PO3POBKA POAOBUIU, KOPUCHNX KONAJINH

BIUTMBY HAaOIIKEHHS OYMCHOrO BHOOK Ha HAIpPY>KCHO-
neopMOBaHHMIl CTaH eJIEMEHTIB CUCTEMH KpIIUICHHS Jie-
MOHTQ)KHOT'O IITPEKY.

[paktnyna 3HaunMicTs. OTpuMmaHi pe3yibTati Oy-
JIyTh BUKOPHCTaHI IPY 0OIPYHTYBaHHI apaMeTpiB CUCTEMH
KpIIUICHHS TIPHUYUX BUPOOOK Y 30HI BIUIMBY OYHMCHHUX PO-
oir.

KuarouoBi cmoBa: ouucui pobomu, OemoHmazicHu
wmpex, 00YUCTIO8ANbHULI eKCHePUMeEHTN

Purpose. To determine the patterns of stress-strain
state of the frame and anchoring of the dismantling
roadway when approaching the stoping.

Methodology. We have used the approved method of
computer simulation by the finite element method. To
fulfill the task we have created the three-dimensional
model of layered rock massif taking into account real
physical and mechanical characteristics of each lithologic
layer according to the geological survey which had been
carried out near the dismantling drift of the mine “ Step-
naya’. We have installed frame and anchor support in the
roadway according to the requirements of the timbering
standard. We have modeled step by step approaching of
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the working face. The computational experiment has
been carried out in four stages at different distances from
the working face to the drift.

Findings. We have analyzed the stress-strain state of
the mounting system and established the regularities of
the redistribution of stresses in the frame and anchoring
support under changing distance from the working face
to the roadway. The areas of stress concentration where
the elements fastening system is prone to buckling failure
has been defined.

Originality. We have established the influence of the
distance to the working face on the stress-strain state of
the elements of the fastening system of the dismantling
roadway.

Practical value. The obtained results might be used
for substantiation of the parameters of the fastening system
of mine roadwaysin the area of influence of the stoping.

Keywords: stoping, demolition drift, computational
experiment
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Abstract. Serious borehole instability occurs frequently during drilling in shale gas reservoirs. Shale gas
reservoirs are featured by tight matrix, well-developed micro-fissures and laminations, and their peculiar mechanical
properties are different from those of ordinary tight sandstones or carbonates. Thus, implementing correlative studies
is of great significance to drilling and subsequent reservoir stimulation. Rock mechanical tests are performed to gas
shale from south of China by the MTS-816 Rock Test System. The variation of rock mechanical properties with the
angle between axial stress and the bedding plane normal (coring angle) is analyzed by the laboratory tests and a
failure criterion is verified and applied to determine the strength of gas shale. The shale strength decreases first and
then increases with the increasing of coring angle. It gets the maximum value with the coring angle of 0° and gets the
minimum value with the coring angle of about 60°. The Young's modulus and Poisson’s ratio increase with the
increase of coring angle. Besides, the borehole stability model of shale gas well is established by combining
transverse isotropic constitutive model and the continuously variable cohesion strength criterion. The collapse
pressure is lowest when drilling to the maximum horizontal stress direction and reaches its maximum when drilling
to the minimum horizontal stress direction.
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Introduction. Increasing fud prices, the eminent fear of
the limited conventional energy resources, and the projected

growth of heavy industry have placed great pressure on
energy supplies. As a typical representative of
unconventional resources, shale gas has attracted increasing
attention in recent years [1]. According to an official report
from the Energy Information Administration (EIA), the
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risked gas in-place and technically recoverable shae gas
resource are 623 and 163 tcm, respectively, which indicates
that shale gasis going to play acritical and important rolein
the global energy market in the future.

Shale gas reservoir is characterized by clay
development and laminated structure, which endows it
with strong heterogeneity and anisotropy, so it is typical
bedding rock and will be very likely to result in borehole
collapse and downhole leakage [2]. Borehole instability
can lead directly to drilling issues, such as sticking and
loss of circulation. It also influences the cementing
quality indirectly, and poses a potential threat to
multistage fracturing. Borehole instability exists widely
in shale gas reservoirs, such as Barnett shale, Marcellus

shale, and Silurian shale in the Sichuan Basin. For
example, a well W201-H1 in the Sichuan Basin of
China, the drilling period was 72 days, and the volume of
caving shale returning to the surface was as much as
35 m>. Therefore, carry out mechanical test of gas shale
and analysis the borehole stahility has great significance
for shale gas exploration and devel opment.

Mineral components of gas shale. We used X-ray
diffractometer (D/MAX 2500) to test minera
components of the gas shale in south of China. The
results of studying 20 samples show that: There are
27,7%46,2% of quartz with an average of 38,1% and
29,3%—-46,8% of clay minerals with an average of 37,7%
in the gas shale formation (Table).

Table
Mineral components of gas shale
No. Quartz/% K-feldspar/% Plagioclase/% | Calcite/% | Dolomite/% | Pyrite/% Salt/% Clay/%
1-1 34,1 0,7 1,2 50 43 91 45,6
1-2 38,8 0,5 1,7 43 47 4,2 45,8
1-3 32,7 12 4,6 4.2 151 6,6 35,6
1-4 36,1 11 14 4.4 52 10,0 41,8
1-5 39,9 21 6,2 49 58 41,1
1-6 46,2 18 53 4,0 58 0,8 36,1
1-7 41,1 2,0 5,6 50 6,1 40,2
2-1 37,8 24 7,6 59 58 40,5
2-2 34,1 12 4,6 85 11,8 33 36,5
2-3 33,3 14 5,6 58 7,1 46,8
2-4 27,7 12 6,2 39 18,5 59 36,6
2-5 36,3 15 7,3 8,7 75 38,7
2-6 43,0 18 57 89 54 35,2
2-7 28,5 0,6 15 6,4 4.2 18,7 51 35,0
31 40,7 39 7,8 74 51 351
32 45,5 57 8,6 58 4,1 30,3
33 39,0 50 6,3 8,6 8,0 331
34 38,7 3,0 6,8 10,1 6,3 351
35 45.6 51 84 74 42 29,3
3-6 434 3,6 6,7 85 25 35,3

Microstructural characteristics of gas shale.
During the diagenetic process, with increasing depth,
physical and chemical compaction of sediment is
gradually replaced by gravitational compaction. The
shale particle directional arranged swarming the
bedding and forming obvious bedding structure [3]
(Fig. 1). SEM test were taken on the gas shale. The
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result reveals that there are many microfractures which
are very regularly oriented in gas shale (Fig. 2), and
show good laminated structure.

Rock mechanical experiments of gas shale. The
mechanical property of bedding formation isinfluenced by
bedding plane to a great extend. In order to research the
influence of bedding plane on rock mechanical properties
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of gas shale, core samples were obtained at fixed angels
between axis and bedding plane norma, as shown in
Fig. 3. Standard core samples of ¢ 25mm x 50 mm were
cored with diamond coring bit. Then the samples were
polished a both ends, ensure that both ends of the
specimen smooth, parale (paradlelism is less than
0.01 mm of both ends) and vertical to the central axis (the
angle deviation is less than 0,05°). MTS-816 Rock Test
System was used in this experiment. Displacement loading
mode was used with the loading rate of 1 ym/s before the

sample failed and 0,1 mm/min after failed. The loading
rate of confining pressure was 3MPa/min.

Fig. 3. Schematic diagram of coring of gas shale

Strength. The strength of gas shale is shown in
Figure 4. The experimental results show that the strength
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of gas shaeisinfluenced by coring angle seriously. With
the same confining pressure, the strength of gas shale
gets the maximum value when the coring angle is 0°.
With the increasing of coring angle, the strength reduces
firstly and then increasing, there is a critical angle of the
minimum strength. This is common for bedding rock [4].
The gas shale gets the minimum strength with the coring
angle of about 60° in this experiment. The strength with
p = 60° decreases by 60,2% compared with 3 =0° and
decreases by 45,2% compared with 4 =90°.
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Fig. 4. Strength versus the angle between axial stress
and the bedding plane normeal

With the same coring angle, the strength of gas
shale with confining pressure is higher than that tested
in uniaxial compressive test. With the confining
pressure of 20 MPa, the increase with g =60° is the
largest and up to 122,7% compared with uniaxial
condition. With other coring angles the increase is
between 51,2%~73,5%. From the above analysis,
coring angle and confining pressure has big influence
on the strength of gas shale.

Young's modulus. Figure 5 shows the Young's
modulus versus coring angle in uniaxial compressive
tests. The Young's modulus of gas shale increases with
the increases of coring angle. The Young's modulus is
259 GPawhen p=0° and 355 GPa when g =90°,
with the increase of 37,1%.
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Fig. 5. Young's modulus versus the angle between
axial stress and the bedding plane normal
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Poisson’s ratio. Figure 6 shows the Poisson’s ratio
versus coring angle. The Poisson’'s ratio of gas shae
increases with the increases of coring angle, which is the
same with Y oung’'s modulus. The Poisson’s ratio is 0,18
when pB=0° and 024 when p=90°, with the
increase of 33,2%.

To describe the mechanical properties of rock with
structural planes, many scholars proposed anisotropic
failure criterion. As a result of our experiment, the
continuously variable cohesion strength criterion
developed by McLamore [5] is suitable for prediction of
the strength of gas shale. And this strength criterion has
been proved suitable for bedding shale in wellbore
stability analysis [6]. The empirica formula is as
follows

2(T—O'3tan¢) :

(0'1_0'3):
tang —tan® g +1

r=A -Bcos2(60-p)]", °<p<0
r=A,—B,[cos2(60- )", 0<p<90°

where o, and ¢, are the maximum and minimum effective
principle stress, respectively. ¢ is the interna friction
angle ; 7 is cohesive force; A; = 36,4; B;= 19,8 and A, =
37,1; B, = 23,2 are congtants that describe the behavior of
T overtherange 0°<p <@ ad 9<pB<90°, #=60°,

@ istheinternd friction angle, m=3,andn=2.
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Fig. 6. Poisson’s ratio versus the angle between axial
stress and the bedding plane normal

Fig. 7 indicates that the calculation results of the
McLamore empirical relationship agree well with the
compressive strength of gas shale with average relative
error less than 5%. The fitting curve indicates that the
strength of gas shaleis afunction of the inclination angle
between the maximum principal stress and the direction
normal to the bedding plane.
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Fig. 7. Predicted strength versus the angle between
o, and the bedding plane normal

Gas shde is high in drength. Fig. 8 and Fig. 9
demongtrate the complete stress-strain curves of g =0°
with different confining pressure. It shows brittle failure in
uniaxial compressive test, and the collapsing strength,
yield stress and plagticity increase with confining pressure.
Define f asthe anisotropy index of gas shale

o1&
Cy

where, C,, is the Young's modulus or Poisson’s ratio

normal to the bedding plane; C,; isthe Young's modulus

or Poisson’s ratio parallel to the bedding plane. Based on
above experiments, we can obtain the anisotropy index of
gas shale in south of Chinais 0,27 and 0,25 by Young's
modulus and Poisson’s retio, respectively. The anisotropy
index can evaluate the degree of anisotropy of rock, higher
index means higher anisotropy.
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Fig. 8. Complete stress-strain curve ( g=0°,
confining pressure of 0 MPa)
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Fig. 9. Complete stress-strain curve ( g8=0°,
confining pressure of 20 MPa)

Borehole stability analysis. Shale gas should be
developed by horizontal well, and in shale formation,
generaly horizontal section or highly deviated well
section. The mechanical model of borehole stability
analysisis shown as Fig. 10.

The formation is replaced by the mud with fluid
column pressure p . after drilling. The original balance

around the borehole is broken. Under the mud column
pressure, a new balance will be built around the borehole.
Without regard to the instantaneous dynamic effect when
the borehole is drilled, in borehole Cartesian coordinate
systems, the stress balance equation around the borehole
isasfollowing [7]

oyt f,=0.

where, o; isthetotal stresstensor, f, isthe volume
force of rock.

&R

Borehole

Fig. 10. Mechanical model of shale gas well
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The boundary condition on the borehole wall is as
follows|[8]

o, =P, .,

where, o, istheradia stress.

Under the condition of smdl deformation, the formation
strain components and displacement components shal meet
the following geometric equation [ 7]

1
&j :E(Ui,j +“i,i) ’

where, &; is total strain tensor; U, is the displacement

component.

As the main deformation and destruction of rock
skeleton is controlled by effective stress, on the basis of
Biot's effective stress theory, a eguation can be
established

cij=0; —aR,0;

where, oy isthe total stress tensor, o isthe effective

stress tensor, o, is Kronecker symbol, P,

, s pore

1]
pressure.
Determining the conditutive equation is a basis of
researching the law of deformation and failure of a
borehole. Assuming the gas shde is transversely isotropic

material [9], the stiffness matrix can be written as[10]

L v e g g 0
Eh Eh EV
_ th i _ Vvh 0 0 0
Eh Eh EV
~VYw VY i 0 0 0
Eh Eh EV
D, = ) ,
0 0 0 0 0
th
0 0 0 0 Gl 0
vh
o 0o 0 0 0 @
h

where D_ is the stiffness matrix of transversely isotropic
material.

The dtiffness matrix above is defined in loca
coordinate system of bedding plane, but the borehole
stability analysis is based on borehole coordinates.
Therefore the stiffness matrix in bedding plane
coordinate system needs to be transformed into that in
borehol e coordinate system.

o, =Dsg; ;
D=qD,q" .
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g is atransformation matrix

oy 0 dn’y 0 —2dgnycosy O
0 1 0 0 0 0
| &§n’y 0 oS’y 0 2dnycosy O
oo o 0 cosy 0 sny |
dnycosy 0 —snyocosy 0O cosy—-sn’y O
0 0 0 —sny 0 cosy

where 7 is the angle between the normal direction of

bedding plane and the wellbore axis.

According to above governing equations, stress
distribution around a borehole are obtained. Combined
with the continuously variable cohesion strength
criterion, collapse pressure of shae gas well can be
obtained.

Figure 11 shows the variation of the collapse
pressure with both drilling azimuth and inclination.
Computation parameters are: P, =103 SG; a=0,7;

0,=214G; 0,=193SG; 0,=229SG. The
maximum horizontal in-situ stress direction is NO°E

and dip angle is 0°, while other parameters are
according to experimental results.

Azimuth
0

Fig. 11. Collapse pressure versus drilling azimuth
and inclination angle

When the inclination angle is less than 45° collapse
pressure with different azimuth is similar and small
with a ranging from 1.21 g/cm® to 1,33 g/cm®. The
inclination angle has little effect on the collapse
pressure and the collapse pressure is low. However,
when the inclination angle is higher than 45° the
collapse pressure rise sharply, especially the drilling
azimuth is close to the direction of minimum horizontal
in-situ stress. The collapse pressure is lowest when
drilling to the maximum horizontal stress direction and
reaches its maximum when drilling to the minimum
horizontal stress direction. So, the risk of borehole

ISSN 2071-2227, HaykoBun BicHuK HI'Y, 2014, N2 1

instability is the highest when drilling to the minimum
horizontal stress direction.

Conclusions.

1. Gas shale in south of China shows good laminated
structure, and the most mineral components of gas shale
is quartz and clay minerals.

2. The continuously variable cohesion strength
criterion is suitable for prediction of the strength of
gas shale. The strength decreases first and then
increases with the increasing of coring angle. It gets
the maximum value with the coring angle of 0° and
gets the minimum value with the coring angle of about
60°. The maximum decreasing range of shale strength
is up to 60,2%. The Young's modulus and Poisson’s
ratio increase with the increases of coring angle.

3. Borehole instability of shale gas well is caused by
redistribution of in-situ stresses near the borehole in an
anisotropic formation. The collapse pressure is lowest
when drilling to the maximum horizontal stress direction
and reaches its maximum when drilling to the minimum
horizontal stress direction.

4. More attention should be given when drilling
horizontal wells near the direction of minimum
horizontal in-situ stress in shale gas reservoirs, because
the collapse pressureis higher in thisregion
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Beijing,

[Tpu OypiHHI y NPOAYKTHBHUX FOPU30HTAX, IO Mi-
CTATH CIAHLEBUHU ra3, 4aCTO BUHUKAIOTh YCKJIaIHEHHS,
00yMOBIIEHI MOPYUICHHSM CTiHKOCTI CTiHOK CBEpIJIO-
BUH. ['a30BMiCHI TOpOOM BiAPI3HSIOTHCS BHCOKOIO
IIUTBHICTIO, A00pe PO3BUHEHOK MIKpPOTPINUHYBATIC-
TIO W IIapyBaTicTIO, 1 IX MEXaHiuHiI BIIACTHBOCTI Bij-
MIHHI BiJ BJIACTUBOCTEH IIUILHUX IIIAaHHUKIB a00 Ka-
pOoHaTiB. TakuM YMHOM, NPOBEACHHS IOPiBHSUIBHUX
JIOCIIDKEHb MA€ BEJIMKE 3HAUYEHHS i OypiHHS cBep-
JUIOBWH 1 PO3KPHUTTS NPONYKTUBHUX IUIACTIB. 3a JIOMO-
MOT'OI0 CHCTEMH BH3HAYCHHS BJIACTUBOCTEH TipCHKHX
mopix MTS-816 Rock Test System mposeneno mocii-
JDKEHHSI MEXaHIYHHX BIACTUBOCTEH TOpIOYOro CiaH-
110, 110 BHI0OYBaeThcs Ha miBaHi Kutaro. Y mabopa-
TOPHUX yMOBax IpOBEAEHI JOCHIPKEHHS 3MiHU
MEXaHIYHUX BJIACTUBOCTEH y 3aJIE)KHOCTI BiJl KyTa Mixk
OCbOBHM HABaHTA)XCHHSAM 1 HOPMaJUIIO IUJIONIMHH Ha-
mapyBaHHs (KyT BigOopy KepHa), KpHUTEpill OLIHKH
pyliHyBaHHS OyB IepeBipeHHH 1 32CTOCOBAHUI 1Sl BH-
3HaYeHHS MIIHOCTI TOpIOYMX cJaHIiB. 31 30iJbIIeH-
HAM KyTa BigOOpy KepHa MIIHICTh CIAHII0 CHOYATKY
3MEHIIYETHCA, a MOTIM 30impmyeThest. [Ipu kyTi Bin-
6opy kepHa 0° BoHa JIocsirae MaKCUMAaJIbHOTO 3HAYCH-
Hs, a MpHU KyTi kepHa Ounst 60° — minimansHOTO. MoO-
nyns HOHra ta xoediumient Ilyaccona 3pocraioTh 3i
301IBILICHHAM KyTa Bigoopy kepua. Kpim Toro, mpose-
JIEHO MOJIEJIOBaHHS CTaOUIBHOCTI CTIHOK CBEPIJIOBH-
HH, 110 OypUTHCS B TOPIOYOMY CJaHI HUIIXOM 00'en-
HaHHS TpaHCBEPCaJbHOI 130TPOMHOI MOAEN CTaHy Ta
KPUTEPII0 IUIAaBHOPETYJIHOBAHOI KOTE31ifHOi MIITHOCTI.
HaBaHnraxxeHHs pyiiHYBaHHsS Ma€ HailMEHIE 3HAYCHHS
npu OypiHHI B HampsIMKy MaKCHMajbHOI TOpH30HTa-

32

JBHOI HamNpyTH W Jocsirae MakCUMyMy HpH OypiHHI B
HaNpsMKy MiHIMaJIbHOI TOPU30HTAIBHOI HANIPYTH.
KuarwuoBi caoBa: cranyesuii 2as, mexauika 2ipcob-
Kux nopio, awizomponis, Kpumepiti pyuHy8aHHs, Kym
8i000py KepHa, CMiliKicmb cmeoa c8epoio8UHU

[Ipn OypeHMH B NPOOYKTUBHBIX T'OPHU30HTAX, CO-
JiepKalluX CIIaHUEBBIH ra3, 4acTO BO3ZHHKAIOT OCIIOX-
HeHMs, OOyCJIOBJIEHHbIE HapyIIeHUEM YCTOWYUBOCTH
CTEHOK CKBaXHH. ['azocozepixaiiue MOpoJbl OTIHYa-
IOTCSI BBICOKOW TUIOTHOCTBIO, XOPOIIO Pa3BUTOH MUK-
POTPELIMHOBATOCTBIO U CIOMCTOCTBIO, M HX MEXaHH-
YecKHe CBOWCTBA OTIMYHBI OT CBOMCTB TIUIOTHBIX
MEeCYaHUKOB WM KapOonatoB. TakuMm oOpazom, mpo-
BEJICHUE CPABHUTENBHBIX HCCICIOBaHUN HMeeT 00Jib-
nroe 3Ha4YeHWe I OypeHHs CKBa)KMH W BCKPBITHS
NPOAYKTHBHBIX IAcTOB. C MOMOIIBIO CHCTEMBI OMpe-
JIeTICHHsT CBOMCTB TOpHBIX mopox MTS-816 Rock Test
System nmnpoBemeHO HCCACHOBaHHE MEXAHHYCCKUX
CBOWCTB roplovero ciasiia, qoosiBaeMoro Ha tore Ku-
Tas. B mabopaTOpHBIX YCIOBHUSAX MPOBEIEHBI UCCIIE0-
BaHUsI M3MCHCHHS MEXaHHYECKHX CBOICTB B 3aBHCHU-
MOCTH OT yTIjIa MEXIy OCEBOW HATPY3KOH U HOPMAJbIO
IUTOCKOCTH HarmjaacToBaHus (yroi otbopa KepHa), Kpu-
TEepUH OLCHKH Pa3pyLICHUs ObLI MPOBEPEH M IpUMeE-
HEeH JJIsl ONpEeNeNICHUs] TPOYHOCTH TOPIOYUX CIIAHIEB.
C yBenuueHueM yria oT6opa KepHa MPOYHOCTBH CIIaH-
[[a CHayalla yMEHbINAeTCsA, a 3aTeM YBEIHMYUBACTCH.
IIpu yrie orbopa kepHa 0° oHa JOCTHUraeT MaKCH-
MaJbHOTO 3Ha4YeHHs, & OpHU yrie KepHa okojo 60° —
MuHEMalbHOrOo. Monyne lOHra u xoadduuueHt
ITyaccona Bo3pacTaloT ¢ yBeIMYCHHEM yria oTOopa
kepHa. Kpome Toro, mpoBeaeHo MoaenupoBaHUE CTa-
OUJIBHOCTH CTEHOK CKBQ)XHHBI, OYpHMOH B roprouyem
CllaHlle MyTeM OOBEeIWHEHHUS TPaHCBEpPCAIbHOH H30-
TPOIHOM MOJIENIN COCTOSIHHS M KPUTEPHS ILIAaBHOPETY-
JUpyeMOH KOre3uoHHOH mnpouHoctu. Harpyska pas-
pPYLICHUS MMEET HauMeHbIIee 3HaYCHUE MPH OypeHHH
B HAaNpaBJICHUHM MaKCHMAaJIbHOTO TOPU3OHTAIBHOTO
HaNpsDKEHUS M JOCTUraeT MaKCHMyMa IpH OypeHHH B
HalpaBJICeHUH  MHHUMAIbHOTO  TOPHU30HTAJIHHOTO
HampsOKEHUS.

KnaroueBble cji0Ba: cranyegulii 2az, Mexanuxka 2op-
HbIX NOpPOO, AHU30MPONUA, Kpumepuii paspyutenus,
yeon ombopa KepHa, yCmou4u80Cmy CME0NA CKEAXCU-
Hbl
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