gt
under compressive tension (I+K) (1+K)
Cut failure under uneven compression Co 26, -G, o1 26,z — 0, o 26,, -0,

A single integrated approach to determining the ultimate and residual shear strength of rocks and
the residual shear strength of closed rough cracks has been developed. In accordance with this, in the
Mohr diagram, the limit envelope of the residual SS over rough cracks has a curved appearance at
low normal stresses, rectilinear at an average level of normal stresses, and flattens out at a high
level of stresses.
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Fig.5. Construction of the calculated envelope Fig.6. Construction of envelopes of relative
of the relative residual SS on a rough (JRC = 20) re51'dual SS for cracks of various morphological
crack in the range of low normal stresses for Ky= 8 types in the range of low normal stresses for Ky=7.5

See symbols 1-4 in Fig.3; 5 — by the Barton — Bandis 1 —JRC=20;2—JRC = 0; 3 — destroyed rock at pure
criterion; 6 — the boundary of the scope shear; 4 — JRC = 20 (strength of crack wall);
of the Barton — Bandis criterion 5 —JRC =20 (according to the Barton — Bandis criterion);
6 — the boundary of the scope of the Barton — Bandis criterion;
7—-JRC=15;8—-JRC=10;9-JRC=5

To substantiate the proposed integrated approach, comparative calculations of the shear strength
of cracks are performed using the Barton — Bandis strength criterion formula (1) for the given values
of the residual friction angle ¢, = 30° and the crack roughness coefficient JRC (0; 5; 10; 15; 20°).
The calculated data are also compared with the experimental data of extreme tests for uniaxial and
triaxial compression of monolithic samples containing natural and artificial cracks.

It is established, that at low normal stresses the deviation of the calculated values of shear
strength for rough cracks calculated from the results of tests with spherical indentors from similar
values calculated in accordance with the Barton — Bandis strength criterion for the value of the coef-
ficient JRC = 20°, varies depending on the value of normal stress and brittleness of the rock and for
Kr=5-10 it is about 5 % (Fig.5). The deviation of the calculated values of shear strength for rough
cracks in the range of average normal stresses exceeding the conventional limits of strength under
uniaxial compression increases from 3-6 % in the range ¢ = 0.2-0.66. to 6-9 % at ¢ = 0.76. and
reaches 10-18 % at 6 = o.

A comparison of the calculated shear strength indicators performed in relative (in fractions
of 6.) values of normal stress showed, that at low normal stresses for most sedimentary rocks (mud-
stones, marls, siltstones, limestones, clay, and carbonate sandstones), which correspond to the values
of the rock brittleness coefficient Ky from 6.5 to 8.5, the intervals of the possible values of shear
strength (from the minimum values corresponding to flat cracks to the maximum values corresponding
to stepped rough cracks) are almost identical. For more brittle rocks (Kr> 10), the range of possible
strength values when evaluating strength using the proposed integrated approach is narrower, and for
more ductile rocks (5 < Ky<6) it is wider.

It is established that in the normal stress range 0.01-0.7c., the shear strength envelopes for flat,
even and stepped rough cracks constructed in accordance with the proposed integrated approach are
in close agreement with the family of limit envelopes of residual SS for the values of the JRC coeffi-
cient from 0 to 20° constructed in accordance with the Barton — Bandis criterion (Fig.6). Considering
this, when constructing limit envelopes to take into account the roughness effect in the low-and
medium-normal stress ranges, it is recommended to follow the proportional dependence of the SS
change on the roughness coefficient, similar to formula (1).
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An express method for assessing the residual shear strength of rocks based on rough closed
cracks is developed, in which an improved method of loading the sample with spherical indentors is
used as the basic test method. The express method implements the transition from data of mechanical
tests of intact samples with spherical indentors to indicators of joint strength for cracks in the rock
mass based on a unified approach to assessing the shear strength of rocks for closed cracks, taking
into account the level of normal stresses and crack roughness measured in natural conditions. At the
same time, both the roughness scale developed by Barton [16], and the roughness estimation in the
first approximation based on the morphological type of cracks can be used to describe the crack
roughness [34].

The express method includes the following steps:

* Estimating the crack wall roughness and normal stresses in the field.

* Conducting tests for splitting intact small-sized rock samples by loading with spherical inden-
tors in laboratory or field conditions; building a strength certificate and determining the SS parameters
of the intact rock based on the results of testing samples with spherical indentors in accordance with
the methodology (see Fig.1, b).

* Plotting residual strength envelopes on the Mohr diagram and determining the parameters
of the residual SS from stepped rough (JRC = 20) and flat smooth cracks (JRC = 0). When con-
structing the envelope of the residual SS over a stepped rough crack, the limit stress states are taken

20,

(1+—901= (G, — Gt)},

{o,=0,; 01 = (200 — 61)} and the conditional point where the intact rock reaches the maximum cut

as initial data. They are described by arcs of Mohr circles {c3 =0; 61 = o}, {03 =

resistance Tmax at high normal stresses with coordinates {G = G4v; T= Tmax} (see Fig.2, envelope 3). In
this case, rectilinear segments formed by common tangents to the circles (see Fig.3) approximate the
intervals between arcs.

* Plotting the envelope of the residual SS along the crack on the Mohr diagram, taking into ac-
count the roughness and level of normal stresses under natural conditions, and determining the pa-
rameters of the residual SS along the crack. For this purpose, on the Mohr diagram, segments are
drawn that connect points on the envelopes of the residual SS for stepped rough and flat smooth
cracks and correspond to the same characteristic

2 ..
values o3 equal to 0, o , o and the conditional /.

(I+K
point with coordinates {G = 6u; T = Tmax} (see Fig.2, a,
envelope 3). The segments are divided into intervals (5
by points that correspond to the specified values
of JRC relative to JRC = 20 (Fig.7). Then, envelopes /
)

of the residual shear strength corresponding to the .2 /

A\

specified roughness of the crack walls are drawn
through the family of these points. The calculated
parameters of the residual strength envelope (condi-
tional residual coupling C, and the residual friction
angle ¢,) are calculated for the specified intervals of
normal stresses.

As an example of using the express method
Fig.7 shows the construction of envelopes of the Fig.7. Construction of envelopes of relative residual SS
relative residual SS along closed cracks of smooth, for cracks of various morphological types in the range
wavy, and stepped morphological rock types according of low and n}edillém _n(érmal stresses
to the domestic classification [34]. They correspond to n

. . 1 —smooth (JRC = 0); 2 — smooth type; 3 — wavy;
the estimated values of the roughness coefficient 4 — stepped; 5 — rough (JRC = 20)

0.1 0.2 0.3 Gn /Ge

615
This is an open access article under the CC BY 4.0 license



738 Journal of Mining Institute. 2023. Vol. 262. P. 606-618 EDN CAWDMN
= © Vladimir A. Korshunov, Anton A. Paviovich, Alexander A. Bazhukov, 2023 DOI: 10.31897/PMI.2023.16

calculated by formula (1): for smooth plane cracks, JRC = 0-5; smooth wavy tectonic cracks,
JRC=8-12; and rough wavy cracks, JRC = 15-20 [34]. As initial data on crack roughness, the average
values for the types are taken. The set value K y= 8 is typical for sedimentary rocks such as siltstones
and limestones [8].

The results of calculating the average values of the envelope parameters of the relative residual

shear strength (relative C,/o. and o,) for closed cracks of various morphological types for given nor-
mal stress intervals corresponding to low, medium and high levels of normal stresses are presented
in Table 2.

The proposed express method for determining the residual shear strength from closed cracks can
also be implemented based on the data for determining two other strength characteristics of intact
rock — the strength limits under uniaxial compression 6. and tension 67. In this case, the values of the
stretching o; and compressive p components of the coupling Co required for calculations are pre-
calculated algebraically by the given formulas (4)-(6).

Table 2
Calculated values of the parameters Ci/o. and ¢ of the envelopes of the residual SS of rock
along closed cracks of various morphological types (Kr= 8)

Morphological Interval 1 Interval 2 Interval 3

type of cracks 6/6., MPa C,/c. ¢, deg 6/6., MPa C,/c. ¢, deg 6/6., MPa C,/c. ¢, deg
Smooth 0.0006-0.017 |  0.002 39 0.017-0.110 | 0.004 32 0.110-2.773 | 0.007 31
Wavy 0.0025-0.029 |  0.006 50 0.029-0.136 | 0.019 36 0.136-2.838 | 0.040 30
Stepped 0.0044-0.041 0.007 54 0.041-0.162 | 0.040 39 0.162-2.904 | 0.074 30

Conclusion. New experimental data are presented on the relationship between the residual shear
strength of rocks along closed cracks and the functional characteristics of intact rocks — the tensile o,
and compressive p components of the ultimate shear resistance without normal stresses (adhesion)
Co, the roughness of the crack surfaces, and the level of normal stresses.

It is established that in the Mohr diagram, the limit envelope of the residual SS over rough cracks
has a curved appearance at “low” normal stresses, rectilinear at an average level of normal stresses,
and flattens out at a high level. At the same time in the range of low normal stresses the determining
parameters of the certificates of the residual shear strength of rock and cracks with a stepped rough
surface are the absolute value of the tensile component 6;0f coupling Co and the conditional limits
of strength under uniaxial compression 6oz and co,, which are similar to the parameters Co of the
uniaxial compression o.. In the range of average normal stresses, the envelopes of residual
strength are approximated by straight-line segments of common tangents to the circles of Mohr
circles corresponding to the limit states of the destroyed rock during pure shear and quasi-plastic
deformation.

A single integrated approach to determining the shear strength of intact and fractured rocks and
the residual shear strength of closed rough cracks is developed based on an assessment of the ultimate
stresses at which the type of fracture is probabilistic. The approach provides for the allocation of
stress intervals corresponding to different types of fracture, for each of which a strength criterion
expressed in terms of the functional characteristics of intact rock o, and p, is proposed.

The results of comparative mechanical tests of rocks and comparative calculations of crack strength,
according to the integrated approach and in accordance with the Barton — Bandis strength criterion, indi-
cate the validity of the proposed approach. It is established that in the normal stress range 0.01-0.7c., the
shear strength envelopes for smooth flat and stepped rough cracks constructed in accordance with the
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developed integrated approach are in close agreement with the family of limit envelopes of the residual
SS for values of the JRC coefficient from 0 to 20°, constructed in accordance with the Barton — Bandis
criterion.

An express method for estimating the residual shear strength of rocks from cracks with a
rough surface has been developed, in which an improved method of loading samples with spherical
indentors is used as the basic test method. The express method implements the transition from the
data of mechanical tests of samples with spherical indentors to the SS indicators for cracks in the
rock mass, taking into account the level of normal stresses and the roughness of the crack surfaces
measured in full-scale conditions. In this case the roughness scale developed by Barton is used. The
express method is informative and accessible in the field using technically simple loading devices.
Testing of small-sized samples of irregular shape is allowed.
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