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Purpose. The aim is to define the mathematical equation of coordinates of distinguished points of ground depres-
sion depending on the depth of broken workings based upon experimental data.

Methodology. The work consists of theoretical and experimental chapters. In the theoretical chapter, depending
on equation in use, principled approaches to defining distinguished points of ground depression are described. In the
second chapter the position of distinguished points of ground depression as to the working face are determined based
upon the observations; their statistical analysis is provided.

Findings. The usage of exponential, logistic or tangent hyperbolic relation provides almost equal staging of ground
depression process by its driving rate. Methods for processing experimental data for mathematical descriptions of
these processes have been improved. Hypothesis for the influence of ground depression from the depth of broken
workings on basin parameters was confirmed.

Originality. Horizontal coordinate of distinguished points of ground depression depends on depth of broken work-
ings in direct proportion.

Practical value. Relations obtained considerably simplify engineering analysis while elaborating activities for sus-
tainable protection of surface objects

Keywords: depression, surface, distinguished points, broken workings, depth, directly-proportional relationship, coal

seams

Introduction. For the analytical description of the
ground depression under the influence of traversing
working face it is expected to use exponential, hyper-
bolic tangent or logistics dependences [1—3]. According
to the mathematical equations and their derivatives of
functions, methods for identifying the distinguished
points of the curve of dynamics of the ground depres-
sion in relation to working face projection were devel-
oped [1]. The location of such points determines the
stages of the ground depression. Reliable establishment
of primary, active and final stages is the current task for
mining production. The effectiveness of protection from
the destruction of objects on the Earth surface, the suc-
cess of events on the prevention of mining from flood-
ing, as well as the accuracy of the prediction of the gas
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emission from the mining array and the establishment of
the areas of the increased mining pressure depend on
the solution of the current task. However, there are
much more possible ways of using the peculiarities of
dynamics of the ground depression when effects of min-
ing coal seams occur.

Analysis of the recent research. Any recommenda-
tions for identifying the stages of the ground depression
process depending on the depth of treatment works have
been lacking until now.

Objectives of the article. The aim of the work is to
establish the influence of depth of mining operations on
coordinates of distinguished points of ground depres-
sion in relation to broken workings projection using
arithmetic models.

Unsolved aspects of the problem. The theoretical part
of the methods for investigations is developed according
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to the scheme of the ground depression [1] concerning
the projection of the broken workings (Fig. 1). In the
scheme instead of the time, along the horizontal coordi-
nate the distance (L) from the projection of the line of
the broking works to the Earth surface to the points of
observation was plotted. The distinguished points of the
curve of depression dynamics are: A corresponds to the
beginning of the Earth surface shift; O is situated in line
with the broking workings and is a point of reference on
the horizontal coordinate; B stands for the beginning of
the active stage; C is maximum speed of the depression
and the point of the bend of the curve; D stands for the
ending of the active stage of attenuation; F'is the begin-
ning of the residual influence. The attenuation stage in
the considered scheme is limited by point F. Its depres-
sion (/,) makes approximately 0.97 + 0.99 of the final
(1) with finished processes of rock compaction [1]. The
division of the shift process of produced rocks and Earth
surface of separate stages was made using the recom-
mended [1-3] functions.

Presentation of the main research. Regarding the
considered scheme (Fig. 1) the dynamics of the Earth
surface depression is described in the exponential equa-
tion

n(L)=n, [1—exp*ﬁl““ﬂ)z), (1

where 1) is the depression of the point of observations of
the Earth surface with the removal of its projection on
distance L from the broken workings; B3, is the empirical
coefficient which is determined by the experimental
data.

The first three derivatives of functions (1) are equa-
tions of the depression speed, acceleration and varia-
tions in acceleration. By the extrema of the obtained
dependences the coordinates of the distinguished points
are determined that are used as measures of the shift
stages [1]. In a similar way the ground depression stages

L

Fig. 1. The scheme of the ground depression according to
the projection of the broken workings:

1 — the curve of the trajectory of the ground depression
points; 2 — the developed layer; 3 — the location of the bro-
ken workings in relation to the curve of dynamics of the
ground depression at the starting moment of the influence
on point A; 1y, I, —the starting and final ground depression,
accordingly; 1, — the depth of the flat bottom of the mold of
shift of the Earth surface till rock compaction; Ly, L, — the
distance between the projection of the broken workings and
points A and F according to the beginning and ending of the
shift; «—— — direction of the broken workings advance
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are determined on the basis of extrema of the first two
derived functions of the hyperbolic tangent [2].

n(L) =n[1 +tanh(n, - L + ny)], 2)

where n,, n,, n; are experimental coefficients determined
by the least square method.

While constructing the curve dynamics of the Earth
surface depression in magnitude of the experimental
data according to the function of hyperbolic tangent it is
established that coefficient n; numerically is equal to
one half of the final depression (n, = n,/2). The distance
L, (Fig. 1) is determined according to ;= 0. The lowest
value of the function (2) is reaching to zero asymptoti-
cally that is why define the beginning of the impact of
broken workings on the Earth surface the assumption
ng=d, - ng = 0.01n, is introduced.

The parameter L in this case is determined from
equation (2)

_arctanh(2-d, -1)-n, 1.946—n,
p .

Q)

H

n

2 2

The derivatives of functions of the hyperbolic tan-
gent correspond to functional connections [4]

W(L)=n, - m[l —tanh*(n, - L+ ny)]; 4

N’(L)==2n-n tanh(n,- L +n,)x

(5)
x[1-tanh’(n,- L+n,)].

On the basis of the value of extrema of equations (4,
5) the coordinates of the distinguished points of the
curve of dynamics of the Earth surface depression are
determined. The equation of the logistic curve for de-
scription of the dynamics of the Earth surface depres-
sion looks like this

a

MO e Iy

(6)

where a is the empiric coefficient corresponding to the
final Earth surface depression (1,); b, ¢ are empirical
coefficients determining the state of the curve concern-
ing the horizontal coordinates and width of the average
site, i.e the duration of the active stage of the Earth sur-
face depression.

The first derivative of the equation (6) is character-
ized by functional connection

'(L :a-b-c-exp(—c-L) ™

1+b-exp(—c~ L)2 .
Point C of the bend of the logistic curve (Fig. 1) with

) Inb a
coordinates Y corresponds to extreme value of

the function n’(L).
The second derivative from the original equation (6)

~ —a~b'c2-exp(—c-L)-[l—b~exp(—c'L)]

"(L
") 1+b-exp(—c-L)’

» (8)
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has two extreme values. The values of these coordinates
determine the state of the active stage of the Earth sur-
face depression (points B and D).

The parameter L, for logistic curve (6) is established
from statement ny=d, - n,=0.01 -, and a=n;,

o[V -1
;o b ) 4.595-Inb

c c

(€))

H=

Parameter L, is found from statement n =d, - n; =
=(0.97 + 0.99)n;,

n 1/d, -1
[ - b ) -3.892-Inb

c c

o = (10)

Coordinates of distinguished points (4, O, B, C, D,
F) of the curve dynamics of the Earth surface depres-
sion, defined in accordance with the original functional
connections (1, 2, 6), are summarized in Table 1.

The next project completion stage involved deter-
mining each object of the observation of empiric param-
eters included into original equations.

For the exponential equation (1) values of n, By, Ly
were found, for the equation (2) of the hyperbolic tan-
gent those of n,, n,, n; were defined and for logistic de-
pendency (6) — a, b, c.

The detailed methods for processing the experimen-
tal data are given by the example of “Stepnaya” mine.
The data [5] on depression of land-marks 25, 30, 35, 40
and 45 was used for the analysis; in the process of the
removal of the broken workings, the land-marks got
from the split oven into the area of the full underworking
(Fig. 2). Then, the results of these investigations were
summarized, taking the moment of the broken workings
traversing the line going through the point (land-mark)
of the observation as the origin of coordinates (Fig. 3).

Processing of the experimental data aimed at estab-
lishing the empirical coefficients of the equations (1, 2,
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Fig. 2. Land-mark depression (1) on the Earth surface in
the removal (L) of the broken workings from the split
oven at “Stepnaya” mine [5]:

m e, 0, 0, ® — experimental data of the depression of land-
marks 25, 30, 35, 40 u 45, correspondingly

Table 1

Dependencies for determining the coordinates of the distinguished points of the curve dynamics of the Earth
surface depression according to exponential, hyperbolic tangent and logistic equations.

=
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6) was done by the least square method. Using their
numerical values and functional connections for estab-
lishing the coordinates of the distinguished points (Ta-
ble 1), the measures of the stages of the Earth surface
depression were found while conducting treatment
works by “Stepnaya” mine (Fig. 3, Table 2). Using the
same techniques, the experimental data [1, 2, 6—10]
was processed and empiric coefficients for their objects
were established (Table 3). It is worth saying that in the
majority of cases the values of n,, which were defined
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Fig. 3. Depression (v)) of the points of the Earth surface
while conducting treatment works by “Stepnaya”
mine concerning the location of the broken workings
projection (L) according to data [5]:

1, 2, 3 are approximating curves corresponding to logistic,
exponential dependencies and function of hyperbolic tan-
gent; A, B, C, D, F are distinguished points of the curve
dynamics of the Earth surface depression according to lo-
gistic equation; L is distance from the point (land-mark) of
observation to the projection of the broken workings line; R

is correlation ratio; m, e, O, o, ® are experimental data of
land-marks 25, 30, 35, 40 u 45, correspondingly

with help of functions considered, were practically
equal to each other. As a rule, differences did not ex-
ceed 1.0 % and only once (the mine of Appalachian
basin) the maximum difference was 3.1 %. This gives
evidence of possibility of using any functions consid-
ered to determine the ordinates of the distinguished
points.

A similar conclusion was reached regarding a possi-
bility to use the analyzed functions to determine the
horizontal coordinates of the distinguished points of the
Earth surface depression. Using empiric coefficients of
the equations (Table 3) horizontal coordinates of the
distinguished points L, Lg, L¢, L and Ly were calcu-
lated for all the mines. Determined by different equa-
tions, these parameters were different from each other
by maximum of 20 %. For further calculations their av-

erage valuesof L4, Lz, Lc, Lp and Lr were used. On
the basis of the experimental data [6, 11] it was estab-
lished that parameters of the mold of the Earth surface
depression can be defined by the depth of works 80 %
and more. In order to check and prove this suggestion,
dependences of the average values of the horizontals of
distinguished points on the depth of the broking work-
ings were determined of the basis of data (Table 4). The
result of such calculations shows that horizontals of the
distinguished points feature directly proportional de-
pendence on the depth of mine workings (Table 5).

According to the absolute value, the coefficients of
correlation (r) for different coal basins were in the range
of 0.50—0.89. For mines of the Donetsk basin more
close relation between these parameters (= 0.96 + 0.99)
was noted. The results prove the major influence of the
depth of the workings on the formation of curve dynam-
ics of the Earth surface depression.

Conclusions:

- for analytical description of the curve dynamics of
the Earth surface depression over moving broken work-

Table 2

Results of determining coordinates of the distinguished points of the Earth surface depression during
its underworking by “Stepnaya” mine

Math functions
Result of treatment Logistic dependence Exponential dependence Hyperbolic tangent
and distinguished
points (Fig. 1) a 2
n=r——r———— N =n(1—exp[-Bo(L + Ly)*]) n=m [l +tanh(n,L + n3)]
1+b-exp(—c-L)
Correlation ratio 0.996 0.994 0.986
Empirical o Ch_ce B,=3.1-10"% Ly= Ly=-20; ny =416 =0.5n,; n, =0.029;
coeflicients a=n;=832;b=58;c=0.064 M. = 835 ny=-0.95
A Ly=Ly=-44m | ny=0mm |L,=Lyz=-20m | nu=0mm | LA=L;=-46m ng=0mm
(0] Lo=0m No =122 mm Lo=0m No=97 mm Lo=0m N =108 mm
B Lz=T7Tm Nz =175 mm Lz=10m N =201 mm Lp=10m N =175 mm
C Le=27Tm Ne=416 mm Le=20m Ne= 328 mm Lc=33m Ne=416 mm
D Ly=48m Np =657 mm Lp=50m Nnp =649 mm Lp=55m np=665m
F LF:Lk:88m n]::815mm LF=Lk=ll2m T]F:818mm Lszkzl()Om T]FZSISmm
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Table 3
Results of determining empiric coefficients and correlation ratio by the least square method (R) for other objects
of observation
) ) Math functions
The mine, ﬂ:)i?r}g’ the literacy Logistic dependence Exponential dependence Hyperbolic tangent
a=mng b c R B] LH Nk R n1=0.5‘r]k ny ns R
Belozerskaya, [1] 810 | 4.1 | 0.016 | 0.998 [ 2.0 | 105 | 810 | 0.999 405 0.008 | —=0.70 | 0.997
No. 22 Kommunarskaya, K, [2] 900 | 9.3 | 0.010 | 0.998 | 1.0 | 70 | 900 | 0.976 450 0.005 | —1.11 | 0.998
Gramoteinskaya-Sychevskyi-111, [6] | 2375 | 13.0 | 0.028 [ 0.999 | 5.0 | 30 | 2420 | 0.987 1180 0.015 | —=1.28 | 0.995
the mine of Appalachian basin [7] | 980 | 26.0 | 0.040 | 0.995 | 6.5 | 20 | 1010 | 0.991 490 0.019 | —-1.65 | 0.994
“Yubileinaya”, C¢, [8] 915 | 12.5]0.050 [ 0.997 | 1.5| 20 | 910 | 0.974 458 0.026 | —1.27 | 0.996
A.F.Zasyadko Mine, m3, [9] 400 | 7.0 | 0.006 | 0.997 | 3.0 | 70 | 400 | 0.974 200 0.003 | —1.20 | 0.996
Stashits, 352, [9] 480 | 4.1 | 0.020 | 0.999 | 5.0 | 60 | 980 | 0.984 490 0.010 | =0.70 | 0.999
The mine of the Ruhr basin, 1420 | 5.8 | 0.010 | 0.998 | 5.5 | 200 | 1420 | 0.979 710 0.005 | —0.87 | 0.998
Grimberg 2/3, [9]
S. M. Kirov mine of “Leninskuhol” 1300 | 7.1 | 0,070 | 0.996 | 3.3 | 21 | 1310 | 0.997 638 0.041 | —0.98 | 0.994
manufacturing group, Boldyrevskyi,
(S. G. Avershin, D. A. Kazakovskii,
M. V. Korotkov etc.)
Table 4
Results of determining the average coordinates of the distinguished points of the Earth surface depression on the
verticals
The average distance between the projecting
The power The depth of the broken workings and distinguished points
The mine, the layer, the literacy source of working | ofthe broken of the Earth surface depression
layer, m, m | workings, H, m _ _ _ _ _
Ly Ls Le Lp Lr
Belozerskaya, [1] 1.30 420 -169 8 76 171 361
No. 22 Kommunarskaya, K3, [2] 1.47 652 —-178 91 200 337 595
“Stepnaya” mine, Cg, [5] 0.91 106 =37 9 27 51 103
Gramoteinskaya-Sychevskyi-1II, [6] 4.50 220 =57 43 82 137 237
the mine of Appalachian basin, [7] 1.65 220 -28 49 79 122 201
“Yubileinaya”, Cg, [8] 1.00 150 -34 24 46 77 135
A.F.Zasyadko Mine, ms, [9] 2.10 1195 =292 129 356 547 1010
Stashits, 352, [9] 2.10 480 -126 8 60 128 263
The mine of the Ruhr basin, Grimberg 2/3, [9] 2.20 920 -253 36 151 308 636
S. M. Kirov mine of “Leninskuhol” manufac-
turing group, Boldyrevskyi, (S. G. Avershin, 1.70 205 -30 8 23 44 86
D. A. Kazakovskii, M. V. Korotkov etc.)
Table 5

The empiric equations for determining the average coordinates of the distinguished points of the Earth surface
depression on the verticals according to the depth of the broken workings

The distinguished | Dependencies of distances of the distinguished points | Dependencies of distances of the distinguished points
points (L, Ly, L¢, Lp, Ly) from the depth of the workings (L, Ly, L¢, Lp, Lp) from the depth of the workings
ofthe Earth (H) for all mine basins (H) for the Donetsk basin
surface depression Empiric equations The coefficient of correlation, r Empiric equations The coefficient of correlation, r
A L,=-0.231-H —-0.89 L,=-0.264-H -0.96
B Lz=0.071-H 0.50 Lz=0.107-H 0.92
C L-=0.208-H 0.75 L-=0.290-H 0.98
D L,=0.358-H 0.81 Lp,=0.466 - H 0.99
F Lr=0.681-H 0.84 Lr=0.862-H 0.99
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ings, it is possible to use the exponential, hyperbolic
tangent of logistics dependencies. They almost func-
tionally reflect processes of the Earth surface depres-
sion (correlation relation were in the range of 0.994 —+
0.999);

- each equation contains three empiric coefficients,
whose values for particular objects of the investigation
are worth defining on basis of the experimental data;

- the determination of coordinates of point A
(Fig. 1), which distinguish the beginning of the influ-
ence of the broking workings on the Earth surface.
This determination corresponds to the extremum of
the exponential function n''(L). The minimal value of
functions of hyperbolic tangent and logistic curve as-
ymptotically approach to zero, that is why to deter-
mine the beginning of the influence of broken work-
ings on the earth surface it is recommended to follow
the task n;=0.01n,;

- the minimal extremum of the exponential function
n""(L). corresponds to the beginning of the active stage
(point B). The positive extremum of the functions of
hyperbolic tangent and logistic curve " (L) corresponds
to this stage;

- the minimal extremum of the exponential function
1n"(L) corresponds to the ending of active stage
(point D). The negative extremum of the functions of
hyperbolic tangent and logistic curve n''(L) corresponds
to this stage;

- the usage of exponential, logistic connections and
hyperbolic tangent results in equal division of the pro-
cess of the Earth surface depression into stages accord-
ing to intensity of their duration;

- the main feature, which distinguishes stages and
coordinates of the points of the Earth surface is the
depth of broking workings.
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PO3POBKA POAOBMUIW, KOPUCHUX KONAJINH

DdunateeB M.B. Bimsgnne T1iyOuMHBI BeaeHUS
OYMCTHBIX pabOT Ha CABMXKEHME 3€MHOI MOBEPXHO-
ctu / M.B. ®unareeB, H. . Auromenko, C.B.IIs-
KoB; 30ipHuK HaykoBux npaupb JouATY. — 2015. —
Bumn. 1(44). — C. 29-34.

Mera. Ha miacraBi ekcnepuMEHTaJbHMX JTaHUX
BCTAHOBUTHU aHAJITUYHI PiBHSHHSI KOOpAUHAT Xapak-
TEPHUX TOYOK OCiTaHHS 3eMHOI IMOBEPXHi Bif ITMONHU
BEIIEHHSI OYMCHUX POOIT.

MeTtoauka. CKIamaeThCsl 3 TCOPETUYHOI Ta eKCIle-
PUMEHTAJIbHOI YacTUH. Y TEOpeTUYHiii 4yacTuHi, 3a-
JIEXKHO BiJl BUy BXUBAHUX PiBHSHb, PO3IJISIHYTI MPUH-
LIMTIOBI ITiIXOMM 0 BUSHAYCHHS KOOPAWHAT XapaKTep-
HUX TOYOK OCiaHHSI 36MHO1 MOBEpPXHi. Y Ipyriii yac-
TUHIi, HAa MiJICTaBi pe3yJbTaTiB CIOCTEPEXEHb, BCTa-
HOBJICHI TTOJIOKEHHS IIMX TOYOK BiTHOCHO OYMCHUX
BUOOIB i 3MifiCHEHA IX CTaTUCTUYHA 0OpOOKa.

Pe3yabTaT. BukopucTaHHs €KCIOHEHLIaJbHOI,
JIOTiCTUYHOT 200 TinmepOOoJIiYHOTO TAHTeHCca 3aJIeKHOC-
Teil MPU3BOAUTH MPUOIM3HO 10 OMHAKOBOIO MiJICHHS
Mpoliecy OCilaHHsI 36MHOI TOBEPXHi Ha CTafii Mo iH-
TEHCUBHOCTI iX MPOTiKaHHS. YA0CKOHaJIeHAa METOIM -
Ka 00poOKM eKCepruMEeHTATbHUX TaHUX JIJIST MaTeMa-
TUYHOTO onucy uux npouecis. I[linTBepaxeHa rinmote-
3a TIPO OCHOBHUI BITJIUB Ha MapaMeTPW MYJIbI CIOBM-
JKEHHSI 3¢eMHOI MOBEPXHi IIMOUHU BEIEHHSI OYMCHUX
poO6IT TpM BiANpPallbOBYBAHHI TMOJOTUX BYTiITBHUX
T1aCTiB.

HaykoBa HoBM3HA. AGCLMCU KOOPAMHAT XapakTep-
HUX TOYOK OCiJaHHSI 36MHOI MOBEPXHi IMPSIMO IPOIIO-
PLITHO 3aJIeXKaTh Bifl INIMOMHU BeIEHHSI OYUCHUX POOIT.

IIpakTuuna 3HaYMMicTh. OTpUMaHi 3a71€KHOCTI 3Ha-
YHO CITPOILYIOTh iHXK€HEPHi pO3paxyHKHU ITPU pPO3po0LIi
3axO[iB IIOJ0 pallioHAaJbHOTO 3aXMCTy OO’€KTIB Ha
3€MHill TOBEPXHi.

KmouoBi cioBa: ocidanns, 3emua nosepxus, xapak-
mepHi MouKU, O4UCHI poOOMU, 8Y2iAbHI naacmu
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Ieab. YcTaHOBUTH KOOPAMHATHI XapaKTePHBIX TO-
YeK OCEMaHUsI 36MHOM ITOBEPXHOCTH HAaJ OYMCTHBIM
3a00eM B 3aBUCUMOCTH OT IJIyOMHBI TOPHBIX Pa0OOT.

Metoauka. COCTOUT M3 TEOPETUUYECKOM U IKCIIe-
pUMeHTanbHOI yacTeil. B TeopeTnyeckoii yacTu, B 3a-
BUCHMOCTU OT BHUJA MPUMEHSIEMBIX YpaBHEHMH, pac-
CMOTPEHbI MPUHIMIMATIbHbIE MOAXOAbl K OINpeaese-
HUIO KOOPAMHAT XapaKTePHBIX TOUYEK OCEeJaHUsl 3eM-
HOIT MmoBepxHOCTU. Bo BTOpOIi yacTu Ha OCHOBAaHUU
pe3yJIbTaTOB HAONIONEHWI YCTAaHOBJICHBI TTOJIOXKCHUST
3TUX TOYEK OTHOCUTEIHLHO OYMCTHBIX 3a00€B U MPOU3-
BellcHA CTaTUCTHYeCcKast 00paboTKa.

Pe3ynbTatel. crionp3oBaHMe 3KCITOHEHIINATBLHOM,
JIOTUCTUYECKOM MM TUTIEPOOIMISCKOTO TaHTeHCa 3a-
BUCUMOCTEN TPUBOAUT MPUMEPHO K OTMHAKOBOMY JI€-
JICHUIO TIpoliecca OCEeNaHusl 3€MHOM MOBEPXHOCTH Ha
CTaauy MO MHTEHCHUBHOCTU MX TMPOTEKAHUS. ¥YCOBEp-
ILIEHCTBOBAaHAa METOIMKa 00pabOTKM SKCIIEPUMEHTAIb-
HBIX TAHHBIX JUISI MAaTeMaTUYECKOTO OIMMCAHMSI ITUX
npoiieccoB. IlonTBepkaeHa rurnore3a o6 OCHOBHOM
BJIMSIHUM Ha TapaMeTpbl MYJbA CABUXEHUS 3€MHOM
MOBEPXHOCTU TJYOUHBI BEIEHUSI OUMCTHBIX PadOT MpU
OTpabOTKE MOJOTUX YIOJbHBIX MJIACTOB.

Hayunasi HoBM3HA. AOCUKCCHI KOOPAWHAT Xapak-
TEPHBIX TOYCK OCEIAHNUS 3eMHOI MOBEPXHOCTU TIPSIMO
MIPOITOPLIMOHATIBHO 3aBUCST OT TJAYOMHBI BEIACHMS
OYUCTHBIX paboT.

IIpakTuyeckas 3HaUUMoOCTh. [loyyeHHbBIE 3aBUCH-
MOCTHU 3HAYMTEJIHHO YIIPOIIAIOT MHXXEHEPHbIE PACYCThI
Mpu pa3paboOTKe MEPOIPUATHUIA IO pallMOHATLHON 3a-
1IUTe OOBEKTOB Ha 36MHOI TTOBEPXHOCTH.

KimoueBble cioBa: ocedanue, 3emMHas NoG8epxXHOCMb,
XapakmepHvle MOYKU, OHUCHHble pabomvl, Y201bHble
naacmol
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