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Abstract

Purpose. The research aims to conduct a comprehensive study of the mechanical properties of ores and rocks within the
Zhilandy Group field, as well as to assess the natural field of mass stress state to solve geomechanical problems in optimizing
mining operations.

Methods. To determine the boundary conditions when measuring the stress-strain state of the mass, a complex methodolo-
gy is proposed, including stress measurements using hydraulic fracturing methods of the wells and determining the physical-
mechanical properties of rocks. Five rock probes have been tested. Twelve tests (six tests in natural and six in water-saturated
states) have been conducted for each probe.

Findings. Hydraulic fracturing tests at the metering stations show significant tectonic stress due to the shape of structural
folds and the mass fracturing. It has been revealed that the hard rock mass is characterized by non-uniform fracturing. It is of
tectonic origin and averages between 10-15 and 15-25 fractures per meter for different lithological varieties. The maximum
horizontal stress at the stations is oriented along an azimuth of 70° = 10.

Originality. The influence of water saturation on the reduction of strength and deformation characteristics of rocks has
been determined for the conditions of the Zhilandy Group field, which shows significant variations depending on the rock type.
Especially important is the revealed fact of a significant decrease in uniaxial compression and uniaxial tensile strength, as well
as a decrease in Young’s modulus and cohesion factor. Linear dependences of stresses occurring with depth have been
obtained from the measurement results.

Practical implications. The results obtained are of significant importance for the mining industry. Understanding the
extent of reduction in strength characteristics during water saturation and assessing the natural field of the stress mass state
allows more accurate prediction of rock behavior.
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1. Introduction 2. East Kazakhstan Region is known for its polymetallic

In the depths of Kazakhstan, about 100 types of minerals ~ 4eposits, including gold, lead, zinc, copper and rare elements.
have been found, which is due to the favorable geographical ~ This region also contains significant titanium ore reserves.
position of the country, including a variety of geological 3. Central Kazakhstan Region is a major supplier of cop-
structures and different types of rocks formed over a long ~ Per and manganese. Coal basins, tungsten-molybdenum and
period of time — from ancient Archean formations to young ~ lead-zinc ores are also located here. _ _
Quaternary deposits [1]-[3]. 4. South Kazakhstan Region has unique uranium deposits,

The geological diversity of Kazakhstan is important for Whi‘?h are mif‘ed using high-tech in-situ leaching me_thods,
the location of the main types of minerals in its different and is also an important region fqr phosphatg raw materlal§.
regions [4]-[8]: 5. West Kazakhstan Region is rich in oil, gas, potassium

1. North Kazakhstan Region is the main one for alumi- salt?hborotnhan((ji_Chro_;mte].c locical f fi in Kazakh
nium, gold and iron ore mining. There are also large reserves us, the diversily of geological Tormations in Razakfi-

of nickel-cobalt, tin-tantalum and titanium-zirconium ores, as (Sjti??eg;tf rrr:l?(fr?s ':)Sf mialéguz{rv?g]o u:/”rzilrr]\er?rl] drfst? urt(:)istrl]r;
well as a chrysotile-ashestos deposit. Industrial grade dia- g y o1 g y

mond denosit is also exoected to be mined. and the Shay- Republic of Kazakhstan has become one of the most compet-
P : pected ' Y itive industries in the country, having achieved stable growth
merden field contains unique zinc reserves.

at the beginning of the XXI century. This success is largely
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due to attracting foreign investment to develop this sector of
the economy [10]-[13].

With the development of the mining industry and the
ever-increasing depth of mining, new challenges are emer-
ging. These challenges highlight the importance of impro-
ving mining equipment and tools based on achievements in
materials science [14]-[19].

The rock mass stress-strain state influenced by mining
operations can change significantly, which will have a nega-
tive impact on the stability of underground mine wor-
kings [20], [21]. Redistribution of stresses acting in the mass
may adversely affect the stability of underground mine wor-
kings, which entails capital expenditures for their fastening.
The complexity of mining-geological conditions also has a
significant impact on the stability of mine workings and
imposes quite strict requirements for the design of preparato-
ry and stope operations [22]. Under such conditions, the
importance of the problem of preventing negative rock pres-
sure manifestations and ensuring the stability of mine
workings is becoming increasingly important, the solution
of which requires information about the natural stress
field [23]-[25]. Therefore, the assessment of the stress state
of rocks in the mass is an urgent task.

In order to solve geomechanical problems such as rock
mass state management, maintenance of mine workings in a
stable state and their safe operation, a broader study of rock
behavior in the border mass part is required. This will pro-
vide reliable and timely information on the stress-strain state
dynamics of the mass adjacent to mine workings [26], [27].

The Zhilandy Group field is confined to the western,
north-western, north-eastern and eastern wings of the
Zhezkazgan syncline. The manifestation of Hercynian tecto-
genesis has led to the formation here of structures of the 2"
and higher orders (domes, troughs), complicated by longitu-
dinal flexural compression zones and disjunctive faults. The
Zhilandy Group field is located 30-35km north of the
Zhezkazgan mines and comprises 5 fields (west to east):
Itauz, West Saryoba, East Saryoba, Kipshakpai, and North
Karashoshak (Fig. 1). In general, the fields are characterized
by a complex geological structure, which is especially true
for large ones: East Saryoba, West Saryoba and Itauz. These
areas are the zones of the highest stresses, which have led to
the formation of both folding and discontinuity faults.
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Figure 1. Zhilandy Group field

A characteristic peculiarity of the localization of minera-
lization within the Zhilandy Group field is the multi-tiered
occurrence of predominantly conformable seam-shaped ore
deposits. Industrial mineralization is typically confined to
seams of grey-colored sandstones, conglomerates and, less
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commonly, grey, dark grey and black siltstones. Ore deposits
are characterized by highly variable thickness and non-
uniform distribution of useful components. In plan, the ore
bodies have a cloak-like, rounded-elongated, ribbon-like
shape, often characterized by rather complex contours. On
the flanks or in the inner part they are broken up by waste
rocks or off-balance ores [28], [29].

Mineralization has a typical disseminated and vein-like dis-
seminated character. The main ore-forming minerals in the
primary ore zone are chalcosine, bornite, chalcopyrite, galena
and sphalerite. Among the minerals of oxidized ores, malachite,
azurite, and native copper are found. The lower ore-bearing
horizons, along with copper minerals, are characterized by
dense dissemination and accumulations of pyrite, fahlite, gale-
na, and arsenopyrite. The secondary sulphide beneficiation
zone extends to a depth of 40-100 m from the daylight surface
and contains predominantly chalcosine ores. Bornite, covelline,
and rarely native copper are observed in subordinate amounts
here. The oxidation zone in the East Saryoba field is manifested
only in the zone of the Central Saryoba transpressional fault,
where ore bodies as a result of overthrust displacements are
moved to the near-surface part. Structurally, the Saryoba ore
field, within which the deposit is located, is confined to the
shallow dipping area of the Zhezkazgan syncline northern
flank, which is complicated by higher-order folds and different-
ly orientated discontinuity faults.

The Itauz field is represented by subvertical ore bodies
with a thickness of a few meters to 25 m. Typically, ore
bodies are 5-10 m thick. The geological structure includes
fine-grained siltstones and argillites, as well as coarse-
grained sandstones with rare interlayers of intraformational
conglomerates. The occurrence of rocks is steeply dipping of
75-80°. The rocks are fractured by a series of secant inter-
stratial and intrastratal fractures. The fractures are filled with
calcite, cavities or crushed material. The upper part of the
field is quarried. Underground mining is currently being
conducted by a sub-level caving system.

The West Saryoba field is confined to flat-lying part of
the Zhezkazgan syncline northern flank. The mass structure
is similar to chest folds with almost horizontal occurrence in
the cores and steeply dipping wings; it is complicated by
longitudinal steeply dipping tectonic zones such as flexures
of a higher order, in some places with rock discontinuity.

The East Saryoba field is represented by flat-dipping
(10-20°) of medium and low thickness deposits with a dip to
the south. In the southern part, the dip angle of deep horizons
increases to 50-60°. The East Saryoba field is penetrated by
inclined slopes from the surface.

The East Saryoba and West Saryoba fields are divided into
approximately two equal parts by the Central Saryoba discon-
tinuity fault zone. It extends in meridional direction for 4 km
and is 400-600 m wide in the north and 1000-1200 m wide in
the south. The zone has a block structure and dips to the west
at angles of 25-40°. At the same time, the western block is
thrust over the eastern block. The vertical displacement ampli-
tude is 280-300 m, and the horizontal displacement is 3 km.

The Kipshakpai field is a continuation of the East Sa-
ryoba field with intermittent mineralization. The northern
flanks dip south at angles of 10-20°. To the south, they dip at
steeper angles of 40-50°.

The North Karashoshak field is located on the north-
eastern flank of the Karashoshak syncline. The rock seams
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dip to the southeast at an angle of 13-47°. On the daylight
surface, the rocks outcrop in linear ridges, elongated in the
north-eastern direction (azimuth of 50-600 m). Mineraliza-
tion occurs in two ore-bearing horizons: Taskuduksky
and Dzhilandinsky, confined to areas complicated by discon-
tinuous tectonics.

In order to select and substantiate sound mining techno-
logy and ensure the safety of mining operations in mines and
quarries, as well as in the construction and operation of hy-
draulic engineering and other technical facilities interacting
with the surrounding rock mass, it is necessary to diagnose
the initial stress field of the rock mass [30]-[33].

The specificity of the task of studying the rock mass
stress state is that, in principle, it is impossible to directly
measure the stresses acting in a solid medium, whether it is a
rock composing the mass or an artificial structure made of
metal, concrete, etc. It is possible to assess them qualitatively
and, most importantly for practice, quantitatively by the
manifestation of stresses in various mechanical and geophy-
sical processes — deformability, destruction, etc. [34], [35].

This research analyzes the mechanical properties of ores
and rocks of the Zhilandy Group field in order to determine
the natural stress state of the mass. This will help us to effec-
tively solve geomechanical problems and optimize mining
operations. Given the diverse geological conditions in the
area, our research is of value to both the scientific communi-
ty and practical applications in the mining industry.

2. Methods

One of the most universal methods for assessing the natu-
ral stress field is the method of hydraulic fracturing of rocks
in a well. On the one hand, the use of hydraulic rock fractu-
ring in a well is effective for a detailed study of stress fields
in the zones of influence of underground and surface facili-
ties. On the other hand, this method can be used to diagnose
the stress state in deep wells and is one of the few methods
for this purpose [36]-[39].

Based on the hydraulic test data, the lower horizontal
stress component value is determined, from which the higher
horizontal stress component value is calculated. In this case,

the calculation uses the values of physical-mechanical rock
mass properties at the site of the experiment. It is important
to note that the material content of rocks characterizes a
qualitative rather than quantitative idea of physical-
mechanical properties [40], [41]. Without measuring the
physical-mechanical rock mass properties at the experiment
site, the results of measuring stresses using the hydraulic
fracturing method will be very approximate [42].

The sites for monitoring the stresses acting in the mass,
as well as the location of metering stations is chosen at the
maximum possible distance from the zone of stope opera-
tions [43]. The construction of the metering station provides
for at least three 76 mm diameter wells up to 12 m deep.
Next, the surface of the well walls is surveyed. Preferably, a
measuring probe is installed in the well end area and a hy-
draulic fracturing test is performed. The critical fluid pres-
sure at the time of hydraulic fracturing and its stabilization
pressure after the fluid supply is stopped are recorded. Stabi-
lization pressure is recorded for 5 min. The injection pres-
sure is reset to zero and the well wall loading process is
repeated 2-3 times with recording in each case. The measur-
ing probe is repositioned in the direction towards the well-
head and placed in two or three places along the length of
the well with a step of 1.0-1.5 m. Hydraulic fracturing tests
are performed at each installation location. Based on the
hydraulic fracturing test parameters, the value of the mini-
mal and the value of the maximal horizontal component of
the acting stress are determined. The measuring probe is
then removed from the well.

2.1. Determining physical-mechanical mine rock properties
2.1.1. Rock samples

Five rock probes are tested. Laboratory samples for tes-
ting of physical-mechanical properties are drilled from the
supplied rock probes. Twelve tests (six tests in natural and
six in water-saturated states) are conducted for each probe.

Table 1 contains: probe number, rock name, sampling lo-
cation, numbers of laboratory samples drilled from this probe
and corresponding types of tests performed on these samples
in natural and water-saturated states.

Table 1. Probe number, sampling location, types of tests and the corresponding sample numbers

Sample numbers, types of tests, state

Probe Rock . . - -

No. name Sampling location Compression Tension
natural water-saturated natural water-saturated
. 1-1-1n,1-1-2n, 1-1-1w, 1-1-2w, 1-2-1n,1-2-2n, 1-2-1w, 1-2-2w,
[ s(a)rzzg;?’e hoc:f g%%s?aagtéa;, P-6, deposit I-Il, 1-1-3n, 1-1-4n, 1-1-3w, 1-1-4w, 1-2-3n, 1-2-4n, 1-2-3w, 1-2-4w,
) ! 1-1-56n,1-1-6n  1-1-5w, 1-1-6w  1-2-5n,1-2-6n  1-2-5w, 1-2-6w
Ore (ltauz o 2-1-1n, 2-1-2n, 2-1-1w, 2-1-2w, 2-2-1n,2-2-2n, 2-2-1w, 2-2-2w,
1 field) Ore (Itauz, 270 m sub-level incline) 2-1-3n, 2-1-4n, 2-1-3w, 2-1-4w, 2-2-3n, 2-2-4n, 2-2-3w, 2-2-4w,
2-1-5n, 2-1-6n  2-1-5w, 2-1-6w  2-2-5n, 2-2-6n  2-2-5w, 2-2-6w
Grey 3-1-1n, 3-1-2n, 3-1-1w, 3-1-2w, 3-2-1n, 3-2-2n, 3-2-1w, 3-2-2w,
Il barren hGgfyzza(;‘gft‘r’]gié;i:tbfj?k’?ba’ PS5, 3-1-3n,3-1-4n, 3-1-3w, 3-1-4w, 3-2-3n, 3-2-4n, 3-2-3w, 3-2-4w,
sandstone ) ' 3-1-6n, 3-1-6n  3-1-5w, 3-1-6w  3-2-5n, 3-2-6n  3-2-5w, 3-2-6w
Red sand- Red sandstone (East Saryoba, drift 3 west, 4-1-1n, 4-1-2n, 4-1-1w, 4-1-2w, 4-2-1n,4-2-2n, 4-2-1w, 4-2-2w,
v stone hor. 100 m); 4-1-3n, 4-1-4n, 4-1-3w, 4-1-4w, 4-2-3n, 4-2-4n, 4-2-3w, 4-2-4w,
Red sandstone (ltauz, 270 m sub-level) 4-1-5n, 4-1-6n  4-1-5w, 4-1-6w  4-2-5n, 4-2-6n  4-2-5w, 4-2-6w
. 1-1-1n,1-1-2n, 1-1-1w, 1-1-2w, 1-2-1n,1-2-2n, 1-2-1w, 1-2-2w,
vV Siltstone g%’;'S'Itlsttsotgf]é'E'NogﬂhK}iZEZﬁzZﬁ:f:3;3’&) 1-1-3n, 1-1-4n,  1-1-3w, 1-1-4w, 1-2-3n, 1-2-4n.  1-2-3w, 1-2-4w,
1-1-6n,1-1-6n  1-1-5w, 1-1-6w  1-2-5n,1-2-6n  1-2-5w, 1-2-6w
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The sampling technology ensures maximum preservation
of the representativeness of the ore or rock in the probe in
terms of composition, structure and condition. Monoliths
suitable for core drilling are used as probes. The number and
size of probes are determined depending on the number of
lithological varieties, the type of tests to be performed and the
number of samples made from probes to be tested (taking into
account the repetition of tests to determine the coefficients of
variation of indicators characterizing rock heterogeneity).

When selecting the sampling location, we strived for
maximum typicality of the probes taken, namely to their
correspondence in structure and properties to the rocks in the
locations for which the assigned tasks are performed. At least
two locations are sampled in each preparatory working
and/or in the stoping face.

Probes are placed in sealed containers or in bags made of
airtight materials. When using plastic bags, each probe is
packed in a double bag. Each plastic bag is hermetically
sealed. The air is removed from the bag before it is sealed.
The bag with probe contains a sheet of paper with infor-
mation on the date and time of sampling, the place of sam-
pling, the natural ore type from which the probe is taken.

Deformation and strength properties of ore and host rock
samples from Zhilandy field are tested using certified equip-
ment. A general view of the complex for testing core samples
is shown in Figure 2.

Y"Uw"'

Figure 2. Core sample testing complex based on a Servo Hydrau-
lic Press Machine INSTRON 8802

For testing, ore and host rock samples are taken with the
following parameters: diameter — at least 30 + 1 mm, height —
60 + 2 mm, and at least 3 pieces of each type of samples.

The minimum dimensions of ore pieces suitable as a
probe for mechanical testing are for monoliths of at least
200x200x150 mm, excluding areas disturbed during separa-
tion from the mass. The core samples in the Zhilandy field
were taken under these conditions.

The press provides the modes of soft (loading program is
set on loads, to identify the tendency of rocks to brittle frac-
ture and rock-bump hazard) and hard (loading program is set
on moving the gripper) loading with automatic recording of
measurement results in the computer memory. During the
experiments the axial load, longitudinal and transverse defor-
mations in the middle part of the sample (25 mm base) are
continuously measured and recorded using INSTRON strain
gauges, as well as the value of the press traverse displacement.
For volumetric compression tests, an additional recording is
made of the lateral pressure applied to the sample placed in the
compression chamber. The equipment meets the requirements
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of international standards and helps to obtain strength, defor-
mation characteristics at all stages of loading the samples,
including post-peak, up to their destruction.

The diameter (d) of the core samples is at least 30 mm,
the ratio of height (L) to diameter (shape factor L/d) is: 0.5-1
in the tension testing; 2.0 — in the compression testing. Sam-
ples are prepared using special equipment for core processing —
a system for high-precision manufacturing of cylinders and
end surfaces of cores manufactured by Coretest Systems,
USA. The deviation from parallelism of the end surfaces of
the test samples is not more than 0.05 mm by the sample
base diameter; deviation from the perpendicularity of the
ends to the cylinder generatrix is no more than 0.05 mm; end
convexity — less than 0.003 mm according to the require-
ments of GOST 28985-91.

2.1.2. Determining the ultimate strength
for uniaxial compression

The uniaxial compression strength of rocks is determined
according to GOST 21153.2-84. Cylindrical samples of
30 mm diameter with a height (h) ratio to its diameter (d)
equal to m=h/d=2.0 are used for the tests. The sample
diameters are measured in three places in its height (in the
middle and at the ends). The arithmetic mean of the results
of all measurements is taken as the nominal diameter.
Measurements are made using a digital caliper with an
error of £0.001 mm.

The samples are loaded during testing at a movement ve-
locity of 0.1 mm/min of the press movable traverse. The
ultimate strength value for uniaxial compression o (MPa) is
calculated by the Formula:

o max

Prmax 1
o¢ S 1)
where:

Pmax — maximum destructive load;
S — sample cross-sectional area.

2.1.3. Determining deformation characteristics
in uniaxial compression

The deformation properties of rocks are studied in ac-
cordance with GOST 28985-91. This normative document is
applicable to hard rocks with ultimate strength for uniaxial
compression of at least 5 MPa and determines the method for
measuring their deformation parameters.

To conduct an experiment on determining the mechanical
sample properties, longitudinal (1) and transverse (e2) de-
formations, as well as axial load (P) have been recorded
using a measuring complex that operates automatically
throughout the loading process until the sample destruction.
The measurement frequency is 10 Hz.

The stress is calculated from the Expression:

_4p
7d?
Young’s modulus E and Poisson’s ratio v are determined
according to GOST 28985-9 in the selected stress range

on — oe Of the load branch straight section using the follo-
wing Formulas:

o

O

O, — O &2 —€j

F=—¢"% 7 A ©)
€1e ~ €1y & —€1p

where:
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oe — the stress level values at the end of the range under
load, MPa;

op — the stress level values at the beginning of the range
under load, MPa;

e — the relative longitudinal stresses of the material at
the beginning of the range under load;

e1e — the relative longitudinal stresses of the material at
the end of the range under load;

&2i — the transverse sample deformations measured rela-
tive to the initial load value within the specified range.

& —are the transverse sample deformations measured
relative to the final load value within the specified range.

In the case of nonlinear stress-strain dependence, the
linear approximation method is used.

2.1.4. Determining deformation characteristics
in uniaxial tension

The ultimate tensile strength of rocks (Brazilian test) is
determined according to GOST 21153.3-85. The standard is
applicable to rocks with an ultimate strength for uniaxial
tension of not less than 0.5 MPa. The prepared cylindrical
samples with a diameter of 30 mm meet the requirements of
clause 1.3.4 and clause 2.3.4 of GOST 21153.3-85.

The ultimate strength in indirect tension is determined by
the method of destruction of cylindrical samples by compres-
sion along the generatrixes. During testing, the sample is
placed in the center of the support plate of the testing ma-
chine (press) between spacer plates. The sample is loaded
uniformly at a velocity of 0.1 mm/min until its destruction.
The value of the destructive force (P) is fixed by the force
meter of the testing machine. The ultimate tensile strength
(o) is calculated using the Formula:

Gt =0645,

S (4)

where:

P — the sample destructive force;

S — the area of the sample rupture, equal to the product of
the sample diameter (d) by its length (L).

2.1.5. Determining rock density and moisture content

The rock moisture content in the natural state is deter-
mined in accordance with GOST 8269.0-97. A VIBRA AF-
R220CE drying cabinet and scales are used for this research.

To determine the density of rock samples in the natural
state (pn), the samples are weighed, the mass (my) is deter-
mined, and the diameter (D) and length (L) of the samples
are measured. Density is determined by the Formula:

D2

—mn ’V:”LT’

Pn = ®)
where:

m. — the sample mass in its natural state;

V — is the sample volume.

To determine water absorption, five samples of each probe,
dried to constant mass, are placed in a vessel with water so that
the water level is above the top surface of the samples by at
least 20 mm. The samples are held in this condition for 48
hours, and then they are removed from the vessel and weighed.
Water absorption can be determined by the Formula:

My —My .100%,

W,
n M

(6)
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where:
m. — the sample mass in its natural state;
mq — the mass of the sample dried to constant mass.

2.2. Instruments for performing experiments
in mine conditions

The set of equipment for conducting experimental tests in
mine conditions includes: measuring-computing complex
“Hydraulic fracturing”, a downhole video probe for surveying
measuring wells, as well as devices for cutting annular and
longitudinal slots on the well walls (Fig. 3). The “Hydraulic
fracturing” measuring-computing complex includes: two-
packer probe, hand pump, pressure gauge, pressure pipelines,
switching equipment, as well as a pressure recording system
consisting of a pressure gauge with pressure sensor, personal
computer, connecting cables and charger. This set of equip-
ment is portable and designed for use in underground envi-
ronments. In the underground environment, the pressure meter
wirelessly transmits the experimental data to a personal com-
puter, in which they are stored and automatically processed.

Figure 3. Equipment for measuring the natural stress field at the
metering station

In-situ experiments use measuring probes of two designs.
The measuring probe, equipped with four packers (Fig. 4),
has two hydraulic cylinders that are used to axially compress
the packer elements. When conducting research, there is a
possibility to change the size of the inter-packer space by
replacing the central segment of the bearing rod. When con-
ducting hydraulic fracturing during testing, the size of the
interpacker space is 5-6 diameters. The measuring probe is
equipped with guiding plates for ease of setting the device
into a 76 mm diameter measuring well. Figure 5 shows the
view of a measuring probe equipped with four polyurethane
packers. The probe also comprises guiding plates, hydraulic
cylinders and a sleeve for filling the interpacker space.

In a two-packer probe (Fig. 5), axial compression of the
packer elements is performed using a hydraulic cylinder
located in the central part. The construction provides for the
use of packing elements reinforced with springs.

Figure 4. General view of the measuring probe with four packers:
1 -guiding plates; 2 —polyurethane sealing packers;
3 —hydraulic cylinders; 4 — spacer sleeve for filling the
interpacker space
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1 3 3 1 4

Figure 5. General view of the two-packer measuring probe:
1 — polyurethane packers with springs; 2 — hydraulic
cylinder; 3 — spacer sleeve; 4 — guiding plates

3. Results and discussion

As a result of a series of experimental studies, the results
of laboratory tests aimed at determining the deformation and
strength characteristics of rock samples are presented below.
The main results are graphically presented (Figs. 6-12) and
analyzed in Tables 2-7.

Figure 6 shows the results of probe density determination
at natural moisture content (p). Probe density values range
from 2521 to 2707 kg/m?.

2800
2700
2600

2500

Density (p). kg/'m

2400

2300
I | 11 v v

Figure 6. Averaged densities of probes at natural moisture con-
tent (p), kg/m®

Figure 7 shows the averaged ultimate strengths of probes for
uniaxial compression (o¢) in natural and water-saturated states.
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Figure 7. Averaged ultimate strengths of probes for uniaxial
compression (oc), MPa: 1 —in natural state; 2 —in wa-
ter-saturated state

To analyze the data provided, compare the average
ultimate strength of probes for uniaxial compression (o¢f) in
natural state and water-saturated state (oc") for each of the
probes (Table 2).

All probes show a decrease in ultimate strength for unia-
xial compression under water saturation. This indicates that
water saturation significantly weakens the rocks. Probe IV
shows the most significant decrease in ultimate strength:
from 206.3 to 71.7 MPa, which is 134.6 MPa or 65.2%.
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Table 2. Comparison of probe ultimate strength for uniaxial com-
pression data (ac)

Parameter studied [ 1 1l v \Y
Average ultimate strength
of probes for uniaxial 1847 760 182.8 206.3 149.3
compression in their
natural state (oc"), MPa
Average ultimate strength
of probes for uniaxial 1359 553 1013 717 87.1
compression in their water-
saturated state (oc"), MPa
Differential (4), MPa 48.8 20.7 815 1346 622
Percentage change (4), % -26.4 -27.2 -44.6 -652 -416

Probe | has the smallest decrease in absolute values: from
184.7 to 135.9 MPa, which is 48.8 MPa or 26.4%. Thus,
there is a significant decrease in ultimate strength under
water saturation in all the probes presented. The most vulne-
rable to water saturation is probe 1V, which loses more than
65% of its strength. Probe | is the least vulnerable to water
saturation, losing about 26% of its strength.

Figure 8 presents the averaged ultimate strengths of probes
for uniaxial tension (ov) in natural and water-saturated states.

30

Tensile strength (a,), MPa

| Il 1 v v

Figure 8. Averaged ultimate strengths of probes for uniaxial
tension (ot), MPa: 1—in natural state; 2—in water-
saturated state

To analyze the data provided, compare the average
ultimate strength of probes for uniaxial tension (o) in
natural state and water-saturated state (o) for each of the
probes (Table 3).

Table 3. Comparison of probe ultimate strength for uniaxial ten-
sion data (o)

Parameter studied | 1 1 v \Y
Average ultimate strength
of probes for uniaxial 206 164 186 148 10.9
tension in their natural
state (at"), MPa
Average ultimate strength
ofp_robe_sforpmaxml 164 79 120 57 74
tension in their water-
saturated state (ot"), MPa
Differential (4), MPa 42 85 66 91 35
Percentage change (4), % -20.3 -518 -354 -614 -32.1

Similar to uniaxial compression, all probes show a
decrease in ultimate tensile strength under water saturation.
Probe 1V shows the most significant decrease in ultimate
strength: from 14.8 to 5.7 MPa, which is 9.1 or 61.49%.
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Probe V has the smallest decrease in absolute values:
from 10.9 to 7.4 MPa, which is 3.5 MPa or 32.11%.
Accordingly, all probes show a significant decrease in ulti-
mate tensile strength under water saturation. The largest
decrease, both in absolute and percentage values, is
observed in probe IV, confirming its high vulnerability to
water saturation. The smallest decrease is in probe I, indi-
cating its relative water resistance.

Figure 9 shows the averaged Young’s moduli (E) of
probes in natural and water-saturated states.
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Figure 9. Averaged Young’s moduli of probes (E), GPa: 1-in
natural state; 2 — in water-saturated state

To analyze the data provided, compare the averaged
Young’s moduli of probes in natural state (E") and water-
saturated state (E") for each of the probes (Table 4).

Table 4. Comparison of probe Young’s modulus data (E)

Parameter studied | 1 1 v \
Average Young’s modulus
of probes in natural 30.1 158 49.7 501 228
state (E"), GPa
Average Young’s modulus
of probes in water- 273 111 196 196 16.8
saturated state (E"), GPa
Differential (4), GPa 27 47 300 304 6.0
Percentage change (4), % -9.1 -29.7 -60.3 -60.7 -26.2

All probes show a decrease in Young’s modulus under
water saturation. Probes Ill and IV show the most signifi-
cant decrease in Young’s modulus: probe III — from 49.7 to
19.6 GPa, which is 30.0 GPa or 60.37%, probe IV — from
50.1 to 19.6 GPa, which is 30.4 or 60.7%. Probe | has the
smallest decrease in absolute values: from 30.1 to
27.3 GPa, which is 2.7 GPa or 9.1%. Consequently,
all probes show a decrease in Young’s modulus during
water saturation, indicating a decrease in the hardness of
the material influenced by water. The largest decrease is
observed for probes 11l and IV, which lose more than 60%
of their hardness. The smallest decrease is in probe I, indi-
cating its relative water resistance.

Figure 10 shows the averaged Poisson’s ratios of probes
(v) in natural and water-saturated states.

To analyze the data provided, compare the averaged
Poisson’s ratios of probes in natural state (v") and water-
saturated state (v") for each of the probes (Table 5).

In most probes, Poisson’s ratio increases under water
saturation, except for probe Ill, which shows a slight
decrease. Probe IV shows the largest increase in Poisson’s
ratio: from 0.159 to 0.187, which is 0.028 or 17.61%.
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Figure 10. Averaged Poisson’s ratios of probes (v): 1 —in natural
state; 2 — in water-saturated state

Table 5. Comparison of probe Poisson’s ratio data (v)
i 11 I\ V

0.156 0.186 0.170 0.159 0.163

Parameter studied |
Average Poisson’s ratio
of probes in natural state (V")
Average Poisson’s ratio
of probes in water-
saturated state (VW)
Differential (4)
Percentage change (4), %

0.175 0.201 0.166 0.187 0.178

0.019 0.015 -0.002 0.028 0.015
1218 8.06 -1.18 17.61 9.20

All probes, except for probe 111, show an increase in Pois-
son’s ratio under water Saturation, indicating an increase in
the material flexibility in the transverse direction under the
influence of water. The largest increase in Poisson’s ratio is
observed in probe 1V, indicating its high vulnerability to
water saturation.

Figure 11 shows the averaged cohesion factors of probes
(c) in natural and water-saturated states.

40

Cohesion factor (¢)

I 1 1 v \Y
Figure 11. Averaged cohesion factors of probes (c): 1 — in natural
state; 2 — in water-saturated state

To analyze the data provided, compare the averaged
cohesion factors of probes in natural state (c") and water-
saturated state (c") for each of the probes (Table 6).

Table 6. Comparison of probe cohesion factor data (c)

Parameter studied I 1 11 v \Y
Average c_ohe5|on factor 308 132 292 276 202
of probes in natural state (c")

Average cohesion factor

of probes in water- 236 105 174 101 127
saturated state (cV)

Differential (4) 72 27 118 175 75

Percentage change (4), % -23.3 -20.45 -40.41 -63.41 -37.13
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All probes show a decrease in cohesion factor under water
saturation. Probe IV shows the most significant decrease in
cohesion factor: from 27.6 to 10.1 MPa, which is 17.5 MPa or
63.41%. Probe Il has the smallest decrease in absolute values:
from 13.2 to 10.5 MPa, which is 2.7 or 20.45%. Thus, in all
probes there is a significant decrease in cohesion factor under
water saturation. The largest decrease, both in absolute and
percentage values, is observed for probe 1V, confirming its
high vulnerability to water saturation. Probe Il has the small-
est decrease, indicating its relative resistance to water.

Figure 12 shows the averaged internal friction angles (¢)
in natural and water-saturated states.
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Figure 12. Averaged internal friction angles of probes (p): 1 —in
natural state; 2 — in water-saturated state

To analyze the data provided, compare the averaged
internal friction angles of probes in natural state (¢") and
water-saturated state (") for each of the probes (Table 7).

Table 7. Comparison of probe internal friction angle data (p)
1 11 v \

Parameter studied |
Average internal friction
angle of probes in
natural state (¢"), deg
Average internal friction

53.1 516 546 600 5938

angle of probes in water- 51.7 486 520 585 575
saturated state (¢"), deg

Differential (4), deg 14 30 26 15 23
Percentage change (4), % -26 61 -50 -25 -38

In most probes, the average internal friction angle de-
creases under water saturation. Probes Il and IV show the
greatest decrease in internal friction angle: probe Il from 51.6
to 48.6°, and probe IV from 60.0 to 58.5°. Probe I shows the
smallest decrease in the internal friction angle: from 53.1 to
51.7°. Consequently, the average internal friction angle de-
creases in most probes under water saturation, indicating a
decrease in the cohesion between the material particles. The
greatest decrease in the internal friction angle is observed in
probes Il and 1V, indicating a stronger erosion of the material
by water and deterioration in its ability to resist shear stresses.

Based on the results of reduced geomechanical core do-
cumentation of exploration work in the Itauz field, the data
on mass fracture disturbance have been processed. The rocks
in the field vary from moderately fractured to massive, with
an average RQD of about 70-80% (Fig. 13).

During the drilling of wells to measure the natural
field, cores from these wells have been documented. Based
on the core documentation results, the mass quality in this
area is quite stable.
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Figure 13. Dependence of RQD on FF based on data from all
wells in the Itauz field

At the same time, many mechanical fractures are ob-
served, formed as a result of drilling and during core trans-
portation. Core destruction is observed at the beginning of
the well, indicating low-quality drilling and blasting opera-
tions and stresses on the mine working contour.

A total of about 280 measurements of rock mass fractur-
ing using linear mapping have been made at the Itauz mine.
An example of an image of rock mass fracturing in the Itauz
field is presented in Figure 14.

Figure 14. Image of the ltauz field rock mass fracturing

Based on the data presented, it can be concluded that the
rock mass presented in the research has a conditionally ave-
rage to good RQD (Rock Quality Designation) quality. RQD
is an index used to assess the rock mass quality based on the
number of fractures and their distribution in rock samples.

The stability of rocks is highly dependent on the charac-
teristics of fractures, such as their filling and micro-
roughness. Filling of fractures can influence the permeability
of rocks and their resistance to water, which in turn in-
fluences their strength under water saturation. Micro-
roughness, or fine roughness of fracture surface, is also im-
portant because it can enhance the rock fracture resistance
and reduce the probability of destruction under mechanical
loading. Analysis of the characteristics of fractures in rocks
leads to the conclusion about their stability.
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The rock mass is characterized by irregular fracturing. It
is of tectonic origin and for different lithological varieties,
the average is: for the Itauz field — 10-15 fractures per meter.

Examples of polar fracture diagrams of the rock mass around
incline No.5 (270 m sub-level) and the rock mass around the
mine working (290 m sub-level) of the Itauz field are presented
in Figure 15. To determine the formation of wedge-shaped in-
rushes in the mine working roof depending on the azimuth of its

(a

N
e

\\

drifting and fracturing, numerical modeling in Unwedge soft-
ware is performed. Direct measurements have determined that
there are three to four fracture systems in the field (Fig. 16).

Thus, based on the modeling results, critical directions of
the existing fracture systems have been determined, along
which maximum wedges are formed, that is, directions of
drifting in these azimuths will be accompanied by the risk of
large wedge-shaped failures.
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Figure 15. Fracture diagrams of the rock mass in the Itauz field: (a) 270 m sub-level; (b) 290 m sub-level
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Figure 16. Wedges at different azimuths of mine working drifting: (a)120° (b) 141°
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Based on the results of measuring the natural stress field
within the Zhilandy Group field, the Trust Faulting tectonic
mode has been revealed, namely tectonic maximum, minimum
and vertical stresses (o1 > 02 > 6v). Dependence of stress with
depth based on measurement results is presen-ted in Figure 17.
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Figure 17. Linear dependences of stress variation with depth
based on measurement results

According to the RQD and FF quality data, the mass
ranges from moderately fractured to massive with localized
zones of crushing and fault. Based on the results of the frac-
ture survey, unfavorable directions for the sites have been
identified. For subsequent drifting, it is recommended to
locate the mine workings (by the geological and geomechan-
ical service of the mine) for kinematic analysis of the mine
working stability and roof control. The stability of mine
workings is mainly influenced by fracture filler and fracture
micro-roughness, which requires more detailed study, since
when documenting the core of wells for hydraulic fracturing,
fracture filler is represented by carbonate.

The lithostatic pressure (on=yh) for metering station
No. 1 at 123.5 m mark is about 9.0 MPa. Having performed
17 hydraulic fracturing tests at metering station No. 1 and as
a result of processing p —t diagrams, the following values of
stresses acting in the mass have been found:

— omin = 10.55-11.68 MPa =~ 1.2 y#;

— omax = 18.36-20.76 MPa ~ 2.14 yh;

—oy=9.12 MPa.

The direction of maximum horizontal stress is oriented
along an azimuth of 70°£10. The value of oy is taken as yh
(ov may be different from y4 due to overmining or under-
mining of the mass). These measurements can be considered
as a natural stress field at a given depth (distance from the
surface is about 310 m).

Lithostatic pressure (on = pk) for metering station No. 2 at
42 m mark is about 8.5 MPa. Having performed 18 hydraulic
fracturing tests at metering station No. 2 and as a result of
processing p —t diagrams, the following values of stresses
acting in the mass have been found:

— omin = 11.63-13.5 MPa =~ 1.35-1.56 yh;

— omax = 15.0-17.2 MPa = 1.74-2.0 yh;

— oy = 8.08-9.0 MPa.

The direction of maximum horizontal stress is oriented
along an azimuth of 70°+£10. The average value of the
obtained oy = 8.61 MPa is taken as yh.

A total of 35 hydraulic fracturing tests have been per-
formed at two metering stations. It has been determined that
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there is tectonic stress in the field, which may be due to the
shape of structural folds and tectonic fracturing. The azimuth
of the maximum horizontal stress action at the studied sta-
tions coincides and is equal to 70°+10.

4. Conclusions

The research results of mechanical properties of materials
in natural and water-saturated states lead to the following
general conclusions:

—all test materials show a decrease in ultimate strength
for compression, tension and shear under water saturation,
indicating that water saturation has a negative influence on
the strength of materials;

— water saturation also leads to a decrease in the Young’s
modulus of materials, indicating that their hardness decreases
under the influence of water;

—under the influence of water saturation, the Poisson’s
ratio and internal friction angle of materials also change,
which may influence their ability to deform and cohesion
between particles;

—water saturation leads to a decrease in the cohesion
coefficient of materials, which may influence their ability to
resist shear stresses and resistance to various loads.

Thus, it is important to emphasize the importance of
taking water saturation into account when assessing the natu-
ral field of mass stress state. Such data make it possible to
more accurately predict the behavior of the rock mass under
different conditions and informed decision-making when
designing and operating mine workings.

It has been revealed that the rock mass is characterized by
non-uniform fracturing. It is of tectonic origin and averages
between 10-15 and 15-25 fractures per meter for different
lithological varieties.

To determine the formation of wedge-shaped inrushes in
the mine working roof depending on the azimuth of its
drifting and fracturing, numerical modeling in Unwedge
software is performed. Direct measurements have determined
that there are three to four fracture systems in the field.
Based on the modeling results, critical directions of the exis-
ting fracture systems have been determined, along which
maximum wedges are formed, that is, directions of drifting in
these azimuths will be accompanied by the risk of large
wedge-shaped failures. The azimuths of the direction of mine
workings with the largest and the smallest inrush volumes
have been determined.

A total of 35 hydraulic fracturing tests have been con-
ducted at two metering stations, revealing the stress param-
eters in the rock mass. For metering station No.1 at
123.5m depth, the lithostatic pressure is about 9.0 MPa,
with minimum horizontal stress ranging from 10.55 to
11.68 MPa, maximum horizontal stress ranging from 18.36
to 20.76 MPa, and vertical stress equal to 9.12 MPa.
For metering station No. 2 at 42 m depth, the lithostatic
pressure is about 8.5 MPa, the minimum horizontal stress
ranges from 11.63 to 13.5 MPa, the maximum horizontal
stress ranges from 15.0 to 17.2 MPa, and the vertical stress
ranges from 8.08 to 9.0 MPa. The maximum horizontal
stress at both stations is oriented along an azimuth of
70° + 10. In general, the data indicate that there is tectonic
stress in the mass, which may be due to the shape of struc-
tural folds and tectonic fracturing.
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BuB4YeHHsI MeXaHiYHMX BJIAaCTHBOCTEH PyA Ta MOPiJA PyJIHUX POAOBHIL
3 OLiHKOI NPHPOTHOTO 1OJISl HANPY’KEHOT'0 CTAHY MACHBY

A. Maraes, 111. 3eiitinoBa, P. Mycin, /1. Howui, H. Illaiike, A. Kyrtubaes, P. Ickakos

Merta. [IpoBeneHHST KOMILIEKCHOTO JOCTIKEHHS MEXaHIYHUX BIACTHBOCTEH pya Ta mopin poxosuina JKuIaHIAHCHEKOT TPYIH, a TaKOX
OIIiHKa MIPUPOHOTO TOJISI HANPYKEHOT'O CTaHy MAaCHBY JJIS BUPILIEHHs TEOMEXaHIYHNX 33a4 [IPU ONTHUMI3allil BeZeHHs TIpHUYUX POOiT.

Metoauka. 11 BU3HAUCHHS TPAaHUYHHMX YMOB NPH BHUMIPIOBaHHI Hampy»XeHO-Ie(pOpMOBAHOTO CTaHy MAacHBY OyJIO 3alpOIIOHOBAaHO
KOMIUIEKCHY METOJAMKY, L0 BKJIIOYA€ MPOBEICHHS BUMIpIOBaHb HAIpYXE€Hb METOJAaMH TiZIpOPO3pPHBY CBEP/UIOBHH Ta BU3HAYEHHS ()i3MKO-
MeXaHIYHHUX BJIACTUBOCTEH mopia. J{OCTiKEHHIO MiyIAranyd n’aTh Npo0 TipChKUX mopif. Jis K0oKHOT mpoOH MPOBOIMIN IBAHAMILSATH BH-
npoOyBaHb (IIiCTh BUIPOOYBaHb y IPHUPOJHOMY CTaHi Ta IIiCTh — Y BOJIOHACUUCHOMY).

PesyabTaTtu. Tectu rigpopo3puBy Ha BUMIPIOBATFHUX CTaHIISAX ITOKA3aJIHM 3HAYHI TEKTOHIYHI HAaIPy>KEHHS, TTOB’s13aHi 3 HOPMOIO CTPYK-
TYypHHX CKJIaJOK Ta TPIIIMHYBATICTIO MacuBy. BCTaHOBJIEHO, IO AJISI MAaCHBY CKEIBHUX IOPiJ XapakTepHa HEpiBHOMIpHA TPIMIMHYBATiCTh.
BonHa Mae TekTOHIYHE MOXOKEHHS Ta B CEPeIHbOMY CTaHOBHTH Bix 10-15 mo 15-25 TpimmH Ha MeTp I PI3HHUX JIITOJOTIYHAX PI3HOBUIB.
MaxkcuMansHe TOpH30HTANIbHE HAPYKEHHS Ha CTAHIIAX OpieHTOBaHO asumyTom 70° + 10.

HaykoBa noBu3na. i1 yMoB ponoBuina JKunaHIUHCHKOT IPyIM BU3HAYEHO BIUIMB BOJOHACHYCHHS HA 3HIKEHHS MIIIHOCTI Ta aedop-
Marlii FipChbKHX MOPIJ, 110 MOKa3aj0 3HAYHI Bapiallil 3aJeKHO Bia THITY mopoau. OcoOIMBO BaXXTHBUN BUSBICHUN (aKT CyTTEBOTO 3HUKCHHS
MIIHOCTI MPU OJHOBICHOMY CTHUCKaHHI Ta PO3TATYBaHHI, a TaKOXX 3MEHIIEHHs MoAyia nedopmanii it koedimieHra 3uereHHs. OTpuMaHo
TiHIHI 3aJI©KHOCT] HAIIPY)KEHb 3a pe3yJIbTaTaMU BUMIpiB, 1[0 BUHUKAIOTH 13 MIHOMHOIO.

IpakTryna 3HaynMicTs. OTpUMaHi pe3ysIbTaTH MAIOTh BAKIMBE 3HAUCHHS JUIS TipHIYOX00YBHOI ramy3i. Po3yMiHHS CTymeHs 3HIKeH-
HSl XapaKTEePUCTHUK MIL[HOCTI IPH BOJOHACHYEHHI Ta OILliHKA IPUPOJHOTO TMOJIS HANIPYKEHOTO CTAaHY MAacCHBY JO3BOJISE O1IbII TOYHO MPOTHO-
3yBaTH MOBEAIHKY TIPCHKUX TOPIJ.

Knrouosi cnosa: nanpyosicenuii cmawn macusy, pyod, nopood, YUCeIbHUll AHAi3, MPiyuHyeamicms
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