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ANALYTICAL EXPRESSIONS FOR STRESSES IN A STEEPLY LAYERED ROCK MASS
AROUND A CIRCULAR OPENING
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ABSTRACT. The article discusses the question of determining stresses in a steeply stratified rock mass around a circular opening. The layers are homogenous,
isotropic and parallel to one another and to the axis of the opening. The thickness of layers is significantly smaller than the dimension of the hole. The influence of
stresses, due to the working driving, extends into a square area. The specified class of tasks is solved by the theory of elasticity and the mechanics of the layered
media. A solution of a vertical shaft, crossing the horizontal layers, is known. The stresses in each layer are expressed by the stresses in a homogenous generalized
field. The characteristics of each layer and thickness are included in their expressions.

A horizontal circular opening is driven in a rock, composed of two layers. The boundary between them is inclined towards the horizon. The areas of layers are
calculated when the value of the inclination angle changes from zero to ninety degrees. They are compared to their respective values at a horizontal boundary. The
deviation is large, when the slope exceeds a certain limit value. This fact requires derivation of new analytical formulas for stresses.

A popular approach for determining the stresses in each layer is applied. Two group relations are used in order to obtain them. The first expresses the condition of
continuity of deformations in the plane of contact between the layers. The second group includes the equilibrium of forces, expressed by generalized stresses along
the layers’ areas. The generalized stresses are obtained using the theory of function of complex variable. New analytical expressions for stresses are obtained. These
expressions involve the areas of layers around the opening. The presented solution complements the existing expressions for stresses in horizontal layers.
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AHATNTUTUYHU U3PA3U 3A HANPEXEHUATA B CTPBbMHO HANNACTEH MACUB OKOJTO KPbIrOBA U3PABEOTKA
Buonema TpugpoHoea — eHosa
MurHo-eeonoxku yHusepcumem “Cs. MeaH Puncku®, 1700 Cogpus, violeta.trifonova@yahoo.com

PE3IOME. B cratusta ce pasrnexga BbnpoChbT 3a ONpefensiHe Ha HanpexeHusiTa B CTPBMHO HanmacTeH MacuB OKONMO KpbroBa u3paboTka. MnactoseTe ca
XOMOTEHHM, WU30TPOMHM, YCNOPEaHW NOMEXZY CW U Ha ocTa Ha u3paboTkata. [lebenuHute Ha NnactoBeTe Ca 3HAYUTENHO NO-Manku OT pasMepuTe Ha OTBOpa.
BnusiHneTo Ha HanpexeHusiTa OT NpokapBaHe Ha u3paboTkata ce NpocTvpa B KBaapaTHa obnacT. YkasaHusiT knac 3afjaq ce pellaBa ¢ MeToauTe Ha Teopus Ha
€NacTMYHOCTTa M Ha MeXaHuka Ha Hannactenute cpedu. V3BECTHO e pelleHue 3a BepTUKanHa LaxTa, Mpecuyalla XOpPU3OHTANHO Pa3nofioXEHU MNacToBe.
HanpexeHusta BbB BCEKM NNacT Ce U3pa3siBaT upe3 HanpexeHusiTa B e4HOpoAHa 0600LeHa cpesa. B TexHUTE 3pasi y4acTBaT KakTo XapakTepuCTUKUTE Ha BCEKU
NNacT Taka u aebenuuuTe.

Xopu3oHTanHa kpbroBa uspaboTka e npokapaHa B MacuB, CbCTOsILY Ce OT AiBa nnacta. [paHuuaTa Mexay TsX € HakroHeHa CnpsiMo XOpW3oHTa. Msuucnewn ca
NMOWMTE Ha NNACcTOBETE, KOraTo CTOMHOCTTA Ha brbNa Ha HaKMOHa Bapupa OT Hyna [0 AEBETAECET rpadyca. Te ca CpaBHEHM CbC ChbOTBETHATA UM CTOMHOCT Mpy
XOpW30HTanHa rpaxuua. OTKIOHEHHUETO € FONSIMO, KOraTo HaKMOHa HafBULLABA ONpefeneHa rpaHuiHa CTOAHOCT. To3u hakT M3MCKBA M3BEXAAHE HA HOBYM M3pasu 3a
HanpexeHusTa.

TyK € NpUnoxXeH U3BECTEH NMOAXOS 3a ONPELENsiHE Ha HaNpEeXeHUsTa BbB BCEKM CTPBMEH NNacT. 3a TSXHOTO NonyyaBaHe Ce U3non3ear fBe rpynu Bpb3aku. [Tbpeata
13passiBa YCrOBMETO 3a HEMPEKLCHATOCT Ha AehopMaLMUTE B paBHUHATA Ha KOHTaKTa Mexay nnactoBeTe. BTopata rpyna BKMtOYBa PaBHOBECME HA YCUNUATA,
13paseHn upe3 oOOOLLEHM HanpexeHust No nnowuTte Ha nnactoBete. OBOOLIEHUTE HaMpexXeHUs ca OnpedeneHn C MeTofa Ha KOH(OPMHO-U306pasuTenHuTe
cbyHKLMm. MonyyeHn ca HOBM M3pasun 3a HanpexeHusTa. B Tean u3pasn yyactear nnowmTe Ha NnacToBeTe OT pasmexaaHata obnact. MpeAcTaBeHoTo pelueHne
[0MbIBa CbLLUECTBYBALLMTE U3PA3M 3a HANPEXEHUSTA B XOPU3OHTAMNHO Pa3nonoXeH! NNacTose.

Knio4oBm ayMu: HanpexeHusi, MeTofia Ha KOH(OPMHO-M306pasUTENHUTE (PYHKLMM, M3paBoTka, HANMACTEHUTE Cpea

Introduction horizontally layered rock mass (Trifonova-Genova, 2012,
Shornik ot dokladi, Varna). Analytical expressions of stresses

Analytical and numerical methods are usually used for the are used for the thicknesses of layers and their physical and

calculation of stresses around openings driven in layered rock mechanical characteristics. This method is suitable for

mass. The stresses around circular, rectangular and semi-  horizontal and slightly sloping layers.

circular or “d” cross section openings are examined by the

finite element method (Trifonova-Genova, 2012). The rock The current article focuses on extending the scope of

mass consists of homogeneous layers. They are parallel to application. Therefore, it is necessary to study parallel layers

each other and to the axis of opening. The theory of elasticity with different inclinations and to summarize the analytical

in combination with the theory of layered media is applied to ~ expressions of stresses in them.

determine stresses around a shaft excavated into a
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Methods

1. Physical and mechanical characteristics of the
generalized field

An opening in a circular form is considered. The influence of
stresses due to the driving of an opening extends in a square
area. It has the dimensions (127 x 127 ) shown in Figure 1.

The rock consists of layers with thicknesses #, and ¢, .

.‘. 1

Sr,

6r, | 6r,

Fig.1. Horizontally layered rock

According to the theory of layered media the stresses in each
layer are determined by the stresses in a homogeneous rock
with the following physical-mechanical  characteristics
(Trifonova-Genova, 2012).

) _ E(l)l‘1 +E(2)t2 ; ,u(a) _ ,u(l)ll +,U(2)t2 )
(tl +t2) L+

Here E® and E® are Young’s modulus for layer 1 and 2,

,u(l) and ,u(z) are Poisson’s ratio for corresponding layer.

The areas of two layers are (fig.1):
A =12rt, ; A, =12r1,. (2)

Expressions (1) can be summarized and expressed as
follows:

EO=[EO4 + EOa, a7 A=4,+4,;
R A A T ®

Introducing Eq. (2) into Eq. (3) gives (1). This result can be
summarized for 72 layers and applied for inclined layers:

i E(f) Az
EL) _ 1=t . ,u(” —
2.4 2.4
i=1 i=1
2. Influence of slope
Rock mass consists by two layers with a boundary conveying

angle & to the horizon (fig. 2). This border goes off from the
lower points of the circle opening.
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Fig.2. Inclined layered rock

The areas’ values A4, ; and A, of the layers when varying
the slope & in 10° (i =1+10) are presented in Table 1.
The deviations A4, , and A4, , from the respective area

are obtained. The latter are calculated when the border is
horizontal (Fig.1):

|4, - 4,100
= - [0
maxy4, ;4 ,
|4y, — 4,100

A, = %
2 m[o] (5)

The fourth and sixth columns of Table 1 are analyzed. It
turns out that the slope’s increase leads to a strong increase of

indicators (AA, ,,Ad, ;). To increase the accuracy of

stresses it is necessary to apply the method described in (1)
(Trifonova-Genova, 2012), but with expressions (4).

Data from Table 1 and Figure 3 show that the gradient slope
at which equations (1) are used is over45°. Calculating the
areas of the layers and applying equations (4) is recommended
above this value.
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Table 1.
Results
1 2 3 4 5 6
I:O\lft o Al AAl,i AZ AA2,1’
dimension [O] [o 0] [o 0]
Multi 2 2
plier r r
1 0 60 0 84 0
2 10 60 0 84 0
3 20 60 0 84 0
4 30 60 0 84 0
5 40 60 0 84 0
6 45 60.5 | 0.826 | 835 | 0.595
7 50 62 3,17 82,0 2,34
8 60 65 1415 | 78,92 | 6,04
9 70 676 | 11.28 | 76.37 | 9.09
10 80 70.0 7.8 7411 | 1177
A4, ,[%]
20-
15—
10-

Fig.3. Diagram of deviations AAI ; and AAZ ;

2. Stresses in steep layers

The stresses at a point in each layer are given in Figure 4.
The coordinate system is located along the boundary line
between the two layers. The square area is loaded with vertical
and horizontal in situ stresses. They are at the center of the
circular hole. Vertical stresses are defined by:

O =ynH; O,=y,H. (6)

In these expressions F is the depth of the opening, y, and

7, is the bulk of weights of layers 1 and 2. The coefficients of
the lateral pressure for horizontal stresses in the layers is

determined by (fig. 4):

)
A=t 4

=40

()
@)

_ M
1—p

(7)

Stresses in each layer are determined as described in
(Trifonova-Genova, 2012) method. They use two groups of
links. The first one expresses the conditions for equality of
strains of the boundary between the layers. The second group
uses the condition of equality of forces, expressed by
generalized stresses and area of layers (Lekhnitskii, 1935;
Trifonova-Genova, 2012):
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(1)

ai, o

O-aflol = a2 -afl]o!;

AIO'S) + Azo'i,z) =4 O')(f) :

(8)

Here ai?) and 0'5?) are stresses in the generalized rock,
whose expressions are given below.
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Fig. 4. Stresses in an inclined layered rock

After processing equation (8), the following stresses are
obtained:

o _ 4 [af? - al(;) ]oi,”) + al(f)ai?)A _

© a4, +al 4 |
o A -dlp +dl)s 4
o, = M B) ®)
a4, + a4,

The rest of the stresses can be expressed as:

oW =c®=¢cl), 070 _ r)(cj).

z z z Xz Xz (10)

For isotropic rock the coefficients of equations (9) and (10)
are expressed as follows (Trifonova-Genova, 2012; Minchev,
1960):

m__ o__1
a; = £0 ydy = 5O
0] ()
o_~—H . @_"H
ap; £0 v a3t = 7o (1)

The stresses of generalized rock in equations (9) and (10)
are expressed by polar coordinates Or @ (Minchev, 1972):
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O'S)) —oc + O'(S") st + rfg) Sy
O'S)) —oW s +ol)r -7 (12)

¢’ =cos’ B; s’ =sin’ B; s, =sin(23);
¢l =cos’(2f); f=0-a; 0<0<90°.

In this expression the angle € is measured from the
horizontal axis in counterclockwise direction. The stresses in
the rock are given (Bulachev, 1982; Minchev, 1960):
o\ =—yH(40,, + 1,0, c0520);
6((90) = _7(O)H(ﬂ1092 — Aoy C0s2¢9);
z‘fg) = }/(")lez'rgl sin20,

where
(0)
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Here 7, is the radius of opening (Fig.4). The stresses of

equation (13) are obtained by complex variable theory
(Muskhelishvili, 1963; Savin, 1961; Bulachev, 1982). The
stresses in the contour of opening in generalized rock are of
practical interest:

“1=0; 7 =0;
0'90) =2y"H (4, =24, cos26).

o
(14)

3. Key finding
Analytical expressions of stresses in each layer are applied
in layers whose slope is greater than half the right angle.

These expressions are summary of the last expressions of
stresses in layers (Trifonova-Genova, 2012). The latter are
used in horizontal and parallel layers. The thicknesses of
layers are included in them.
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Conclusion

The method, described in this article has the following
advantages:
-itis very simple to be implemented;
-it can also be used in transversal-isotropic layers (Lekhnitskii,
1935);
-it can be summed up for many layers;
- It can be used in fixed opening, driven at great depth
(Minchev, 1960; Bulachev, 1982);
- It can be used taking into account the pitch of the terrain (Li et
al., 2008).

The results obtained are applicable in the design of mining
works. They are particularly suitable for close physical and-
mechanical characteristics. Here we mean the relation
between the maximum and minimum values of Young's
modulus for layer 1 and 2.
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