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Abstract. The subject of the research was physical and mechanical properties of rocks from uranium deposits in
Ukraine. The purpose of the work was to study the strength characteristics and features of deformation of rocks of urani-
um deposits beyond their strength limit to ensure the stability of mine workings at great depths. Research methods were
experimental with using stationary laboratory equipment and special recording equipment. The studies were carried out
within and beyond the strength limits. The rock specimens were made of material taken from a uranium mine. The com-
plex of the studies included determination of general physical properties of rocks (density, specific gravity, porosity, hu-
midity and adhesion coefficient); basic strength parameters (compressive and tensile resistance depending on humidity
and layering, angle of internal friction, elastic modulus, Poisson's ratio, modulus of decrease and residual strength) and
deformation characteristics. Calculations of the scale strength factor were made. The results were analyzed. It is shown
that the rocks of uranium deposits in Ukraine are considered strong and very strong, according to the Protodyakonov
scale. However, structural and textural features lead to the occurrence of a scale effect of strength of rocks. The com-
plex structure of uranium deposits, the steep angle of dip of the rocks, their lamination, as well as the significant size of
the mine workings further reduce the strength of the massif. It is also shown that when calculating stability of mine work-
ings and choosing parameters for their support, the strength of rocks in the massif should be reduced by half from the
value obtained by standard laboratory tests. The characteristics of rock samples within and beyond their strength limit
indicate that they have almost no plastic properties. The ratio of the modulus of decrease to the static elastic modulus for
all studied types of rocks of uranium deposits is greater than one. This indicates the tendency of rocks to accumulate
potential energy and cause brittle failure of the massif beyond its compressive strength. That is, at great depths, the
main problems in mine workings associated with rock deformation processes will manifest themselves in the form of rock
bumps, collapses or other dynamic phenomena. This does not exclude the possibility of deformation or destruction of
rock support due to static loads.

Keywords: uranium deposit, rock, laboratory research, extreme stress, physical properties, strength, elasticity,
scale factor.

1. Introduction

The main sources of force impacts on the rock massif are rock pressure and other
geomechanical processes occurring around the mine workings due to the violation of
the integrity of the rock massif. The nature of these forces is different: gravity, geo-
tectonics, hydrostatics, gas pressure, temperature, etc. The tendency of rocks to resist
pressure and fracture is a priori inherent in their strength characteristics and defor-
mation. Numerically, these characteristics are described by such parameters as tem-
porary compressive and tensile strength, adhesion coefficient, angle of internal fric-
tion, elasticity, displacement and collapse modulis, Poisson's ratio and residual
strength. From the point of view of the stability of underground structures, another
important characteristic is fracturing of the massif. This characteristic is so important
that modern continuum mechanics increasingly uses the concept of crack resistance
to describe fracture processes.

In rock mechanics, a set or group of the listed parameters makes it possible to re-
fer an individual lithotype of a rock to a specific class. This is very important for cal-
culating stability of mine workings and is associated with the diversity of rock struc-
ture, a wide range of types and values of effective stresses and deformations. There
are several types of classification of rocks and massifs: by origin, structure, texture
and physical and mechanical properties. The latter classification is the most im-
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portant. At the same time, classification by strength is the most objective, since it is
based solely on quantitative indicators obtained by standardized mechanical testing
methods.

Rocks can be prone to elastic, brittle or plastic deformations depending on their
deformation properties. However, this division is somewhat arbitrary since rock sam-
ples are deformed differently depending on the speed and magnitude of their loading.
Unlike the classical test for the strength of a specimen, rocks in a massif are in a vol-
umetric stress-strain state, and therefore have the ability to bear a load beyond their
strength limit.

It is known that the uniaxial compressive strength of rock is not the same in geo-
metrically similar specimens of different sizes. This phenomenon is called a large-
scale effect, and the causes of its occurrence are called a scale factor. As a rule, the
dependence of the strength of the specimen on its volume is inversely proportional.
This is caused by the scale effect of strength. It consists in the fact that for real struc-
turally inhomogeneous bodies, the probability of a defect (crack, weak inclusion, etc.)
appearing is higher for larger bodies. Therefore, the strength of the rock specimen
will always be higher than the strength of the rock massif. This phenomenon is char-
acterized by the coefficient of structural weakening.

A sufficient number of works are devoted to the study of physical and mechanical
parameters of rocks [1-16]. However, interest in such research does not decrease.
This is explained by the huge diversity of rocks and their properties, even within the
same lithotype. In addition, the increase of the depth of mineral development and, ac-
cordingly, rock pressure requires research of rocks beyond their strength limit. Note
that the bulk of the work is devoted to rocks of low and medium strength categories.
As for hard (firm) rocks, especially rocks from uranium deposits, information on their
mechanical properties is very limited. Therefore, the purpose of this work is to study
the strength characteristics and features of deformation of rocks of uranium deposits
beyond their strength limit to ensure the stability of mine workings at great depths.

2. Methods

Studies of the deformation properties and strength of rocks were carried out in la-
boratory conditions on a testing machine of increased rigidity. The installation con-
sists of a press with a force of SMN (PSU-500), two anti-compression hydraulic jacks
and a system for continuous synchronous recording (or photo recording) of the load
on the specimen, longitudinal and transverse deformations. The diagram of the testing
machine is shown in Fig. 1. The machine is designed in such a way that during test-
ing, up to 90% of the load can be taken by the counter-action jacks. This allows you
to control the “load-deformation” process even beyond the strength limit of the spec-
imen.

The tests were performed on specimens shaped like a parallelepiped with an edge
ratio of 1.0 : 1.0 : 1.5, where the larger size is the height of the sample. The speci-
mens were made from samples taken at the Novaya mine (Zhovti Vody city,
Ukraine). The choice of this mine is due to its accessibility, since uranium mining
there was completed more than twenty years ago, so there are no restrictions on ac-
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cess to the mine workings and selection of rock material. In addition, the rocks that
form the massif of this mine are characteristic of most uranium deposits in Ukraine.

3
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1 — upper thrust plate of the press, 2 — press piston, 3 — lower movable press plate,
4 — anti-compression hydraulic jack, 5 — specimen, 6 — strain gauge force meter,
7, 8 — longitudinal and transverse strain meters

Figure 1 — Schematic illustration of a high-rigidity testing machine

The size of the specimens for deformation studies was 40x40x60 mm. The choice
of sizes was determined by technical capabilities of the testing equipment. With a
nominal maximum compressive force of the press of 5 MN, the real possibilities are
limited by the hydraulic system and range from 3.5 MN to 4,0 MN. The maximum
compressive load under severe test conditions ranges from 35 kN to 40 kN. Based on
this, the base area of a specimen with an expected strength of 250 MPa cannot exceed
16 cm?.

To prevent inertia in recording deformations, a device specially developed for the
synchronous photographic recording of compressive force and deformations was used

(Fig. 2).

- Ty 4

1
e — I

DU
= .
- D
= |
— lincuniosay B
€HI0Pe3UCTOPHHRA A

-
Kanbpysaws b

1 N T~

Figure 2 — Appearance of an inertia-free stress and strain recorder for testing rock specimens

To identify the scale effect and determine the scale strength factor of rocks of
uranium deposits, two series of specimens (four in each) measuring 30%x30x30 mm,
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50x50x50 mm and 100x100x100 mm were made from two large pieces of rock of
different lithotypes (magnetite-amphibole schist and pegmatite). The specimens were
tested at an approximately constant slow loading rate (50 kN/s). This made it possible
to limit the influence of loading speed on the parameter - temporary compression re-
sistance.

3. Results and discussion
Table 1 provides information about the rocks which were tested.

Table 1 — Information about samples according to the geological service of the Novaya mine

Sample . . . Strength
number Name of the rock and its geological description Re. MPa
1 Magnetite-amphibole shales (poor) dark gray in color, medium to coarsely 130-150
banded texture, fine-grained structure
Magnetite-amphibole schists (rich), dark gray, finely striped texture, fine-
2 ; 130-150
grained structure
Mica schists are dark gray in color, massive in texture, and have a finely
3 80-100
scaly structure
Ferrous quartzites are dark gray in color, striped texture, fine-grained struc-
4 fure 130-150
5 Pegmatites are light pink to dark brown, massive texture, medium crystal- 110-130
line structure with quartz and feldspar
The obtained research results are shown in table 2-4.
Table 2 — Physical characteristics of rocks
Sample | Density range Average gpemﬁc Averqge Average natural Coehfﬁ(j‘lent of
number | p-10°, kg/m? gravity porosity humidity W, % adhesion K,
’ y-10%, N/m? p, % ’ MPa
1 3.25-3.35 3.7 10.8 0.2 42.3
2 3.60-3.70 4.0 8.5 0.5 77.7
3 2.65-2.70 3.8 29.7 0.6 42.5
4 3.60-3.75 4.3 14.4 0.4 47.2
5 2.60-2.65 3.3 21.2 0.3 32.7
Table 3 — Strength characteristics of rocks (rounded values)
Temporary resistance R., MPa:
compression .
Sample (orthogonal to laminations) stretching
number . 1 Orthogonal to Parallel to
Moisture- With natural humidity laminations laminations
saturated Average Interval Average | Interval | Average | Interval
1 170 162 83-263 11 9-12 19 19-20
2 272 265 123-316 14 7-18 48 47-48
3 115 135 135-136 133 8-16 29 17-29
4 139 172 112-203 11 9-12 28 20-34
5 148 145 120-169 10 10-11 14 12-17
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Table 4 — Average values of mechanical and deformation characteristics of rocks
Angle of Dynamic modulus | Poisson's dy- | Relative deformation val-
gle o . . . .
Decay . of elasticity £, GPa | namicratio 4 | ye at ultimate strength, %
Sample internal ’
number modulus friction (parallel / (parallel / loneitudinal | fransverse
M, GPa deoree orthogonal to orthogonal to g " 1
9> €8 laminations) laminations) € €
1 42.0 40.0 54.8/52.4 0.42/0.41 1.00-1.15 0.40-0.55
2 - 29.5 66.3/56.0 0.44/0.43 0.90-0.95 0.30-0.35
3 23.0 25.5 45.9/36.0 0.44/0.42 1.10-1.45 0.40-0.55
4 - 32.5 55.9/52.8 0.43/0.41 1.05-1.20 0.35-0.40
5 21.5 41.0 32.0/29.9 0.43/0.42 1.25-1.40 0.55-0.65

A significant discrepancy is identified in the tables and geological exploration data
used by the mine's technical services. This is especially true for such important char-

acteristics as the strength and density of the rock.

As an example, Fig. 3 and Fig. 4 show the stress-strain relationships smoothed and
constructed by points obtained by photographic recording for two rock samples (the
strongest, iron-rich magnetite-amphibole schist, and the least strong, micaceous

schist).
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Figure 3 — Dependences of “stress — relative deformations” of sample No. 4
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Note that the dynamic elastic moduli given in table 4 were obtained by ultrasonic
research. Therefore, they are on average twice the value of the static moduli deter-
mined from the stress-strain relationships. Thus, it can be stated that all the tested
rocks satisfy the condition M/ E > 1 by their characteristics, that is, they have a ten-
dency to brittle fracture.

The results of the studies of the scale effect of strength are given in table 5 and in

Fig. 5.
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Figure 4 — Dependences of “stress — relative deformations” of sample No. 3

Table 5 — Temporary resistance to uniaxial compression (R.) for samples of different sizes

71

Sample number Rock type Specimen size, mm Rc, MPa
30x30x30 205
1 Magnetite-amphibole shale 50x50x50 182
of fine-grained structure 75XT75%75 130
100x100x100 122
p tite of med 30x30x%30 166
egmatite of medium crys- 50%50%50 155
5 talline structure with quartz
and feldspa 75x75%75 115
100x100x100 111
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Figure 5 — Strength of specimens of different sizes for samples No. 1 and No. 5
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The test results indicate the presence of a scale effect of strength in the rocks of
uranium deposits with a characteristic inversely proportional relationship.

Within this discussion, we note that the rock massif contains various disturbances
(breaks, cracks, laminations, etc.). In order a section of the massif loses its stability,
the destruction of intact material and firm rock bridges must occur. Therefore, to cal-
culate and predict the stability of mine workings, it is necessary to know and take into
account the strength of the entire structural ensemble of the rock massif. In practice,
this 1s very difficult to do due to the impossibility of directly testing the strength of a
huge part of the rock massif. To solve this problem, research in geomechanics is be-
ing developed in several directions.

The first direction is characteristic of classical geomechanics. It consists of testing
a statistically sufficient number of rock specimens of the same lithotype and different
sizes using standard methods. Subsequently, the average strength indicators, coefti-
cients of their variation and, if possible, the scale strength factor are determined.

The second direction is the creation and implementation of experimental methods
for determining the strength parameters of rocks in the conditions of their natural oc-
currence. The reliability of these methods, first of all, depends on a statistically sig-
nificant number of measurements, as well as on the significance and sufficient severi-
ty of the relationship between the informative parameter of the method and the
strength characteristics of the massif.

The third direction consists in the determination of scale coefficients by modeling
methods. The basis of this method was formulated by Dutch scientists B.H.G. Brady
and E.T. Brown [5]. This method attempts to quantitatively determine the scale factor
in rock massif by synthesizing the behavior of the ensemble with the known behavior
of the components that can be sufficiently accurately determined on a small scale.
Such a numerical model is called a synthetic rock mass (SRM).

There are other areas, but these three are the main ones and are constantly devel-
oping. For example, in our work carried out for the Kryvyi Rih basin and the Nosa-
chevske deposit of apatite-ilmenite ores, the correlation of uniaxial compressive
strength values in specimens of different diameters was weak. Considering this gap,
similar studies were carried out on concrete specimens of different sizes and with dif-
ferent grain sizes (firm rock aggregate). Compatible nonlinear regression analysis of
firm rock and concrete showed better agreement between the results of the multifrac-
tal scaling model and the influence of the specimen size effect.

An example of some results obtained by scientists of the Kryvyi Rih National
University for rocks of the Kryvyi Rih iron ore basin with a significantly larger vol-
ume of testing is shown in Fig. 6. The pattern practically repeats the established trend
for the rocks of the uranium deposits. This allows us to assert the identity of the scale
effect of strength in the rocks of the Ukrainian crystalline shield.

The presented results indicate that in order to minimize the scale effect of
strength, it is advisable to test rocks on samples with the largest possible size. But in
this case, problems arise with the selection of rock material, its preparation for testing
and the testing process itself due to technical limitations of the equipment.
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Figure 6 — Results of tests of the strength of specimens of different sizes of rocks
of the Kryvyi Rih basin

In general, there is no consensus among experts about the optimal dimensions of
an object for determining the true values of strength parameters. For example,
M. Rocha [11], based on tests of support laminations on the surface of rock massifs,
suggested that the strength of the rock massif would be several times greater than the
average distance between laminations. At the same time, R.A. Schultz [12] suggested
that a massif can be considered a continuum when the scale of the problem exceeds
the size of the block or the distance between the cracks by 5-10 times. In turn,
E. Hoek and E.T. Brown [10] simply state that in order to apply their empirical
strength criterion, the underground mine must be "large" and the block size compara-
tively "small". This will lead to a strong movement of the rock mass. Some research-
ers [13, 14] suggest that the scale factor can be explained by interpreting the geologi-
cal strength index (GSI) on an appropriate scale.

In our department, we traditionally distinguish several types of scale effects of
strength and stress in a rock massif. One type is related to the volume of rock in-
volved in defining the characteristic. The other arises from the scale dependence of
rock parameters used in interpreting strength and stress properties. The latter type is a
direct consequence of the discontinuous structure of rock massifs found at all scales.
Since rock engineering structures are always constructed at different scales (from mi-
cro to macro), this understanding of rock behavior is very significant.

It 1s known that the deformation properties of rocks are characterized by moduli
of elasticity, shear and volumetric compression. In this case, the elastic modulus is of
two types: static Es and dynamic Ep. For rocks, there are relationships between them
and the general deformation modulus Eg: Es > Ep > Eg. The difference between the
static modulus of elasticity and the modulus of total deformation depends on the type
of rock and its structure. For rocks this ratio is approximately 2.
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Note that fracturing has a significant impact not only on the strength, but also on
the deformation of rocks. In terms of physics, this is explained by the fact that the
surface of cracks is usually bumpy due to the presence of macro- and microscopic
protrusions and depressions. Therefore, the actual contact area of two rock blocks can
be tens of thousands of times less than the geometric contact area. Therefore, when
compressive stresses normal to the crack plane occur, a concentration of stresses oc-
curs on the protrusions and adjacent zones, exceeding the strength of the material. As
a result of deformation or brittle fracture of the protrusions, the two surfaces come
closer together. At the same time, the area of actual contact between the surfaces and
the resistance to deformation increases.

Another characteristic that affects the deformation properties of rocks is their lam-
ination. When laminated rock specimens are compressed, the deformation modulus in
the direction parallel to the layers is usually higher than at perpendicular direction.
This can be explained as follows. In the first case, the stiffer laminations of rock re-
sist compression. In the second, compressibility is determined mainly by the defor-
mation of the most pliable laminations sandwiched between rigid slabs.

As follows from the Table 3, the strength of rocks of uranium deposits under
compression conditions is much higher than under tension. That is why most struc-
tures are designed so that the rock massif deforms in a field of compressive stresses.
Mining workings are also structures, but their specificity is that they are located in a
field of complex stress-strain state. Moreover, the ratio and influence of stress com-
ponents are such that their horizontal components can play the main role.While calcu-
lating stability of an underground structure, these processes require prevailing con-
sideration of the tensile resistance of the rock. A special approach to methods and
means of maintaining mine workings in a safe condition is also required for calcula-
tions.

One of the explanations of this complexity is the dilatancy of rocks during defor-
mation and destruction under conditions of unequal compression. This is especially
evident in the area affected by mining operations, when the mine working 1s under
the influence of temporary support pressure. During this period, the greatest increase
in deformations occurs, which cannot be explained by rock creep, since the period is
short-lived. This is also due to the increase in the volume of rocks with strength be-
yond the limits. Note that the latter is possible only under the simultaneous influence
of several anomalous factors. For example, in zones of tectonic stress and bearing
pressure.

4. Conclusions

The standard laboratory studies established that the rocks of the uranium deposits
of Ukraine belong to the II and, partially, to the I and the III categories of strength by
the scale of prof. Protodyakonov. That is, they are basically very hard. However, the
structural and textural features of these rocks lead to the occurence of a large-scale
strength effect in them. This effect, even in small volumes (a few cubic decimeters),
reduces the strength of specimens by approximately 30—40% compared to standard
sizes. In addition, the complex structure of uranium deposits, the steep angle of dip of
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the rocks, their lamination, as well as the significant size of the workings further re-
duce the strength of the massif. In fact, while calculating stability of the mine work-
ings and choosing the parameters for their support, the strength of rocks in a massif
should be determined as 0.5 Rc, where R. is the temporary resistance to uniaxial com-
pression of a standard specimen. When using nomograms or other templates, it is
necessary to reduce the strength category by one step in relation to the laboratory da-
ta. In our case, this corresponds to the third category.

The study of the behavior of rock specimens within and beyond their strength
limits established that they have almost no plastic properties. It is shown that the ratio
of the modulus of decrease to the static elastic modulus for all studied types of rocks
of uranium deposits is greater than unity (M /E > 1). This clearly indicates the ten-
dency of rocks to accumulate potential energy and cause brittle destruction of the
massif beyond its strength limit. The results indicate that at great depths the main
problems in mine workings associated with rock deformation processes will manifest
themselves in the form of rock bumps, collapses or other dynamic phenomena. How-
ever, this does not exclude the possibility of deformation or destruction of the sup-
ports under the action of static loads. Such processes can arise as a result of collapses
of massive rock blocks, the weight of which is critical in relation to the bearing ca-
pacity of the support.
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AOCNIMKEHHA MILHOCTI TA OCOBNMBOCTEN AEDOPMALIIi FMPCLKUX MOPIQ YPAHOBUX
POOBMULL
Ckinoyka C.I., Kpykosecekuti O.1., CepaieHko B.M., byniy FO.FO.

AHoTauisa. MpeameT gocnigxeHb — (i3nKO-MexaHivHi BNacTUBOCTI MPCbKMX NOPi4 YpaHOBUX POLOBULL, YkpaiHu.
MeTa poboTn — QOCTIMKEHHS XapaKTEPUCTUK MILHOCTI i ocobnneocTen aedpopMyBaHHS Nopig ypaHoBMX POAOBULL 3a
MeXeto iX MiLHOCTi ans 3abesneyveHHs CTIAKOCTi BUPOOOK Ha BenMukuX rmmubuHax. Metoam aocnimxeHb - ekCrnepuMeHTa-
MNbHi 3 BUKOPWUCTaHHSAM CTaLlioHapHOro nabopaTtopHoro obnagHaHHs i cnewianbHoi peecTpyoyoi anapatypu. JocnimkeH-
HS1 BUKOHaHi [0 i 3a Mexeto MiLHOCTI. 3pa3ku ripCbkux Nopig BUrOTOBREHi 3 MaTepiany, BigibpaHoro B WaxTi ypaHOBOro
pogoBuwla. Komnnekc OocnigkeHb BKIHOYAB BM3HAYEHHS! 3aranbHOMi3MYHKMX BRACTUBOCTER Mopig (ryCTUHM, MUTOMOI
Baru, NOPUCTOCTI, BOMOTOCTi i KOEMILEHTY 34ENNEHHS); OCHOBHUX NapameTpiB MILHOCTI (0Nopy CTUCKY i po3TAry B 3arne-
KHOCTI BiJ, BOMOroCTi i LapyBaToCTi, KyTa BHYTPILUHLOrO TEPTH, MOAYNS MPYXHOCTI, KoedilieHTa MyaccoHa, moayns
cnagy i 3anmuWwKoBOi MiLHOCTI) Ta AedopMaLiiHuX XapakTepucTuk. BukoHaHO po3paxyHku maclutabHoro koedilieHTa
MiyHocTi. MpoaHanisoBaHo pesynbTaTit. MokasaHo, Lo NOPOAM YpaHOBUX POAOBULY YKpaiHW 3a Wwkanoto MpoToa'skoHo-
Ba BiHOCATbCS [0 MiLHUX i ayxe MiyHnx. OfHaK, CTPYKTYPHO-TEKCTYpHI 0COBNMBOCTI NPU3BOASATL A0 MOSIBY B NOpo4ax
MacLutabHoro edpekty miuHocTi. CknagHa CTPYKTYpa YpaHOBMX POAOBMLL, KPYTUIA KYT NagiHHA nopig, ix wapysarticTb, a
TaKOX CYTTEBI PO3Mipn BUPOOOK AOAATKOBO 3MEHLLYIOTb MiLHICTb MacuBy. [oka3aHo, Lo B po3paxyHKax CTIKOCTi BUPO-
Ook i BMOOpI NnapameTpiB iX KpinNeHHs MiLHICTb NOpig B MacuBi Tpeba 3MeHLIyBaTH BABIYI Bif 3HAYEHHS, SKE OTPUMAHO
CTaHAapTHUMKM nabopaTopHUMK BUNPOBYBaHHAMW. XapakTepUCTUKM MOPOAHMX 3paskiB 40 i 3a MEXElo iX MILHOCTI BKa-
3yl0Tb Ha Maike BIACYTHICTb B HMX MAACTUYHMX BACTUBOCTEM. BigHOLWEHHS Moayns cnagy A0 CTaTUYHOrO MoAayns
NPYXHOCTI ANs BCIX AOCTIMKEHNX TUNIB NOPIS YPaHOBUX POSOBMLL, Ma€E 3HayeHHs binblue oauHuLi. Lle ogHO3HauYHo BKa-
3Y€ Ha CXMMbHICTb NOpPiA A0 HAKOMWYEHHS NOTEHLLIAHOI EHEpril | KPUXKOrO PyNHYBaHHS MacuBy 3a MeXero MiHocTi. Tob-
TO Ha BENMKWX rMUbuHaX OCHOBHI Npobnemu y ripHnumx BMpobKax, Lo MoB's3aHi 3 npouecami edopmyBaHHs nopig,
OyayTb NPOSIBASTUACS Y BUTNSAAI ripCbkuX yaapis, obBaneHb abo iHWWX AMHaMIYHUX SBUL. Lle He BUKNoYae MOXMMBOCTI
AedopmMyBaHHS abo pPyNHYBaHHS KPINNEHHS Oi€t0 CTAaTUMHNX HAaBaHTaXeHb.

KntoyoBi cnoBa: ypaHoBe pogosumLLe, ripcbka nopoga, nabopatopHe AOCTIMKEHHS, NO3aMeXHe HaNpyxeHHs, di-
31YHi BNACTMBOCTI, MILHICTb, MPYXHICTb, MacLUTabHWi (hakTop.
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