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Annotation. The article is devoted to solving of a live scientific problem of improving methods for predicting stability
of mine roadways under mining-and-geological conditions of the rock watering. Research methods: analysis of
experimental data on assessing state of water-saturated rock massif; statistical processing of laboratory research results
on the strength properties of rock samples; mathematical modeling of the rock massif stress-strain state by the finite
element method; mine studies of deformations of water-saturated rocks. Specific effect of water on the rock strength
properties was investigated. The generalized correlation dependences of the strength reduction of sandstones,
mudstones and siltstones at their saturation with water relatively to their initial strength in natural state were obtained. By
method of mathematical modeling, regularity of changes in the stress-strain state of the rock massif depending on rate of
preparatory roadway watering were established and confirmed by the mine observations. The correlations were
proposed for calculating probable water inflows into the mine roadways basing on the assessment of volume of broken
elements in the geomechanical model, parameters of open porosity and fracturing. Nature of deformation of water-
saturated rocks in the roof, walls and floor of the mine roadway was determined. It is established that intense
deformations starts in the drift walls and manifest themselves in the form of weak rock slips in the coal seam roof and
floor. The most dangerous areas are the upper lateral corners of the mine roadway, which are prone to falls under the
effect of water, when the roof bolting system loses its bearing capacity. Such manifestations of rock pressure are reliably
predicted by analytical method and are verified by data of mine experiments, making it possible to undertake in advance
additional measures for proper supporting the mine roadways. It is stated that implementation of a set of measures
aimed at reducing water flows into the mine roadway improves its stability due to the smaller size of inelastic deformation
zones in the walls and roof of the mine roadway in the stationary abutment-pressure zone, reduced contours of the mine
roadway deformation, and decreased rate of horizontal and vertical convergence.
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Introduction.

Today, preparatory roadways are mined in the rocks of medium and low strength.
In the active mine roadways, effect of underground and technical waters on the rock
massif stability is often ignored. At the same time, clay rocks, even in the drained
state, are characterized by relatively weak strength, and, under the moisture effect,
can completely lose their bearing capacity. Numerous visual observations and
instrumental measurements of the displacements of preparatory roadway contour in
the coal mines [1, 2] show that stability of the mine roadways is significantly reduced
at presence of the water-saturated clay rocks. In this case, sudden roof fall and
caving, as well as intensive floor rising occur in the mine roadways.

There are two main reasons for the increase of moisture content in clay in the
mine roadway floor and roof. The first reason is seepage of water from aquifers along
the fracture systems through the rock massif disturbed by mining operations. These
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cracks are developed around the goafs at inelastic deformation of rocks [3-5]. The
second reason for the rock watering is penetration of water into the mine roadways
during technological processes with the use of technical liquids in significantly great
volumes. In particular, a great amount of water flows into the roadway floor at the
borehole drilling, plugging and concreting and during the anti-dust irrigation.
Ignoring of the rock watering factor leads to significant economic losses, since
hydrogeological processes contribute to intensive uncontrolled deformation of
preparatory roadways. Therefore, prediction of changes in the stress-strain state of the
water-saturated rock massif and assessment of expected water inflows into the mine
roadways is an important scientific problem, and its solution will allow timely
undertaking proper measures in order to improve stability of the mine objects.

Methods

Analysis of experimental data on assessing state of water-saturated rock massif;
statistical processing of laboratory research results on the strength properties of rock
samples; mathematical modeling of the rock massif stress-strain state by the finite
element method; mine studies of deformations of water-saturated rocks.

Results and discussion

Evaluation of the strength properties of water-saturated rocks

Since it 1s impossible to reproduce the whole complex of factors affecting the
rock deformations in a single model of geomechanical processes, therefore, it is
necessary to choose the most important parameters. In the first place, it is physical-
mechanical properties of the rocks and effect of water saturation on them. Since
mudstones and weak siltstones almost completely get soaked in water for 20 days,
and sandstone strength is reduced by about 1.5-2.0 times [6], therefore, presence of
water in the pores of rocks in an amount close to water saturation drastically changes
their behavior in the rock massif. In addition to the rock strength reduction when
soluble minerals are washed-out from them, water saturation changes nature of the
bonds between the particles, and, in case of the rock deformations, cohesive forces
between the rock blocks and seams are reduced.

Three thousand one hundred twenty (3120) rock samples taken from the Western
Donbas were studied and tested in laboratory of the Institute of Geotechnical
Mechanics, and the obtained results were statistically processed. The rock samples
were studied at their saturation with the distilled water, since the so-called “mine
water”, even taken from different roadways of one and the same mine, features
greatly different mineralization. Besides, content of dissolved acids and alkalis in the
mine water drastically differs, so it is permissible to use it for analyzing only when
solving specific problems for one concrete roadway, or horizon, or, less often, mine.
In case of hard sandstone and limestone, strength of water-saturated rocks relatively
to their initial strength in their natural state decreases according to the following
correlation dependence:

oy =1.92+0.790,, R=0.67, (1)
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where ¢,” is ultimate strength of rocks in their water-saturated state, MPa; o, is
ultimate strength of rocks in their natural state, MPa; R is coefficient of variation.

Many of the clay rocks samples got completely soaked, therefore, the residual
strength of these samples at water-saturation is equal to the strength of the destroyed
rocks for the closed volume of the rock massif ¢./3 [7], then, the generalized
correlation dependence for the mudstones and siltstones is written in the following
way:

oY =-25+0.67c,, R=0.76. )

When assessing probability of water seeping through the hardly-permeable
formations, it should be borne in mind that the determining factor for formation of the
rock massif permeability is its fracturing. The highest permeability is observed in
zones of rock rupturing failure, where crack opening increases under the effect of
winning operations. In such conditions, forecast of the rock pressure manifestations
can be based on geomechanical models, which determine stage of main cracks
developing.

For the soils, it is established that, depending on depth, their saturation W with
water takes place in accordance with hyperbolic regularity, while their density p first
increases and then decreases by parabolic dependence (Fig. 1), which, in this case, is
associated with the soil subsidence and compaction in the upper clayey seam.

W. % p, tons/m? I

8

28 1.4 1.6

L]

h, m . m
) b ©

Figure 1 — Dependences of change of relative humidity W (a) and density p (b) of the soil with the
depth during its long-term watering

Modeling of water-saturated rock massif

Rock massif is a complex structure with pronounced seaming and plasticity
properties, which present certain difficulty for describing mechanical processes of its
deformation. Complexity and multifactor nature of such description requires using of
elastoplastic geomechanical models, which can be realized with the help of modern
computer technologies based on combination of continuum mechanics methods
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(solutions are obtained by the finite element method [8]) and theory of limiting states
of rocks (is implemented by method of initial strains [7]) subject to discrete analogs
of the law of energy conservation for each element separately and the design scheme
as a whole. Such approach to solving problems of estimating the stress-strain state of
the water-saturated rock massif was implemented in the computer system “GEO-
RS“”, developed by the Institute of Geotechnical Mechanics with participation of the
author of this paper.

Changes in the rock massif stressed state during its watering were studied on the
example of operation of drift 535, coal seam Cs , in the “Samarska” Mine. Data given
by the geological department of the Mine and the established correlation relations (1)
and (2) were used as initial data. Despite the small depth of the coal seam bedding
(h=130 m), the mining and geological conditions for its development are complex.
Roof and floor of the coal seam are presented by mudstones and siltstones with
compressive strength ©,=10-20 MPa. In the immediate floor, weak siltstones
(0,=11.8-15.0 MPa) occur. At water saturation, the rocks are very unstable and prone
to sudden fall. Coal strength is o.~40 MPa. Water-saturated sandstone (c.=11-
14 MPa) occurs zonally in the roof. The coal seam has a complex hypsometry,
distance from the floor to the coal seam changes along the drift length within ~ 0.6-
1.6 m.

In order to determine water saturation effect on the rock pressure manifestations
and stability of preparatory roadway, the calculations were performed for water-
saturated and dry rocks. Analysis of distribution of maximum principal stresses (Fig.
2, a) showed that stresses at the ends of the coal seam were (2.1-3.6)yh (y is volume
weight of rocks, t/m3; h is depth, m). Due to the fact that the coal seam is ~2-3 times
harder than the lateral rocks, the roof rocks and the coal seam floor are intensively
pressed out into the roadway in the watering zones. And, on the contrary, roadway
floor is unloaded from stresses. These are signs of existing deformations and floor
rising.

As it is shown in Figure 2, b, maximum changes in the rock massif stress at their
water saturation occur in extremely stressed rocks of immediate and main roof above
the ends of the coal seam to the height of up to 14 m, and also in the roadway wall in
the area of abutment pressure at a distance of ~17 m. As a result of intensification of
the water-saturated rock massif deformations, maximum principal stresses in the
roadway wall from the side of the coal pillar and over the goaf are decreased by 0.3-
1.1 MPa. On the contrary, stresses of the overlying rocks are increased by 0.1-0.4
MPa. These negative effects of watering lead to the intensive development of zone
with inelastic deformations.

Analysis of breakdown zones allows determining the water-seepage paths and
volumes of probable water inflows including volumes of aquifers and water
accumulation zones. If no hydrogeological data are available, it is proposed to solve
the problem on determining the water seepage volume in two stages: first, to
determine zones of broken elements by solving the geomechanical problem, and then
to calculate potential water inflows.
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Figure 2 — Regularity of changes in the stressed state of water-saturated rock massif around the drift
535, coal seam Cs, in the “Samarska” Mine: a — distribution of maximum principal stresses around
the drift, MPa; b — zones where stress-strain state of the rock massif changes at its watering
(numerals show difference between maximum principal stresses when physical and mechanical
properties of water-saturated and drained rocks are considered), kPa; 1 — mine roadway; 2 — mined-
out space; 3 — roof bolting system; 4 — coal seam

Water volumes are calculated by total area of the broken elements in the model
and by coefficient of loosening or volume porosity of the rocks, which is average for
the zone under the study. In the program for geomechanical calculations area under
the study is divided into a grid of triangular elements. Let’s assume that breakdown
zones consist of triangular elements, in which one, two or three bonds have broken.
For any of the three points A(xy, y,), B(x2, y2), C(x3, y3) area of triangular element S4pc
is calculated by the known formula:

1
SABC= i5[(x2—x1)(y3— yP— 3= xpP(yy— )’1)] , m’, 3)
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In the formula, sign “+” means that the expression is positive, and sign means
that the expression is negative. Value of the zone area is always positive. Area of the
loosing zone S, is equal to sum of n areas of the broken elements in the model:

, . 4)

Szzé‘si

If it is necessary to calculate breakdown zones with several sections, then
supposed volume of water accumulation is equal to volume of the water-seepage
zone multiplied by coefficient, which characterizes the rock open porosity and
fracture my:

28,
VW:VZm0:l=1 i=

m k
+22‘Si‘+...+Z‘Si .
1 i=1 XLzmo’ m’, (5)

2

where V,, and V, are volumes of water and water-saturated zone, m’; my 1s coefficient
of open porosity, in rel. unit; L, is length of the zone along the mine roadway, m.

In accordance with obtained results on determining zones of the rock massif
loosing and breakdown, volumes of probable water inflows into the mine roadways
are calculated by the known methods and instructions [1, 2]. Based on these data,
changes in the stress-strain state of the rock massif and expected water inflows are
predicted, and measures are developed for improving stability of the mine objects.

Mine research of water-saturated rock deformations

In order to clarify and verify the calculated data, visual observations and
measurements were carried out in the drift 535, coal seam Cs, in the “Samarska”
Mine [9]. The observations showed that most of the rock falls were confined to the
watering zones. For example, in the area of the stake 62 (at a distance of 620 m from
the main drifts), water occurs, and host rocks in the roadway walls get soaked
resulting in long longitudinal cracks formed in upper corners of the drift (Fig. 3),
while water-saturated roof of the mine roadway is warped, exfoliates (Fig. 3, a) and,
in some locations, falls (Fig. 3, b).

Figure 3 — Rock pressure manifestations at the rock water saturation: a — destruction of the upper
corners in the mine roadway (section between 640-670 meters of the drift); b — lateral pressing of
water-saturated rocks and falls of the mine roadway walls (sections at 360 m and 736 m of the
drift); 1 — roof bolting system; 2 — falls zone
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According to the results of the mine observations and calculations by the finite
element method, nature of deformation of water-saturated rocks in the roof, walls and
floor of the mine roadway was determined (Fig. 4). It is established that intense
deformations starts in the drift walls and manifest themselves in the form of weak
rock slips in the coal seam roof and floor. The most dangerous areas are the upper
lateral corners of the mine roadway, which are prone to falls under the effect of
water, when the roof bolting system loses its bearing capacity. Such manifestations of
rock pressure are reliably predicted by analytical method and are verified by data of
mine experiments, making it possible to undertake in advance additional measures for
proper supporting the mine roadways.
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Figure 4 — Manifestations of water-saturated rock deformations in the drift 535, coal seam Cs, in the
“Samarska” Mine, reproduced in accordance with results of calculations and mine observations

Conclusions

As a result of the research, specific effect of water on the rock strength properties
was determined. The generalized correlation dependences of strength reduction of
sandstones, mudstones and siltstones at their saturation with water relatively to their
initial strength in natural state were obtained. The correlations were proposed for
calculating probable water inflows into the mine roadways basing on the assessment
of volume of broken elements in the geomechanical model, parameters of open
porosity and fracturing. Regularity of changing of the rock-massif stress-strain state
depending on rate of preparatory roadway watering were established, which allowed,
for the conditions of the “Samarska” Mine, to determine degree of effect of water
saturation of the rocks on their stress-strain state and manifestations of rock pressure
in the preparatory mine roadways. On the basis of mathematical modeling, it is
established that implementation of a set of measures aimed at reducing water flows
into the mine roadway improves its stability, namely: it reduces area of inelastic
deformation zone in the walls and roof of the mine roadway in zone of stationary
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abutment pressure, diminishes deformation of the roadway contour and decreases rate
of horizontal and vertical convergence.
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Anortauisi. CtaTTs NpuCBSYeHa BUPILLEHHIO aKTyarbHOI HayKOBOI 3afavi 3 BAOCKOHANEHHS METOAIB NPOrHO3yBaHHA
CTIMKOCTi  FipHMYMX BUPOBOK B TiPHWMYO-TEONOriYHMX ymoBax 0OBOAHEHWX nopid. Metoan [pocnimkeHb: aHanis
eKCnepuMeHTanbHUX AaHWX MO OLiHLi CTaHy MacuBy OOBOAHEHMX MipCbKuX nopid, cTaTucTuyHa obpobka pesynbratis
nabopaTopHUX AOCHigXeHb MILHICHUX BNacTUBOCTEN 3pasKiB ripCbKuX Nopid, MatemaThiHe MOLENoBaHHS HanpyXeHo-
[edopMOBaHOrO CTaHy MOPOAHOr0 MacuBy METOLOM CKIHYEHHWX eneMeHTiB, LaxTHi JOocnigxeHHs aedopmadii
BOAOHAcKYeHux ripcbkux nopid. [JocnigpxeHo ocobnuBoCTi BNnMBY BOAW Ha BMACTMBOCTI MILHOCTI FipCbkux nopig.
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OTpumaHo y3aranbHeHi KOpensuiiHi  3anexHOCTi  3HWXEHHS MILHOCTI  NiCKOBMKIB, aprinitis i anesponiTis npu
BOJOHACKYEHHI B 3aMneXHOCTI Bif iX MOYaTKOBOI MILHOCTI B MPUPOAHOMY CTaHi. MeTogoM MaTemMaTuyHOro MOAEnoBaHHs
BCTAHOBMEHI i LWAXTHUMM CMOCTEPEXEHHAMM MiATBEPIKEHI 3aKOHOMIPHOCTI 3MiHU HanpyXeHo-4eOpPMOBaHOro CTaHy
MacuBy Mopif B 3anexHOCTi Bif 0OBOAHEHHS MiAroToBYOi BUPOOKM. 3anponoHOBaHI CNiBBIHOWEHHS ANst pO3PaxXyHKY
MOXIMBWX BOZOMPUTOKIB B ripHWYi BUPOOKM Ha Basi ouiHkM 06'eMiB 3pYNHOBAHUX €NEMEHTIB reoMexaHivyHoi mMogeni,
napamMeTpiB BiAKPUTOI NOPWUCTOCTI i TPILLMHYBATOCTI. BU3HaueHO xapakTep AedopMyBaHHS 3BOSTOXEHMX NOpi4 B NOKPIBi,
Bokax i nigowsi BMPOOKK. BCTaHOBNEHO, WO iHTEHCMBHI AedopMaLii NoUMHaTECS B 6OKaX LITPEKy i NposiBASOTLES Y
BUrNAAI BikuMy cnabkux nopia B NOKpiBNi Ta NigoLwBi ByrifbHOro nnacrta. Hanbinbw HebesneyHummn MicLusMu € BepXHI
BokoBi KyTi BUpOOOK, AKi Mig BNAIMBOM BOSIOTOCTI CXUMbHI 4O BMBAMIiB, @ CUCTEMA aHKEPHOTO KPINMeHHs BTpayae onopy.
Taki nNposiBM TipCbKOrO TUCKY HAZiHO NPOTHO3YITbCA aHaniTUYHUM METOAOM i YTOYHIOITLCA 3@ JAHWMMW LUAXTHUX
€KCMEPUMEHTIB, IO [O03BOMSE 3aBYaCHO 3aCTOCOBYBATW OOAATKOBI 3axoay 3 MigTpMMaHHS BMpoOOK. [okasaHo, Lo
3AINCHEHHS! KOMMIEKCY 3aXOAiB, O CNPSIMOBAHI HA 3HWXEHHS! HAAXOMKEHHS BOAW B BMPODKY, MigBMLLYE ii CTIKICTb 3a
PaxyHOK 3HVKEHHS PO3MIPIB 30H HEeNpyxHUX Aedopmalin B Gokax i nokpieni BMPOBKM B 30Hi CTaLiOHApHOTO ONOPHOro
TUCKY, 3MEHLLEHHS fedhopmaLliii KOHTYPY BUPODKM, BEMUUMHN FTOPU3OHTASBHOI Ta BEPTUKANbHOT KOHBEPTEHLYi.

KnioyoBi cnoBa: CTilikiCTb ripHu4mx BUPOOOK, 0OGBOAHEHI MOPOAM, HaNPyXeHO-4edOPMOBaHUIA CTaH NOPOAHOrO
MacwuBy, MaTemaTiiHe MOLESOBAHHS, METOZ KiHLEBIX eNEMEHTIB.

AnHoTauusa. CraTbsl NOCBSILEHA PELUEHMO aKTyanbHOM Hay4YHOW 3adayn COBEpLUEHCTBOBAHWS METOLOB
NPOrHO3MPOBAHNS YCTOMYMBOCTM TOPHBIX BbIPABOTOK B FOPHO-TE0NOMYECKUX YCMOBUSX 0OBOAHEHHbIX nopoa. MeToabl
MCCNeaoBaHWI: aHamnu3 SKCMepUMEHTamNbHbIX 4aHHBIX MO OLEHKE COCTOSHWS MaccuBa OOBOAHEHHbBIX OPHbIX NMOpoA,
cTatuctudeckas obpaboTka pesynbTaToB NabopaTopHbIX MCCMEA0BaHW MPOYHOCTHBLIX CBOMCTB 0OPasLOB rOPHbIX
nopog, MaTeMaTU4eckoe MOLENMPOBaHME HaNPsKEeHHO-AePOPMUPOBAHHOMO COCTOSIHWS MOPOAHOTO MaccMBa METOAOM
KOHEYHbIX 3MIEMEHTOB, LWAXTHble MCCnefoBaHus LedopMaumii BOOOHACHILEHHbIX TOPHbIX nopod. Mccnegosabl
0COBEHHOCTW BRMSHWSA BOAbl HA MPOYHOCTHbIE CBOWCTBA rOpHLIX Nopod. [MonyyeHbl 0606LEHHbIE KOPPENSLMOHHbIE
3aBUCUMOCTY CHIKEHUS! NPOYHOCTW MECYaHWKOB, apruIUTOB U aneBpoMTOB MpU BOSOHACHILLEHWM B 3aBUCUMOCTY OT
UX M3HAYanbHOM NPOYHOCTU B €CTECTBEHHOM COCTOSIHMM. MeToLoM MaTeMaT4eckoro MoaenupoBaHus YCTaHoBIIEHbI U
LIaXTHbIMKM HaBNoAEHNAMM NOLTBEPKAEHbI 3aKOHOMEPHOCTH M3MEHEHWS HANPSKEHHO-AePOPMMPOBAHHOMO COCTOSHUS
MaccuBa nopogd B 3aBMCUMOCTM OT 0BBOAHEHHOCTW MOATOTOBUTENBHOW BbIpaboTKK. [peanoxeHbl COOTHOLIEHNS Ans
pacyeTa BO3MOXHbIX BOAOMPUTOKOB B TrOPHblE BbipaboTkM Ha 0ase OLEHKM 0OLEMOB pa3pyLUEHHbIX 3NEMEHTOB
reoMexaHuM4yeckon MOAenu, napameTpoB OTKPLITOM MOPUCTOCTM W TpewwmHoBatocTW. OnpegeneH  xapakrep
AeOPMMPOBAHNS YBNAXHEHHbIX MOPOA B KpoBne, Gokax M nouBe BbIpabOTKW. YCTAHOBMEHO, YTO WHTEHCUBHblE
Aedopmaumi HaumHaroTes B Gokax LWTpeka 1 NposBRsTCA B BUAE OTXMMA Cnabblx NOPOA B KPOBIE M NOYBE YTOMLHOMO
nnacta. Hambornee onacHbIMM MecTamu SBMSKOTCA BepxHWe BOKOBblE YrNbl BbIPabOTOK, KOTOPbIE NOA4 BIUSHUEM
BMI@XHOCTU CKIMOHHbI K BblBanaM, a CUCTEMa aHKEPHOrO KPEMneHWs TepseT onopy. Takue MposiBrieHUs rOpHOro
[AaBNEHNS HAAEXKHO NPOrHO3MPYIOTCA aHANUTUYECKUM METOAOM U YTOYHAKTCSA MO LaHHBIM LUAXTHBIX 3KCNEPUMEHTOB,
4TO NO3BONSET 3abraroBPEMEHHO MPUMEHATb LOMOMHWUTENBHbIE MEPONpUSTUS MO  NOAAEPKAHWO BbIPabOTOK.
lMoka3aHo, YTO OCYLIECTBNEHWE KOMMIEKCA MEPOMPUSATWW, HAMPaBEHHbIX Ha CHWXEHWe NOCTYNNeHWs BOAbl B
BbIpabOoTKy MOBLILIAET €€ YCTONYMBOCTb 3a CHET CHWKEHWS Pa3MepOB 30H Heynpyrux gedopmaumii B 6okax 1 Kposne
BbIpabOTKM B 30HE CTALMOHAPHOrO OMOPHOTO AABIEHUS, YMEHbLIEHUS AedhopMauuii KOHTypa BbipaboTkK, BEMUYMHBI
FOPU30HTANbHON 1 BEPTUKANbHON KOHBEPrEHLMMN.

KntouyeBble cnoBa: yCTONYMBOCTb FOPHbIX BbIpaboTOK, 06BOAHEHHbIE NOPOAbI, HANPSKEHHO-AehOPMUPOBAHHOE
COCTOSIHWE MOPOAHOT0 MaccyBa, MaTeMaTnYeCcKkoe MOAENMPOBaHNe, METOL KOHEYHbIX SMEMEHTOB.
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