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FAILURE MECHANISMS IN OIL-SHALE PILLARS

Abstract

Estonian oil-shale mines use the room-and-pillar mining system, where an important problem
is the stability of the pillar and the failure process. The investigations showed that the type
of failure mechanism which occurs (in vertical or inclined sections) depends on the stress field
at the boundary of the pillar. An oil-shale pillar is stronger by the inclined section of failure
mechanism.

Estonian oil-shale mines use the room-and-pillar mining system. The field of the oil-
shale mine is divided into panels. Panels are sub-divided into mining blocks, each
approximately 350 m (meters) wide and from 600 m to 800 m long. The height of
the room corresponds to the thickness of the commercial oil-shale bed, about 2.8 m.
The width of the room is determined by the stability of the roof. It is very stable
when it has a dimension of 6-10 m. In this case the roof must still be supported by
bolting. Actual mining practice has shown that it is best to use pillars with a square
cross section. The cross-sectional area of the pillar is 30-40 m?, depending on the
depth of the oil-shale bed.

An important problem is the stability of the pillar and the failure process under
overburden loading. The design for stability of the pillar requires knowledge about
the rock mass itself and the prevailing state of stress near and in the pillar. Here, the
theory of plasticity is used almost exclusively for finding upper bounds for ultimate
loads. This is done by making calculations on the basis of failure mechanisms. If one
knows from tests how a pillar fails, one can develop a good hypothesis for a failure
mechanism. An excellent example of this is the failure of a pillar under the
overburden loading in an oil-shale mine. Valuable results are obtained simply by
considering a failure mechanism.

Mohr-Coulomb [1, 2] assumed that both internal cohesion, which is constant, and
internal friction, which is proportional to the normal pressure on the sliding surface,
had to be overcome in the sliding surface. This assumption can be formulated as
follows [1, 2]:

=C + otang 1)

where, 7 - the shear stress along the sliding surface;
o - the normal stress perpendicular to the sliding surface;
C - cohesion;
- the angle of friction.
By means &f Mohr’s circles we see that Equation (1) can be written in an x,y-
coordinate system as [1, 2]:
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Fig. 1. The failure mechanism in a pillar with (4) uni-axial and (B)
bi-axial compression: ol, ¢3 - the principal stresses; oc - uni-

axial compression strength; u, w - the angle of the section, where

the failure criterion is satisfied
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(oxx-oyy)* +4txy? = sin*@ (oxx+oyy+2Ccotq)?. @)

If uni-axial compression, oc, is introduced as the stress field, which is defined by
oxx#0; oyy=0 and 7xy=0 (or ocxx=0; ayy#0; 7xy=0), then the pillar failure is of
the type shown in Figure 14 [1]:

oc = 2Ccos@/(1 - sing). 3)

In the same way as with uni-axial compression, the bi-axial compression, ¢1, can
be introduced as the stress field. This is defined by oxx#0; 00 and 7=0. Then
failure is of the type shown in Figure 1B. From Equation (2) we find [1]:

ol = ac+03(1+sing)/(1-sing), @

where, ol and o3 - the principal stresses.

According to Mohr-Coulomb’s failure hypotheses the middle principal stress has
no effect on the carrying capacity. In the case of uni- and bi-axial compressions, the
failure criterion is satisfied in the section forming the angle u between the major
principal stress and the angle v between the minor principal stress (see Figure 1),
where [1]:

T S RO i )
4 9 4 2

This failure mechanism is often seen in the pillars in the centre of mining blocks.
There, the major principal stress develops from the overburden loading.

Another type of pillar failure occurs when the failure criterion is satisfied in the
section within the right angle between the minor principal stresses (parallel to the
major principal stresses). This phenomenon is possible, if the shear stress occurs at
the top of the pillar. The calculation method is depicted in Figure 2. It is evident,
if the angle o between oxx and o1 stresses is equal to p, then the aforementioned
failure mechanism is possible. The angle, «, can be calculated using the expression
presented by [2]:

tan2e = 2txy/(oxx-oyy). (6)
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Using Equations (2), (5) and (6), it is possible to forecast the conditions necessary
for this failure mechanism.

If the stress field is given by oxx#0; oyy=0 and 7xy=0 (or oxx=0; ayy#0;
7xy #0), then failure occurs.

wxy = C; oyy = 2Ctang. )]

In this case, if the stress conditions are satisfied, vertical cracks appear in the
pillars at the perimeter of mining blocks.

8 W ] B Fig. 2. The failure mechanism
in a pillar with shear stress:
ol; 03 - the principal stresses;
oxx; oyy - x and y component
of stresses; u; w - the angle of
T 83 the section, where the failure

criterion is satisfied; 7 - the

8 shear stress; « - the angle between

Bxx oxx and ol stresses

If all components of stress are given, the equation calculations are cumbersome and
time consuming. Results for such calculations are presented in Figures 3 and 4. It
is apparent that if the value of the friction angle increases, the value of the ratios
oyy/oxx and 7xy/oxx decrease. In the case where the value of C goes up, the ratio
of ayy/oxx falls (see Figure 34) and 7xy/oxx increases (see Figure 3B). The influence
of the ayy on the value of oyy/oxx and 7xy/oxx is contrary to the aforementioned
behaviour (see Figure 4).

A quantitative example provides some typical conditions for pillar failures. The
mechanical parameters of a non-homogeneous oil-shale pillar are as follows:

C = 4 MPa;
e = 31.7°
In these calculations, the uniaxial compression is equal to 16.2 MPa. This
compression value corresponds to the actual value with the following conditions:
Depth of the mined oil-shale bed - 40 m,
Density of overburden rock - 2.5 102 MN/m’,
Pillar cross-sectional area - 36 m?, and
Width of the room - 9 m.
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Fig. 3. The dependence of ratio (4) ogyy/oxx and (B) 7xy/oxx on the friction angle and
cohesion (oyy = 4 MPa); where cohesion (MPa) is equal to 0 (1); 2 (2); 4 (3); 6 (4);
8 (5); 10 (6)
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Fig. 4. The dependence of ratio (4) oyy/oxx and (B) 7xy/oxx on the friction angle and
ayy stress (C = 4 MPa); where ayy (MPa) is equal to 0 (1); 2 (2); 4 (3); 6 (4); 8 (5);
10 (6)
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The resultant vertical stress at the top of the pillar is 6.25 MPa. Using Figure 4B.,
the shear stress at the top of the pillar must be 4.1 MPa in order to create the failure
mechanism. Then the failure criterion is satisfied in the vertical section.

Summing up, two failure mechanisms are possible in oil-shale pillars: (1) in the
centre of mining blocks, there is the failure criterion which can be met within the
section formed by the angle, w, between the major principal stress, and (2) along the
perimeter of mining blocks, there is the failure criterion in the vertical section which
may be satisfied. The type of failure mechanism which occurs depends on the stress
field at the boundary of the pillar. If there are only normal stresses, then inclined
cracks appear; if both normal and shear stresses occur, then vertical cracks can
develop. An oil-shale pillar is stronger under the first type of stress field.

IO.-FP. IIACTAPYC
ITPOIIECC PASPYIIEHH A NEJIMKOB U3 I'OPIOYEIO CIIAHITA

Ha maxtax DcTOHCKOr0 MECTOPOXICHHUS TFOPIOYHX CIIAHIICB NPUMEHSETCA KaMEpHO-
cT0JI60Bast CHCTeMa Pa3pabOTKH CO CTOJIOYATHIMH IIEIHKAMH. B CBS3H C 9THM BO3HHKAIOT
BONPOCHI O HeCcylleW CHOCOOHOCTH M XapakTepe Ppa3pylleHHs LEJMKOB, KOTOpbIE
1eJieco00pa3HO aHAJM3UPOBATH C TOYKH 3DeHHS TEOPHH ILTaCTHYHOCTH Mopa.

Popmyny (1), KOTOpas npeAcTaBiseT 00Iee YCIOBHE Pa3pylIeHUs LeJIHKa, MOXHO
MepenucaTh B KOOPAMHATAX X,y — Hopmyna (2).

Yci0BUe NPOYHOCTH 1eTMKA IIPU OGHOOCHOM HANPSXKEHHOM COCTOSIHUM NPEJICTABICHO
dopmynon (3) (puc. 1A), npu aByxocHoM — dopmysion (4) (puc. 1B). B 3THX Xe
YCJIOBHSIX YroJl HakJIOHa TpewHH omnpeneisierca dopmynon (5). Takol XxapakTep
pa3pylleHHs LieNMKa HabmomaeTcs B CPeqHEN YacTH KaMepHOro 6JI0Ka.

HHOorma UeNMKH PpaspylnaloTcsi BEPTHKAJbHBIMH TpelnuHaMH. Tako#W XapakTep
pa3pylleHUs IOSABIAETCS [PH HaJMYMM Ha BepXHeH 4YacTH IEeJIMKa KacaTeJIbHOro
HanpsiXXeHUs (pHcC. 2) B clly4dae, €CJIM yroJ I1aBHbIX HanpsKeHu# (dopmyia (6)) paBeH
yrily HakJioHa TpewuH (dpopMmyia (5)). PesynbraThl npencrasiaeHsl dopmynon (7) 4 Ha
pucyHKax 3 u 4. Takoe MOBeICHUE LIEIMKOB HabmoaeTcs y 60pTOB KaMepHOro 6J0Ka.

IIpoBeieHbl MPOBEPOYHBIE pPacyeThl, KOTOPbIE IMOKA3aJM XOPOIIYID CXOIMMMOCTH C
NPaKTHUKOM.

B KOHEYHOM cyeTe MOXKHO CKa3aTh, YTO XapaKTep Pa3pylleHUS [ICJIMKA 3aBUCUT OT ero
HallpsSDKEHHOTO0 COCTOSIHUS. IIpH ONHOOCHOM HAampsK€HHOM COCTOSIHHH ILEIHKHU
pa3pylualoTcss HaKJIOHHBIMH TpelUMHAMu. IIpM HaJIMYHUM KacaTEJbHOI0 HAIpsKEHUS
pa3pylieHUe IPOUCXONUT BEPTUKAJIbHBIMHU TPELIMHAMU. B nmepBOM cilydae MpOYHOCTH
LeJIMKa 60JbIIe, YeM BO BTOPOM.
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