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Abstract

Purpose is to determine dependences of velocities of elastic waves in isotropic rocks and anisotropic waves with orthotropic
and trans-verse-isotropic symmetry upon pressure and depth to develop evaluation criteria and control rock mass characte-
ristics and conditions in the neighbourhood of mine workings.

Methods. Continuous anisotropic medium is under consideration. Group one of boundary conditions is represented by con-
tinuity of stresses, acting normally towards the boundary while transiting from layer 1 to layer 2. Group two of the boundary
conditions is as follows: displacements in the process of the boundary transition are measured continuously too. The condi-
tions are necessary to solve a Navier Stokes equation of dynamic balance of absolutely elastic medium. The experiments
were carried out with the help of geoacoustic method in terms of the acoustic parameter of compressional velocity.

Findings. It has been determined that compressional velocity values, anisotropy of compressional velocity, and elastic be-
haviour reflect regularly structural features being pressure-dependent ones. It has been demonstrated that dependence upon
the stress state, anisotropy appearance/disappearance emergence takes place or a sign inversion. Qualitative dependences
have been obtained to define elastic behaviour (E, «, G) of anisotropic formation with orthotropic and transverse-isotropic
symmetry. The dependences have been obtained through compressional velocity to consider accurately the anisotropy of the
rock mass while evaluating its stress state. The research results will help estimate nature of the stress distribution; identify
stress concentration zones; and zones of the disturbed rock in the neighbourhood of a mine working. That will be done using
acoustic parameter of compressional velocity using a method of geoacoustic control developed by the authors.

Originality. In terms of the new obtained dependences, elastic behaviour of rocks (E, x, G) as well as acoustic parameters
of compressional velocity has been determined scientifically. They are important to design and schedule mining operations.

Practical implications. Being quite accurate to satisfy the demands of practical use, the obtained research results may be
applied to identify digital values of elastic behaviour (E, u, G); to use the method of geoacoustic control of rock mass cha-
racteristics and conditions in the neighbourhood of mine workings; and to mine deposits with complex structural and
mechanical properties.

Keywords: isotropic and anisotropic rocks, rock stress, elastic behaviour, acoustic parameter, compressional velocity, geo-
acoustic control

1. Introduction neighbourhood of mine workings cannot explain a field of
stress distribution in rock mass [7]-[10].

That is why it is necessary to use a method of geoacoustic
control of rock mass characteristics and conditions in the
neighbourhood of mine workings as a simple and operational
experimental technique making it possible to analyze rocks
under full-scale conditions with a possibility of the unlimited
measurement repetition within the analyzed point with no rock
mass disturbance [11], [12]. Acoustic parameter of a compres-
sional velocity, determined through regularities of elastic be-
haviour and compressional velocity of rocks, are the basic
informative parameters of geoacoustic control. The matter is
that naturally anisotropy of rock properties causes changes in the

Disturbance of the initial stress by means of mining ope-
rations results in the significant stress concentration; within
certain areas of the rock mass in the neighbourhood of outcrops
it may factor into initiation of extremely complicated geome-
chanical processes exercising a dominant influence on the
safety of mining and its efficiency [1]-[4]. Deformations after
outcrop origination continue in time; thus, failure is possible in
terms of stresses being quite less than the rock strength [5], [6].
Solving a number of important practical problems depends
upon regularities of the development of geomechanical pro-
cesses. Analytical methods to evaluate outcrop stability in the
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principles of stress and deformation distribution while effecting
the nature of acoustic characteristic distribution within them.

Numerous scientific sources concern the problem of elastic
behaviour of anisotropic rocks through the velocities of elastic
waves [13]-[15]. For the cases of thin-layer medium X >> h;h,,
papers [16]-[20] determine wave velocities through average
values of elasticity coefficients K, and K corresponding static
purely compressional and lateral deformations along the bed-
ding and transversely to it. However, the cases did not involve
calculation of velocity changes depending upon the wave
propagation angle. Papers [21]-[25] considered propagation of
elastic waves within the diametric-isotropic and transverse-
isotropic media. As a result, dependences of elastic wave ve-
locities within two orthogonally related directions upon a
seismic beam exit were obtained. Moreover, elastic wave
velocities have been calculated taking into consideration the
specified elasticity constants Gik, and meaningful coefficient of
stress-deformation linear connection [26]-[29]. Representing
orthotropic medium as imposition of two lateral-isotropic
media, group three of papers has obtained values of elastic
wave velocities for orthotropic medium relying upon values of
elasticity constants Gi.

Papers [30]-[32] focus on kinematic characteristics of elas-
tic wave propagation within the anisotropic media; and calcu-
lation of phase wave surfaces and wave ones. Such studies
help determine approximately the velocity values in terms of
some tendency as for the medium homogeneity and isotropism
[33]-[36]. Hence, the problem of wave propagation within the
layered media is not clearly understood which can be ex-
plained by the complexity of its theoretical description.

2. The research methods

Generally, anisotropic medium is represented as the or-
ganized alternate two layers with varying different hy and h;
thicknesses; different elastic constants E; and E»; different
wave propagation velocities; and different p; and p, densi-
ties. Since the medium is considered as a continuous one,
elastic disturbances transfer from one its part to another.
Hence, certain connection is available between the stresses
and deformations of particles located on the opposite sides of
the boundary. In terms of isotropic body and anisotropic one,
the connection between stress components and deformation
components is described either through the generalized
Hooke’s law or through the deformation components. They
are mutually defined.

Group one of the conditions within a boundary is repre-
sented by stress continuity conditions acting normally to-
wards the boundary while transiting from layer 1 to layer 2.
Group two of boundary conditions is as follows: shifts in the
process of the boundary crossing are measured continuously
too. The conditions are necessary to solve an equation of
dynamic balance of absolutely elastic medium. In terms of a
vector form, it is the Navier Stokes equation:

9

p=Z—L2J=(/1+y)-grad-divU+yV2U, 1)
t

where:

J and u —Lame constants determining elastic behaviour
of a medium.

If displacement filed U in elastic medium is connected
with scalar potential ¢ and vector potential  :
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then equation (2) falls into the two independent wave
equations:

U =grade+roty ,

2 2
d_2. rotU = £ . v2rotU ; (3)
dt p
2 — (A+2 _
j—z-divu _(A+20) Gagivg )
t P

Independent equations (3) and (4) are indicative of the
availability of two disturbance types within the limitless
elastic medium. The disturbances are propagated with two
physically different velocities — compressional velocity and
lateral velocity.

In the context of anisotropic media, A and u values depend
upon the space coordinates. Since changes in velocities ex-
ceed significantly changes in density, then medium density is
averaged in terms of its volume being specified as a constant
one. In general, velocities of elastic wave propagation within
the anisotropic media are identified by means of an equation
involving 21 elastic constants Gix, density p, and direction of

oscillation propagation n. The equation of elastic medium
motion may be expressed in the following compact form:

PV 2R =CikPokNjne

where:

©®)

P(LT,V ,W) — components of a displacement vector.

Displacement components in a plane wave may be repre-
sented as follows:
p— Poei(a)t—kr) ’
where:

k — is a wave vector.

Normal incidence to a plane boundary of media separa-
tion of a plane compressional wave P results in the origina-
tion of one quasi-compressional wave and two quasi-
transverse waves within the medium: SV —when the trans-
verse wave is polarized in the incidence plane; and SH -
when the transverse wave is polarized perpendicularly to the
incidence plane. Increase in the incidence factors into origi-
nation of the converted waves.

Equation (5) involves three positive roots corresponding
to three velocities of elastic wave propagation within the
elastic body. Generally, their values depend upon elastic
constant media as well as upon a direction of the wave prop-
agation relative to elastic symmetry axes determined by I, m
and n values (they are constant for any directions in terms of
isotropic medium).

In general, three independent waves with mutually per-
pendicular displacements are propagated in any direction
irrespective of a degree of the medium anisotropy. However,
components of displacement vectors not always coincide
with a direction of wave propagation and normally to the
wave front. Put it differently, in the general case elastic
waves are neither purely compressional waves nor purely
transversal ones. Nevertheless, there are specific directions in
crystals along which a normal to a wave front coincides with
a displacement vector of one of the three waves being purely
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compressional. Considering that their displacement vectors
are mutually perpendicular, displacement vectors of two
other waves are within the wave front plane. Thus, separation
of purely compressional and purely transversal is only possi-
ble in media having certain symmetry of elastic properties. It
is common knowledge that within anisotropic medium, seis-
mic waves are not orthogonal to a wave front and elastic
wave velocity depends upon n direction. That is why ultra-
sonic measurements consider velocities towards a normal to
the front. The research uses values of velocities of compres-
sional and transversal waves propagating towards reference
axes. Subsequently, the case in hand will be the waves only.

Since rocks are characterized by anisotropy as well as
elastic and acoustic properties, theoretical evidence are re-
quired to make it possible to determine elastic characteristics
of anisotropic rocks using geoacoustic methods.

The research does not apply values of linear connection
Gik coefficients being extremely important for crystallog-
raphy but elastic characteristics of media having a direct
physical meaning: elasticity modulus E, shear modulus G,
and Poisson’s ratio x. To achieve the goal, below a problem
to determine elastic characteristics of anisotropic rocks in
terms of elastic wave velocities is considered.

3. Results and discussion

3.1. Analysis of elastic properties
of anisotropic rock mass

3.1.1. Rock with orthotropic symmetry

Generally, in terms of elastic symmetry, anisotropic rocks
may be classified as orthotropic media with nine independent
elastic constants. In terms of the medium, each separated
elementary volume demonstrates three mutually perpendicu-
lar reference axes. Symmetrically, they are similar to crystals
of a rhombic system. If availability of symmetry of proper-
ties is assumed then the number of elastic constants, deter-
mining conditions of orthotropic body, reduces from 21
down to 9: Cy1, Ci2, Ca, Ci3, Cr3, Cas, Cas4, Css and Ceg; Other
constants will be equal to zero.

As a rule, engineering tests use constants having a direct
physical meaning rather than such values as aix and Cix. If so,
the generalized Hooke’s law for orthotropic media through
physical constants is expressed as follows:

& —i _/ny . _ﬁ N
X X 7
E, E, ' E
gyz_ﬂ . y_ﬂ.gz; (6)
Ex Ex E,
1
= Ey E,
hence:
Eystyx = Extiyy;
EBittzy = Byttyy; ™

Extizx =Ezttys,

Elastic properties of anisotropic body with three axes of
elastic symmetry are characterized by following types of
elastic constants: three elasticity moduli — Ey, Ey, and E;
three shear moduli — Gy;, Gz, and Gyy; and three Poisson’s
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ratios — uyz, tzx, @nd uxy (three other constants, resulting from
rearrangement of indices, are not independent).

To evaluate anisotropy effect on elastic properties of the
media, it is necessary to study them from the viewpoint of
three lines at least. Determination of complete set, involving
nine elastic constants, is quite sufficient to evaluate the effect
of elastic property anisotropy on the stress distribution within
the orthotropic medium.

Through physical constants, values of elastic constants
for orthotropic medium are as follows:

_1_#yzﬂzy E. -
_—— X,
A
1—
Cyp = ,Uizﬂzx Ey;

Cu

1- gyt
Xy/yx .

Hyx T HaxHyz _

A v
Hax T HzyHyx _ 8
g H o ®
A
Hay T HzxMyy
Cops=—=—"E;
Caq =Coz;
Css =Cay;
Ces = C12,
where:
A symbolizes a determinant:
1 Hxy Hxz
A= ~Hyx 1 “Hyz |1 )
“Hx  Hzy 1
hence,
A =1 pugy pryx = Hyz Mgy = Hax g = 2y Hyz Moy - (10)

Determinant equation for anisotropic body with average p
density, within which elastic wave propagates, is:

Cy1l? +CgM? +Cs5n” — pV 2 (Cyp +Cep)IM(Cy3 + Cas)nl
(C12 +C55)ImC66|2 +022m2 +C44n2 - pVZ(C23 +C44)mn =0. (ll)

(Cl3 +C55)”|(C23 +C44)mnC55|2 +C44m2 +C33n2 - pV2

Relying upon (11), obtain three equation system with cor-
responding set of elastic constants:

|:C11|2 +C65m2 +C55n2 —pV:| PO]. +

(12)
+[(C12 +C66)' Im:| P02 +|:(Cl3 +C55)'n|:|' P03 =0;
[(Cflz +066)'|m]' POl +|:066|2 +C22m2 +C44n2 —pV2:|>< (13)
XP02 +|:(Cz3 +C44)' mn]' P03 =0;
|:(C13 +C55)'n|:|' P01+|:(C23 +C44)'mn:|' P02 + (14)

+|:C55|2 +C44n2 +C33n2 —pV2:|' P03 =0.
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Consider geometric configuration of a rhombic system
with a system of orthotropic symmetry, corresponding to it
(Fig. 1a). As it has been mentioned, a normal towards a wave
front coincidence with a displacement vector is a condition
of purely compression wave propagation. Then, two other
waves, being perpendicular to it, will be transversal ones. Let
a plane axial wave propagates along x axis in terms of the
system, superimposed with the coordinate axes x, y and z.
I=1, m=0 and n=0 condition corresponds to that. Thus,
using equation system (12)-(14) we find:

(C11—PV2)'P01 =0;

(Cee -pv? ) Po2 =0;» (15)
(C55 —PVZ)' Pos =0.
(@) (b)
n (001)
n (001) } Az |
|
\
r
=y |m (100) |
- X N
(100 taoo) | \y\
m (100)

Figure 1. Geometrical configuration of rhombic symmetry (a) and
hexagonal symmetry (b)

It follows that propagation velocity of a compression
wave along axis x is determined using the ratio:

2
AVex =Cp,

in terms of a transversal wave, propagating in the same line
but polarized within xy plane and being perpendicular to
orthogonal axis, we obtain:

(16)

pVSZXy = C66 . (17)

In terms of a transversal wave towards x axis but pola-
rized within xz plane we have:
PVée =Css. (18)

If a wave propagates along y axis, i.e. =0, m=1 and
n =0, then the equation system (12)-(14) will help to write
the following:
(Cee —pVZ)'Pm =0
(sz —PVZ)' Poz =0;-

(044—PV2)'P03 =0.

(19)

Thus, a velocity of compressional wave propagation
along y axis, and velocities of transversal waves, propagating
along y axis but polarized in yz and yx plane, are determined
using the ratios:

PVF%y =Cy; (20)
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Vs =Caas (1)

PVyx = Ceg- (22)

=0, m=0and n=1is fulfilled for a wave propagating
along z axis. Then equation system (12)-(14) will be:

(C55 —sz)' Po1 =0;
(C44 -pV? )
(Css —pVZ)' Pos = 0.

Same as previous, propagation velocities of compression-

al wave and transversal wave towards orthogonal axis, pola-
rized within a zy, zx plane, are identified using the ratio:

. P02 =0;- (23)

PVPZZ =Cgs; (24)
Py = Css’ (25)
Vi =Cas . (26)

Consequently, (16)-(18), (20)-(22), and (24)-(26) ratios
have been obtained for the orthogonal symmetry rocks having
three axes of elastic symmetry. The ratios interconnect the
velocities of elastic wave propagation along the certain axes
with elastic medium constants. As the formulas explain, three
waves with orthogonal displacements propagate along each
axis of elastic symmetry: one compressional wave (i.e. quasi-
compressional wave) and two transversal waves (i.e. quasi-
transversal ones). Since it is known that rays are not perpen-
dicular to a wave front in anisotropic media, it is necessary to
consider two velocities: a velocity in the ray line and a velocity
in the normal line towards the wave front (subsequently, the
velocities will be the issue). Inserting corresponding values of
elastic constants from (3)-(4) equations we obtain the following:

—along axis x direction:

PV el Ta (27)
—along axis y direction:

VG, =T thatx g (28)
— along axis z direction:

PV e T (29)

pVSZZX =Gy

Substitute for A its value from formula (9). Therefore,
we obtain the dependence for limitless orthotropic medium
with three orthogonal reference axes:

2
E Vibx 'p(l_#xyﬂyx ~ HyzHzy — HaxHxz — Zﬂxyﬂyzﬂzx) .
Y« =
g(l—#yzﬂzy)

2
B VPy : P(l_ My Hyx — Hyz Hzy — HaxHxz — 2,ny:uyz Hax ) - (30)
g (1_ HaxHyz ) ’

y

2
_ Vp; - P(l_ My Hyx = Hyz Hay = Haox Hyg = 21y Hyz Hax )
;= .
g (1_/1xy/1yx)
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Shear moduli along the key directions are:

2
VSxy P
Oy =g
v -p
Gy, = Sy P (31)
g
2
G.. = Voo P
ZX '
g
where:

Ex, Ey and E;—elasticity moduli in terms of the key
directions;

Gy, Gy; and G —shear moduli within the key shear
planes;

Lixys Uyzy Lax, Ly Uzy @Nd 11 — Poisson’s ratios for the corre-
sponding planes of symmetry.

Their values may be determined in terms of compressional
and transversal waves measured in corresponding lines; p is
rock density; and g is gravity acceleration. Complete character-
istic of orthotropic rock mass should also involve Poisson’s ratio
values according in terms of different axes of elastic symmetry.

To do that, it is necessary to consider shear wave propa-
gation at some o angle towards the key directions. Let the
key directions coincide with x, y and z axes; shear wave
propagates in the line of x being polarized within x'y* plane.

Then, Hook’s law for angular deformations will be:

1

Ery! = Ty 1 (32)
y'x Gy Xy
where:
1- 1-
1 =[ ﬂxy+ Hxy —ij-sin2a+i- (33)
Gyx Ex Ey Exy Xy
In terms of a = 45°:
450 _ Ex 34
o _1+2 +3 0
Hxy Ey
Hence:
0 0
EY(Q+G$j—2@G$

2G Ey

Similar operations help obtain expressions for Poisson’s
ratios in other two directions (i.e. zux, and ).

In practical terms, i, uyz, and uxy Poisson’s ratios can be
determined with the help of velocities of compressional and
transversal waves measured along the key anisotropic lines, i.e.:

2 2
_ VPx - 2VSxy i
Hyy = 2 2\’
2 (VPx - 2VSxy )
2 2
sy, = ey — 2Vsy, (36)
yz 2 2\’
2 (VPy - 2\/Syz )
V3, — 2V
Ly = Pz Szx

2 2\’
2 (VPz AR )
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Other three Poisson’s ratios (i.e., uxy, uyz, and uzx) are
independent ratios. Hence, availability of (30), (31), and
(36) dependences makes it possible to define each dynamic
elastic characteristic of anisotropic rock with orthotropic
elastic symmetry. To do that, it is required to identify ve-
locity values of compressional waves and transversal
waves along the key lines of elastic symmetry axes as well
as velocity values of transversal waves at 45° angle to the
key directions.

3.1.2. Rock with transverse-isotropic symmetry

Anisotropic (i.e. sedimentary) rocks are of a transverse-
isotropic type with elastic symmetry and five elastic con-
stants. Such a symmetry type is characteristic for the strati-
fied rocks. All the lines within a plane of the laminated layers
are equal to each other; hence, the stratification plane will be
isotropic plane and an axis, being perpendicular to it, will be
a symmetry axis of an infinite order.

In this context, the generalized Hook’s law, expressed
through physical constants, will be of the form:

1
&y =— Oy _/U_xyo_ —QO'Z ;
Ey Ey E,
Hyx 1 Hzy
gy =———0Oy+—0y——>03;
Ex Ex E,
1
& = . —ﬂo-y +—05,
Ex Ex E,
b=z
nG,
1
E2x :G_sz; (37)
x
2@—yw)
ng _G—nyxy.

If axis z is assumed as an axis of an infinite order and xy
axis is assumed as an isotropic plane then substitution of all y
and x indices from (7) will result in:

1_1.

Ex Ey’

Hax _ Hxa . (38)
EX EZ,

Hx My e _Hyr

Ex E, E E,

In this context, the number of elastic constants, character-
izing condition of the medium is equal to 5: Ci1, Ciz, Ca,

Ci—

Cis, Cas, Cas, and Cgg :%. Other elastic constants

are equal to zero.

In terms of symmetry, such media are similar to crystals
of a hexagonal system.

Determinant equation for a transverse-isotropic medium
with p density within which elastic waves with velocities
propagate will be expressed as follows:
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2,1 2 2 2
Cpl +§(C11_012)m +Cyqn” - pV

%(Clﬁcm)'m(cn +Cpp)nl

1 1
E(Q1+C12)|mE(C11 ~Cpp )17 +Cyym® +Cygn® - pv 2

(C13 + C44 ) mn

(39)
-0,

(C13 +C44)n| (C’l3 +C44)mnC44 (IZ + m2)+C33n2 - pV2

Similarly to a case of orthotropic body, it is possible to
obtain following equations using an equation of motion in
elastic medium:

|:C11I2 +%(C11— Clz)m2 +C44n2 —pvz] Po1 +
+B(Cll— C12)'m]Poz +[(C13 - Caq)nl]-Ryg =0;
E(Cll+ C12)|m]P01+

+|:%(C11 + C12)|2 +C11m2 +C44n2 —pVZ:‘x
xRo2 +[ (C13+ Ca4)mn]-Ryg = 0;
[(C13 * C44)”']' P01“{(013 + C44)mn]-P02 +
+[C44(I2 + m2)+C33n2 —pV2:|. Pz =0.
If a wave propagates along hexagonal axis x (Fig. 1b)

then that corresponds to =1, m=0 and n=0 condition
resulting in the equation system (39) simplification:

[Cll—pVZ]Pm =0

B(Clﬁ 012)—pV2}P02 =0;- (40)

[044—/7V2}P03 =0.

Hence, in terms of a compressional wave, propagating
along x axis, we have:

,0V2Px =C11, (41)

in terms of a transversal wave, propagating towards x axis,
polarized in xz plane, we have:

NSy =Cyy.- (42)

In terms of a wave, polarized within xy plane but propa-
gating along x axis, we have:

1
V2P = 5(011 ~C12) =Cegp- (43)

If a wave propagates along hexagonal axis z, then | =0,
m =0 and n = 1. Thus, we obtain the equations:
|:C44 —PVZ] Por =0;
(44)
[C33 —PVZ] Fog =0.

Hence, for a compressional wave, propagating towards z
axis, we have:
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V2P, =Cas. (45)

In terms of a transversal wave, propagating along z axis
but polarized within zx plane, we have:

2
VS =Cyy -

Substituting values of elastic constants into (42), (43),
(44), (45), and (46) for elastic characteristics of transverse-
isotropic body, we have:

(46)

E _VZPXp_ K .
x = ;
1—
e _VPp A
7= .
g 1_zuxy/uyz
2
_VSxy P
Xy = )
) (48)
G Ve - P
x =
g

Transverse-isotropic body is characterized by five elastic
constants Ej, Ey, Gy, 1, 2. In the context of coordinate sys-
tem with z axis, being perpendicular to a plane of isotropy xy,

specifying:

Ex=Ey =Ey;

E, =Ey;

Gyy =Gu; (49)
Gy =Gy;

Hyy = tyx =1,

Hyz = Hzy = Hp,

and taking into consideration (46) and (47) for anisotropic
rocks with transverse-isotropic symmetry we obtain:

V2R.p (1—#1)'(1—#1—2#22)

E ; (50)
' g 1- 13
2p . 1— —2/12
E2=V P p.( . 2); (51)
g (1-14)
2
G, _V Syz P . (52)
g
where:

E1 — elasticity modulus for lines within the plane of isotropy;

E, — elasticity modulus for lines being perpendicular to
the plane of isotropy;

G2 — shear modulus for planes being perpendicular to the
plane of isotropy;

u — Poisson’s ratio characterizing deformation within the
plane of isotropy subject to the same plane force;

11— Poisson’s ratio characterizing deformation within a
plane of isotropy under tension in a perpendicular line;

U2 — Poisson’s ratio characterizing deformation within a
plane being perpendicular to the plane of isotropy.

Such Poisson’s ratios as u, 1 = tzx, and uz = ux, can be
obtained using velocity values of compressional and shear
waves in terms of corresponding directions.
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(36) and (50)-(52) dependences help determine values of
elasticity moduli as well as values of shear of anisotropic
rocks with transverse-isotropic symmetry using elastic wave
velocities identified in the two key directions: along stratifi-
cation, and transverse to it. For this purpose, it is necessary
to know velocities of elastic waves (Vp, Vs) along the key
axes of elastic symmetry.

Consequently, the identified quantitative dependences
make it possible to calculate elastic characteristics of aniso-
tropic rocks on the velocities of compressional and transversal
waves measured along the key axes of elastic symmetry as
well as velocities of transversal waves at 45° angle to the lines.

To verify the derived quantitative dependences, it is neces-
sary to define analytical scheme of anisotropy the rock belongs
to: to media with orthotropic or traverse-isotropic elastic
symmetry. That is connected with determination of values, and
the key anisotropic lines of the rocks under analysis.

3.2. Dependence of elastic wave velocities within
isotropic and anisotropic rocks upon pressure

Along with pressure increase, all rocks demonstrate in-
crease in elastic wave velocities. The velocity increase starts
as soon as pressure is applied coming to its end depending
upon rock types when load achieves 30-70% of a failure
pressure. In terms of similar load intensity, increase in a
compressional wave velocity exceeds increase in a transver-
sal wave velocity. That is why study of stress rock mass using
geoacoustic method as an informative parameter and the most
important technological parameter should involve a value of a
compressional wave being the handiest parameter. Since the
basic velocity change is observed in the line of a load axis
value of the compressional wave velocity increment helps
evaluate nature of stress distribution within the rock mass.

Laboratory tests Vp, s = f (ocomp) are widely used while an-
alyzing stress state of rock mass. However, the tests are not
sufficient; thus, a method of multiparameter control of char-
acteristics and stress-strain state of rocks is proposed to be
used at a research stage.

In the context of homogenous isotropic rocks, compres-
sional wave velocity increases almost linearly at a stage of
elastic deformation along with pressure increase.

Influence curve V =f (p) approaches its saturation level
while completing a densification process. Compression of
different defects terminates; velocity increase slows down.
Subsequent load increment results in rock discontinuity and
in the velocity decrease. Further progress of the process
factors into rock disintegration.

It should be noted that informativeness of functional de-
pendences varies for different loading cases. In terms of
linear pressure and uniform pressure, changes in velocities of
compressional waves are minor being within the accuracy of
laboratory tests.

As for the anisotropic rocks, nature of V =f (p) curve de-
pends upon the wave propagation direction relative to the
applied load line. Changes in velocities of compressional
waves at loads, oriented diversely relative to stratification
take place differently. Stratification curve Vp =f(p) has
greater values to compare with a curve of transverse stratifi-
cation Vp, =f (p).

Analysis of experimental data, concerning dependence of
velocities of elastic waves upon pressure, shows that velocity
increment value helps evaluate nature of stress distribution
within rock mass. Rocks with isotropic symmetry and aniso-
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tropic symmetry have been selected to observe the regulari-
ties in terms of the specific rocks and use them for full-scale
experiments. Nature of Ve =f (¢) dependence has been iden-
tified by means of uniaxial compression tests with simulta-
neous scanning (Fig. 2).
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Figure 2. Dependence of a compressional wave velocity («) and its
increments (b) upon pressure in terms of the silicified
jasperoids

Strain-gauge station and hydraulic press have been ap-
plied to determine statistically deformation characteristics.
Oscillograph with loop galvanometers kept the records. The
scheme made it possible to obtain broad deformation pattern
before disintegration. Electrical facilities used to operate with
the sensors. The facilities are quite accurate to record auto-
matically minor resistance changes.

If deformation characteristics of anisotropic media with
three axes of elastic symmetry then resistance strain sensors
are located differently relative to elastic symmetry axes. A
scheme of the strain sensor attachment to the oriented samples
helps determine E and x values along the key symmetry lines.
A force to a sample, located between press plates, is applied
along axis being parallel to a larger side of a parallelepiped.
The loading is performed step by step with a short-period
interval to take a reading. Purpose-made sensor matrices with
200 Hz resonance frequency are placed between a press plate
and a sample. Ultrasounds device records simultaneously time
of flight of acoustic wave pulse for the loading step.

As for the isotropic rocks, the main velocity increment is
observed in the line of compressive load action. Total veloci-
ty increment along here achieves 30%; in terms of certain
samples the increase is up to 35% if the load intensifies from
zero to a critical one. More than fourfold velocity increment
exceeds natural variability natural of characteristics of the
rocks under analysis (Fig. 2b).

Dependence of propagation velocity of elastic waves in
anisotropic rocks upon pressure was analyzed with the help
of cylindrical and prismatic rock samples representing a wide
range of rocks with varying anisotropy degrees.

The tests were carried out in the lines of elastic symmetry
axes. Graphs of velocities of elastic waves were constructed
separately for each line; pressure changes along the line were
also involved. Totality of the dependences makes it possible
to control both qualitative and quantitative changes in the
velocities of elastic waves as well as anisotropy coefficients
of the elastic waves depending upon load application line
relative to anisotropy axes.

According to the specified procedure, samples of the lam-
inated limestones, jasperoids, and shales were tested in two
orthogonal directions: along stratification (i.e. along fissility)
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and transversely to stratification (i.e. transversely to fissility.
Samples of micaceous-quartz shales were tested in three
directions: to the dip; along the strike; and transversely to
stratification of layers.

Tests of the samples have demonstrated that in terms of
loading being parallel to stratification, a curve of velocity
changes with Vp = f (p) pressure is located quite higher to
compare with Vp; =f (p) curve when transversely to fissility

loading is performed (Fig. 3).
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Figure 3. Changes in a velocity of a compressional wave with
pressure for the laminated limestones 1: (a) loading
along fissility; (b) transverse to fissility loading. Chang-
es in a velocity of a compressional wave with pressure
for micaseous-quartz shales I1: (c) loading to the dip; d
is loading along the strike; (d) transverse to stratifica-
tion loading

Loading process shows the increased velocity of compres-
sional waves with pressure increase; its increment is not uni-
form throughout the loading cycle: first, velocity with pres-
sure increase intensifies; then, velocity increase starts slowing
down being behind pressure increment. In terms of loads,
being 50% of critical ones, velocity increment following
pressure increase Vp, = f (p) taking place transversely to strat-
ification is ~30% for the laminated limestones; 35% for mica-
seous-quartz shales; and ~20% for jasperoids. In terms of
loading along stratification Ve =f (p) it is ~7% for the lami-
nated limestones; and ~10% for micaceous-quartz shales.

Relative increments of compressional waves with pres-
sure were determined using the formula:

ﬂ:M.loo %, (53)
v Vo
where:

Vp — a compressional wave velocity in terms of pressure P;
Vo —a compressional wave velocity within a sample un-
der the nonloaded condition.
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Propagation of elastic waves within a solid body happens
the faster the tighter the medium is, and the less disconnec-
tions between particles are. Generally, velocity value of a
compressional wave, determined along layers for the non-
loaded samples is higher than a wave velocity determined
transversely to layers.

In terms of tests, carried out transversely to fissility,
Vp = (p) a curve of micaseous-quartz shales for load cycle is
situated lower that a curve for unload cycle (Fig. 3); i.e.,
hysteresis loops are available. Difference in velocity values
in the process of loading/unloading is not more than 3%
corresponding to the limit of measurement accuracy.

When samples are loaded along fissility within initial
load zone, compressional wave velocity decreases down to a
definite load (~100 kg/cm?). Then, the velocity increase
starts along with pressure increase. In this context, the pres-
sure is less to compare with a case when loading takes place
transversely to fissility. Evidently, such nature of changes in
a velocity with pressure depends upon a type of deformation
and subsequent disintegration of the stratified-anisotropic
media. Transversal deformation progresses faster to compare
with axial deformation (velocity decrease and negative in-
crement sign); pores and microfissures, oriented along layers,
are filled simultaneously. Then, intensive growth of transver-
sal deformation comes to its end (knee point) and increase in a
compressional wave velocity starts with pressure increase (a
sign of relative velocity increment varies to a positive one).

Lab environment demonstrates significant decrease in
anisotropic coefficients of the laminated limestones and
micaceous-quartz shales depending upon pressure increase
(Fig. 4); moreover, the majority of the changes are ob-
served in terms of pressures being 20-30% of critical ones.
Then, the changes slow down. If pressure is ~50% of a
critical one anisotropy coefficient of the laminated lime-
stones decreases averagely by 40-50 down to 7-12%; in
terms of micaceous-quartz shales the decrease is 80-100
down to 30-40% respectively.
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Figure 4. Changes in anisotropy coefficient with pressure: a is for
the laminated limestones; and b is for micaceous-quartz
shales

As it has been mentioned, the laminated limestones expe-
rience their disintegration faster if loading is along fissility
(0'comp = 610 kg/cm?). The disintegration takes place due to
breakage of intergranular contacts. In this context, the veloci-
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ty, measured transversely to fissility decreases depending
upon rock decompression; in turn, velocity anisotropy in-
creases. If the loading is transversely to fissility then rocks
experience their disintegration in terms of higher loads
(0*comp = 800 kg/cm?). Intergranular contacts become more
compact; velocity of compressional waves transversely to
fissility increases; and velocity anisotropy decreases. Name-
ly, changes in values of anisotropy coefficients of elastic
wave velocities may be associated virtually with availability
of stresses directed horizontally or vertically to layers.

Consequently, anisotropy of compressional wave veloci-
ties depends upon the applied pressure varying according to
it. In other words, anisotropy of a compressional wave veloc-
ity depends upon stress state of rocks. However, the correla-
tion is understudied.

3.3. Study of correlation between
rock characteristics and conditions

Studies prove the pronounced velocity increase along
with rock strength increase. For instance, rocks of marble
and Chat-Bazar limestone type, being notable for their max-
imum homogeneity and isotropism, demonstrate rather high
velocity-strength correlation (r = 0.86). In the context of the
rocks, strength anisotropy coefficient, identified on K = g1 /¢’
values, is close to 1. Rocks of Uluu-Too deposit (effusives,
listvenites, shales, and serpentinites) are characterized by
significant homogeneity and anisotropy; as a result, in this
case correlation coefficient is low (r = 0.64). As for the ani-
sotropic rocks, values of strength characteristics depend upon
load application lines as well as upon directions of elastic
symmetry axes.

Anisotropic micaceous-quartz shales, the silicified jas-
peroids, the laminated limestones, and shales experienced the
unconfined compressive strength test in terms of different
load orientations relative to layers (Fig. 5).
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Figure 5. Dependence of rock strength in terms of uniaxial com-
pression depending upon incidence angles of the layers:
a is the laminated limestone; b is jasperoid; and c is mi-
caceous-quartz shale

As it is understood from Figure 5, ocomp Values, obtained
for micaceous-quartz shales along fissility and transversely
to it, are almost similar. Their minimal resistance has been
demonstrated in the line where 45° angle with layer direction
is available. In this context, 6*5°comp = 525 kg/cm? being 60%
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of ® comp. As for the jasperoids, ultimate compression
strength, measured at 60° with 6%°comy = 850 kg/cm? layer
direction, is a determinative factor. It is ~70% of ¢® comp. In
terms of carbonaceous shales and the laminated limestones,
minimal ocomp Value corresponds to the case when layer di-
rection coincides with a loading line.

In the majority of cases, strength anisotropy of rock may
be reduced to availability of the certain systems of loosening
surfaces in it when rock shear force and tension strength
deteriorate to compare with the basic mass of the rock.

In the context of the unconfined compressive strength test
along layers on the condition that friction is not available and
elastic behavior of rock matrix as well as a binding material
is almost similar, a surface over which disintegration takes
place coincides with direction of interlayers failed by micro-
fissures. Disintegration has a form of separation.

Many authors consider strength anisotropy separately
from analysis of elastic characteristic anisotropy; however,
velocity-strength correlations for isotropic rocks are known.

Increase in elastic anisotropy coefficient is followed by
the increase in strength anisotropy; in turn, decrease in elastic
anisotropy value results in the increased uniaxial compres-
sion strength (Table 1).

Nevertheless, as it appears from the experimental data
(Fig. 5) the process is not constant. As for the micaceous-
quartz shales, characterized by orthotropic elastic symmetry,
anisotropy of strength properties along the key anisotropic
axes is less than 10%. In other words, anisotropy of elastic
wave velocities as it is evaluated in this case, may character-
ize anisotropy of rock strength with the help of transverse-
isotropic elastic symmetry only. Higher velocities of com-
pressional waves correspond to the toughest rocks. Moreo-
ver, in terms of rocks with high homogeneity coefficient,
spread of values of an average one is Ap = +£0.024 g/cm?.

In the context of Uluu-Too deposit rocks, characterized
by structural nonhomogeneity and fissility, absolute error of
rock density identification on the value of compressional
wave velocity is significant. That is to say, qualitative evalu-
ation of rock density according to velocities of elastic waves
is possible for rocks with high homogeneity coefficient.
Homogeneity coefficient and anisotropy coefficient were
determined ultrasonically on the value of compressional
wave velocity:

(Vp —Vpi )2

Vp -3z n

v

Ko = , (54)

where:

Vp — average velocity of a compressional wave along one
direction, m/sec;

Vpi — one of velocity values, m/sec;

n — measurement number.

In the context of anisotropic waves, characterized by dis-
tinctly varying velocity values in terms of different direc-
tions, it seems to be dilemmatic to evaluate their density.

Elastic wave velocities (Vp, Vs, V&) were measured using
methods of through scanning of in-line profiling, and trans-
versal one. In case of anisotropic rocks which anisotropy
coefficient is more than 8% profiling should be performed
involving three orthogonal profiles with the development of
phase hodographs for each line.
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Table 1. Correlation between elastic anisotropy and strength characteristics

Velocity of elastic

Rock waves, m/sec

Anisotropy
coefficient of velocity

Ultimate compression Coefficient of strength anisotropy, %,
strength, kg/cm?

K = Zmax " Fmin

Vpy Ve, of elastic waves, % Omax Omin Gmin
Basalt 4610 4410 4.5 1070 940 13.9
Marmorized limestones 5460 5100 6.8 865 830 4.1
Chloritic shale 7120 6400 11.3 3140 2400 30.8
Jasperoids 4760 4050 17.0 1290 850 51.9
Laminated limestones 4740 3280 44.6 805 610 32.0
Carbonaceous shales 5105 2715 87.5 1400 830 68.6
Micaceous-quartz shales 5100 2550 100.0 880 525 68.1

Anisotropy coefficient along any profile is determined
using the formula:

Vex =Vez 19006,

Pz

A= (55)

where:

Vex — compressional wave velocity towards x axis, m/sec;

Vp; — compressional wave velocity towards z axis;

n — measurement number.

In case of anisotropic rocks, analysis of elastic, strength,
and deformational characteristics should start from determi-
nation of occurrence orientation and analytical model. For
the purpose, 30x30x30 cm rock blocks were applied for
through scanning to identify directions of maximum and
minimum values of compressional wave velocities.

Three orthogonal planes are selected at one of monolith
angle for more accurate determination of spatial orientation
of the samples. Each plane is divided into several profiles,
concurring and shifted relative to each other to 11, 22, 5 or
45° (Fig. 6). The total of diagrams of velocity distribution
within the three orthogonal planes is used to single out lines
of maximum, minimum, and intermediate values of veloci-
ties of compressional waves.
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Figure 6. Scanning scheme for blocks of anisotropic rocks

Three orthogonal planes are selected at one of monolith
angle for more accurate determination of spatial orientation
of the samples. Each plane is divided into several profiles,
concurring and shifted relative to each other to 11, 22, 5 or
45° (Fig. 6). The total of diagrams of velocity distribution
within the three orthogonal planes is used to single out lines
of maximum, minimum, and intermediate values of veloci-
ties of compressional waves.
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Results of the analysis, carried out using the laminated
limestones, have helped identify that the coefficient of veloc-
ity anisotropy, defined on the ratios of axial velocities, meas-
ured along fissility and transversely to it, is 1.43. Thus,
acoustic characteristics and elastic characteristics differ
greatly in terms of orthogonal directions. Values of compres-
sional waves, measured within stratification planes with the
help of radial profiles, oriented to each other at different
angles, do not depend upon the direction of propagation of
the waves. They are equal in terms of reasonable errors.
Average velocity of a compressional wave along stratifica-

tion is V, =4550+70 m/sec; it is VJ = 2520490 misec for

transversal wave; and 4! = 0.27 . Determination of velocities

of elastic waves within planes, making a certain angle with
the stratification plane, has shown that along with the angle
increase, acoustic parameters of the rock decrease becoming
a minimum transversely to the stratification (Table 2).

Similar measurements were performed for other rocks
under study. It has been obtained that in the context of shales
and laminated limestones from Khaidarkan deposit, analyti-
cal anisotropy model with transverse-isotropic elastic sym-
metry is typical. In this case, stratification plane is isotropic
plane. To calculate elastic characteristics of such a medium,
it is required to know Vp and Vs velocities, measured within
two orthogonal planes.

Moisture exercises a significant influence on the velocities
of compressional waves, and anisotropy coefficient of com-
pressional waves of the laminated limestones. To identify the
influence, the samples were moistened up to complete satura-
tion. While saturating, compressional wave velocities were
measured. After complete water saturation, velocity anisotropy
coefficient decreased from 1.45 down to 1.20. Apparently, the
fact can be explained by intensive increase in a compressional
wave velocity transversely to a layer to compare with changes in
a compressional wave velocity along the layer. The abovemen-
tioned depends upon textural changes during humidification.

In contrast to shales and laminated limestones from
Khaidarkan deposit, micaceous-quartz shales and amphibo-
lites from Tereksay deposit are characterized by orthotropic
anisotropy scheme. Velocities of compressional ways, meas-
ured to the dip, along the strike, and transversely to stratifica-
tion, differ greatly (Table 3).

Anisotropy degree of elastic oscillation velocities was
evaluated using (54)-(55) formulas and methods of the ori-
ented profiling. Values of anisotropy coefficients, calculated
on the velocities of P-and S-waves, do not coincide. General-
ly, values of anisotropy coefficients for transversal waves are
lower than those for compressional waves. However, they
have not any single-valued correlation.
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Table 2. Velocimetry of compressional and transversal waves measured at different angles to the stratification plane

Velocity of a compressional

Velocity of a transversal

Anisotropy coefficient

L?]?Jcr);%tgrry wave Vp, m/sec wave Vs, m/sec Poisson’s ratio Vp”
of a sample 0° 30° 60° 90° 0° 30° 60° 90° W I’ A= E

1 4570 4050 3400 3200 2420 2380 2300 1980 0.30 0.19 1.41

2 4600 4070 3280 3180 2530 2290 2060 1880 0.28 0.22 1.45

3 4510 3800 3170 3030 2245 2300 2170 1910 0.31 0.16 1.48

4 4560 3680 3360 3060 2640 2470 3200 1900 0.23 0.17 1.19

5 4500 4140 3200 3020 2700 2540 2100 1720 0.21 0.26 1.49

6 4660 4050 3570 3200 2420 2340 2210 1950 0.27 0.20 1.45

7 4350 3380 3160 3040 2540 2280 2080 1690 0.25 0.27 1.43

8 4700 3870 3380 3290 2540 2300 1700 1560 0.29 0.33 1.43

Table 3. Average values of velocities of elastic waves and anisotropy coefficients of compressional waves for the rocks under study

Compressional wave

Transversal wave

Anisotropy coefficient
of velocities of

Anisotropy coefficient
of velocities of

Rock velocity, m/sec velocity, m/sec compressional waves, % transversal waves, %
Vpx Vpy Vp; Vsx VSy Vs; Apyx Apyz Asz Asyx Asyz Asxz
Micaceous-quartz shales 5130 4370 2540 2880 2500 1540 175 1024 722 15.6 88.0 63.3
Amphibolites 6000 5630 5080 2970 3010 2650 6.6 18.3 10.9 55 12.4 13.5
Laminated limestones 4610 - 3190 2460 - 1930 - 45.0 - - 234 -
Silicified jasperoids 4770 - 3930 2400 - 2180 - 21.0 - - 111 -
Siliceous shales 5060 5000 4450 2940 2800 1980 1.2 13.7 12.3 5.0 48.4 414
Marmorized limestones 5450 5380 5100 3160 3280 3190 1.3 6.8 5.4 3.6 1.0 2.8

Elastic characteristics have been defined for the analyzed
rocks taking into consideration analytical anisotropy scheme
and using formulas (30), (31), (36), and (50)-(52) to calculate
elastic characteristics of anisotropic rocks with orthotropic,
and transverse-isotropic symmetry (Table 4).

Table 4. Elastic characteristics of anisotropic and isotropic rocks
under study

Elastic characteristics

Rock Ex-105,  Ey105  E.-105,

kg/cm?  kg/em®  kg/cm?
Micaceous-quartz shales 5.77 4.99 141
Amphibolites 7.48 6.61 5.35
Laminated limestones 4.80 - 2.26
Silicified jasperoids 4.35 - 3.13
Shales 6.71 - 5.22
Siliceous shales 5.80 6.19 4.48
Marmorized limestones 7.00 6.76 6.2
Jasperoids 5.58 5.56 5.60

As it is understood from Tables 3 and 4, the rocks are
characterized by significant anisotropy of velocities of elastic
waves varying broadly (i.e. 5-10 to 80-100%). Elastic char-
acteristics, measured in terms of different direction relative
to symmetry axes, differ significantly too.

Elasticity moduli, determined in the line of stratification E,,
Gi, u, are larger than those, determined transversely to stratifi-
cation E}, G, u); s0, Es>E; G/ > G, s> u, ratios take place.
While comparing Tables 3 and 4, one can deduce easily that
relative the abovementioned occurrence components, n? times
variation of compressional wave velocity corresponds to n?
times variation of elasticity modulus and shear modulus in
terms of corresponding directions. In other words, the greater
anisotropy degree is, the more significant is difference in the
parameters determined in terms of the directions.

The research of anisotropic samples has demonstrated
that rock strength characteristics are functions of the oriented

rock microstructure which depend upon a line of load appli-
cation relative to fissility. In accordance with structural and
textural features, minimum and maximum strength values
not always coincide with layer direction. In terms of mica-
ceous-quartz shales, minimum strength value is when layers
are located at 45° towards load action; the angle is 60° for
the silicified jasperoids. In terms of carbonaceous shales and
limestones, minimum strength value corresponds to a case
when loading line coincides with layer direction; maximum
value is when the process takes place transversely to layers.
Reason of such differences is in the mechanism of aniso-
tropic sample disintegration.

In the context of all mechanical experiments, large
strength indices always corresponded to directions of large
velocity values of elastic waves. Increase in a velocity anisot-
ropy coefficient, i.e. decrease in elastic anisotropy value
results in the increased uniaxial compression strength.

Determination of acoustic Vp, Vs, Ai and elastic E, G, u
rock indices when analytical scheme of rock anisotropy was
taken into consideration has helped identify that the rocks
under study are characterized by their own significant anisot-
ropy. Analysis of the results supports the idea that the larger
degree of velocity anisotropy is, the greater elastic parame-
ters, defined for different orientations relative to occurrence
components, vary.

Elasticity moduli, calculated on the elasticity theory for-
mulas for isotropic body, differ from each other by 50-60%.
If they are calculated according to formulas for anisotropic
rocks, the difference reduced down to 20-25%.

Laboratory unconfined compressive strength tests with
simultaneous scanning have made it possible to define the
following. Pressure exercises a significant influence on the
velocity of compressional waves. If load increases 0 to 50%
of destructive one then Vet (p) velocity for the rocks under
study increases by 25-35%); the increase is 7-15% for Vp! (p).
Nonlinear correlation is between compressional wave veloci-
ty and compression stress.

97



A. Abdiev, R. Mambetova, A. Abdiev, S. Abdiev. (2020). Mining of Mineral Deposits, 14(3), 87-100

A curve of velocity of a compressional wave change
along layers is above a curve of a velocity change transverse-
ly to layers. Hence, the rocks are characterized by anisotropy
of velocities of elastic oscillations and under pressure.

Degree of V(p) variation in terms of loads, oriented dif-
ferently to fissility, is not identical, and depends upon textur-
al features of a medium; anisotropy decrease is observed in
terms of loading being transverse to fissility. The anisotropy
increases while loading along fissility.

Under laboratory conditions, anisotropy coefficients of
velocities of compressional wave demonstrate significant
decrease along with pressure increase. Considerable part of
the changes falls on pressure being 20-30% of failure one.

The research helps determine dependences of elastic
characteristics upon pressure and depth; moreover, they
explain a pattern of absolute and relative stress distribution
within rock mass in the neighbourhood of mine workings.
However, to compare with the specific laboratory experi-
ments, in-situ rocks experience effect of numerous factors as
well as rather complex stress field.

That is why the only way to obtain reliable information
concerning stress distribution within the specific area of the
Earth’s crust is to perform immediate measurements of stress
state of rocks in mine workings; experiments remain the
basic research method.

4, Conclusions

Dynamic elastic characteristics of anisotropic rock with
orthotropic elastic symmetry should be determined through
values of compressional and transversal wave velocity
along the basic directions of elastic symmetry axes, and
values of velocities of transversal waves at 45° angle to the
key directions.

The obtained guantitative dependences make it possible
to calculate elastic characteristics of anisotropic rocks in
terms of velocities of compressional and transversal waves,
measured along the key axes of elastic symmetry, and veloci-
ties of transversal waves at 45° angle to the key directions.

To verify the derived quantitative dependences, it is nec-
essary to define a type of analytical scheme of anisotropy the
rock belongs to: media with orthotropic or transverse-
isotropic elastic symmetry. The abovementioned is connect-
ed with determination of values as well as the key anisotropy
directions of the rocks under study.

Laboratory unconfined compressive strength tests with
simultaneous scanning have helped identify the following:

— pressure exercises a significant influence on the velocity
of compressional waves. In terms of 0 to 50% of a failure load
increase, Vpt (p) velocity enhancement is 25-35%; the in-
crease is 7-15% for Vp' (p) velocity. Nonlinear correlation is
between compressional wave velocity and compression stress;

—curve of velocity of a compressional wave change
along layers is above a curve of a velocity change transverse-
ly to layers. Hence, the rocks are characterized by anisotropy
of elastic oscillation velocities and under pressure;

—V(p) change degree in terms of loading, oriented differ-
ently to fissility, is not identical and depends upon textural
features of a medium; anisotropy decrease is observed in
terms of loading being transverse to fissility. The anisotropy
increases while loading along fissility;

—lab environment demonstrates significant decrease in
anisotropic coefficients of the laminated limestones and
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micaceous-quartz shales depending upon pressure increase;
moreover, the majority of the changes are observed in terms
of pressures being 20-30% of critical ones.

Consequently, the research helps determine dependences
of elastic characteristics upon pressure and depth; moreover,
they explain a pattern of absolute and relative stress distribu-
tion within rock mass in the neighbourhood of mine work-
ings. A =1.45, obtained for the laminated limestones, and
A =1.200, obtained for carbonaceous shale are the essential
and necessary conditions to consider stress state.

However, to compare with the specific laboratory exper-
iments, in-situ rocks experience effect of numerous factors as
well as rather complex stress field.

Thus, obtaining of reliable information concerning
stress distribution within the specific area of the Earth’s
crust involves further research to develop criteria of evalua-
tion and stability control of rock mass around a mine work-
ing using acoustic module on the basis of quantitative con-
sideration of anisotropy A influence through velocities of
elastic waves Vp and Vs.

Acknowledgements

The authors express gratitude to Shergazy Asambayevich
Mambetov, Professor of Kyrgyz Russian Slavic University for
academic advising, valuable help, and instructions; and to
Professor Kamchybek Chonmurunovich Kozhogulov for sup-
port in the research pursuance in the laboratories of Institute of
Rock Mechanics and the Earth’s Interior Development of the
National Academy of Sciences of Kyrgyz Republic. The re-
search is not supported by a project or financing.

References

[1] Majkherchik, T., Gajko, G.l., & Malkowski, P. (2002). Deformation
process around a heading investigation when front of longwall face ad-
vancing. Ugol, (11), 27-29

Abdiev, A.R. (2002). Evaluation of the stressed-strained state of rock
massif for brown coal deposit in Kara-Keche. Gornyi Zhurnal, (10),
70-72.

Abdiev, A.R., Mambetova, R.S., & Mambetov, S.A. (2017). Geome-
chanical assessment of Tyan-Shan’s mountains structures for efficient
mining and mine construction. Gornyi Zhurnal, (4), 23-28.
https://doi.org/10.17580/gzh.2017.04.04

Shashenko, O., Shapoval, V., Khalymendyk, O., Andrieiev, V., Ar-
buzov, M., Hubar, O., & Markul, R. (2019). Features of the nonlinear
calculation of the stress-strain state of the “Rock massif-excavation
support” system taking into account destruction. Transport Means —
Proceedings of the International Conference, 1356-1363.

Arshamov, Y., Seitmuratova, E., & Baratov, R. (2015). Perspectives of
porphyry copper mineralizations in Zhongar-Balkhash fold system. In-
ternational Multidisciplinary Scientific GeoConference Surveying Ge-
ology and Mining Ecology Management, 345-350.

Baibatsha, A., Arshamov, Y., Bekbotayeva, A., & Baratov, R. (2017).
Geology of the main industrial types of copper ore deposits in Kazakh-
stan. International Multidisciplinary Scientific GeoConference, Science
and Technologies in Geology, Exploration and Mining, 17(11), 231-
238. https://doi.org/10.5593/sgem?2017/11/s01.029

Mambetov, S.A., Mambetov, A.S., & Abdiev, A.R. (2002). Zonal and
step-by-step evaluation of the stressed-strained state of Tyan’-Shan’
rock massif. Gornyi Zhurnal, (10), 57-62.

Bondarenko, V., Symanovych, G., & Koval, O. (2012). The mecha-
nism of over-coal thin-layered massif deformation of weak rocks in a
longwall. Geomechanical Processes During Underground Mining, 41-
44, https://doi.org/10.1201/b13157-8

Abdykaparov, C.M., & Abdiev, A.R. (2002). State and prospects of the
development the brown coal deposit in Kara-Keche. Gornyi Zhurnal,
(10), 16-19.

Sotskov, V., & Saleev, I. (2013). Investigation of the rock massif stress
strain state in conditions of the drainage drift overworking. Annual Sci-

(2]

(3]

(4]

(5]

(6]

(71

(8]

(9]

[10]


https://doi.org/10.17580/gzh.2017.04.04
https://doi.org/10.5593/sgem2017/11/s01.029
https://doi.org/10.1201/b13157-8

A. Abdiev, R. Mambetova, A. Abdiev, S. Abdiev. (2020). Mining of Mineral Deposits, 14(3), 87-100

entific-Technical Collection — Mining of Mineral Deposits, 197-201.
https://doi.org/10.1201/b16354-35

[11] Sharapatov, A., Shayahmet, M., & Arshamov, Y.K. (2016). About
modern technology field geophysical research areas sulfide mineraliza-
tion in western Kazakhstan. News of the National Academy of Sciences
of the Republic of Kazakhstan, Series of Geology and Technical Sci-
ences, 1(415), 102-107.

[12] Sejtmuratova, E.J., Arshamov, J.K., Baratov, R.T., Dautbekov, D.O.
(2016). Geological and metallogenic features of volcano-plutonic belt
Kazakhstan. News of the National Academy of Sciences of the Republic of
Kazakhstan, Series of Geology and Technical Sciences, 3(416), 60-86.

[13] Razin, A\V., & Sobisevich, A.L. (2012). Geoakustika sloistykh sred.
Moskva, Rossiya: IFZ RAN.

[14] Kapitonov, AM., & Vasil’yev, V.G. (2011). Fizicheskie svoystva
gornykh porod zapadnoy chasti Sibirskoy platformy. Krasnoyarsk,
Rossiya: SibFU.

[15] Abdiev, A.R., Mambetova, R.Sh., & Abdiev, A.A. (2020). lzuchenie
deformatsiy porodnykh massivov vysokogornykh mestorozhdeniy,
prognoz i kontrol’ ikh geomekhanicheskogo sostoyaniya. Tendentsii
Razvitiya Nauki i Obrazovaniya, (60), 51-57.

[16] Voznesenskiy, A.S., Kutkin, Ya.O., & Krasilov, M.N. (2015). Vzai-
mosvyaz’ akusticheskoy dobrotnosti s prochnostnymi svoystvami
izvestnyakov. FTPRPI, (1), 30-39.

[17] Mambetov, Sh.A., Mambetov, A.Sh. (2018). Geoakusticheskie metody
izucheniya porodnogo massiva. Bishkek, Kyrgyzstan: KRSU.

[18] Gorbatsevich, F.F. (2019). K probleme otsenki uprugoy anizotropii
gornykh porod kvaziortotropnoy simmetrii. Fizika Zemli, 130-139.

[19] Abdiev, A.R., Mambetova, R.Sh., & Abdiev, A.A. (2020). Sovershen-
stvovanie tekhnologii i organizatsii geologicheskogo izucheniya ek-
spluatiruemykh  slozhnostrukturnykh  mestorozhdeniy.  Tendentsii
Razvitiya Nauki i Obrazovaniya, (60), 57-64.

[20] Mambetov, Sh.A., Abdiev, AR., & Mambetov, A.Sh. (2003). Zo-
nal’naya i poetapnaya otsenka porodnogo massiva Tyan’-Shanya.
Bishkek, Kyrgyzstan: KRSU.

[21] Mambetov, Sh.A., Abdiev, A.R., & Mambetov, A.Sh. (2012). Geome-
khanicheskoe obespechenie gornykh rabot v usloviyakh vysokogor’ya.
Inzhener, 3(4), 29-36.

[22] Abdiev, A.R., Mambetova, R.Sh., Abdiev, A A., & Abdiev, Sh.A.
(2020). Aktual’nye voprosy kontrolya sostoyaniya porodnogo massiva
vokrug gornoy vyrabotki. Nedropol 'zovanie XXI Veka, (2), 82-91.

[23] Abdiev, A.R. (2020). Razrabotka sposobov prognozirovaniya geomek-
hanicheskikh  protsessov. v  porodnykh massivakh. Problemy
Nedropol 'zovaniya, (1), 49-55.

[24] Mambetov, Sh.A., Abdiev, AR., & lzabaev, K.D. (2015). Strukturno-
mekhanicheskie osobennosti porodnogo massiva Tyan’-Shanya i vo-
prosy prognozirovaniya sostoyaniya porodnogo massiva mesto-
rozhdeniy. Vestnik KRSU, 15(9), 191-197.

[25] Abdiev, A.R., Izabaev, K.D., & Mambetov, Sh.A. (2016). Priroda i
zakonomernosti  proyavleniya negativnykh — geomekhanicheskikh
faktorov pri vedenii gornykh rabot na vysokogornykh mestorozhdeni-
yakh. Simvol Nauki, 12(3), 263-266.

[26] Mambetov, Sh.A., & Abdiev, A.R. (2019). Geomekhanicheskoe sos-
toya-nie porodnogo massiva Tyan’-Shanya. Bishkek, Kyrgyzstan:
KRSU.

[27] Abdiev, A.R., Mambetova, R.Sh., Abdiev, AA., & Abdiev, Sh.A.
(2020). Aktual’nye voprosy kontrolya sostoyaniya porodnogo massiva
vokrug gornoy vyrabotki. Nedropol zovanie XXI Veka, 2(85), 82-90.

[28] Abdiev, A.R. (2020). Prognozirovanie i otsenka geomekhanicheskikh
protsessov v porodnykh massivakh mestorozhdeniy. Problemy
Nedropol zovaniya, (1), 56-64.

[29] Mikhlin, Y.V., & Zhupiev, A.L. (1997). An application of the ince
algebraization to the stability of non-linear normal vibration modes. In-
ternational Journal of Non-Linear Mechanics, 32(2), 393-409.
https://doi.org/10.1016/s0020-7462(96)00047-9

[30] Shashenko, A., Gapieiev, S., & Solodyankin, A. (2009). Numerical
simulation of the elastic-plastic state of rock mass around horizontal
workings. Archives of Mining Sciences, 54(2), 341-348.

[31] Mambetov, Sh.A., & Abdiev, A.R. (2017). Geomekhanicheskoe sos-
toyanie porodnykh massivov vysokogornykh mestorozhdeniy. Vestnik
KRSU, 17(5), 140-143.

[32] Abdibaitov, Sh.A., Isaev, B.A., & Abdiev, AR. (2017). Vliyanie
fiziko-mekhanicheskikh svoystv i strukturnykh narusheniy porod na
protsess obrazovaniya provalov zemnoy poverkhnosti. Vestnik KRSU,
17(8), 140-143.

[33] Sudakov, A., Dreus, A., Sudakova, D., & Khamininch, O. (2018). The
study of melting process of the new plugging material at thermome-
chanical isolation technology of permeable horizons of mine opening.
E3S Web of Conferences, (60), 00027.
https://doi.org/10.1051/e3sconf/20186000027

[34] Seitmuratova, E., Arshamov, Y., Bekbotayeva, A., Baratov, R., &
Dautbekov, D. (2016). Priority metallogenic aspects of late paleozioc
volcanic-plutonic belts of Zhongar-Balkhash fold system. International
Multidisciplinary Scientific GeoConference Surveying Geology and
Mining Ecology Management, ), 511-518.
https://doi.org/10.5593/sgem2016/b11/s01.064

[35] Galiyev, D. (2020). Modelling hydraulic mixture movement along the
extraction chamber bottom in case of hydraulic washout of the puff-
stone. E3S Web of Conference. Preprint.

[36] Sudakov, A., Chudyk, I., Sudakova, D., & Dziubyk, L. (2019). Innova-
tive technology for insulating the borehole absorbing horizons with
thermoplastic materials. E3S Web of Conferences, (123), 01033.
https://doi.org/10.1051/e3sconf/201912301033

JocaixxeHHs B3a€EMO3B’A3KY BJACTHBOCTell Ta cTaHy Mopin

A. Abgies, P. MamberoBa, A. AGxies, I11. AGzies

Meta. BcraHOBIEHHS 3aI€XHOCTEH MIBUAKOCTEH MPYKHUX XBHJIb B i30TPONMHMX Ta aHI30TPOITHHX MOPOJAAX 3 OPTOTPOITHOIO i TpaHC-
BEPCAIBbHO-130TPOITHOIO0 CHMETPIEI0, BiJl THCKY Ta TIMOWHH, U PO3POOKH KPUTEPIiB OIIHKH W KOHTPOJIO BIACTUBOCTEH 1 CTaHy IMOPOIHOTO
MacHBY MOOJIN3Y TipHUYUX BUPOOOK.

Metoauka. Posrnsamaerscs cyninbpHe aHI30TponHe cepenosuine. [lepmra rpyna yMoB Ha MeXi SIBISETHCS yMOBaMHU Oe3nepepBHOCTI Ha-
NpYXKeHb, 0 TIF0Th HOPMAJIBHO JI0 MEXI MpH mepexoi 3 mapy 1 B map 2. Jlpyra rpymna rpaHi4HHX YMOB IOJISATA€ B TOMY, IO 3MillIEHHS
MPH TIEPeX0/li Yepe3 MEeXy BHMIPIOIOThCS Takoxk Oe3nepepBHO. Lli yMOBH € HEOOXiAHMUMU AJIsi BUKOHAHHS PIBHSHHS JMHAMIYHOI piBHOBaru
npy»xHoro cepenoBuiia HoBbe-Crokca. ExcriepiMeHTaNbHI JOCTIPKEHHS] BUKOHYBAIIUCS T€0aKyCTHYHUM METOJIOM 32 aKyCTHYHUM IMapame-
TPOM HIBHIKOCTI MO3T0BKHBOI XBHIII.

Pe3yabTaTn. BecraHoBneHO, M0 BEMMYMHN MIBUAKOCTEH MPYKHAX XBHIJIb, aHI30TPOIIiS MIBUAKOCTEH MO3TOBXKHIX XBIIb, IPYKHI Xapak-
TEPUCTHKU 3aKOHOMIPHO BiOOpa)KaroTh OCOOJIMBOCTI OYZOBH 1 3aJie:KaTh BiJ THCKY. BUSABICHO, IO 3aJIeKHO BiJl HAIPY>KEHOTO CTaHY Bil-
3HAYAIOTHCS BUITAJKN 3HUKHEHHS 9H IOSBHU aHi30Tpomii, abo 3MiHM 3HaKy Ha 3BOpoTHHH. OTpHMaHO KiNBKICHI 3aJIEKHOCTI 3 BH3HAUCHHS
NpYXXHUX XapakTepucTuk (E, 4, G) aHi30TPOIHOr0 MacHUBY 3 OPTOTPOITHOI, TPAHCBEPCAIbHO-I30TPOIHOI CHMETPIEI0 Yepe3 IIBHUAKOCTI
MIPY>KHUX XBHJIb JUIS MPaBHIGHOTO OOJIKY aHi30Tpomii BIACTHBOCTEH MacHBY HpH OIUHII HOTO HampyXKeHoro craHy. Pesymbratw mocii-
JUKEHb JI03BOJISITH OLIHUTH XapakTep PO3MOJAiTy Harpy>KeHb, BUSIBUTH 30HH KOHIIEHTpAL] HApy>KeHb 1 30HM MOPYLICHHUX MOPiJ MoOau3y
ripHH40i BUPOOKH 32 aKyCTUYHUM T1apaMeTPOM HIBHKOCTI MO3I0BKHBOI XBUJII PO3POOICHOr0 aBTOPAMU METO/IOM I'€0aKyCTUYIHOTO KOHTPOITIO.

HaykoBa HOBHM3HA. 3TiJIHO HOBHX OTPHMAaHHX 3aJISKHOCTEH, HAYKOBO BHM3HAUYCHI 3HAYCHHS MPYXXHUX XapaKTEPUCTHUK TIPCHKHUX MOPIiJ
(E, 1, G) Ta akycTruHi MapaMeTpH MIBHJKOCTI MO30BXHBOI XBHUJII, IO € [[IHHMMH JIJIs IPOCKTYBAHHS i [UTAHYBaHHS PO3BUTKY TIPHHYUX POOIT.

MpakTnyna 3HaYMMicTb. OTpUMaHi pe3ynbTaTH JOCIIHKEHb, 3 TOCTATHHOIO IS TPAKTHYHOTO 3aCTOCYBAHHS TOYHICTIO, MOXKYTh BHKO-
PHCTOBYBATHCS AJISI BU3HAYEHHS YHCIIOBHUX 3HAYEHb MPYXKHUX XapakTepucTHK (E, i, G), 1aroTh MOXJIMBICTD 3aCTOCYBAaHHSI METOY Ie0aKyc-
THYHOTO KOHTPOJIIO BJIACTHBOCTEH 1 CTaHy NMOPOJHOTO MAacHBY NMOOJH3Y TipHHYMX BHUPOOOK i 3aydaTH A0 BiANPAIIOBAHHS POMOBHUINA 3i
CKJIQTHIMH CTPYKTYpPHO-MEXaHIIHUMH OCOOIHBOCTSIMU.

Knrwouogi cnoesa: izomponui ma anizomponti nopoou, Hanpys#ceHts 2ipCoKux nopio, NpysxcHi Xapakmepucmuxu, aKyCmudHui napamemp,
WBUOKICIb NO3006IICHLOI XBUTT, 260aKYCIMUYHULL KOHMPOb
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HccaenoBanue B3aMMOCBA3H CBOMCTB U COCTOSIHUS nmopoa

A. A6aueB, P. MamberoBa, A. A6aues, 111. A0anes

Iesb. YcTaHoBICHUE 3aBUCUMOCTEN CKOPOCTEH yNpPYrHMX BOJIH B H30TPOIHBIX M AHM30TPOIHBIX MOPOAAX C OPTOTPOIHOM M TpaHC-
BEPCaJbHO-M30TPOIIHONW CUMMETpHeHl, OT JaBJICHHs U TIIyOHHBI, JUIT pa3pabOTKH KPUTEPUEB OLIEHKH M KOHTPOJISI CBOMCTB M COCTOSIHUS I10-
POIHOTO MaccHBa BOJIM3H TOPHBIX BEIPAOOTOK.

Metoauka. PaccmarpuBaercs cijiomHas aHU30TponHas cpena. IlepBas rpynmna ycnoBUi Ha rpaHHIE NPEICTABISIETCS YCIOBUAMU He-
MPEPHIBHOCTU HANpPsDKEHUH, EHCTBYIOIINX HOPMAJIBHO K TPaHUIIE IIPU Mepexoae u3 cios 1 B cnoif 2. Bropas rpynmna rpaHUYHBIX YCIOBUH
COCTOMT B TOM, 4TO CMEIL[EHUE IPH MEPEXOIE UePE3 IPAHUILy U3MEPSIOTCS TAKXKe HEMPEPBIBHO. DTU YCIOBUS ABIAIOTCA HEOOXOIUMBIMH ATIS
BBITIOJTHEHUsI YPaBHEHMS AMHAMHYECKOTO PaBHOBeCHs abcomoTHO ympyroit cpembl Hosbe-CTokca. DKcmepuMEHTaNbHbIE HCCIEIOBAHUS
BBITIOJIHSUTMCH T€0AKyCTHYECKHIM METOAOM 10 aKyCTHUECKOMY MapaMeTpy CKOPOCTHU MPOJIONbHOI BOIHBI.

Pe3ynbTaThl. YCTaHOBIEHO, YTO BEIUYUHBI CKOPOCTEH YNPYTUX BOJH, aHU30TPOMHS CKOPOCTEll MPOJONBHBIX BOJH, YIIPyTHe XapaKTe-
PHCTHKHU 3aKOHOMEPHO OTPaXkaloT 0COOEHHOCTH CTPOSHHMS M 3aBHUCAT OT JaBJICHUS. BBIIBICHO, UTO B 3aBUCHMOCTH OT HaIPsSHKEHHOTO COCTO-
SIHUSL OTMEYAIOTCS CITydal MCUS3HOBEHMS WJIM ITOSBICHHS aHM30TPOIHH, WM IIepeMEHBI 3HaKa Ha oOpaTHbIH. [lomydeHsl KoIMIecTBeHHbIE
3aBUCHMOCTH TI0 ONPEJETIEeHHIO YIIPYTUX XapakTepucTHK (£, 1, G) aHN30TPOITHOTO MaccuBa C OPTOTPOITHOH, TPaHCBEPCaTbHO-M30TPOITHON
CUMMETpUEH Yepe3 CKOPOCTH YIPYIHX BOJH AJ MPABUIBHOIO y4eTa aHU30TPOIIMU CBOMCTB MacCUBa IIPU OLIEHKE €ro HAIPsLDKEHHOI'O COCTO-
AHUA. Pe3ynpTaTel HccleJOBaHUH MO3BOJIAT OLIEHUTh XapaKTep PaclpeAeneHns HalpsHKeHNH, BBISBUTH 30HbI KOHIEHTPALUH HANPSHKEHUN U
30HBI HApPYIIEHHBIX NOPOJ BOIM3K TOPHOI BHIPAOOTKH 1O aKyCTHYECKOMY MapaMeTpy CKOPOCTH MPOJONBHOM BOJIHBI pa3pabOTaHHBIM aBTO-
paMHu METOJIOM Ie0aKyCTHIECKOTO KOHTPOIA.

Hayynasi HoBu3HA. COTTIaCHO HOBBIM IIOJIydEHHBIM 3aBHCHMOCTSIM HAay4YHO OMNpEJENeHBl 3HAYCHUs] YIPYTHX XapaKTePHCTHK TOPHBIX
nopox (E, i, G), 1 akycTHYECKHEe apaMeTpbl CKOPOCTH MPOAOIBLHOM BOJHBI, ICHHBIC IS MPOSKTHPOBAHUS M [LIAHUPOBAHHUS Pa3BUTHS TOpP-
HBIX paboT.

IIpakTHyeckasi 3Ha4YUMOCTb. [loTydeHHbIe pe3ysbTaThl UCCIEAOBAaHUN, ¢ OCTATOYHOM JJIS MPAKTUUECKOIO IPUMEHEHUS TOUYHOCTBIO,
MOTYT UCIIOJIB30BAThCS IS ONPEAEIICHUS YHCIOBBIX 3HAYEHUH YIPYTHX XapakTepucTHk (E, i, G), 1aloT BO3MOXKHOCT IIPUMEHEHUS] METO/Ia
T€0aKyCTHYECKOTO KOHTPOJISI CBOMCTB U COCTOSIHHS IMTOPOJHOTO MacCHBa BOIM3M TOPHBIX BEIPAOOTOK U NMPHUBIEKATh K OTPAOOTKE MECTOPOXK-
JICHUH CO CIIOXKHBIMH CTPYKTYPHO-MEXaHUUECKUMH OCOOCHHOCTAMH.

Kniouesvie cnosa: uzomponuvie u anuzomponmvie nopoobl, Hanpslicenue 20pHulX NOPOO, ynpyeue Xapakxmepucmuku, aKycmuiecKkuil
napamemp, ckopocms npoOoJbHOU 80IHbL, 2€0AKYCINUYECKUL KOHMPOTb
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