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Abstract: The article presents the results of a research on the stress-strain state of rock massifs around tunnels located in a
dip-layered massif. As a result of the research, the authors developed a technique for determining stress fields around workings
associated with the impact of water pressure in an anisotropic massif. The study was conducted using Muskhelishvili’s method,
which made it possible to calculate the components of stresses and relative deformations with account of the relief, gravitational
and tectonic forces, as well as the hydrostatic pressure of water. The results show that the distribution of stresses around the tunnel
changes insignificantly. The stresses extend in the arch and footing, while in other areas they are compressed. High accuracy of
calculations is confirmed by the permissible error. Contour stresses caused by hydrostatic pressure are of a tensile nature and
can threaten less durable rocks, with a pressure of 20 to 200 MPa. The vaulted section of the tunnel with vertical walls effectively
distributes loads, especially under soil and seismic impacts. When selecting the types and strength of fastening, it is important to
take into account the values of water pressure and maximum tensile contour stresses. The stress-strain state of tunnels and workings
is analysed with the use of the MATCHAD software environment.

The vaulted section of the tunnel with vertical walls effectively distributes loads, especially under soil and seismic impacts.
When selecting the types and strength of fastening, it is important to take into account the values of water pressure and maximum
tensile contour stresses. The analysis of the stress-strain state of tunnels and working using the MATCHAD software environment
is presented. New patterns of stress and strain distribution are established, which is important for the design and operation of
transport structures. The results can be used to develop recommendations for tunnel design taking into account the forces in the
massif.
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Annomauusa: B ctaTbe pUBEIEHBI Pe3yAbTaThl KCCIEI0BAHMI HANIPSIKEHHO-1e(DOPMUPOBAHHOTO COCTOSIHUSI MACCUBOB MOPOT
BOKPYT TYHHEJICH, pacTio0XeHHBIX B HAKJIOHHO-CJIOMCTOM MaccuBe. B pe3yibraTe poBeIeHHBIX UCCIeIOBaHUI ObLIa pa3pa-
0oTaHa METOAWKA OIMpENeICHUS MOJIeil HanpsKeHWIA BOKPYT TOPHBIX BhIpaOOTOK, CBSI3aHHBIE ¢ BO3ACHCTBMEM HAIlopa BOIBI B
aHM30TPOITHOM MaccuBe. KMccienoBaHue MpoBeIeHO ¢ TIPUMEHEHNEM MeToaa MyCXeJUIIBUIN, UTO TTO3BOJMIO BHIYUCIUTh KOM-
IMTOHEHTHI HAIIPSIKEHWI 1 OTHOCUTENBHBIX Te(OopMalnii ¢ yIeTOM pelibeda, TpaBUTAIIMOHHBIX M TEKTOHUUYECKUX CHJT, a TAKXKE TH-
JIPOCTaTUYECKOTO Hamopa Bolbl. Pe3yabTaThl MOKa3bIBAIOT, YTO paclpenesieHe HalpsoKeHU I BOKPYT TYHHE s MEHsIeTCs He3Ha-
YyUTEIbHO. B cBoNe 1 TTogomiBe (GUKCUPYIOTCS PACTSKEHUS, B TO BpeMsI KaK B IPYTMX 00JIacTSIX HaOmomaeTes cxkartue. Beicokas

© Botokanova B. A., Isaeva G. S., 2024

12 Mapkwerigepns n Hegpononb3oBanne Ne 6, Hoabpb-/lekabpp 2024 r.



GEOMECHANICS, ROCK DESTRUCTION

TOYHOCTb PACYETOB MOATBEPXKIACTCS MOMYCTUMOI MOrPelIHOCTbi0. KOHTYpHBIE HAMPSIKEHUS, BhI3BAHHbBIC THAPOCTATUYECKUM
HaIlopoM, UMEIOT PAaCTATUBAIOIIUN XapaKTep U MOTYT yrpoxaTb MeHee MPOYHbIM MopoaaM, ¢ aasieHueMm oT 20 go 200 MIla.
CBoquaroe ceueHue TYHHeJIsI C BEPTUKAJIbHBIMU CTeHKaMK 3(h(hEKTUBHO pacrpeesisieT Harpy3Ku, 0COOEHHO B YCIOBUSIX TPYHTO-
BBIX U CeificMU4YeCcKUX Bo3aeiicTBuil. [Ipy BBIOOPE TUIIOB U MPOYHOCTU KPETICHUS] BaXXHO YYUTHIBATh BEJMYMHBI HAIIOPA BOMABI U
MaKcUMaJbHbIE PACTSTUBAIONINE KOHTYPHBIe HaMpskeHus . [IpeacTaBieH aHaIM3 HaPsKeHHO-e(OPMUPOBAHHOTO COCTOSTHUS
TyHHEJIEl M TOPHBIX BBIPaOOTOK C MCIOJb30BaHUEM MporpaMMHoil cpenbl MATCHAD. YcTaHoBIeHBI HOBbIE 3aKOHOMEPHOCTH
pacrmpeneeHUs] HATIPsDKeHU 1 nepopmarnnii, 4To uMeeT 3HAUeHUE TSI IPOSKTUPOBAHUS U IKCIUTyaTallMy TPAHCTIOPTHBIX CO-
opyxXeHuii. Pe3yabraThl MOTYT OBITh UCIOJIb30BaHBI ISl pa3pab0TKM PEKOMEHAALIMI 10 MPOEKTUPOBAHUIO TYHHEJIEH C yUeTOM

,IleﬁcTByIO].L[HX CHJI B MaCCuBE.

Karouesnie caosa: TyHHeNb, BHIpaOOTKA, HAMPSDKEHUsI, AeopMalins, rpaBUTallMOHast CUiia, CEHCMUUECKasl Cjia, aHU30TPOIIHSI,

TUIPOCTaTUYECKUI HATIOp

bBaazooapuocms: ABTOPBHI BBIpaXaloT 0JIATOMAPHOCTh HAYYHOMY PYKOBOAMTENIO, MOKTOPY TEXHUUYECKUX HayK, Mpodeccopy
KymabaeBy b. 3a moMoIIb B reHepaliuy Uaeil TaHHOTO MCCIeN0BaHUs U HanmucaHuy ctaTtbu. OToebHast 6J1aronapHOCTh peaak-
LMY XypHaJia 32 BO3MOXHOCTb My0aukauuu. HageeMcs Ha ganbHeliliee COTpyIHMYECTBO B JOCTUKEHUU YCIIEXOB B HAyKe BMECTe
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Introduction

n recent years Kyrgyzstan has witnessed active infrastructure

development associated with the need to improve transport

accessibility and efficient use of natural resources. One of
the key areas of this process is the construction of highways,
in particular, the North-South highway, designed to connect
different regions of the country. The implementation of this
project actively involves building transport tunnels in complex
mountain ranges. For example, during the construction of tunnels
in the Tushashu Pass area, where a high level of seismic activity
and the presence of dip-layered rocks characterize geological
conditions, it is necessary to conduct a detailed analysis of the
stress-strain state.

The Kumtor mine, one of the largest gold mining enterprises
in the country, plans to introduce underground mining. This
mining method involves the creation of complex underground
structures and workings. It will require a thorough study of mining
conditions. It is also important to take into account the influence
of geological factors, such as the presence of aquifers and structural
features of rocks, in order to minimize the risks of collapses and
other accidents.

Another example worth noting is the construction of
hydroelectric power plants (HPPs), where power hydraulic tunnels
are created and operated. For example, an HPP project on the
Naryn River requires the use of modern technologies to ensure the
reliability and durability of structures. Tunnels must be designed
taking into account the hydrogeological conditions of the region,
which can vary significantly depending on the time of year and the
level of precipitation.

Thus, all the above-mentioned aspects emphasize the
urgent need for comprehensive studies of the stress-strain
state of rocks in Kyrgyzstan. The solution to this issue will
not only improve the safety of construction work, but will also
ensure a reliable operation of underground structures. A deep
understanding of geological conditions will help minimize the
risks associated with collapses and other accidents, which,
in turn, will contribute to the sustainable development of the
country's economy in general.

Considering that over 90% of the republic's territory is
occupied by mountainous areas, it is necessary to develop new
methods for calculating and predicting the state of tunnels.

This will not only improve the safety of their operation, but also
improve the design system of hydraulic structures in a complex
terrain.

Research objective: development of methodological and
mathematical foundations for calculating and assessing the stress-
strain state of massifs around tunnels, taking into account the
influence of the location and shape of the tunnel, as well as the
features of the mountainous terrain. Special attention will be paid
to the combined effects of gravitational and seismic forces, as well
as the hydrostatic water pressure.

Research methods

The following methods are used in the research:

1. The method of two-dimensional elasticity theory - for the
analysis of the stress-strain state (SSS) of the massifs around the
tunnels.

2. The apparatus of conformal mappings — for the
transformation of complex geometric shapes into simpler ones,
which allows to simplify the calculation problems.

3. The Kolosov-Muskhelishvili’s method — for solving the
problems related to plane deformations and stresses in rocks.

4. Use of MATHCAD software — for performing analytical
calculations and visualization of results, performing calculations
of stress fields around the tunnel with a graphical representation of
data using a computer.

5. Numerical calculation — for the numerical analysis of
various scenarios of impact on the massifs, including combined
forces.

Principle

Near the Earth’s surface, at a depth of H, a tunnel, operating
in both pressured and pressureless mode, was dug in a dip-layered
massif. The massif in X’OY" plane is represented by a transversely
isotropic elastic body. The gravitational acceleration g is directed
vertically downwards, opposite to OY axis, the seismic force is di-
rected from the depth to the Earth’s surface and forms an angle ¢
with the axis OY.

B. Zhumabaev studies the slope of the layering with respect to
the axis OX’, which makes up an angle ¢, while the axis OY", di-
rected along the layering and perpendicular to it (Fig. 1), allows us
to characterize the properties of the massif using five independent
constants [1-3]:
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E,, E, - Young’s modules in the plane of isotropy and perpen-
dicular to it;

v,, v, - Poisson’s ratios in the same planes as E,, E,;

G, and G, - shear modules,

where G,_E /[2(1-v)].

Fig. 1. Calculation diagram of a hydraulic tunnel with sloping /
Puc. 1. PacyeTHast cxema rupoTEXHNYECKOr0 TYHHENS, Pacno0XeHHOro
HaKNOHHO-CNOUCTOM MaccuBe

The research of S.A. Batugin and R.K. Nirenburg studies the
properties of three types of rocks: sandy shale, fine-grained granite
and limestone (Table 1). Sandy shale has a pronounced anisotropy
due to its bedded structure. At the same time, fine-grained granite
and limestone demonstrate properties close to an isotropic body,
which makes their performance in various conditions more
uniform [4].

Table 1/ Tabauua 1
Properties of rocks / XapakTtepucTuku ropHbix nopoa

Elastic constants / Ynpyrue noctosiunbie
E 10 E,-10¢, G,-10%,
MPa | MPa/ | MPa Vi V2

Rock type /
l'opnas nopopa

Sandy shale / 107 | 052 | o012 | 041 | 020
MecyaHucTbIi cnaHey

Limestone / A3BeCTHsK 4.18 3.4 1.45 0.29 0.18
Fine-grained

granite / Tpanut 8.23 8.44 3.28 0.24 0.29

MeJIKO3EPHUCTBIN

Hooke’s law for XOY arbitrary axis can be obtained by ap-
plying a coordinate transformation x = x’cos ¢ — y’sin ¢, y =
x'sin ¢ + y’cos ¢, associated with the rotation of X"OY” plane
around a given axis by an angle ¢. In this case, the relationship
between the stresses and strains in three-dimensional space is
described as [4]:

!

ro_ ! ' ’
€x =a110x + 120y, + 4130 +aj6Txy

’ ’

— ! ! !
Sy =ap0y +61220y +023GZ +026'ny

’

"o ' ’ ’
€7 = a)30) + a0, +d3307 + 36Ty, "
_ ’ '

Yyz = a4z + 45Ty
Yxz = 45Tz T As5Txz

Yxy =A160x T d260y + 3607 —dgeTxy

The coefficients a; in (1) are solved through angle ¢, using the
ratios of constants given in Table 1:
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66 ( E E, G, Jsm ¢, 413 E ¢ E o
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a)3 = 7Eism2 (pfﬁcos2 0, azg= lelst(p,

ags = 1+V1—L sin2
ST 2, )T

1-vy, 2 vo 1.2 1 .
arg = cos“ @—| —=+— |sin“ @———cos2¢ [sin2@,
16 { E ¢ (El E ¢ 26, ¢ ®.

In this case, the stress-strain state (SSS) of the layered massif
without a tunnel is described by the following formulas [4-6]:

oy=-AyH, 0,=-A,H, o, =-AH, 15="2yH (3)

here

A A A, A A
Ay= Ay =Xt dy =X by = A+ Ay, h =422y 4y o2
x ]AO 2 y 1 ZA z 1A0 2]

)
Ay

' '
Xy Xy

'

N “)

'

yz Xz

A A A
Mpr=d] 24 dy—22, ==+ 4
Ag Axy Ag

A
, }"xy :AIAL(;+A2,
where A =v - (1 -K_ cosd), A, =y K sind,A, A, A A N A
c c X z Xy xy x
A, A’ are expressed through ratios a, in (1).

In this case the coefficients 1, A, A, & for the corresponding
components of the stress-strain state (SSS) depend on the elastic
characteristics of the massif a, such as Young's modulus, Poisson's
ratio and other parameters that determine the deformation prop-
erties of the material [6,7]. In addition, the coefficients A, in (4)
may depend on the geometric characteristics of the layered massif,
such as the thickness of the layers, the orientation of the layers in
reference to the load direction, and the presence of cracks or other
defects. These factors are critical for determining the mechanical
performance of the material under external loads and must be tak-
en into account while modeling the stress-strain state (SSS) [8,9].

To increase accuracy, we will provide examples based on cal-
culations for sandy shale. In particular, studies have shown that
the mechanical properties of sandy shale, such as Young's modulus
and compressive strength, vary depending on its texture and degree
of cementation (Table 2).

Analysis of the coefficient values in table 2 shows [7]:

® in the absence of a seismic force (K = 0) the lateral thrust
along the direction of the stratification A’_can vary up to 60% de-
pending on the angle of the slope. At the same time, the lateral
thrust changes over 5 times, while the shear stresses can reach 30%
of the weight of the overlying rock column;

14 Mapkwerigepns n Hegpononb3oBanne Ne 6, Hoabpb-/lekabpp 2024 r.



GEOMECHANICS, ROCK DESTRUCTION

Table 2 / Tabauya 2
Stress distribution in an anisotropic half-space / Pacnpenenesue Hanps)XeHWi B aHW30TPONHOM NOAYNPOCTPAHCTBE
Degree / K.=0 K,=0,2,5=60 K, =04,5=90
Ipap. % A 2 % A % ¥ A A 2 2

X z Xy X Y z Xy X Y z Xy
0 0.339 0.339 0.000 0.271 0.800 0.271 0.346 0.339 1.000 0.339 0.400
10 0.339 0.365 -0.030 0.669 0.762 0.450 0.332 0.803 0.956 0.548 0.370
20 0.549 0.4360 -0.003 0.829 0.797 0.545 0.344 0.999 0.997 0.662 0.397
30 0.690 0.518 0.104 0.864 0.864 0.605 0.430 1.051 1.073 0.738 0.504
40 0.703 0.564 0.239 0.785 0.939 0.634 0.537 0.960 1.161 0775 0.639
50 0.577 0.533 0.313 0.601 1.022 0.626 0.597 0.738 1.237 0.765 0.713
60 0.404 0.514 0.299 0.387 1.112 0.602 0.585 0.477 1.360 0.734 0.699
70 0.259 0.474 0.223 0.204 1.189 0.575 0.525 0.256 1.450 0.700 0.623
80 0.169 0.477 0.117 0.098 1.150 0.516 0.440 0.126 1.404 0.630 0.517
90 0.140 0.436 0.000 0.112 0.800 0.350 0.346 0.140 1.000 0.438 0.400

® the impact of seismic forces leads not only to an increase in
normal stresses, but also to a significant increase in shear stresses
T -
@ the horizontal direction of seismic forces at (K, =0,4) leads
to an increase in all stress components (6, 6, T, ) In this regard,
it is advisable to carry out predictive calculatlons of the strength
of hydraulic tunnels taking into account the horizontal seismic
impact (5 = 90°).

The tunnel is located at a depth H, and its contour L is
described by parametric equations (4)

5
x= R{cose +eX.dy coskﬁ}
k=2

5
y= R{Csin9+8 >dy sink@}
4) k=2

where R > 0 — characteristic linear dimension of the tunnel
cross-section;

0<6<360°- polar angle;

¢ - small parameter;

d, - real numbers (table 3).

Here, the tunnel cross section is modeled using the mapping
function [11-12]:

o(0) = PRl + 00O} wy(0)- 3, % C=pe”
k=2¢
Table 3 / Tabauya 3

Parameters for modeling a vaulted tunnel section /
MapameTpbl A58 MOAENUPOBAHNSA CBOAYATOr0 CEYEHUS TYHHENS

3 d, d, d, d, d,
90° 01416 | 00651 | -00970 | 00371 | 0.0019

Using parametric equations (4) and by varying the values of
C e, d (k=2,3,4,5) itis possible to model complicated tunnel
topography accurately, which is key to subsequent analysis of its
stability and strength. These equations provide a detailed descrip-
tion of the tunnel shape, including characteristics such as radius
and length. This not only facilitates visualization of the structure,
but also allows for in-depth calculations that take into account the
effects of various factors, including seismic loads and geological
conditions.

The stress distribution around a tunnel with a vaulted cross-
section (vertical walls) can be described as follows [12,13]:

Fig. 2 shows the calculation diagram of the tunnel and its area
division grid.

Fig. 2. Calculation diagram of the tunnel (reduced cross-section
with developed vertical walls) /
Puc. 2. Pac4eTHas cxema TYHHens (CBOAYATOe CeYeHNe ¢ Pa3BuUTbIMU
BePTUKaNbHbIMU CTeHKaMVI)

cl=-rH+o,+67, o =-A,H+06,+c

r)ocy =—hyyH + 1y +‘c§1y. )
The first summands in equation (5) represent the stress-strain
state of a dip-layered massif under bulk forces, including A, =1 -
(1 —cos ) - vertical and A, =1 - KC sin 9, -horizontal components.
The second summands (o, T, ) in (5) characterize the
formation of a mine working Wlth contour (4) and satisfy the
boundary condition [7]:

X, =0, cos(n, X) + Ty c08(n, y) =—A de+7uxyHZ
dy & ©
Y,=1 c08(1,X) + G 5, €08(1, ) ==\, H — +XH—.
xy (n,x) (n,y) i ds

The third summand o, c’; s r’iy in (5) determine the effect of
the hydrostatic water pressure — P, acting perpendicularly at each
point of the tunnel contour L in (4) and corresponds to the bound-
ary condition:

, dx
Y, =—PRycos(ny)=-F o, (1)
ds
where d , d , d - differential arcs of the contour are defined as:

X Ty s

X, =—PRycos(n,x)=F, %,

5 5
dx:{sinehs > kdy, sinke}, dy:R{Ccose—Sdekcoske} (8)
k=2 k=2

ds? = (dv)* +(dy)*.
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Based on conditions (6), if external conditions are X, ¥'u X,
Y, in (6) and (7), then it is possible to determine the distribution
of stress fields o , o,, T, inananisotropic plane with a mine working
4) [12-14]:

2Refp1 (21) +p2(25)]= —ijs+c1,
0
X )
2Re[u 01 (21) + 2o (z5)]=— [ X}ds+C,
0

where zf =21 +Ag, Ap =1+ 1)/ A=z, (k=1,2).

The right-hand sides of equations (9) in the total case of
boundary conditions (6) and (7) are represented in the form:

Plo—_[( =ihxyH + A yH = By)- 6 +(iChyyH + L ,H - By)-c ],

PZO——[(XxyHHC)» H+Ry)-0-(ChyH+hyH-Ry) o ], 10

B =—zdk (i?»xyH+kyH—Po)~0k—(ihxyH—kyH+P0)-cs_k],

Py = zdk[ (I H +hogyH = By)-6* (o H ~idyH ~Ry) -6~ ]

Here P, =P, =0 with k>2. In (10) it is considered that

5
Xk = —PR|:CCOSG+£ > kdy, coske},
5k:2 an
v :PRI:sinO—a S kdj, sin ke},
k=2

The boundary value problem (9) will be solved by using the
method of power series of G.N. Savin, and with the help of Cauchy
integrals. Solutions to these problems are presented in detail in the
works of B. Zhumabaev [13,14]:

The effect of the tunnel ¢”, 6[; , Tny is established by solving a
boundary value problem for plane XOY with a hole, the shape of
which is modeled using a mapping function [9].

The stress state of the massifs around the tunnels of the three
stress fields at the contour points satisfies the given boundary
conditions and can be written as follows [9]:

o(o) + o) (p(0)+w(0)—lI(X —iY,)ds + const,
Q 0 (12)
o(0)+ LON =i j (X,, —iY,)ds + const,
o'(c) 0

According to N.I. Muskhelishvili’s method, the boundary
condition can be expressed using the tools of the complex variable
theory, which leads to the corresponding ratios:

(X, +iY,)ds =—P(dy —idx) = Pidz, (13)
(X, —iYy,)ds = —P(dy + idx) = —Pidz,

When a hydrostatic pressure (—£,) acts on the tunnel contour,
the problem of the distribution of stress fields in an isotropic plane
with a mine working can be solved using the functions ¢(C), y(C).

This allows us to determine boundary conditions and analyze

the behavior of the structure under the influence of external factors
[13]:

16

cp(c)+<p'(c)-[ (o)
o)
o(c)

©

To determine the functions @(C),y(C) from the boundary con-
ditions (12) and (14), which are identical, we combine them as a
sum with given constant coefficients

} +y(0) = —PyRo(0);
(14)

¢(0) +¢'(0)- { } +y(0) = ~PgRa(o).

5 s .
leRel (Sx+Sy)/2; N> =Re ! (Sy_Sx"'zley)/Z;

N3 =Nj; Ng=Np;

The initial stress state S, Sy, Sxy was previously defined in
[13,14]. The functions ¢(), w({) are defined for the exterior of a
unit circle, for ¢ = land the contour points of this circle are desig-
nated { =c = ¢ and (=0= e,

The Cauchy-type integrals of the boundary conditions in (12)
and (14) have the following form [9]:

9(0)+G() = A (©):
() } (0 -G = By(C):

o'(Q)
G(Q) =[bs R + 264 R PO 4 by R 2
By(Q) = Zsbka"‘

k=2

9'(0) {
(15)

Sk
A0©) = 2earC "
k=2

The first equation (14) contains the second-order poles of the
boundary condition summand (12). We determine their values by
equating them to the coefficients at the same degrees of the variable
%, (k= 1,2) of the right and left parts of the first equation. As a result,
we have a system of two equations. By adding the adjoint equation to
them, we obtain a system of four equations [12,13], where the coeffi-
cients on the right side of the system of equations are equal to:

MOy

Here:

=cay; MO, = cay; MOy = ca;; MO3 =ca,.

Cy=ca) +v1;Cy =cay +7y7; C3 =caz; Cq =cay;
= (b3MRy +2b4 MRy +3bsMRs)e*';
¥2 = (b4MR3 +2bsMR4)e*™®;
v3 =bsMRy -0
The solution to the system of equations in MATHCAD
notations is: MR = M~"- MO.

—11.105-3.286i
0.410-0.612
0.021+0.721i
—11.105+3.286i
0.410+0.612i
0.021-0.721

MR =

Thus, Cauchy-type integrals of the given boundary conditions
(12) and (14) are represented by functions ¢(C),y({) depending on
the specific shape of the tunnel cross-section.

Asaresult of the study, a mathematical model was developed for
the stress-strain state around a tunnel with a vaulted cross-section
with developed vertical walls at P = -20 MPa. For calculations the
numerical values of the initial stress components were taken as:
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S.=—10MPa; S,= 15 MPa; S =—10 MPa;

where S Sy s Sxy - horizontal, vertical and shearing initial stress
components. The calculation results are presented in Table 4.

Tabauya 4 / Tabauya 4
Distribution of stresses around a tunnel with
a vaulted cross-section due to water pressure /
Pacnpepenesue HanpsXXeHuit BOKPYr TYHHENS CBOJYATbIM CEYEHUeM
OT Hanopa Bofbl

0, degrees o (1, 0), MPa c,(1, 0), MPa T, MPa
-10 -20 27.073 2.576x10
0 -20 11.398 4.441x10™
10 -20 -8.222 2.309x10™
20 -20 -25.375 3.553x101
30 -20 -38.327 6.217x10"
40 -20 -47.830 -1.510x10-
50 -20 -51.498 7.994x101
60 -20 -45.964 5.329x101
70 -20 -36.035 1.066x10"°
80 -20 -27.905 5.329x10"
90 -20 -22.192 -3.553x101
100 -20 -17.217 2.132x10™
110 -20 -10.388 1.421x10"
120 -20 4.751 -1.776x10
130 -20 52.541 -3.553x101
140 -20 120.895 2.842x10
150 -20 46.854 8.882x10™
160 -20 10.104 3.553x101°
170 -20 92.646 0.000
180 -20 -8.229 1.243x10

Fig. 3 [11] shows graphically the distributions of stresses and
deformations including combined forces.

The found stress components made it possible to calculate the
components of relative deformations using Hooke's Law. The value
of Young's modulus E = 1,71 - 10* MPa and Poisson's ratio v = 0,3.

Research results

The model presented for the study and assessment of the
stress-strain state of tunnels and workings has a high degree of
suitability. The analytical model takes into account the influence
of such factors as mountain relief, gravitational and seismic forces,
and hydrostatic water pressure on the distribution of stresses and
strains.

The distribution of stresses and strains around the tunnel with
the combined forces included, changes insignificantly. Fig. 2
shows that tensions occur in the roof and foot of the tunnel, while
compression is observed in other areas. The permissible error of
the boundary conditions is no more than 10-'*and 10-".

Discussion

All relations required for calculating stress and strain
components are algorithmized in MATCHAD notations. Contour
stresses arising under the influence of hydrostatic pressure around
the tunnel are of a tensile nature, which creates potential threats to
weaker rocks. The pressure created by hydrostatic water pressure
can vary from 20 MPa to 200 MPa.
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Fig. 3. Isolines of stress distribution (left), relative deformations (right) of the
tunnel with the combined forces and hydrostatic pressure of water included /
Puc. 3. N3onuuuy pacnpefeneHns HanpsXKeHnit (Cresa), OTHOCUTENbHbIX
nedopmaumin (cnpasa) TYHHENs C y4eTOM COBMECTHbIX CU
1 TUAPOCTATNYECKOr0 JaBNEHNs BOAbI

Suggestions

The vaulted section of a tunnel with vertical walls allows for
efficient load distribution, especially under seismic conditions, and
provides high strength and stability [15], making them preferable
for designing transport tunnels.

The most important thing when selecting the types and
strength of fastening is to take into account the specified values
of water pressure P and the maximum values of tensile contour
stresses, given in Table 4.

Conclusions

1. The article presents the results of studies of the stress-strain
state of rock masses around tunnels located in a dip-layered massif
with account of gravitational, seismic forces and hydrostatic water
pressure.

2. Astressfield o, 0,1, and ", o’; s r’iy was developed, arising
from the formation of a mine working and the influence of water
pressure in an anisotropic massif.

3. New patterns of stress and strain distribution around a tunnel
with a vaulted section with vertical walls under the combined
action of gravitational and seismic forces are established.

4. It is revealed that the distribution of stress and strain around
the tunnel, with account of gravitational and seismic forces,
changes insignificantly. It is found that tensions occur in the vault

17



TEOMEXAHUKA, PASPYLLIEHVE [OPHbIX [10POL

and foot of the tunnel, while compression is observed in other | that the pressure created by hydrostatic pressure of water can vary
areas. from 20 MPa to 200 MPa.

5. Itisrevealed that contour stresses arising under the influence 6. The research results can be used in the design of transport
of hydrostatic pressure around the tunnel are of a tensile nature, | tunnels.
which creates potential threats to weaker rocks. It was determined
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