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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by
Clarivate Analytics to be accepted in the Science Citation Index Expanded, the Social
Sciences Citation Index, and the Arts & Humanities Citation Index. The quality and depth
of content Web of Science offers to researchers, authors, publishers, and institutions sets it
apart from other research databases. The inclusion of News of NAS RK. Series of geology
and technical sciences in the Emerging Sources Citation Index demonstrates our dedication
to providing the most relevant and influential content of geology and engineering sciences
to our community.

Kaszaxcman Pecnybnukacer ¥immuolx 2oiivim akademuscol « KP YA Xabapnapwr. ['eonocus
JICOHE MEXHUKANBIK RbLILIMOAD CepUsiColy &blibiMu dicypHanviubly Web of Science-min
arcayananean nycxacol Emerging Sources Citation Index-me unoexcmenyee KabulioanHeanwin
xabapaaiiovl. Byn unoexcmeny oapvicoinda Clarivate Analytics komnanuscol JHcypHAIOb
o0an api the Science Citation Index Expanded, the Social Sciences Citation Index scane the
Arts & Humanities Citation Index-xe kabuvinioay macenecin xapacmoipyoa. Webof Science
sepmmeywinep, agmopiap, 6acnawibliap MeH MeKemenepze KOHmeHnm mepenoici MeH
canacwin yeoinaowvl. KP YFA Xabapnapel. eonoeust scane mexHUKAIbIK 2bLIbIMOAP CEpUsicol
Emerging Sources Citation Index-xe enyi 0i30iy Koamoacmulx ywin ey 03eKmi dcone
6edendi eeonocus JHcoHe MEXHUKATIBIK bLILIMOAP OOUbIHULA KOHMEHMKe A0an0blebiMbI30bl

6in0ipeoi.

HAH PK coobwaem, umo nayunvii scypuan «Mseecmuss HAH PK. Cepusa ceonozuu u
MeXHUYecKux Hayk» ol npunsm 015 unoexcuposanusi 6 Emerging Sources Citation Index,
obnosnennol sepcuu Web of Science. Codeporcanue 6 3mom uHOEKCUPOBAHUL HAXOOUMCS
6 cmaouu paccmompenusi komnanuei Clarivate Analytics 0as Oanvbheuue2o npuHAmMUs
acypnana 6 the Science Citation Index Expanded, the Social Sciences Citation Index u
the Arts & Humanities Citation Index. Web of Science npednacaem xauecmeo u enyoumy
KOHmeHma O ucciedogamenell, asmopos, uzoameneii u yupedxcoeHull. Brmouenue
Uszeecmua HAH PK. Cepus ceonocuu u mexuuueckux Hayk ¢ Emerging Sources Citation
Index demoncmpupyem nauty npusepiceHHOCHb K Hauboiee akmyaibHOMY U GIUAMETbHOMY
KOHMEHMY NO 2e0102UU U MEeXHUYeCKUM HAYKAM 0I5l Haule2o coooujecmad.
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Abstract. The article studies the stability of workings of circular cross-sectional
profile drifts and crosshairs in inclined layered rock massif. The intact rock massif
is represented by a continuous elastic homogeneous transversal-isotropic medium
with an inclined plane of isotropy coinciding with the layer-rock layering plane.
The initial elastic stress and strain states of the excavation are determined by the
corresponding anisotropic body theory equations for flat (drift) and generalized
flat (crosshair) deformations, that is, by the generalized Hooke’s law equations.
Calculations of the initial stability of unanchored mine workings in a sloping
layered massif, performed on its anisotropic model, showed that the effect of the
slope of the layers and the location of the mine workings relative to their strike is
clearly established in the initial elastic stage of deformation of the massif around
the mine workings. The crosshair is under relatively favorable conditions not
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only at medium angles ¢, but also at steep bedding of rocks. In a rock massif with
vertical layers, the stresses around the crosshair will be the same as in an isotropic
massif. The data of multivariate numerical experiments show that, at any angle
of incidence, the initial elastic stability conditions are relatively favorable for the
crosshair than for the drift. A detailed analysis of the numerical results indicates
sufficient completeness of the assumptions of this study and the validity of its
results as a theoretical basis for solving various problems of rock pressure when
driving horizontal mine workings, the longitudinal axes of which are arbitrarily
oriented in a slant-layered array of rocks.

Keywords: rock massif, rock pressure, angle of incidence of layers, stability,
crosshair, drift, anisotropy.
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AHHOTanus. Makaiana Tay >KbIHBICTAPBIHBIH KOJIOey-KaTrapibl MAacCHBIHIC
OTKCH JIOHTCJCK KOJIJICHeH mNpo(duibaeri IITPEKTep MEH KBepluiarrap
TYpiHZeri Ka30ajaapIblH TYPaKTBUIBIFBI 3epTTesireH. Ko jkeTiMci3 Tay MaccHBi
JKBIHBICTAPIBIH KabaTTacy KabaTTapbIMEH COMKEC KeJIeTiH M30TPOIHUSIHBIH KoIbey
YKA3BIKTHIFBIMEH TYTAC CepIiMIi OipTeKTi TpaHCBEPCAbABI-H30TPONTHl OPTaMEH
YCHIHBUIFAH. bacramkpl cepmimai KepHeyni JkoHe aedopMalMsulaHFaH Ky
XKa3blK (IITPEK) KoHE JKajlbUIaHFaH Ka3blK (KBepuuiar) aedopManusiap YIIiH
AQHM30TPOIITHl JIGHE TEOPHSCHIHBIH THICTI TeHJEyJepiMeH, sSFHU [yK 3aHBIHBIH
KaJbUIaHFaH TeHJeyJepiMeH aHbIKTanaabl. OHBIH aHM30TPOITHl MOJEIiH/C
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KacalFaH Keydey KaOaTThl MacCHBTETi OCKITUIMEreH Tay-KeH Ka30allaphIHBIH
OacTankbl TYPaKTBUIBIFBIH €CENTEy KabaTTapiblH Keyioey ocepi MEH OJap/blH
CO3BUTYbIHA KATHICTHI KA30AHBIH OPHANACYbI Ka30aHbIH aliHANTACKIHIAFbl MACCHUBTI
nedopmanusiayablH OacTamKbel CEpIiMII  Ke3eHiHAe HaKThl OeNTijIeHeTiHIH
kepceTTi. KBepuuiar cajpICTBIpMalbl TYpAe OpKalllaHaa KOJaiabl Karmaiaa, @
opTaiia OYpBIIITAPBIHIA FaHA €MEC, COHBIMEH KaTap Tay KbIHBICTAPBIHBIH TiK
opHayacybiHia na Oomansl. Tik KaOartapel Oap Tay MacCHBIHAE KBEpPILIATTHIH
alfHaJIaChIH/AFbl KEPHEYJIep U30TPOITHI MACCHBIIEH Oip/ei 6onanbl. Kem HycKabl
CaHJIBIK SKCTICPUMEHTTEP/IIH MATIMETTEPi Tay JKbIHBICTAPBIHBIH KYJIAYbIHBIH Ke3-
KeJNreH OyphIibiHaa OacTanmKel CEpHiMJII TYPAKTBUIBIK JKargaiaapel INTPEKKE
KaparaHJa KBepIUIar yiIiH CalbICTHIPMANbl TYpAE KOJAHNIbl €KEeHIH KepceTei.
CaHJBpIK HOTHKETEp/Ii erKeH-TerKe Il Taliay OChl 3epTTEY/IiH aTFbIIIapTTapbIHBIH
JKETKUTIKTI TONBIKTHIFBIH JKOHE OHBIH HOTHXKENEpPiHIH CEHIMIUIITIH KeJJIeHEH
Tay-KeH Kasz0amapblH Ka3y Ke3iHJeri Tay KBICBIMBIHBIH Op TYpJi MaceJelepiH
IICTTY/IiH TEOPUSIIBIK HETi31 peTiHIle KepceTeli, ONap/blH OOWMIBIK OCBETEepi Tay
KBIHBICTAPBIHBIH KOJIOeY-Ka0aTThl MACCUBIH/IE €PKiH OAaFBITTAJIFaH.

Tyitin ce3mep: Tay MaccuBi, Tay KbICBIMBI, KaOaTTap/blH Kyjiay OYPBIIIbI,
TYPaKTHUIBIK, KBEPIILIAT, IITPEK, aHU30TPOITHSL.
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AHHoOTanusi. B cratbe M3yueHa yCTOMYMBOCTH BBIPAOOTOK THIA IUTPEKOB
W KBEpLUIAroB KPyIJIOTro MONEPEYHOro Mpo¢uiis, MPOHACHHBIX B HAKJIOHHO-
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CJIONCTOM MAacCCHBE TOPHBIX MOpoA. HeTpoHyThIN TOpHBIM MaccuUB NpPEACTABICH
CIUIOIIHOW  ynpyroidl OJHOPOJHOM TpaHCBEPCAIbHO-U30TPOIHOM Cpefol ¢
HAKJIOHHOW IUIOCKOCTBIO M30TPOINMH, COBIAJAIOLIEH C ILNIOCKOCTBIO CJIOEB —
HamiactoBaHus nopoj. HauanbHoe ympyroe HampsbkeHHOE U Ae(opMHpoBaHHOE
COCTOSTHHSI ~ BBIPAOOTKH ~ ONpENENCHbl  COOTBETCTBYIOIIUMH  YPaBHEHHUSIMHU
TEOPUM AHM30TPOIHOTO Teja Ui IUIOCKOM (IUTpeK) M 00O0OIIEHHOH IIOCKOH
(xBepumiar) aedopmanuii, T.e. OOOOIICHHBIMH YypaBHEHHSIMH 3aKoHa [yka.
PacueTbl HayalbHOW YCTOMYMBOCTH HE3aKPEIUICHHBIX TOPHBIX BBIPAOOTOK B
HAKJIOHHO-CJIONCTOM MAacCCHBE, BBIIIOJHEHHBIE HA €€ AHW30TPOIHON MOJIEIH,
MoKa3aiy, 4To S(PQEKT BIUSHHUS HAKIOHA CJIOEB M PACIONOXKEHUS BHIPAOOTKU
OTHOCHUTEIBHO MX MPOCTHPAHUS YETKO YCTAHABJIHMBAETCS B HAYAIBHOW YIIPYroi
craguu 1eOpMHUPOBAHHS MacCUBa BOKPYT BbIpaOoTku. KBepmuiar Haxogurtcs B
CPaBHHUTEJIBHO OJAronpUsITHBIX YCJIOBHSX HE TOJBKO MPHU CPEIHHUX yIIax ¢, HO
Y TIpU KPYTOM 3aJIETAaHUH MOPOJ. B TOpHOM MaccuBe C BEPTHKAIBHBIMH CIOSMU
HanpspKEHHUs BOKPYT KBepluiara OyIyT TaKUMH e, KaK 1 B H30TPOITHOM MAacCHBE.
N3noxeHHbIE JTaHHBIE MHOTOBAPHUAHTHBIX YUCIIEHHBIX DKCIIEPUMEHTOB TOKA3BIBAIOT,
YTO MPHU JIFOOOM YTJIE TTaJICHUS TIOPO/] YCIOBHS HAYaJIbHOM yNPyroi yCTORYNBOCTH
CPaBHHUTEJIBHO ONAronpusTHBI Ul KBEpLLIara, HeKeNu sl mrpeka. JleranbHbiit
aHaAJIN3 YHUCIICHHBIX pE3yJIbTAaTOB CBUICTEILCTBYET O JOCTAaTOYHOW MOJIHOTE
MPEANOCHUIOK JAAHHOTO HCCIIEAOBAHUS M JIOCTOBEPHOCTH €0 pe3ylbTaToB Kak
TEOPETUYECKOH OCHOBBI PEIeHHs Pa3HOOOPA3HBIX BOIPOCOB I'OPHOTIO JABJICHHUS
MPU MPOXOJIKE TOPU3OHTAIBHBIX TOPHBIX BBIPAOOTOK, MPOAOIBHBIE OCH KOTOPBIX
MIPOU3BOJIBHO OPHEHTUPOBAHBI B HAKIIOHHO-CIIOMCTOM MacCCHBE TOPHBIX MOPOJ,.

KiroueBble cjioBa: ropHbIIl Maccus, TOPHOE JIaBJIEHUE, YIOJl [1aJJeHUs CIIOEB,
YCTOMYHMBOCTB, KBEPILIAT, INTPEK, AHU30TPOTIHSL.

Introduction. Development of minerals is usually accompanied by sinking and
anchoring of horizontal underground excavations, crossing the layered-forming
strata of sedimentary rocks in different directions. These excavations, depending on
the orientation of longitudinal axes relative to the strike of rock layers, are divided
into drifts and crosshairs, located along the strike and along the strike of rocks. The
intermediate position is occupied by relatively rare diagonal excavations, whose
axes form an acute angle with the line of strike of the layers - rock stratification
surfaces.

The manifestation of rock pressure in the drifts and crosshairs, displacements
of rocks and their pressure on the support are largely predetermined by the slope
of rock layering surfaces. This is confirmed by field observations. However,
until now there has been no sufficiently complete analysis and calculation of
such phenomena, characterizing the specifics of the mechanism of stability and
work of shields of drifts and crosshairs, as well as diagonal mine workings. The
existing calculation schemes of mine workings represent the real rock mass as a
mechanically homogeneous medium (isotropic or anisotropic) simulating horizontal
layering. They sufficiently reflect the main physical and kinematic features of rock
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behavior and their interaction with underground structures, do not allow to assess
the influence of the spatial position of rock layering surfaces on the rock pressure.

The expediency of taking into account the elastic anisotropy of rocks around
workings was first noted by G.N. Savin, who obtained expressions for the coefficient
of lateral pressure (Savin, 2014). S.G. Lekhnitsky solved the problem about the
stress state of a heavy elastic transversal-isotropic massif with a horizontal isotropic
plane, weakened by a mine shaft (Lekhnitsky, 2013).

The influence of elastic anisotropy of rocks on the stress state around adits was
considered by G. Sonntag in an approximate way (Sonntag, 2013; Sonntag, 2013).
In their works H. Werner and P. Felix touched upon the issues of estimation of
layering and elastic anisotropy of rocks (Werner, 2015; Felix, 2013).

There are very few data on the full set of elastic characteristics of rocks as
a transversal-isotropic body. The main reason is the lack of experimental data
on the shear modulus G,, which was pointed out by A.S. Kosmadamiansky
(Kosmodamiansky, 2013). Researchers K. Wolf and H.A. Lang determined the
shear modulus G, not from experiment, but by very arbitrary calculations (Wollf,
2016; Lang, 2014).

Material and basic methods. The stress-strain state of horizontal mine workings
such as drifts and crosshairs, in addition to different orientations, is predetermined
by the slope of folded rock layers. Let us define the basic physical equations of the
anisotropic (transtropic) model of the rock massif, not weakened by the conduct
of underground construction. Let’s introduce a rectangular Cartesian coordinate
system Oxyz (see Figure la, b), where Oz axis is directed vertically upwards,
horizontal axes Oy and Ox coincide with the lines along and across the strike of the
isotropic plane, respectively. Let us denote the angle of inclination of the isotropy
plane to the horizontal plane by ¢. Then the equations of the generalized Hooke’s
law for a transtropic massif with the isotropy plane inclined at angle ¢ in the chosen
coordinate system Oxyz have the form:

€x = A110x T Q120 + 130, + A15Ty,, €y = 120y + A320y + 0230, + Ap5Ty,,
£, = Q130y + A30) + a330; + A35Txy, Vyz = Qqq Ty, + Qyp Txy (D
Yay = Q46Tyz T AopTxys Yxz = Q150x t A350), + A350; + As5Ty,
‘Z
a) 1
6)
r4 ‘r
o s XS

Y

a— general scheme; b - cross-section across the isotropic plane
Fig. 1 - Sloped-layered rock massif
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where the strain coefficients @;; (i,j = 1 — 6) are equal:

aj; = E;lcos*¢ + 0.25(G5t — 2v,E7Y) sin?2¢ + Eylsing, ay, = EL,
as; = E7tsin*¢ 4+ 0.25(G3* — 2 v,ET 1) sin?2¢ + E; 1cos* ¢,

a4y = 2 E71(1 4+ v;) sin?¢ + G5 2cos?¢, 2)
ass = Gy + (Er'(1+2vy) + E; ' — G 1) sin®2¢,

age = 2 ET1(1 +v;) cos?¢p + G5 sin?¢p, ay, = —E7 vicos?¢p + G5 1v, sin?¢,
a3 = —E7, + 0.25(E7Y(1 + 2v,) + E51 — G51Y) sin?2¢,

ays = [ET1(1 + v,) cos?¢p — (E3 L + EfYv,) sin?g — 0.5 G5 Lcos2¢] sin2¢,
a3 = —E7Yv;sin?¢ — ET1v,c0s2¢, ays = —E7 1 (vy — v,) sin2¢,

ass = [E71(1 +v,) sin?¢p — (E5 1 + E71v,) cos?¢ + 0.5 G5 Lcos2¢] sin2¢,
ass = =05 (G631 = 2 BT (1+vy)) sin2¢,

and the remaining strain coefficients are zero.

Here E| and E_- are elastic moduli in the isotropy plane and perpendicular to it;
v, and v, - Poisson’s coefficients in the isotropy plane and perpendicular to it during
compression-expansion in this plane; G- is shear modulus for planes normal to
the isotropy plane. The values E, E,, v, v, are found from uniaxial compression
experiments on rock samples parallel and perpendicular to the layering. First, the
modulus of elasticity Ea in compression of the sample at an angle a to the layering
is determined from the formula:

E, = (E{*cos*¢ + 0.25 (G3* — 2 E{'v,) sin?2a + E3 sin*a) 71,
and then the shear modulus G, by the formula:

G, = sin?2a [0.25 (E;! — E{'cos*a — E5 tsin*a + 0.5 E{ v, sin?2a)] 71,

Determination of the stress components in an intact continuous rock massif,
from now on referred to as the main ones, is hypothetical in nature. A.N. Dinnik’s
hypothesis about the absence of horizontal displacements in an intact thickness
under the action of its own weight only, which is equivalent to the absence of
expansion of the rock massif in the horizontal directions, is widely used. Then,
taking 0, = —yH: and using (1), we obtain

Ox =Ax 05,0y = Ay 04, Txy = Ayz 0, Ty = Tyyy = 0.

Here Ay, Ay - coefficients of lateral pressure across and along the isotropy plane;
¥, H - volumetric weight of the rock mass and depth of the point in question. At
horizontal layering (isotropy plane), when ¢ = 0, we have:
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=24, =v; (1—v)™ 5 A, =0 (3)

For an isotropic medium (E1 = Ez = E, G, = G,v1 =V, = V) we obtain the
well-known A.N. Dinnik’s coefficient:

Ax = Ay =V (1 - V)_l; sz =0. (4)

For an incompressible medium at v = 0.5 we come to a hydrostatic stress
distribution

A=Ay =12, =0 (5)

Results and discussion. An unanchored deep underground mine working in
a transversally isotropic rock massif arbitrarily oriented relative to the rock strike
line is considered. First, the stress state of the transversally isotropic rock massif
is found. The stress state of the undisturbed rock massif, in which no underground
excavation has yet been carried out, is determined by its elastic properties,
assuming that only vertical movements are possible according to the hypothesis of
A.N. Dinnik. Then we studied the mechanical state of circular drifts and crosshairs
caused by the anisotropic elasticity of the rock mass, as well as the influence of the
angle of incidence of rocks on the distribution of stresses on the contour of loose
drifts and crosshairs.

It should be noted that the values of the modulus of elasticity allow us to
estimate the degree of elastic anisotropy of the rock massif only qualitatively. For a
complete analysis of such anisotropy of a rock massif, it is necessary to have values
of the anisotropy parameters for the flat problem introduced by S.G. Lekhnitsky:

_2 _
k2 = (E1/E3) Vz’ n= m’ e —— (E1/G2)—2v,(1+v4) (6)

2 2
1-v2 1-v2

In other words, they can be found using the values of all five elastic constants
of the rock mass: E, and E, modulus of elasticity in the isotropy plane and
perpendicular to it; v, and v, - Poisson’s ratio in the isotropy plane and perpendicular
to it (in tension-compression in this plane); G, - shear modulus for planes normal
to the isotropy plane.

Values E , E,, v , v, are determined by compression experiments on rock samples
parallel and perpendicular to the layering, and G, is calculated by the formula

-1
- (% _1/2v. 1
G, = <E E, EZ) ’ (7

where E,_450 - is the value of the modulus of elasticity in compression of the
rock sample in the direction which is 45° with the plane of isotropy (stratification).
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In the generalized planar deformation (the crosshair stress problem), in addition
to the parameters k and n we need the parameter / defined by the expression

l=E/2(1+v,)G,. (8)

The degree of anisotropy is estimated by the deviation of the values of these
parameters from the values for isotropic medium: k=1, n=2, I=1.

Evaluation of the stability of mine workings is given taking into account the
influence of technological irregularities of the rock contour. The analysis is based
on multivariate numerical experiments using formulas 1-8. For the numerical
analysis, the authors developed an algorithm and a package of applied programs
for the problem of the stress state of underground structures (Guang-Chuan Liang,
et. al., 2016), (Mandal, et. al., 2018; Jianguo Zhang, et. al., 2019; Liu Hao, et. al.,
2020; Pleshkao, et. al., 2021).

Calculations were performed using a set of elastic parameters of siltstone as an
example: k=1,43; n=3,32; [=1,78. The calculations are performed for the cases
when the stress distribution in the intact massif:

1) nonhydrostatic (according to A.N. Dinnik), i.e. A = A (¢), Xy= ky((p), 1 =0;

2) hydrostatic, i.e. A = ky=1, 1.=0.

Values of lateral pressure coefficients for rock massifs with drifts and crosshairs
are summarized in Table 1.

Table 1 - Values of side pressure coefficients

¢, degree 0 [ 10 [20] 30 [ 40 [ 50 [60 70 80 [ 90
A 0.337 | 0.398 | 0.549 | 0.692 | 0.705 | 0.578 | 0.404 | 0.258 | 0.169 | 0.139
Ky 0.337 | 0.364 | 0.436 | 0.520 | 0.566 | 0.556 | 0.517 [ 0.476 | 0.456 | 0.441
A, 0 -0.031 [ -0.039| 0.104 | 0.239 | 0.314 | 0.300 | 0.224 | 0.118 0

The initial stability of the mine workings of the drift and crosshair type has
been studied. On the contour of loose circular workings ¢ =t _=0. Circumferential
stresses o for the drift are calculated in points with coordinates e from 0 to 180°,
and for the contour of the crosshair, whose vertical and horizontal axes are axes of
symmetry, - only in one quadrant because of symmetry. The angle of incidence of
rocks ¢ varies from 0 to 90°.

Based on the developed proprietary algorithms and stable numerical analysis
schemes combined with the finite element method, multivariate numerical
experiments were carried out to study the stress state of the circular mine workings
of the drift and crosshair type (Solonenko, et al., 2017; Makhmetova, et al., 2019;
Solonenko, et al., 2022). The stresses on the drift’s contour changed with the
increase of rock dip angle and underwent not only quantitative but also qualitative
changes. The results of numerical experiments on the law of stress distribution
along the contour of the circular drift depending on the angle of incidence of rocks
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are shown in Table 2. The corresponding diagrams of circumferential stresses
0o, built on the contour of the drift type excavation, are shown in Fig. 2a,b. The
stresses are shown in fractions of yH both for nonhydrostatic A = A (¢), Xy= ky((p)
and hydrostatic A = A =1. With a steep fall of rocks, the distribution of these stresses
becomes inhomogeneous: tensile stresses appear in the top and bottom of the
excavation. The epiures have symmetry axes for horizontal and vertical bedding,
with the maximum stresses at the lateral points and the minimum ones at the top. At
A =1, the maximum stresses, remaining constant in value at any inclination angle
of the layers, are concentrated at the point of the rock contour along the normal to
the layering plane. The track is in favorable conditions at medium angles ¢=30°-
50° when the circumferential stresses are distributed relatively evenly and least
intensely.

Table 2 - Stress distribution along the contour of the circular drift

o /yH (drifi)

o, degree 0=307 =450 0=60°
A=A(@ | A=l | a=a(@) | A=l | A=Alp) | A=l
0 1.967 1.706 1.750 1.420 2.152 1.610
10 2.288 2.077 1.833 1.572 1.861 1.403
20 2.582 2.493 2.025 1.877 1.731 1.476
30 2.583 2.692 2.250 2.292 1.700 1.706
40 2.183 2.493 2.319 2.638 1.698 2.077
50 1.633 2.077 2.045 2.638 1.605 2.493
60 1.183 1.706 1.542 2.292 1.297 2.692
70 0.890 1.476 1.079 1.877 0.834 2.493
80 0.734 1.403 0.767 1.572 0.430 2.077
90 0.712 1.510 0.599 1.420 0.184 1.706
100 0.885 1.875 0.562 1.431 0.074 1.476
110 1.402 2.570 0.699 1.653 0.076 1.403
120 2.126 3.079 1.165 2.187 0.222 1.510
130 2.233 2.570 2.101 2.926 0.657 1.875
140 1.926 1.875 2.739 2.926 1.688 2.570
150 1.710 1.510 2.453 2.187 3.084 3.079
160 1.657 1.403 2.035 1.653 3.295 2.570
170 1.746 1.476 1.805 1.431 2.671 1.875
180 1.967 1.706 1.750 1.420 2.152 1.510
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a-when A =2 (9), 6 — when A =1; 1- ¢=0, 2- @=30°, 3- =60, 4- ¢=90°
Fig. 2 - Circumferential stress diagrams on the contour of the circular profile drift

The diagrams of circumferential stresses 6, built on the contour of the crosshair
type excavation, are shown in Figure 3a,b. Stresses on the crosshair, on the contrary,
in all cases are symmetrical relative to the vertical and horizontal axes and are
homogeneous everywhere - compressive. The minimum stresses are concentrated
strictly in the middle of the roof, the maximum - in the side points of the crosshair,
reaching the highest and lowest values in the horizontal bedding of rocks. The
results of numerical experiments on the law of distribution of stresses along the
contour of the circular crosshair, depending on the angle of incidence of rocks are
shown in Table 3. Naturally, in this case, the stress state of the drift and the crosshair
coincide. When XyZI, the maximum and minimum stresses at the contour of the
crosshair tend to the same value as the rock dip angle increases. The dependence of
circumferential stresses on lateral pressure coefficients is shown in Figure 4 for the
drift (a) and the crosshair (b), where the solid lines refer to the top of the excavation
and the dotted ones to its sides. Curves 4 at ¢ = 90° for the crosshair coincide with
the results for isotropic massif
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Table 3 - Stress distribution along the contour of the circular crosshair

Crosshair
degee =02 A= (0) A=1

S, o/vH S, il VH 6, JYH S, il VH S, VH S, i/ YH npu

npu =0° npu 6=90° npu 6=0° npu 6=90° npu 6=90° 0=45°
0 3.206 -0.631 3.118 0.006 3.079 1.404
10 3.162 -0.653 3.058 0.080 2.927 1.443
20 3.051 -0.678 2.902 0.302 2.652 1.537
30 2915 -0.669 2.711 0.561 2412 1.655
40 2.800 -0.630 2.551 0.680 2.256 1.780
50 2.728 -0.585 2.456 0.624 1.132 1.884
60 2.724 -0.513 2.453 0.454 2.047 1.943
70 1.749 -0.457 2.495 0.395 2.012 1.989
80 2.784 -0.416 2.540 0.338 2.001 1.999
90 2.800 -0.400 2.559 0.322 2.000 2.000
a 0

0y
Pa
3
4

1

0

v

0 2

—
a-when L =4 (), 6 — when A =1; 1- =0, 2- ¢=30", 3- ¢=60", 4- =90".
Fig. 3 - Circumferential stress diagrams on the contour of the circular profile crosshair
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12 2
1- ¢=0, 2- ¢=30°, 3- ¢=60°, 4- ¢=90°".
The solid line refers to the roof, the solid line with a circle refers to the sides.
Fig. 4 - Diagrams of the dependence of circumferential stresses on the contour of the drift (a)
and the crosshair (b) on the coefficient of lateral pressure

Analysis of the numerical results shows:

1. For the drift with a change in the angle of rock dip, the minimum stresses are
confined to the top of the drift, and the area of maximum stresses visibly changes
its position on the contour of the drift from the direction along the layering rocks to
the direction across their layering;

2. The crawlspace is in relatively favorable conditions not only at medium
angles, but also at a steep bedding of rocks. At any rock dip angle, the initial elastic
stability conditions are comparatively more favorable for the croslag than for the
drift.

Conclusions: In general, for the drift at A = A (¢), with a change in the rock
dip angle, the minimum stresses are confined to the top of the drift, and the area
of maximum stresses visibly changes its position on the drift contour from the
direction along the rock overlay to the direction crossing their overlay. The initial
elastic stability of the drift deteriorates with a steep fall of rocks, when stresses in
the lateral points reach the greatest value, and tensile stresses appear in the roof.

The crosshair is in relatively favorable conditions not only at medium angles o,
but also at steep bedding of rocks. In a rock massif with vertical layers, the stresses
around the crosshair will be the same as in an isotropic massif. The above data from
theoretical studies and multivariant numerical experiments show that, at any angle
of rock incidence, the initial elastic stability conditions are relatively favorable for
the crosshair rather than for the drift.

A detailed analysis of the numerical results shows sufficient completeness of the
assumptions of this study and the reliability of its results as a theoretical basis for
solving various problems of rock pressure when driving horizontal mine workings,
the longitudinal axes of which are arbitrarily
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