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Annomauyus: TIporHosupoBaHye BeJMUMHBI HATPY3KM Ha Kpelb BbIPAOOTKM U OTpefeseHne
ee BJIMSHMS Ha CTPYKTYPY U TapaMeTpPbl KPemu SIBJITEeTCST HeOOXOAVMbIM JIJIs BHEAAPEHUST CO-
BPEMEHHbBIX TEXHOJIOTUI IPOBEAEHMsT TOPHBIX BbIPaGOTOK. PacCMOTpeHO MpOrHO3MpoBaHMe
HarpPy3KM Ha KPeIb FOPU30HTAIbHOM TOPHON BhIPaBOTKY, TPOBENEHHOM B CKAJIbHBIX CJIOMCTHIX
MOpOJax, C YUYEeTOM BeJIMUMHBI YIJia TafeHlsT TIOPOAbl OTHOCUTEIBHO MOTIEPEUHOTO CeueHust
BbIPAGOTKY ¥ BEJIMUMHBI COTIPOTUBJIEHVSI OTPBIBY MOPOIbI B HANpaBJIEHUM, TTE€PIEHIVKYJISIP-
HOM cJiosiM. B HacTosiiiee BpeMst 00beM MOPOIbI, TaBsIINI Ha KPeIlb TOPU30HTAIbHOM TOPHO
BBIPaBOTKM, OTIPEIE/ITeTCs TI0 MEeTOAMKAM, pa3spaboTaHHbIM Ha OCHOBE TEOPUY eCTeCTBEHHOIO
cBOmoo6pasoBanys. [IpeamnonaraeTcs, YTo MOPOAA COCTOUT U3 pas3apOOIeHHbBIX YaCTUII, MESKAY
KOTOPBIMU CYILIIECTBYET BHYTPEHHEe TpeHue, CIeIIeHNe U CONPOTUBIIEHME OTPBIBY, TO €CTb
uneHTuduumpyercs kak cpena lIBemoBa-brHrama. PaspaboraHHble HA OCHOBE HAHHON TEO-
UV MOV ¥ METOAMKY OTIpeiesIeHNsT Harpy3Ky Ha KPerlb OT/IMYAOTCS pasanuHbIMy Ko3hdu-
IIMEHTAMM ¥ YTOUHEHMsIMM, BBeIeHe KOTOPhIX HallpaB/IeHO Ha yUeT (GM3MKO-MeXaHWueCKUX
CBOJICTB TIOPOZIbI B OKPECTHOCTSIX BHIPAGOTKY, CIIOCOHOB MPOXOIKM, CPOKA IKCILTyaTaIVY BbI-
paboTku U Apyrux ¢Gakrtopos. Llenabio maHHOV paboThI SIBJSIETCS MCCIeNOBaHNMe HaIPSIKEHHO-
nehopMIUPOBAHHOTO COCTOSIHMSI XPYIIKUX CJIOMCTBIX TTOPOJ, HaJl TOPM30HTAIbHONM BbIPaBOTKO
TIPY PasIMUHbBIX YIVIaX MaJeHNs CJIOeB MOPOIbl U (HM3UKO-MeXaHUUeCKMX CBOVICTBAX MOPOIbI.
YCTaHOBJIEHO UX BJMSIHME Ha BEJIMUMHY MPENEeTbHO JTOMYCTUMbIX Pa3MepOB IPOJIETOB BbIpa-
GOTOK M3 YCJIOBMSI peajnu3alyi OCTATOYHOI Hecyllei crocobHocTu nopofd. ITosyyeHa 3aBu-
CMMOCTh BeJIMUMHBI yIJIa OTPhIBA YaCTHM MOPOMbI HAJ BbIPAOOTKONM OT YyIJia MajfieHus Iuiacta
MOpO/bl. YCTaHOBJIEHO, UTO C YBeJMUYEeHMeM YyIJia TaJieHNsI T1acTa MOpOobl YTOJI OTPhIBA YaCTH
MOPOJbI Hafl, BBIPAOOTKOM YMEHBIIIAeTCSl.

Kntouessvle cnoea: ropu30OHTaIbHAs TOPHAas BbIPabOTKa, Harpy3ka Ha Kpellb, YIoJ MaJeHMus
J1acTa Mopo/bl, Hecylllas ClIOCOGHOCTh KPeru, CJAOKCTas TOpo/a, TOBEPXHOCTDb PaspyIlIe s,
06beM TOPOJIbI, KPerb BbIPAGOTKY, YTOJI OTPbIBA YaCTU MTOPO/IBI.

na yumuposanusa: Escmpamos B. A., Boporosa 3. IO., JIyeanyes b. B., Xonodosa JI. A.
MopenupoBaHue mpolecca CBOA00O6Pa30BaHMs Hafl TOPU3OHTATIBHO BIPAOOTKONM B CKATbHBIX
CJIOMCTBIX MOPOAAX MPYM Pas/IMUHbIX yIVIaX MafeHus miacra // TopHbi mHGOpMaIIOHHO-aHa-
JmTrdeckuii 6roymterenb. — 2026. - Ne 8. - C. 31-40. DOI: 10.25018/0236_1493 2026 _8 0 31.

© B.A. Esctpatos, 3.10. BopoHosa, b.b. JlyraHues, /1.A. Xonogosa. 2026.
31



Modeling arching process in bedded rock mass above a mine tunnel
at different dip angles of bedding
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Abstract: Advanced mining technologies require prediction of loads exerted on mine support
systems and need estimation of influence of loading on the support design. This article focuses
on prediction of loads applied to support systems in horizontal mine tunnels in hard and bedded
rock masses with regard to the dip angle of bedding relative to the cross-section of the tunnel,
and in view of the tear resistance of rocks in perpendicular to the bedding. Currently, the vol-
ume of rock mass that exerts pressure on a support system in a mine tunnel is determined using
the theory of natural arch. It is assumed that rocks represent granular particles with internal fric-
tion, cohesion and tear resistance between them, which conforms with a Shvedov-Bengham’s
model. The related models and procedures of load assessment on mine supports involve various
coefficients and amendments aimed to take into account the physical and mechanical properties
of adjacent rock mass, methods of heading, service life of mine tunnels and other factors. The
objective of this study is the stress—strain assessment of brittle and bedded rock mass above
a mine tunnel at different angles of bedding and physical and mechanical properties of rocks.
Their influence on the maximum permissible sizes of spans of the tunnels is determined on the
assumption of the remaining load-bearing capacity of rocks. The value of the detachment angle
of rocks above the tunnel is correlated with the bedding angle in rock mass. It is found that the
rock detachment angle above the tunnel decreases with the increasing angle of bedding.

Key words: mine tunnel, load on mine support, bedding dip angle, load-bearing capacity of
support system, bedded rock mass, failure surface, rock volume, mine support system, rock
detachment angle.
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Introduction
Assessment of ground pressure in the
vicinity of openings in underground mines

researchers identify rock mass as an elas-
tic continuum, other—as a granular and
incoherent medium. There are theories of

is a subject of many studies. Different
theories are either based on a researcher’s
perception of the nature and mechanism
of the phenomena and processes that can
occur in surrounding rock mass, or on the
generalization and systematization of ex-
perimental results.

To a great extent, such state of things is
governed by a wide variety of the physical
and mechanical properties of rocks. Some
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natural arch formation, pillar subsidence
with friction, detachment of a rock volume
from rock mass, and many other [1— 3].
For finding loads exerted on mine sup-
port systems in bedded rock mass, there
is @ model where each layer (bed) is con-
sidered as a single bending beam with
fully fixed ends [4]. The studies aimed at
improvement of the efficiency of the up-
to-date support technologies, stability of



mine openings and cost-saving of head-
ing and support emphasize the need of the
comprehensive stress—strain analysis in
surrounding rock mass of development
openings in underground mines [5, 6].
Modeling of fracture propagation in
surrounding rock mass provided depen-
dences of the fracture depth and the maxi-
mal shear stresses on the dip angles of
rock bedding [7]. From the theoretical and
experimental research findings, models
were developed to predict displacements
in surrounding rock mass susceptible to
creep for the whole period of service life
of mine excavations, with regard to actual
rheological properties of rocks [8 —10].
The stress— strain behavior of a coal bed
in the vicinity of an underground roadway
was modeled with regard to the cross-sec-
tion configuration of the roadway and to
the coal bed dip [11]. Design and updating
of support technologies during heading
operations should take into account speci-
fic geological conditions of adjacent rock
mass. This enables accurate loading pre-
diction and efficient design of mine support
systems to ensure safe and cost effective
support of surrounding rock mass [12].
Another study focused on influence
exerted by a dip angle of a coal seam on
the stress— strain behavior of coal—rock
mass [13]. The author carried out the
stress — strain assessment of rock mass
surrounding a roadway at different dips of
the coal seam and at different orientations
of the roadway relative to the direction of
the seam dip angle. The modeling results
show that the load exerted on the support
systems during extraction of pitch coal is
much higher than the support system load-
ing in mining of horizontal seams. Many
studies address design of mine support
systems that can ensure the required sus-
taining capacity and stability of roadways
with regard to their service life [14—16].
The influence of the bedding dip angle
and nonuniform physical and mechanical

properties of rocks on the stability of a
horizontal roadway was analyzed in [17 —
19]. The impact of the specific ground
conditions on mine support system during
heading in the karst zone in the Tahe area
in the northwest of China was described
in [20].

One of the main complications of ad-
vanced technologies of support system de-
sign and installation is the lack of know-
ledge on the stress—strain behavior of
enclosing rock mass surrounding under-
ground mines, which prohibits an accurate
prediction of the value of pressure ap-
plied to a mine roof support by adjacent
rock mass.

The present authors earlier presented
the mathematical model of the most prob-
able failure surface in rock mass above a
mine tunnel took into account friction, co-
hesion and tear resistance on the assump-
tion of uniform physical and mechanical
conditions of enclosing rock mass sur-
rounding the tunnel [21].

Methods

This study focuses on arch formation
above a horizontal opening—mine tun-
nel—in bedded rock mass at different dip
angles of bedding. It is assumed that there
are no confining forces between the beds.
Each bed represents an overhanging beam
that occurs at an angle o relative to the

Puc. 1. MonepeyHoe cedeHne BbipaboTKyM B ropose
C YI7IOM NafeHusl o U IMHUU BO3MOXKHbIX MOBEPX-
HOCTeV OTpbiBa YacTu Moposbl

Fig. 1. Cross-section of mine tunnel in rock mass with
bedding angle a and lines of possible failure surfaces
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horizon and in perpendicular relative to
the longitudinal axis of the mine tunnel
(Fig. 1). The grey-color rectangles in the
figure depict the support system.

In case of mining along the strike of the
coal bed, the angle o is equal to the coal
bed dip. If we neglect the tensile strength
along the layers, which is much less than
the tensile strength across the layers, than
a failure surface above the mine tunnel is
a plane oriented at the angle a relative to
the horizon and leaned on the edge of the
pillar. The most probable form of the pro-
jection of rock detachment on the cross-
section of the mine tunnel is a triangle with
its angles at the edges of the cross-section
of the mine tunnel roof (Fig. 1). The value
of an angle B (Fig. 1), which defines the
area of the triangle and, consequently, the
load applied to the mine support, depends
in a general case on the width of the mine
tunnel, dip angle of the coal bed and on the
tensile strength of rocks.

According to the assumed calculation
model, detached rock volume represents
an overhanging beam of a triangular cross-
section. Any projection of the failure sur-
face AC on the cross-section of the mine
tunnel, oriented at the angle P relative to
the horizon (Fig. 2), experiences the joint
action of tension and bending. In this case,

e G

where o is the normal stress of rocks in the
failure plane, Pa; [c] is the tensile strength
of rocks, Pa; M__ is the maximum bending
moment in the failure plane, Nm; Wy is the
section modulus of the failure surface m?;
F_is the projection of gravity force of the
detached rock volume along the normal to
the failure surface, N; A is the area of the
failure surface AC (Fig. 2).

Apparently, rock failure will take place
along AC when B is such that the normal
stresses in this cross-section have the maxi-
mum value:

max Fn
c=—m=x4-n
W,

The maximal bending moment in the

failure plane AC (Fig. 2) is:

M. . =Fh,Nm, (3)
where F_is the projection of gravity force

of detached rocks in parallel to the failure
surface (Fig. 2):

F.=Gsinf3, N, 4)
where [ is the angle of the failure surface

AC relative to the horizon; G is the weight
of detached rocks:

=max ., (2)

- . = A
the strength condition can be given by: G, =pgSAd, N, ©)
Y2 Y, = -X,ctgp+z
e Y, = x,tgp
C
if
Y
b
p p g X
A Xk yk -G a B
F A

Puc. 2. Cxema cun, fediCTBYOLLUMX Ha OTPbIBatOLLYHOCS YacTb MOPOAbl Haf BbIpaboTKOM
Fig. 2. Diagram of forces exerted on rock detachment above mine tunnel

34



where p is the rock density, kg/m?; g is the
free fall acceleration, m/s?; S is the cross-
section area of detached rocks (Fig. 2):

S:%acsina, m?, (6)

where a is the width of the mine tunnel,
m; c is the length of the line BC (Fig. 2):

c=ai™ m, 7)
siny
where v is the angle ACB (Fig. 2):
y=180—-a -, deg, (8)

o is the dip of the bed (Fig. 2), angle; Ad is
the unit stretch of the mine tunnel length, m.

The distance h from the gravity center
of detached rocks to the plane of failure
(Fig. 2) is given by:

h=\(t =5 )+ (Ven =), ©)

where x_and y_are the coordinates of
the center of mass of the detached rock
volume (Fig. 2):

_ XatXgtXc _YatYetye

XCITI ycm

where x, = 0, x_ = bcosB, y, =0, y, =0
and y. = bsinf} are the coordinates of the
triangle corners at A, B and C (Fig. 2);
x, and y, are the coordinates of the inter-
section between the line AC and the nor-
mal that passes through the gravity center
of the detached rock volume (Fig. 2).

The equation of the failure surface line

AC:
Y= Xlth . (11)

The equation of the straight lines ori-
ented along the normal to the line AC:

Y, =—XctgB+z. (12)

For the straight line that passes through
the gravity center of the detached rock
volume:

z=y_+x.ctgP. (13)

Accordingly:

Yt XCtgB X, ty..ctB

tgB+ctgh T tgB+ctgp
(14)
The section modulus of the failure sur-
face is: b2Ad
= , m3, (15)

y
6
where b is the length of the failure stretch
(Fig. 2):

b:aSI.nOL,m (16)
siny
The area of the failure surface is:
A=bAd. (17)

The projection of the gravity force of
detached rocks along the normal to the
failure surface (Fig. 2):

F =Gcosf, N. (18)

Failure will take place in the plane of
the maximal stresses:

M,

max

w

y
In this manner, expression (1) of the
maximal stresses in rocks above a mine
tunnel can be written as a function of a
few parameters:

o= f(oB,ap)=max>[c,]. (20)

By setting certain parameters in (20),
namely, the coal bed dip, the width of the
mine tunnel and the rock density, and by
varying the angle [ in a range from 1° to
90°, we find the value of this angle when
the tensile stresses in the cross-section AC
are maximal (Fig. 2).

The obtained model allows analyzing
the process of rock failure above a mine
tunnel depending on the bedding dip, ten-
sile strength and specific density of rocks.

After detachment of rocks along the
surface ACB (Fig. 3), the remaining lower
bed along CB can be assumed as a beam

F,
o= +20 =max

(19)
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Puc. 3. PacueTHas cxema npouecca cBogoobpa3oBaHuUs B opoae Has BbipaboTKoM
Fig. 3. Analytical model of arching in rock mass above mine tunnel

supported on two sides, located at an an-
gle a relative to the horizon and loaded by
its own weight. Such analytical model of
horizontal bedding in rock mass was ear-
lier used to determine failure condition of
beds [4]. In our case, the analytical model
of the beam assumes that its ends are not
fully fixed but hinged as is adopted in the
design of engineering structures. This in-
creases the bending moment in the mid-
dle of the beam span by 1.5 times and can
partly counterbalance the impact of rock
mass nonuniformity and jointing on the
load-bearing capacity of the beam.

The maximal bending moment in the
middle of the line CB is given by (Fig. 3):

2

= %cosa. (22)

max

The strength condition:

G=%S[G].

y

(22)

According to [2], “a parabolic arch
forms above a mine tunnel, and the arch-
ing height is found from the condition”:

L=5, (23)
k
where c is the length of the line BC (Fig. 3);
k is the factor of hardness of rocks [2].

Now, the total load on the support sys-
tem in the tunnel is:

G=G,+G,=pgAd(S,+S,), (24)

2 . .
where S, =ch is the cross-section

T~
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Puc. 4. 3aBucumocTb yrna paspyLueHus naacta nopoasl B ot yrna nageHus naacra o,
Fig. 4. Rock detachment angle f3 versus bedding dip angle o
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Fig. 5. Maximum permissible span of mine tunnel as function of tensile strength and bedding angle a of rock mass

area between the arching parabola BTC
and the line BC (Fig. 3).

The value of the span c in (21) decreas-
es during arching; therefore, when

Ad[o]

Cc= 2b ’
3gcosa.

strength condition (22) is satisfied, the
arching process stops and a part of the
arch remains flat.

Results

Fig. 4 depicts the relationship between
the failure angle P of a bed and its dip an-
gle a (see Fig. 1). The analysis of the re-
sults yields that as the dip angle of a bed
increases, the rock detachment angle 3
decreases.

Fig. 5 shows the maximal span of a
mine tunnel as function of the bedding
angle o and the tensile strength of rocks

CIINCOK JIUTEPATYPbI

upon condition of sustainable bearing ca-
pacity of rock mass above the mine tun-
nel.

Conclusions

The analysis of the obtained results
shows that as the angle of bedding in rock
mass increases, the rock detachment angle
[ decreases. The value of the bedding an-
gle substantially influences the maximum
permissible span of mine tunnels. The
higher angle of bedding allows the great-
er value of the span. These results agree
with the earlier evidence [22]. At the same
time, if the tensile strength of rocks is low
and allows detachment of rocks along the
line AC (Fig. 2), the load on the mine sup-
port grows with the increasing bedding
angle a and substantially exceeds the load
exerted on the support systems in mining
of horizontal beds, which agrees with the
other research findings [15].
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