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CALCULATION OF THE EFFECTIVE MECHANICAL CHARACTERISTICS
OF THE UNDERMINED ROCK MASS

Abstract. An approach has been developed to construct functional expressions for calculating the effective mechanical
characteristics of the undermined rock massif during its repeated mining, taking into account the disturbance of the differ-
ent-type massif continuity and the time passed after the undermining. The approach was developed as applied to the condi-
tions of the Starobin potash salt deposit. It is based on introducing special correction factors into the expressions for mechan-
ical characteristics of the massif. At the same time, the state of the undermined massif area is considered in the continuum
model approximation. It is shown that one of the most important factors to be considered when constructing the functional
dependence for mechanical characteristics of the undermined layered massif is to take into account the mutual slippage
of layers and their lamination related to it, because the strength characteristics such as bonding strength and internal friction
coefficient mainly change when the massif is undermined. The algorithm for calculating the mechanical properties of the un-
dermined massif proposes the use of correction factors that take into account the heterogeneity of the rock massif; lamination
and slippage of the contacting layers; changes in the properties of the undermined massif with variation of the depth of repeat-
ed mining; changes in the properties resulting from the technological disturbance of the massif initial equilibrium state (pri-
mary undermining, time passed since the primary undermining).
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PACYET D®PEKTUBHBIX MEXAHUYECKHUX XAPAKTEPUCTHUK
HOAPABOTAHHOI'O MACCHUBA I'OPHBIX ITIOPO/

AHHoTanus. PazpaboTan moaxoa K NOCTPOCHUIO (PYHKIIMOHAIBHBIX BBIPAKECHUH A pacueTa 3 GEKTUBHBIX MEXaHH-
YECKHX XapaKTEPUCTUK MOAPaOOTAHHOIO MAacCHBa TOPHBIX MOPOA HPH €ro MOBTOPHON MOAPAOOTKE C yueTOM HapyLICHUH
CIJIOIIHOCTH MAaCCHBA PA3IMYHOr0 XapaKTepa ¥ BPEMEHH, NPOIIENIEro mocie moapadoTKH. B 0CHOBY OX0/1a TOJI0KEHO
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BBE/ICHHE CIICI[MAJIEHBIX [TONPABOYHBIX MHOXKHTEIEH B BEIPAXKEHUS JIUISI MEXaHHYECKUX XapaKTepUCcTUK MaccuBa. [Ipu stom
COCTOSIHUE MOAPabOTaHHOI 00IacT MacCHBa PacCMaTPUBAETCS B MPHOJIMIKEHUH Moziesel cromHbIX cpen. [Tokaszano, uto
OZIHUM U3 BaXKHEHIINX (HaKTOPOB, KOTOPHIi TpeOyeTcss yYUTHIBATh MPH HOCTPOCHUH (DYHKIHOHAIBHOH 3aBHCHMOCTH IS
MEXaHHYECKHX XapaKTePUCTHK MOAPAOOTAHHOTO CIOMCTOTO MacCHBa, SBISETCS Y4eT B3AUMHOIO IIPOCKaJIb3bIBAHUS CIOCB
U CBSI3aHHOT'O C HUM MX OTCIJIOCHUS, TaK KaK P N0oApaboTKe MacCHBa IIaBHBIM 00pa30M U3MEHSIOTCS TaKUe IIPOYHOCTHBIC
XapaKTePUCTHKH, KaK CIEeIUIEHNE H KOA(Q(PHUIMEHT BHYTPEHHET0 TPEHHS. AJITOPUTM pacueTa MEXaHHYECKHX XapaKTepHUCTUK
noApaboTaHHOTO MacCHBa IpeIaraeT UCHOIb30BaHE MTONPABOYHBIX MHOKHUTEIEH, yUNTHIBAIOIINX HEOJHOPOJHOCTH Mac-
CHBa TOPHBIX MOPOJI; PACCIOCHUE U IPOCKATh3bIBAHNE KOHTAKTUPYIONINX CIIOSB; N3MEHEHHSI CBOMCTB MOAPabOTaHHOTO Mac-
CHBa NMPHU M3MEHEHUH TITyOHHBI MOBTOPHOH OTPAabOTKH, H3MEHEHHE CBOWCTB B PE3yJIbTaTe TEXHOJIOTHYECKOTO HAPYIICHUS
€CTECTBEHHOI'0 PaBHOBECHOTO COCTOSHMS MaccuBa (IEpBHYHAS MOJPA0OTKa, BPEMs, NMPOMICALIee CO BPEMEHH MEPBUYHON
noaApabOTKH).

KuroueBble ciioBa: ClI0MCTBHIE MACCHB TOPHBIX MOPOJI, MEXaHMYECKHE XapaKTePUCTHKH, (QYHKIIMOHATIbHbIE 3aBHCHMO-
CTH, TIOTIPABOYHbIE MHOXHUTEIH

Jas nutupoBanus. Pacuer >())eKTUBHBIX MEXaHNIECKHUX XapaKTEPUCTHK MOAPAOOTaHHOIO MacCHUBa TOPHBIX MOPOJT /
C. A. Ymxuk [u op.] / Joxan. Ham. akazn. mHayk bemapycu. —2022. — T. 66, Ne 1. — C. 83-90. https://doi.org/10.29235/1561-8323-
2022-66-1-83-90

Introduction. Due to the depletion of raw material reserves in old mine fields of the Starobin deposit,
it was decided to re-mine some areas, previously mined out using different technological schemes,
leaving significant reserves of minerals in pillars and in the underworked sylvinite layer. In order to
assess the technological possibility, safety and economic feasibility of supplementary mining the ore
from specific panels, it is necessary to carry out geomechanical modelling of the mining situation in the
areas proposed for additional mining, to identify the degree of damage to the salt massif, which, in turn,
is impossible without taking into account changes in the mechanical characteristics of the mined rock
massif due to disturbances in the continuity of the massif of different nature and time after the mining.
Some approaches to solve the problem of calculating the effective mechanical characteristics of the
undermined rock massif were considered in the works of a some foreign and domestic scientists, for
example, [1-3]. However, a complete methodological approach to solve the problem has not been
developed. Development of such an approach, taking into account the mining and geological features
of the Starobin potash salt deposit, was the purpose of the proposed research.

Results and discussion. The most widespread approach to take into account the influence of the
undermined massif on its mechanical characteristics is the introduction of special correction factors into
the expressions for the mechanical characteristics of the massif [3]. Proceeding from this approach, the
functional expressions for mechanical characteristics of the disturbed structurally heterogeneous massif
in general case can be written in the following form:

k
Z(x)=[]Zi(x), (M

i=l1

where Z(x) is any mechanical characteristics of the massif; Z(x) are factors describing and/or defining
the properties, structure and behavior of the massif (disturbance by mining).

The areas to be re-mined are characterized by well-developed, though closed, slip lines and fracture
systems. During initial mining, fracturing is evident and, in case of large deformations, the rock mass
displacements along the slip lines. After termination of the mining and transfer of deformation processes
from the active stage to the attenuation period, over time the slip lines and fracture surfaces are “healed”.
In case of repeated mining, the continuity of the massif is firstly damaged by the already existing
fracture systems and developed slip lines.

But in general, the state of the undermined massif area can be considered in the continuum model
approximation after a rather long period of time following its undermining.

This fact is important when building models for an undermined rock massif. If there is no global
bonds destruction between the layers after underworking, and if we examine the undermined massif
after a sufficiently long time period, there are in principle no significant qualitative differences in the
deformation of such a disturbed massif, examined in the continuum approach, from an “ordinary” rock
massif without undermining.
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Qualitative differences from the “normal” state of the massif occur when the shear resistance of the
interlayer boundaries in the massif remains sufficiently small, or becomes so during re-deformation
of the massif, because the layers can slip largely in relation to each other.

Therefore, the important strength characteristics for undermined massif of bedded deposit with
a layered structure are bonding strength (C) and coefficient of internal friction (tg ¢). These characteristics
change mainly by the massif undermining.

Let us consider possible approaches for determining the values of ¢ and C in the undermined massif.
We should note that as the two variables are unknown, it is necessary to know the results of at least two
different experiments in order to determine them.

First approach. When considering the long-term strength of rock massifs, the Coulomb—More limit
criterion (1, =tgpo, +C) needs to be transformed taking into account temporal processes. The
following expression is proposed in [4]:

f(o)=tgoc,+C;.

Here C and tge, accordingly are bonding strength and coefficient of internal friction under long-
term loading.
In the absence of experimental data on the long-term strength, it can be assumed [4]:

¢:=¢; C,=(0,12+0, 4'2)Gpress ~0, 250press- )

Here ¢ and O, ss ATC the friction angle and the uniaxial compressive strength under short-term loading,
respectively.

Therefore, in the absence of reliable experimental data, in the first approximation the values (2) can
be taken as input parameters for the bonding strength and the angle of internal friction of the undermined
massif.

Second approach. To determine the values of bonding strength C’ and the angle of internal friction
¢’ in the undermined massif (taking into account the presence of a developed, at the initial undermining
stage, slip line system), one can use the dependence proposed in [5]:

C = G,,tg(K lg G press /Gy,)
1— tg(K 126 press / G )P

i tgo
1—tg(K1gG press / G)tEP

tge

where o is effective normal stress, MPa; O press is uniaxial compressive strength of rocks in the sample,
MPa; K is coefficient characterizing rock contact along sliding lines (numerically equal to the average
roughness slope angle); C and C' are rock bonding strength values in the sample and in the massif
respectively, MPa; ¢ and ¢’ are rock internal friction angle values in the sample and in the massif res-
pectively, degree.

Third approach. If the tensile strength 6, and compressive strength 6 of the undermined massif
are known (i. e. performed tensile and compressive experiments respectively), then the corresponding
formulas can be used:

G press — Oext - C= G press (1 —sin (P)

sing = ;
O press T Oext 2cos @

G
For undermined massifs the experiments for uniaxial compression and compression with lateral
pressure under the scheme when o, > 6, = 6, are important. If in this case the values of breaking stresses

are o, = 6,*; 0, = 0, = 6,* (thus the values ¢ * and 6,* are compressive), the modified conditions (3) take
a form:

*

* .
G1 —Opress ~ O3 C= c7pr‘:ss(1_51n(p)
* * 9 - .

Gl +Gpress —03 ZCOS(P

sing =
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It should be noted that other limit properties of rocks can also be derived from these ratios.
For example, the ultimate tensile strength and ultimate shear strength t = 1 are calculated using the
following expressions:

* *
Gpress 03 G pressO3 *
Oext =% 10=—%———03.
G1 — GO press O1 —Opress T

In the case of pure shear in the absence of normal stresses (6, = —c, = 1) the ultimate shear strength
T=1, 18
press — Oext

c
T9 =Ccoso
O press + Oext

If the tensile strength of the interlayer boundaries is weak, the slippage between the layers can also
be added to the layers lamination. In places where the load gradients on the layers are significant,
bending deformation of the layers may become significant with slippage.

Thus, one of the important factors that must be taken into account when constructing the functional
dependence for the mechanical characteristics of the undermined laminated massif in the continuum
approximation is the consideration of mutual slippage of the layers and their associated delamination.

Let us develop expressions for the module of deformation of the undermined massif, taking into
account the disturbances of different types. Mutual slip and delamination zones can be accounted for by
the method proposed in [3]. If we assume that along the boundaries i =k, k., ..., k, of interlayer contacts
in some intervals delamination with finite opening takes place, and along the boundaries i=p ,p,, ...,p
mutual slip of layers takes place. Using R-function theory [6] we develop the following equations:

N M
Oots = D, Aa®pi; ©p =D Ag® ), ()
j=1 J=1

where A, is symbol of R-conjunctions, ®; = f(x)=0 is the equation of the boundary area between i
and (7 + 1) layers in the chosen coordinate system, within which slippage or delamination takes place.

In order to take into account, the mutual slippage of layers and presence of delamination, based on
(4), the next factors are introduced into expressions for mechanical properties of the massif [3]:

E| =E7sin(wes), Ej=Ef sin(co;,r). ®)

Here E, and Ej are respectively the strain module of the massif in the direction perpendicular to
the bedding and along the bedding, and ®" = wA &, where, in turn, a is close to one, and ¢ is close to
the number 7 / 2. By introducing in (5) the function ®* we achieve such behavior of sin (»*), when
approaching to a zone disturbed in the sense defined in this context sin(w*) — 0, and when moving away
from it sin (0*) — 1. Thus, by definition

O)Aa8=%|:03+8—\/0)2+82—2(1(08:|. 6)

+a

With a close to one, according to (6), the operation ®A & can be approximated by the expression
1 .
OAje—>—[o+e— |0) - 8|] = min(w, ).
a->l 9

Now it is obvious that for an finite € and a close to 1, we have

atw — 0 oAy =min(®,e)=0—>0; at® —> W oAy, =min(w,g)=¢, W >¢, W,e>0. @)
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Based on (7), it is not difficult to formulate a final conclusion.
Let us investigate the expression (5). Considering the boundary between the layers with a delamina-
tion with significant opening we obtain that

(DZts =0; Sin(mZts) =0; £, =0,
and when considering the boundary between mutually slipping layers (without bonding strength)
o0y =0; sin(w),,)=0; E;=0,

These boundary areas are “special” surfaces and require individual consideration (e. g. by introducing
special additional boundary conditions). In the case of moving away from “special” surfaces, the
functions like (5) monotonously approach their values in the undisturbed massif; it is easy to show that
the rate of functions’ increase up to the natural values depends on the disturbance degree of the massif,
on the number of “special” zones, and it is such, that the change of values E, and Ej from zero to E
and E|” is realized in the 3-neighborhood of the “special” zones. Thus, the introduction of factors of the
form (5) is also justified from the physical point of view.

The most commonly used approach to determine the strain module £ of the undermined massif is its
representation in terms of the module of elasticity of the undisturbed massif £ Thus, for example,
a possible expression for the strain module of the undermined massif could be as follows [7]:

E=Ey/(1+m), (8)

where 1 is the coefficient of the massif disturbance.
Then, the equation describing the deformation of such a massif, derived from Hooke’s law equation, is

G ©
€ £ (1+m).

The module of elasticity £ of the massif before undermining is considered to be known. The
coefficient n is uncertain. The value of the coefficient | can be determined, for example, on the basis
of the phenomenological approach, so that the experimental and calculated strain diagrams correspond
to each other as much as possible. Such an approach requires in-situ testing, which is not always possible.
Scientific and technical literature proposed various approaches for constructing the n coefficient.

Considered one of the possible algorithms for accounting the technological disturbance of the
undermined massif by constructing a special expression for the disturbance coefficient n. This algorithm
is based on the method proposed in [3].

It is clear that the recovery of the mechanical characteristics of the deeper areas of the disturbed
massif occurs more rapidly over time than for the areas located not so deep. This effect can be accounted
for by the introduction of an appropriate “depth factor” n(x3), which depends on the depth of mining
operations together with the post-mining time factor.

The expression for n(x3) is as follows:

n(x3) =1-exp(-Cx3). ©)

In formula (9) the variable xj is the depth of mining and ( is the coefficient. As a result of processing
the experimental data for the conditions of the Starobin potash salt deposit, it is obtained that the
coefficient { can be taken as equal to {=(3+ 5)1074.

In [3], the coefficient of disturbance of mechanical properties of the undermined massif n(f), taking
into account the time interval after the start of mining, was introduced. The expression for this coefficient
is obtained by introducing the hypothesis that the law of change of mechanical properties of the under-
mined massif in time corresponds to the law of change of massif points displacements inside the subsi-
dence trough.
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For example, for the potash mines of the Starobin deposit, field studies have shown that the function
N(?) using certain mining systems can be represented as

n(t)=1.1285-0.401/ (t +0.2) +3.365-10 2 / (t +0.2)%, ¢ >0. (10)

In (10), the time is defined in years.

The technological heterogeneity of the massif due to the disturbance of its continuity caused by the
excavation can be accounted for in the way described, for example, in [8]. In order to take into account
the character of strength and deformation parameters distribution in the area of technological impact,
the dependence in the form of generalized hyperbola should be used, i. e.

E(r)=Eo[l-aR" /r"], (11)

where E| is the value of the elasticity module outside the area of technological impact; a and n are appro-
ximation parameters of the distribution curve of deformation characteristics within the area of techno-
logical impact; 7 is current coordinate; R is equivalent (reduced) radius of the working.

The parameters a and n can be determined by processing the field data or by carrying out the
modelling studies. It is clear that these parameters depend on the strength characteristics of the rock
strata at the mining site and the linear dimensions of the working.

Thus, the expression for the deformation module of the undermined rock mass in the influence area
of the mined-out space with regard to (9), (10) and (11) can be presented in the following form:

E(x,8)=(Eo(x))[1-aR" / r" n(x3)n(®). (12)

Here <E 0> is an effective strain module of the massif, taking into account its structural features (inclu-
sions, lamination, etc.).

Let us describe the general scheme for constructing expression (12) when there is a system of workings
with different spatial configurations in a massif.

Let us consider a continuous inhomogeneous weighted half-space with effective characteristics
<E 0 (x)>, <v0(x)> at time 7, taken as a starting point. At time ¢ = ¢, the excavation 1 is made in massif,
whose contour geometry in the chosen coordinate system is described by the equation w;(x)=0. Let us
modify the parameters a and n in dependence (11) as follows:

n=nmo;(x); a= a, 17T ), 13)

Here o] (x)=m;(x)Aq& is a cutoff function of the boundary equation ®;(x)=0, where in turn o
and € are constant numbers sufficiently close to one. Note that m;(x) >0, Vx.

A cut-off operation ®;(x) with the indicated values of the parameters a and € makes it possible to
achieve such a behavior of the value (1 - (x)), that when moving away from the region of technological
influence (1— o7 (x)) —> 0; when approaching it (1— o7 (x)) —> 1 (the reasoning on this subject is similar
to that carried out when formula (13) is received). The characteristics @, and n, are determined from in
situ observations.

The function n(?) is also represented as

() =n(e) 0T, (14)

By introducing operations (13) and (14), we achieve automatic, monotonous and continuous checking
the location of the given some point x in the technical influence area of the mining.
As aresult, the expression for £(x, 7) has the following structure:

E(x,0)=(E, (x)>[1 —aO TV (R, 1y )”Wf(x)}n(z)““”m”, =0

where n :||x—x1|| is the distance from the formal centre of the excavation 1 x, to the point x under
consideration. If at some time 7, (¢, is in general different from 7)) a new excavation 2 is made in the
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massif, the geometry of the contour of which is described in the chosen coordinate system by the
equation o,(x) = 0, then the procedure of the function E(x, #) building is repeated. As a consequence,
it can be written:

E(x, Z):<E0(x)>|:1_al(l—o)f)(Rl /rl)nle:H:I_al(l—Oﬁ)(Rz /rZ)nlw3j|X .

xn (¢t +1 —11)(17(”?)11 (Z)(H)T), t>1;.

Here r, = ||x — x2|| is the distance from the formal centre of the excavation 2 x, to the point x under
consideration. Summarizing the formula (15) to the case of the m'™ number of workings, we obtain

E(x,1) =<E0(x)>H[1—al(le)(Rj /)T }n(t+tm —t)0D 1>, (16)
j=1

Conclusion. Developed an approach to the construction of functional expressions for calculating the
effective mechanical characteristics of the undermined rock massif during its repeated mining, taking
into account the disturbance of the massif continuity of various types and the time passed after the
undermining.

The approach was developed as applied to the conditions of Starobin potash salt deposit. It is based
on introduction of special correction factors into expressions for mechanical characteristics of the
massif. At the same time, the state of the undermined massif area is considered in the continuum model
approximation. It is shown, that one of the most important factors to be considered when constructing
the functional dependence for mechanical characteristics of the undermined layered massif is to take
into account mutual slippage of layers and their delamination related to it, because the strength
characteristics such as bonding strength and internal friction coefficient mainly change when the massif
is undermined. The algorithm for calculating the mechanical properties of the undermined massif
proposes the use of correction factors that take into account the heterogeneity of the rock massif; dela-
mination and slippage of the contacting layers; changes in the properties of the undermined massif with
changes in the depth of repeated mining, changes in properties resulting from technological disturbance
of the natural equilibrium state of the massif. Thus, to calculate the module of elasticity, the general
functional expression (1) can be represented as

Zx, 1) = Z () Z,(x)Z,(0)Z (x, 1),

where Z (x) is an effective module of elasticity taking into account the heterogeneity of the rock massif;
Z,(x) is based on formulas (5) and takes into account delamination and slippage of contacting layers;
Z.(x) is introduced to determine changes in the properties of the undermined massif with changes in the
depth of repeated working and is determined on the basis of formulas (8), (9); Z,(x, ) is based on formula
(16) and determines the change in elastic module as a result of the technological disturbance of the na-
tural equilibrium state of the massif (primary undermining, time passed since the primary undermining).
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npodeccop, 3aBeayromuii kadenpoii. beropycckuii rocyaap-
cTBeHHBbIH yHuBepcuteT (np. HesaBucumoctu, 4, 220030,
MuHck, Pecniy6nuka benapycr). E-mail: zhuravkov@bsu.by.

Ilemposckuii Anopeii bopucosuu — 3amecTUTENb TIaB-
Horo unxeHepa. OAO «benapycbkanuit» (yi. Kopxa, 5, 223710,
Comuropck, MwuHckass obnacts, Pecrnybnuka bBemapycs).
E-mail: belaruskali.office@kali.by.

Ipywax Buxmop fkxoeneeuu — axaJeMuK, I-p TEXH.
HayK, mpodeccop, TexHn4Iecknit aupexTop. Comuropckuii
HHCTUTYT 1pobiieM pecypcocdepexenust ¢ ONbITHBIM MPO-
u3BozicTBoM (yi1. Kosioga, 69, 223710, Conuropck, Munckas
obmnactp, Pecrrybnuka benapycs). E-mail: ipr@sipr.by.

Ily3anog [{mumpuii Anexcanopoguy — Hay4YHbIH COTPY -
HUK. MHCTHTYT ropHoro nena (yi. Kosnosa, 69, 223710, Conu-
ropck, MuHckas o6nacte, Pecnybnmka bemapycs). E-mail:
sigd@list.ru.



