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Purpose. Development of a semiempirical method to identify rock pressure on the support of underground mine roadways as
well as substantiation of its efficient use area taking into consideration the depth of the mine roadway, its geometry, and hardness
of enclosing rocks.

Methodology. Theoretical studies on geomechanical processes taking place in the neighbourhood of roadways using analytical
mathematical methods as well as numerical ones. Analysis of the research results and their generalization are involved.

Findings. Methods to identify load (i.e. rock pressure) on the supporting structures have been developed. The methods are
based upon the proposed calculation technique for the rock stability coefficient at the boundary of contact between a collapsing
arch of the rock (i.e. fall arch) and undisturbed rock mass, i.e. at the boundary of elastic share of peripheral rock mass, and non-
elastic one. A stability coefficient has been proposed in the form of projection on vertical axis of forces holding the rock mass,
limited by a fall arch, to projection of shear forces.

Originality. For the first time, an analytical and empirical method to identify natural arch over horizontal and vertical mine
roadways has been proposed involving their depth, geometry, parameters of rock strength, and its gravity. The abovementioned is
the key distinction of the proposed method from the known semiempirical technique by M.M. Protodyakonov to determine natu-
ral arch as well as support load.

Practical value. The findings make it possible to predict stability of horizontal mine roadways using mathematical methods. In

this context, the depth, geometry, and hardness of enclosing rocks are taken into consideration.
Keywords: roadway, collapsing arch of the rock, rock pressure, rock strength, holding forces, shear forces

Introduction. Progress of the global economy and society
inevitably needs further development of underground space
both to mine natural resources and construct such subsurface
objects as transport tunnels, subway stations and main line
tunnels, and so on. Unfortunately, wide range of mining and
geological conditions, hydrogeological conditions, and geo-
mechanical ones prevent the development of universal solu-
tion for the whole variety of design and process problems.

Rock depth together with its strength is the key parameters
determining complexity of construction and operation of sub-
surface objects as well as nature of peripheral rock mass failure.
Rather frequently, scientific sources use such ideas as ‘great’
mining depth; ‘deep’ levels [1], and so on. Formation of fail-
ure areas along the entire perimeter of a roadway is typical for
such conditions; rock failure within the periphery results from
compression stresses. Numerous hypotheses consider sepa-
rately the phenomena being common to the ‘great’ depths with
the formation of large zones of the deformed and disintegrated
rocks [2]; decrease in roadway stability [3]; bedrock heaving
[4]; dynamic manifestations of rock pressure.

As for the ‘small’ depths, rock mass failure within the
roadway periphery depends upon tension stress with natural
arch formation in a roof. Both hypothesis and calculation
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technique to identify arch parameters over a roadway and sup-
port pressure by M. Protodyakonov (1907) is the classical so-
lution concerning support selection for such conditions. The
hypothesis has generalized simply and conveniently scientific
efforts and mining practices accumulated by the time. More-
over, it is still relevant. Numerous governmental and industry-
wide regulations as for the design of underground objects use
the concept of ‘natural arch’.

Such a reference document to design roadways in Ukrai-
nian coal mines as ‘Development roadways within flat seams.
Selection of supports, and protection means and measures:
OCU 10.1.00185790.011:2007" provides selection of support
parameters in terms of long roadways of coal mines. Empiri-
cal coefficients are applied to calculate the height of para-
bolic collapsing arch of the rock. Gravity within an arch is
used to select bearing capacity of the support; density of
frames; and roof bolt parameters [5]. Mining depth, being
down to 300 m, is considered as a limit to apply the approach
application.

Support calculation for such large sectional roadways as
installation chambers, and roadheads also involves determina-
tion collapsing arch of the rock parameters, i.e. natural arch.
(Instruction to compile charts of mining areas, and roadway
driving and supporting. 1996). Rock caving area for salvage
chambers should take into consideration the influence of a
stope approaching the chamber. In this context, arch of the
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disintegrated rocks is identified with the help of numerical
modelling techniques using the methods proposed by [6].

Based upon the theory of rock pressure arch by M. M. Pro-
todyakonov, [7] has developed a mechanical model to analyse
stability of coal pillars; moreover, equation of seam subsidence
has been derived. The proposed theoretical model was in a
good agreement with numerical model. The calculation results
were supported by actual values of permissible surface subsid-
ence in the process of deposit mining with stowage.

Paper [8] mentions that the theory by M. M. Protodyako-
nov, using internal friction angle value to characterize rock
mass, often produces good outcomes, while describing col-
lapsing rock arch under the conditions of Ostrava-Karvina de-
posit (the Czech Republic). Parameters of the combined sup-
port (i.e. frame-arched support and roof bolting) within the
area, influenced by mining operations, have been determined
relying upon Protodyakonov hypothesis on the natural arch.

Tunnel design practices involve such determination of pa-
rameters of tunnel lining of carrying capacities depending
upon gravity within the natural arch as:

- CNS 32-04-97 Railway and vehicle tunnels. M.: Russia,
2005;

- Indian Standard (Reaffirmed 1995) Code of Practice for
Design of Tunnels Conveying Water. Part V. Structural Design
of Concrete Lining in Soft Strata and Soils (Second Reprint
November, 1990).

Hence, Protodyakonov theory, taking into consideration
internal angle of rock friction, span value, and a tunnel height
is widely used to design transport tunnels as well as hydraulic
ones in the USA, RF, Europe, China, and other countries. As
arule, it is applied for surface soft and loose enclosing rocks as
well as for great depth where low-strength rocks occur [9]. Ac-
curate determination of the rock strength coefficient is the key
prerequisite for its use.

Numerous studies concern adaptation of Protodyakonov
theory of natural arch to the specific conditions of tunnel con-
struction as well as calculation of its structural and techno-
logical parameters. Problems of non-standard tunnel con-
struction generate a need for the development of new calcula-
tion approaches. In such a way, the current Chinese construc-
tion rules and regulations have not any commonly used meth-
ods to identify rock pressure for two-arch tunnels. Paper [10]
has performed numerical modeling of two-arch tunnel with
the help of ANSYS and FLAC3D software packages. In this
context, at the initial stage, load was calculated based upon
M. M. Protodyakonov theory. Paper [11] proposes analytical
method to predict rock pressure on two-arch deep tunnels
while modifying M. M. Protodyakonov theory. The results,
obtained with the help of the proposed method, are compared
with the monitoring data and corrected.

Design of bearing structures of asymmetrical multiarch
tunnels has not any reliable methods to evaluate load either.
Based upon the assumption on double arch caving of multi-
arch tunnels as well as upon M. M. Protodyakonov theory, [12]
has derived a formula to calculate rock pressure for deep depth.
In terms of symmetrical conditions, the derived formula be-
comes a common mathematical statement for multiarch tun-
nels supporting correctness of the approach.

Paper [13] has analyzed applicability of different tradition-
al and normative calculation methods for enclosing rock pres-
sure to design parameters of extralarge section tunnel Liantang
within eastern express freeway Shénzhén (P. R. China). It has
been demonstrated that due to large span of Liantang tunnel,
corrections are required both for M. Protodyakonov arch the-
ory and design norms of road tunnels. Paper [14] represents
the findings concerning rock pressure within a rail tunnel on
the basis of M. Protodyakonov arch pressure theory in the pro-
cess of numerical modeling. The calculation results are com-
pared with normative technique for a railway tunnel design.

To identify load of soft soil of a tunnel support, paper [15]
adapts M. M. Protodyakonov theory of soil pressure for differ-

ent conditions depending upon the disturbed rock mass state.
The obtained results may be applied to calculate parameters of
shield mining and the disturbed rock pressure on the tunnel
lining.

Specifically the current normative documents and design
goals of subsurface objects stipulate topicality of the research.

Literature review. In due time, the calculation technique,
based upon the natural arch hypothesis, had substantial prog-
ress in the context of rock pressure science. Later, the proposed
approach was improved by P. M. Tsymbarevich, V. D. Slesariev,
R. Kvapil, and other scientists. M. P. Brodsky was among the
first ones who tried to develop a calculation technique for pres-
sure on a support of a vertical shaft on the basis of a hypothesis
of natural arch (1933). Substantial disadvantage of the method
is that pressure on the support does not depend upon the depth.
In the late 1970s, the theory of rock pressure as gravity was de-
veloped by E. I. Shemiakin, and others.

Nowadays, a number of papers regard both consideration
and improvement of M. M. Protodyakonov hypothesis as for
the solving modern scientific and technical problems.

Litvinsky G. G. considers M. M. Protodyakonov hypothe-
sis on the natural arch formation relative to ‘shallow’ mining
depth [16]. The possibility to derive arch from tension stresses
within a roadway floor is the element improving M. M. Proto-
dyakonov problem. It is also mentioned that a value of support
load is influenced heavily by rock state within the arch of the
disintegrated rocks.

Vorobiev A. (2000) determines natural arch height involv-
ing rock compression strength. The research objective was to
identify optimum ratios between the arch height and roadway
width. The findings were used to calculate a support, and sta-
bility of rock mass and pillars.

Paper [17] carried out a set of studies and derived depen-
dences of natural arch height according to M. M. Protodyako-
nov and roadway span value upon the strength and lamination
of rocks occurring in a roof.

The author of [ 18] applies a theory for calculation of bases
and slopes to identify load on the supports of roadways. Func-
tion of vertical load, derived by the author, is described by
means of the second order parabola. The results are compared
with the known analogues inclusive of arch hypothesis by
M. M. Protodyakonov and P. M. Tsymbarevich.

As paper [19] mentions, reliable prediction of collapsing
arch of the rock characteristics is still among the most impor-
tant and complex problems in the context of tunnel construc-
tion. Relying upon a nonlinear Hoek-Brown failure criterion,
the paper authors propose analytical solution of the curved
failure of rock blocks for deep tunnels. The derived formulas
are applicable to predict both height and width of a block, be-
ing disintegrated, within the unsupported tunnels making it
possible to identify their lining thickness. The model test re-
sults as well as analytical solution by M. M. Protodyakonov
concerning a natural arch prove out the analytical solution.

Paper [20] analyses the known values and conditions of
M. Protodyakonov pressure arch formation using both model
and numerical studies; moreover, the paper considers depen-
dences between a span of a tunnel, its depth, and rock mass
characteristics. The results, obtained by the authors, helped
them identify certain limitations. They believe that the arch
pressure theory can be applied if only tunnels are rectangular
in shape or they are French type tunnels with stable enclosing
rocks and shallow occurrence; a pressure arch is not available
within the arch tunnel; a self-stable pressure arch cannot orig-
inate in terms of low rock strength and too large tunnel span;
the pressure arch and tunnel crashing are impossible if enclos-
ing rocks are stable; and if a tunnel is deep, its crashing will
start from both sides so the pressure arch theory cannot be ap-
plicable.

Paper [21] contains critical notes relative to the traditional
classification as for the depth. The classification relies upon a
theory of pressure arch by M. M. Protodyakonov. The authors
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propose their own classification of ‘deep’ and ‘shallow’ tun-
nels based on the failure modes of a periphery rock mass.
Moreover, it is noted that the separation of deep tunnels and
shallow ones should involve effects of the tunnel design; geo-
logical structure; and stability of external rock mass which may
stipulate high pressure formation.

Analysis of the research results have shown that despite the
fact that M. M. Protodyakonov technique for natural arch and
support load determination is widely used to solve practical
problems and has demonstrated positive outcomes verified by
mining practices, it cannot take into consideration following
factors: roadway depth relative to the surface; values of vertical
pressure as well as horizontal acting at the rated depth; and
rock strength depending upon the stresses at the rated depth.

The paper represents the data of study to avoid the listed
disadvantages.

Theoretical research, carried out by M. M. Protodyako-
nov, is the closest to those performed in the analysis. Consider
its solution and the assumptions.

Protodyakonov M. M. formulated the research task as fol-
lows. Horizontal long roadway with 2a width rectangular sec-
tion is located at H depth (Fig. 1, a). It is assumed that a natu-
ral equilibrium arch of b height is formed above the roadway.

It is assumed that within its arch, the roadway has experi-
enced complete failure. It has no cohesion while possessing
internal friction.

Support erection within the roadway is no bar to natural
arch formation. The problem consists of two parts: 1) determi-
nation of the arch curve; 2) arch height identification.

The basic assumption is that statically definable three-
hinged arch is formed within the arch; in addition, the fixed
hinges are within points A, B, and O. The assumption helps
define bearing reactions irrespective of the arch section
area as well as its elastic, plastic, and other deformation
properties.
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Fig. 1. Scheme for calculating the load on the support according
to M. M. Protodyakonov:

a — the problem of defining the shape of the curve; b — the problem
of determining the height of the arch

Then, it is required to imbed a reference point in a quoin,
and consider OM arch equilibrium (Figs. 1, a, b). The rejected
OB and AM arch parts should be substituted by reactive forces
T and R. Since cohesionless environment is considered, T'and
R are tangential to an equilibrium arch curve.

So, it is necessary to identify the total of moments relative
to M point. So,

_ 0 5 2
y 5T x“=k-x°, (1)
where y is ordinate of a curve describing the arch roof; x is
abscisse; k = P/(2 - T); p is vertical load on the arch (i.e. rock
pressure).

Equality (1) is a square parabola equation. Hence, part
one of the problem, formulated by M. M. Protodyakonov, has
been solved.

To solve part two of the problem, M. M. Protodyakonov
proposed to use the following semiempirical formula

b=5: f=fff}, o)

where b is rise; a is half-span of the roadway; R, is rock uniax-
ial compression strength; k. is empirical coefficient being nu-
merically equal to 10 MPa (it should be of the same dimen-
sionality as rock uniaxial compression strength R. and vice
versa).

Involving the known values of an arch fall a and b as well as
rock gravity, it is quite easy to identify 0, load per a long meter
of a support length

4 4.q°
Qp:;-’y.a.b: 3.f

If interval of frames, bearing load by rock weight, is / then
each of the frames resists the following load

Y- (€)

4 4.q?
O=yrabl=3vl )

The abovementioned methods to identify pressure on a
support have the following disadvantages:

1. Roadway deepening results in the increased pressure on
the peripheral rock mass. In this context, the resulting (2—4),
derived by Protodyakonov, involves neither vertical nor hori-
zontal pressure.

2. Strength of rock, housing a roadway, is not taken in full
consideration. Let us explain the argument in greater detail.

Complete description of rock strength involves its uniaxial
compression strength R, and uniaxial tension strength R,.
Such strength indices as internal friction angle ¢ and specific
cohesion ¢ correspond to the characteristics.

The following relation is available between the listed char-
acteristics

1 RC_RI’:| . (5)

c=—-/R.-R ; @=arcsin
2N @ {RﬁRp

Since the solution by M. M. Protodyakonov does not in-

volve rock tension strength (i. e. it is equal to zero), (5) equali-
ties will be

1 1
c=5-1/Rc~Rp :E-W/Rc-o =0

[R-R [R-0] [ ©
@ =arcsin| ——L | =arcsin| —¢ ==
R.+R, R +0| 2

4 (4

It follows from (6) that M. M. Protodyakonov considers
absolutely loose ground where internal friction angle is ¢ =
= nt/2. The assumption is not reasonable. The matter is that
internal friction angle of rock cannot exceed significantly ¢ =
=1/4 value.
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The stated makes it possible to conclude that despite its
importance and popularity, the approach to identify both roof
arch and support load, proposed by M. M. Protodyakonov,
needs substantial improvement and consideration of a number
of factors.

Purpose. The research objective is the development of a
semiempirical method to determine rock pressure on the
roadways support and substantiate its rational application area
taking into consideration the roadway depth, its geometry, and
strength of enclosing rocks.

Statement of the basic material of the research. The re-
search problem was formulated as follows.

1. Walls of roadway are within much harder rock to com-
pare with its roof (Fig. 2).

2. Periphery form of rock inrush over a roadway is known
(more precisely, its equation Y(x)).

3. Shear is the rock failure mechanism. Hence, its behav-
iour in the process corresponds to Mohr-Coulomb strength
condition.

4. Strength characteristics of the rock are known (i. e. spe-
cific cohesion c; internal friction angle ¢ or uniaxial compres-
sion strength R,; uniaxial tension strength R,).

5. Gravity of soil (rock) y is known.

6. Horizontal pressure as well as vertical one at the rated
depth is known.

It is required to:

1. Evaluate the arch over the roadway as well as its stability
degree.

2. Identify the rock pressure on the supporting structure.

3. Derive the equation of a curve describing boundary of
inrush arch.

4. Define the boundary separating disintegrated rocks and
undisturbed ones within the roadway roof (Fig. 3).

5. Determine the support load using the known parame-
ters of inrush periphery, rock volume, and gravity.

To evaluate the roadway roof, rock pressure on the sup-
porting structure, and equation of the curve describing a
boundary of inrush arch, let us make the following assump-
tions.

1. Rock strength is subject to Coulomb-Mohr law [22]

R,—R
fzc.tg(¢)+c:§.m+; [R,R .

2. At a first approximation, the equation inrush arch
boundary may be represented in the form of a square pa-
rabola

y P, Wesk
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Fig. 2. Scheme to calculate periphery form of rock failure over a
horizontal roadway:

P, — vertical pressure; P, — horizontal pressure; Y(x) — equation of
upper boundary of the disintegrated rock; Y\(x) — equation of
lower boundary of the disintegrated rock; b — ordinate of the upper
point of the disintegrated rock; a — half-width of the roadway span;
x and y — coordinates

N y d
_— \\T"d
a | B
P, ~—Y(x)
4 b n a | X
1 a Mo g
2
B
Tsd — 4
¢ Y(x)

Fig. 3. Scheme to determine shearing and holding forces:

Y(x) — equation of inrush arch boundary, x and y — current coor-
dinates; c—d — tangent to Y(x) curve within M point o. — slope
angle of the tangent to X-axis; B = n/2 — o — slope angle of the
tangent to Y-axis; P,, and P, — vertical and horizontal rock pres-
sure components acting within the limits of a meter of the roadway
length (kN/m?); T, and T, are — shearing load and holding load
directed along the tangent to the M point

Y(x):%w‘(la—x).

3. Depending upon the inclination angle of rock seams
(layers), failure roof may be of an irregular form as it is shown
in Fig. 2. The research considers a case for symmetrical inrush
form (in terms of horizontal occurrence of rock layers).

Further, we consider holding forces and shearing forces
acting within some point M (Fig. 3).

Since shear is the reason for the rock disintegration, the
holding forces as well as shearing ones are tangential to Y(x)
curve within point M (Fig. 3).

It should also be taken into consideration that

T
B_E_q’

as it follows from the scheme in Fig. 3.

Determine differentials of forces acting at point M. For the
purpose, we consider infinitesimal virtual increments of dx ab-
scissa, dy ordinate, and ds arch (Figs. 3 and 4). So,

tg(u):ﬂ;x(x); a:arctg[ﬂ;(x)}
" %)
dy:dx-tg((x); ds=+d’x+d*y = dx

COS(OL)

Then, determine differential of shearing and holding forces.
Shearing force differential d 7, is

PV d
Hllllllll4

N
N

Py dy

RN
=

N
N
04 AN

A

Fig. 4. Scheme to determine differentials of shearing and holding
Jorces. The Figure should be analysed together with Fig. 3

20 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2021, N° 2



dTy=P,-cos(B) -dx=P,-sin(a) - dx.
Normal force differential dN is
dN =P, ~dx~cos(a)+Ph ~dy-cos(B):
P -cos?(o)+ P, -sin?(a
_hocosi(a) Bysin(s)

COS((X)

Holding force differential d7,, is

dT,, =dN ~tg((p)+c~ds+ b, ~dy~cos(a) =P, -tg((p)~cos(oc)+
+P, -tg(a)~[cos(oc)+sin(a)-tg((pﬂ+ﬁ@).

So, let us identify the projections of both holding and
shearing forces on a vertical axis.
Shearing force projection on a vertical 7}, , axis is

o= T, cos(B) 0, =
0

:Tg.sm(a).dm.zf [¥ (x)- % (x)] .

In this context, Q, is weight of rock within the inrush arch;
and v is its gravity.
Holding force projection on a vertical 7, , axis is

@®)

2.

2

T, = | dT,4-cos(B)=
0
2-a
= _[ Ph-sinz(oc)-[l+tg(0t)~tg((p)]dx+ ©)
0

+zf[pv .tg((p)-sin(a)-cos(a)+c-tg(a)}~dx.

(8) and (9) equalities help evaluate the roof strength while
introducing a stability coefficient in the form of ratio between
the projection of holding forces on a vertical axis and projec-
tion of shearing forces on the axis

T,
k=t (10)

sd,y

Such an approach simplifies determination of a roof state
over the roadway (i.e. it is stable, indifferent, or unstable).

T,
Hence, if the roof is stable, then k, = —%X > 1.

sd,y
o T,
If the roof is indifferent, then k, = =1.
Tsd,y
. . . T;zd y
Finally, if the roof is unstable, then k, =—=<1.
sd,y

It follows from (8—10) equalities that when different b
values of inrush rise are given, different values of stability co-
efficient k, are obtained. However, such b values of inrush
rise are of interest in terms of which a stability coefficient
value is minimum one. In this case, rise should be more than
Y (x) (otherwise, inrush arch will be in the roadway), and
less than the depth of an upper point of inrush arch relative
to the surface (otherwise, the inrush arch will be beyond the
surface).

From the mathematical viewpoint, the arguments formu-
late a problem to identify minimum of some functional, if sev-
eral restrictions are met.

Consequently, in terms of the case, formalization of the
problem to determine minimum value of the stability coeffi-
cient is as follows

T
k, ===t 4y s min
T b

sd,y
Y,(x)<Y(x)
xe(O,Z-a)
ye(O,Hz)
b<H,

) (11)

where H, is distance from the surface to the roadway roof.

To make further statement of the material more conve-
nient, we reduce our (7—11) solutions of (5) problem to one
equation system. We have

k, = Lusy — min
Tsd,y b
2a
0, [l () ()

T, :TPh 'Sinz(a)~[1+tg(a)-tg((p)]dx+
f[P tg Sin(a)'COS(OC)+C-tg(0(,):|-dx

T, :_([a sm( )~dx+y~2‘f[)’(x)—)’l(x)]dx

, (12)

c= L R ‘R, ; arcsm{R R"}
2
P
o= arctg{ 1 )
xe(0,2:a); ye(0.H,); b<H,

where £, is the stability coefficient; Q, is vertical linear load
on a support falling at a meter of the roadway length (its di-
mensionality is kN/m); e is its application eccentricity (it
should be measured relative of the left upper angle of the
roadway towards OX axis); T,,, is projection of holding forc-
es on the ordinate axis; Ty, is projection of shearing forces
on the ordinate axis; P, is a vertical component of rock pres-
sure at the rated depth; P, is a horizontal component of rock
pressure at the rated depth; Y(x) is an equation describing up-
per part of the inrush arch periphery; Y,(x) is an equation
describing upper part of the roadway periphery; b is inrush
rise; a is half of a roadway span, H, is the distance from the
surface to abscissa axis; ¢ is an angle of internal rock friction;
c is specific cohesion of rock; y is rock gravity; R. is rock uni-
axial compression strength; R, is rock uniaxial tension
strength.

Analysis of (12) ratio helped conclude the following: if the
horizontal component of rock pressure P, is taken into consid-
eration, then higher values of holding force T,,, result in the
overestimated values of the stability coefficient k, to compare
with the values obtained when P, = 0.

Moreover, the closer Y (x) function, describing roof
surface of the roadway, is to 0, the greater a shearing force
will be.

In other words, the most disadvantageous case is when
P, =0and Y,(x) = 0. In this connection, the problem analysis
is of certain interest for engineering evaluations, if our as-
sumptions are taken into consideration. So, we have
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sd,y
2a
0,= [1(x) ¥ (x) n
0
2a
X y(x)'Y(x) dx
€= 02-a

2a - (13)
Ty, = I [Pv -sin((x)+y~Y(x)]-dx
0

[R-R
R -R ; ¢=arcsin 2
R +R

P
o =arctg {d);(x)}
X

Y(x)>0
xe(0,2~a)
ye(0.H,)

b<H,

In terms of the idea that inrush arch is symmetrical relative
to a vertical straight y = a, passing through the centre of a road-
way span, ratio system (13) will take on a simpler form

d. .
k ==Y 5 min

Tud’y:I[PV.tg((p)'Sin(a).cos(a)‘FC-tg(q)J,dx
_I[P sm +y Y( )J dx

7]

g{dY()] a4
dx

Y(x)>0

xe(O,a)

ye(0.H,)
b<H,

=
Il
&

| —

R, R ; q)—arcsin|:

&

In the process of the numerical experiment, we applied
(14) ratios for 50, 100, 500, 1000 m depth roadways with 2 - a =
= 3.0 span width to calculate the values of the stability coeffi-
cient k,, and b rise.

Equation of inrush arch was assumed as follows

Y(x)=bgox-(3-x).

In this case, a(x) angle is

a(x):arctg{b-@—z-xﬂ.

Similar calculations were performed using the classical
theory by M. M. Protodyakonov. In this case, inrush rise was
determined using (2) formulas; the stability coefficient was
identified with the help of the following formulas

a

2[[P tg

-sin )~cos(oc)+c~tg(cx)]dx

d
R;+R

0= arcsm{

ol ]
Y(x (2; 0

ye(O,Hz)
b<H,

~—

For the calculations, we applied such initial data as:

- rock gravity being y = 20 kKN/m?;

- rock compression strength being R, = 10 MPa= 10000 kPa=
=1000 t/m? = 100 kg/cm?;

- rock tension strength being R. = 1.85 MPa = 1850 kPa =
=185t/m?=18.5 kg/cm?>.

The listed strength characteristics are typical for such sedi-
mentary rocks as aleurite, argillite, marl, chalk, and soft lime-
stone.

The calculation results are summarized in the Table.

Figs. 5 and 6 demonstrate graphic representation of some
calculation results.

Analysis of the data represented in the Table and in the
Figures made it possible to conclude the following.

1. The values of inrush arch rise over a roadway, identified
by means of M.M. Protodyakonov theory, cannot depend
upon the roadway depth; they have a constant value. In this
context, clear tendency of the increase arch rise over a roadway
along with its deepening takes place.

Table

The results concerning determination of rock stability
coefficient, inrush arch over a roadway with rectangular
section, and support load

Depth of | Calculation results involving Calculation results
the roadway M. Protodyakonov theory involving (14) ratios
roof,m | pm | k,uf | Q,kN |bm|k,uf | Q,kN
10 L5 | 2179 60 1.4 | 2177 56
100 1.5 3.23 60 1.65 | 3.22 66
500 L5 1.33 60 299 | 114 119.6
1000 L5 1.10 60 424 1 0.79 —

Note: Support load was not identified for k, < 1 values. That
depends on the fact that in this context extra studies on rock mass
stability beyond inrush arch should be involved
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Fig. 5. Dependences of inrush arch rise upon the roadway depth:

series 1 shows inrush arch rise calculated with the use of M. M. Pro-
todyakonov theory; series 2 shows inrush arch rise calculated with
the use of the developed technique
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Fig. 6. Dependences of the stability coefficient of inrush arch
upon the roadway depth:
series I demonstrates the stability coefficient corresponding to indif-
ferent state; series 2 demonstrates the stability coefficient for the case
when inrush arch rise was calculated using M. M. Protodyakonov
theory; series 3 demonstrates the stability coefficient for the case
when inrush arch rise was calculated using the developed technique

Moreover, a roof, calculated with the use of the proposed
techniques, is of a shape being close to a circular arch if a road-
way is shallow. If a roadway is deep then the shape is almost
arrow-like.

2. The values of the rock stability coefficient over a road-
way, calculated using the elements of M. M. Protodyakonov
theory, decrease along the roadway roof deepening. In addi-
tion, within the whole depth range, the values of the stability
coefficient are more than a unit. In other words, the roadway
roof'is stable.

In this context, the values of the rock stability coefficient
over a roadway are always less than the comparable ones iden-
tified using the elements of M.M. Protodyakonov theory.
Moreover, starting from 600 m depth, the roadway roof will be
unstable.

3. Down to a certain roadway depth, values of inrush arch
rise over the roadway as well as the rock stability coefficient
identified using the techniques, considered by the paper, are
almost similar (Figs. 7 and 8).

To analyse the problem, relative errors between the char-
acteristics were calculated. The following formulas were in-
volved:

- to define relative error between the values of arch rise and

b, —b,

&) —

-100%; (15)

a

- to define relative error between the values of rock stabil-
ity coeflicient over a roadway
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Fig. 7. Dependence of relative error between the arch rise val-
ues, calculated with the use of different techniques, upon
the roadway depth (series 2). Series 1 is a comparison curve
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Fig. 8. Dependence of the relative error between values of the
stability coefficient, determined with the help different tech-
niques, upon a roadway depth (series 2). Series 1 is a com-
parison curve

g =

k, -
: ”’Tl‘“v-loo%. (16)

u,a

The following notations were used in (15, 16): g, is relative
error between the values, calculated using different techniques
for determination of collapsing arch of the rock over a road-
way; g, is relative error between the values, calculated using
different techniques for determination of the rock stability co-
efficients; b, is rise identified with the help of M. M. Protodya-
konov theory; b, is rise identified using the proposed tech-
nique; k, , is the coefficient of rock stability within a roadway
roof calculated using the elements by M. M. Protodyakonov;
k, . is the coefficient of rock stability within a roadway roof
defined using the proposed technique.

Fig. 7 represents a dependence of relative error between
the values of arch rise upon a roadway depth. The values were
identified using different techniques; the dependence was de-
veloped using (15).

The dependences represented in Figs. 7 and 8 helped con-
clude the following:

1. Down to 100 m roadway depth, the values of inrush arch
rise calculated with the help of M. M. Protodyakonov theory
and those ones calculated with the help of the proposed tech-
niques are almost similar.

10 % and larger divergence between the inrush arch rise,
identified using different techniques, takes place starting from
120 m depth.

2. Further deepening results in the monotonous increase
in difference between the stability coefficient values deter-
mined with the help of methods listed by the paper.

It should be mentioned that the current design standards
for roadways of Ukrainian mines also limit application of
M. M. Protodyakonov theory within 80—100 m depth (down
to 300 m according to OCU 10.1.00185790.011:2007).
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Conclusions.

1. It has been understood that the semiempirical method
for identification of rock pressure on the roadways support,
proposed by M. M. Protodyakonov, needs its improvement
since it prevents involvement of a roadway depth, values of
vertical and horizontal pressure, acting at the rated depth, and
rock strength dependence upon actual stresses.

2. The stability coefficient k, is introduced to identify
collapsing arch of the rock strength. Numerically, the coef-
ficient is equal to the ratio between the forces, holding rock
above a roadway, and shearing forces. In this case, if k, > 1,
then rock over a roadway is stable; if k, = 1, then rock over a
roadway is indifferent; if k, < 1, then rock over a roadway is
unstable.

3. The problem to determine minimum value of the roof
stability coefficient over a roadway as well as inrush arch rise,
corresponding to it, may be reduced to the optimization theo-
ry problem.

4. The following was defined while testing the method for
determination of pressure on a support:

- values of arch rise over a roadway as well as load on a sup-
port depend upon the roadway location, gravity, and rock
strength characteristics;

- if a roadway is shallow, then its roof shape is close to a
circular line. If a roadway is deep, then the shape is almost
archly (i. e. arrow-like);

- values of the rock stability coefficient over a roadway, cal-
culated using the elements of M. M. Protodyakonov theory,
decrease along with the roadway deepening. Moreover, within
the whole depth range, values of the stability coefficient are
more than a unit. In other words, the roadway roof is always
stable;

- vertical load on a support, identified using the elements
of M. M. Protodyakonov theory, cannot depend on a road-
way depth (consequently, upon the rock pressure acting at
the depth either). Values of the rock stability coefficient over
a roadway, determined with the use of the proposed tech-
nique, are less than the analogical ones calculated on the
basis of M. M. Protodyakonov theory. In addition, starting
from 600 m depth, the roadway roof will always remain un-
stable.

5. The results make it possible to predict strength, stabil-
ity, and bearing capacity of the roof over the horizontal un-
derground roadways as well as identify the pressure on a
support.
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Bu3HavyeHHs1 mapamMeTpiB CKJIEMiHHSA MPUPOIHOL
piBHOBaru npu GopMyBaHHI HABAHTAXKEHHS
Ha KpilJIeHHs TOPU30HTAJIbHOI BUPOOKH

B. T Illanosan', O. B. Conooanxin', O. €. [pueop’es’,
0. I. Jlybosux'>

1 — HauioHanbHuMii TeXHIYHUI yHiBepcuTeT «JIHimpoBchbKa
noJjiiTexHika», M. JIHinpo, Ykpaina, email: alex.solodyankin@
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2 — JlepxaBHe minmpueMcTBO <«[lepBOMaCHKBYTI/LISI»,
M. ipceke, JIyrancbka o0i1., YkpaiHa

Meta. Po3pobOka HamiBeMIipMyYHOro METOIy BU3HAUYEH-
H$I TipChKOTO TUCKY Ha KPIIlJIEHHS MiA3eMHUX BUPOOOK i 00-
I'PYHTYBaHHsI 00J1acTi 1Oro palioHaJIbHOrO BUKOPUCTAHHS 3
ypaxyBaHHSIM MIMOMHU PO3TallyBaHHSI BUPOOKHU, PO3MipiB
BUPOOKU i1 MilTHOCTi BMilllylOUMX MOPiJ.

Metoauka. TeopeTuuHi IOCHiIKEHHSI TeOMeXaHIYHUX
MpoleciB, 110 MPOTiKalOTh B OKOJIi TipHUYMX BUPOOOK, 3
BUKOPUCTAHHSIM aHATITUIHUX i YMCEIHbHUX MaTeMaThd-
HUX MEeTOIiB. AHai3 i y3araJjbHEHHSI pe3yJbTaTiB JOCTi-
TKEHb.

Pesyabrat. Po3pobieHa MeToauka BU3HaUYEHHST HAaBaH-
TaXeHHs (TipCbKOTrO TUCKY) Ha MiATPUMYIOUi KOHCTPYKIIii
KpiruieHb. B 11 OCHOBY IMOKJIaAeHO IPOMOHOBAHUI METO[
pO3paxyHKy KoedillieHTa CTiliKOCTi ripChKO1 TOPOIY Ha MeXi
KOHTaKTYy CKJIETiHHSI 00BaJIeHHs (apKy BUBAJIy) i HE3pyiHO-
BaHOTO TIOPOJTHOTO MACUBY, TOOTO Ha MeXi MPYXHOI Ta He-
MPYXXHOI YaCTUHU MPUKOHTYPHOTO MOPOJHOTO MacuBy. 3a-
TMPOTIOHOBAHO KOEMILliEHT CTIMKOCTI Y BUTJISIII BiAHOIIEHHS
MpoeKIlii Ha BEpTUKAJIbHY BiCh CHJI, 1110 YTPUMYIOTb OOMEXKe-
HUM CKJIETIIHHIM OOBaJIEHHS MOPOAHUI MAcUB, 10 MPOEKILii
CHJI, 1110 3CYBAlOTh.

HaykoBa HoBHM3HA. Yriepiiie 3alIpOITOHOBAHO aHAJITUKO-
eMITIpUYHUIN METOJ BU3HAYEHHSI CTIMKOCTI CKJICTIIHHS TTpU-
POIHOI piBHOBaru HajJ TOPU3OHTATBHUMU U TTOXWJINMU BU-
pobKaMM 3 ypaxyBaHHSIM MIMOWMHU iX 3aKjaJeHHSI, TeoMe-
TPUUYHUX PO3MIpiB, MILIHICHUX BJIACTUBOCTEN MoOpoau Ta ii
MUTOMOI Baru. Lle € 0CHOBHOIO BiIMiHHICTIO TPOMTOHOBAHOTO
METO/y Bil BITOMOTO HaMiBeMITipUYHOTO METOY BU3ZHAYEH-
HSI CKJICTIiHHSI MPUPOAHOI piBHOBAaru i HaBaHTaXKEHHS Ha
KpiruieHHs1 M. M. [IpoToabsikoHOBa.

IIpakTyna 3HaunmMicTs. OTpUMaHi pe3yabTaTU 103BOJISI-
I0Th 3 BUKOPUCTAHHSIM MaTeMaTUYHUX METO/iB BUKOHYBAaTU
MPOrHO3 CTiMKOCTI FOPU3OHTAIBHUX BUPOOOK 3 ypaxyBaH-
HSIM TJTMOMHM 1X 3aKJIaIeHHsI, TeOMETPUYHMX PO3MIpiB i Mill-
HICHUX BJIACTUBOCTEN BMIlILyIOUMX TTOPIiJI.

KumouoBi ciioBa: eipruua éupobka, ckaenints 006asents no-
pio0, eipcokuil muck, MIyHICMb NOPIO, CUAU WO YMPUMYIOMDb,
CcuAu wio 3cy8aioms

OnpezeieHne napaMeTpoB CBoJa
€CTeCTBEHHOTO PaBHOBECHS
npH (hOPMUPOBAHUM HATPY3KH HA Kpellb
TOPU30HTAJIbHOM BBIPAOOTKH
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1 — HaumoHasIbHbII TEXHUYECKUI YHUBEPCUTET «JIHempoB-
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solodyankin@gmail.com

2 — TlocymapctBeHHOe mpennpusarhe «IlepBoMalicKyrob»,
r. 'opHoe, JIyranckast 06:1., YKkpanHa

Ieapb. PazpaboTka mosmysaMmnupryeckoro MeTosia omnpese-
JICHUSI TOPHOTO JaBJICHUS Ha KPEIh MOI3eMHBIX BHIPAaOOTOK
1 000CHOBaHUE 00JACTU €ro palMOHAJIbHOIO MCHOJb30Ba-
HUS C YYETOM TJIYOMHBI PACITOIOXEHUST BHIPAOOTKM, pa3Me-
POB BbIPaOOTKU M MTPOYHOCTH BMEILAIOIIMX MTOPO/I.

Metomuka. TeopeTuueckne MCClIeAOBAaHUS TeOMEXaHM-
YECKMX TPOIIECCOB, MPOTEKAIOIINX B OKPECTHOCTH TOPHBIX
BBIPAOOTOK C MCITOJIb30BAHUEM aHAIMTUYECKUX W YMCIICH-
HBIX MaTeMaTUYeCKMX METOIOB. AHAJIU3 U 0000IIEeHUE pe-
3yJIbTaTOB MCCIICAOBAHUIA.

PesynbraTbl. PazpaGoTana MeTomMKa OIpeneeHus] Ha-
Ipy3Ku (TOpPHOTO JaBJICHUSI) Ha TOANCPKUBAIOIINE KOH-
CTPYKIIMM Kpereil. B ee OCHOBY IMOJIOXEH TpemiaraeMblit
MeToJ pacyeTa KO3 GuireHTa yCTOMYMBOCTH TOPHOM ITOPO-
IIbI Ha TPaHUIle KOHTaKTa CBo/Ia OOpYyIIeHus (apKU BbIBaJIa) U
Hepas3pylIeHHOTo TTOPOJIHOTO MacCUBa, TO €CTh Ha IpaHUIIe
YIPYroil ¥ HEYNpPYrod 4YacTW IPUKOHTYPHOTO ITOPOIHOTO
MaccuBa. [IpenoxeH KO3(POUIIMEHT YCTOMYMBOCTU B BUIIE
OTHOIIIEHUS MPOESKIIMN Ha BEPTUKAIBHYIO OCh CHJI, YISPXKU-
BalOLLIMX OIPAaHWYEHHBI CBOJAOM OOPYIIEHMSI TOPOIHbBIN
MacCUB, K TTPOEKIINN CIIBUTAIOIINX CHII.

Hayunas HoBusHa. BriepBbie npeuioxkeH aHaTUTUKO-3M-
MMUPUIECKUIA METO OTIPENIeIeHUST yCTOMYNBOCTH CBOJIA €CTe-
CTBEHHOTO PaBHOBECHSI HaJ TOPU3OHTAJIbHBIMM U HAKJIOH-
HBIMU BBIPAOOTKAMU C YIETOM IJTYOMHBI UX 3AJI0XKEHMUS, Te0-
METPUYECKUX pa3MepoB, NMTPOYHOCTHBIX CBOMCTB MOPOIbI 1
ee YIeJbHOTO Beca. DTO SIBJISIETCS OCHOBHBIM OTJINYUEM
MpeajiaraeMoro MeToia OT M3BECTHOTO MOJYIMIUPUIYECKOTO
MeToma OIpeleIeHNUs] CBOJA €CTECTBEHHOIO PaBHOBECHS U
Harpy3ku Ha kpernb M. M. [IporoabsikoHOBa.

IIpakTuyeckass 3HAYMMOCTh. [loydeHHBIE pe3yTbTATHI
MO3BOJISIIOT C HUCIOJb30BaHUEM MaTeMaTUYEeCKMX METONIOB
BBITIOJTHATh MIPOTHO3 YCTOMYMBOCTH TOPU3OHTAILHBIX BBIpa-
OOTOK C yYeTOM TJIyOMHBI MX 3aJ0XKEHMS, TEOMETPUUECKUX
pa3MepoB U ITPOYHOCTHBIX CBOMCTB BMELIAIOLINX ITOPO/I.

Kirouesble cioBa: eopras evipabomka, c600 06pyuteHus no-
P00, 20pHOe OasaeHue, NPOYHOCMb NOPOO, YOeplucusarujue
cunvl, coguearoujie Cunbl

Recommended for publication by A. M. Roenko, Doctor of
Technical Sciences. The manuscript was submitted 26.10.20.

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2021, N2 2 25


https://doi.org/10.33271/mining14.01.091
https://doi.org/10.33271/mining14.01.091
mailto:alex.solodyankin@gmail.com
mailto:alex.solodyankin@gmail.com
alex.solodyankin@gmail.com
alex.solodyankin@gmail.com

