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Abstract. Borehole instability during drilling process occurs frequently when drilling through shale
formation. When a borehole is drilled in shale formation, the low permeability leads to an undrained loading
condition. The pore pressure in the compressed area near the borehole may be higher than the initial pore
pressure. However, the excess pore pressure caused by stress concentration was not considered in traditional
borehole stability models. In this study, the calculation model of excess pore pressure induced by drilling
was obtained with the introduction of Henkel’s excess pore pressure theory. Combined with Mohr-Coulumb
strength criterion, the calculation model of collapse pressure of shale in undrained condition is obtained.
Furthermore, the variation of excess pore pressure and effective stress on the borehole wall is analyzed, and
the influence of Skempton’s pore pressure parameter on collapse pressure is also analyzed. The excess pore
pressure decreases with the increasing of drilling fluid density; the excess pore pressure and collapse
pressure both increase with the increasing of Skempton’s pore pressure parameter. The study results provide
a reference for determining drilling fluid density when drilling in shale formation.

Keywords: borehole stability; collapse pressure; Mohr-Coulumb strength criterion; undrained; drilling
fluid density; excess pore pressure

1. Introduction

Maintaining borehole stability is an important issue in oil and gas industry (Santarelli et al.
1986, Aadnoy 2003, Zoback et al. 2003, Al-Bazal et al. 2008). In the process of drilling, the
economic losses caused by borehole instability reaches more than one billion dollar every year
(Zeynal 2012), and the lost time is accounting for over 40% of all drilling related non-productive
time (Zhang et al. 2009). It is also reported that shale account for 75% of all formations drilled by
the oil and gas industry, and 90% borehole stability problems occur in shale formations (Ewy and
Cook 1990, Mody and Hale 1993, Chen et al. 2003, Coelho et al. 2005). When a well is drilled,
the formation around the borehole must sustain the load that was previously taken by the removed
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formation. As a result, an increase in stress around the borehole and stress concentration will be
introduced (Zoback et al. 1985, Roegiers 2002). If the strength of the formation is not strong
enough, the borehole will fail (Narayanasamy et al. 2009).Traditional models of borehole stability
evaluation were mainly based on elastic mechanics (Bradley 1979, Santarelli et al. 1986, Aadnoy
et al. 1987, Al-Ajmi and Zimmerman 2006), but in some cases the borehole remains stable even if
the stress concentration around the borehole exceeds the strength of the formation, many scholars
choose to use elastoplastic models for the analysis of borehole stability (Risnes and Bratli 1981,
Roshan and Fahad 2012, Yan et al. 2013a, b).There are various chemicals in the drilling fluid
which physically and chemically interact with shale formations. On one hand, these interactions
will result in the generationof swelling stress (Chenevert and Pernot 1998, Tan et al. 1998). On the
other hand, it alleviates the mechanical strength of the borehole wall rock (Chenevert 1970, Chen
2001, Yan et al. 2013b). Chemical effect of drilling fluid on shale stability was evaluated by many
scholars (Simpson and Dearing 1989, Hale and Mody 1992, Van Oort ef al. 1995, Tan et al. 2002,
Yan et al. 2013Db).

In deep buried shale, the formation fluids are trapped in pore spaces (Chen and Ewy 2002).
Because the native permeability of shale is very low, and a tight layer of mud cake will generate
on the borehole wall which can prevent the seepage of the fluid between the borehole and the
formation, rock deformation is under an undrained condition. In contrast, for highly permeable
reservoirs, fluid can be drained from the pore space subjected to applied loadings, so the
deformation of permeable rock is governed by the drained elastic modulus (Detournay and Cheng
1993). Because the native permeability of shale is on the order of nanodarcy (1-10° nd), the
communication of fluids in shale is not easy. When a borehole is drilled in shale formation, the
low permeability leads to an undrained loading condition (Cui ef al. 1999). The pore pressure in
the compressed area near the borehole may be higher than the initial pore pressure. However,
traditional borehole stability models treated drilling in shale as drained process, and the pore
pressure changing caused by stress concentration was not taken into consideration. Excess pore
pressure theory (Hu 1997) in soil mechanics will be adopted in this paper, combined with
Mohr-Coulumb strength criterion to research the collapse pressure in shale.

2. Excess pore pressure

Shale formation is composed of solid particle skeleton and pores are full of fluid. When
imposed by an external force, the force will be balanced by both pore pressure and effective stress.
Drilling will result in stress concentration around the borehole, under the undrained condition, part
of the stress will be taken by the pore fluid, so the pore pressure will change after drilling. The
pore pressure increment induced by external load is called “excess pore pressure” (Hu 1997),
marked with AP and expressed in the following equation.

AP=P,~P, (1)

where AP is the excess pore pressure; P, is the pore pressure after drilling; P, is the initial pore
pressure.

At present, the solution of excess pore pressure is based on the research of Skempton and
Henkel (Gong 1996). Skempton (1954) established the calculation formula of excess pore pressure
based on the experimental research of conventional triaxial tests.
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AP = B[Ac, + A(Ac, —Ac) 2)

where B is the Skempton’s pore pressure parameter under the acting of isotropic stress and
deviatoric stress both,and it is related to the formation saturation, for saturated formation, B = 1.0;
A is the Skempton’s pore pressure parameterunder the acting of deviatoric stress, which can be
determined by experiment or experience; Ao, and Ag; stands for the maximum and the minimum
principal stress increment respectively.

Henkel (1960) reasoned that under complex stress condition, the calculation of excess pore
pressure should take the influence of the intermediate principle stress into consideration. The
excess pore pressure under triaxial stress condition consists of two parts: one part caused by mean
normal stress and the other part caused by mean shear stress. He put forward the following
calculation formulas

AP = pAo,,., + AT, 3)
In which
1
Ao, = g(Aal +Aoc, + AG3) 4
Az, = %\/(Aal -Ao, )2 + (A0'2 -Ao, )2 + (A0'3 -Ao, )2 ®)]

where y and f are the Henkel’s pore pressure coefficients. For saturated formation, f = 1.
In conventional triaxial tests, Ao, = Aos. Introduce it to the Henkel’s excess pore pressure
formula, the following formula is available

AP= Ao, +(14+42 Ao, - Acy)/3 6)

i Borehole

Fig. 1 Mechanical calculation model
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Compared with Skempton’s formula, Henkel’s excess pore pressure formula can be rewritten
as following

AP = BAc,, +(3A-1)Az,, N2 ~ fAc,, +(2.124-0.7)Az,,, (7)

3. Borehole stability model in undrained condition

The in-situ stress has been existed in the formation before a well is drilled. After drilling,
borehole fluid pressure replaces the rock and provides support, and the stress around the borehole
will be redistributed (Lu and Tang 2000). Assuming the formation around the borehole is porous
elastic medium (Aadnoy et al. 1987, Sone and Zoback 2013, Zhu et al. 2014, Yan et al. 2014), so
the stress distribution can be obtained using the following mechanical model. In an infinite plane,
a circular hole with uniform internal pressure is under the effect of two horizontal stresses in the
plane of the infinity, and under the effect of overburden pressure in the vertical direction, as shown
in Fig. 1. The shear failure of the borehole appears on the borehole wall (Fjer et al. 2008, Chen et
al. 2008). The borehole stress for a vertical well is as follows (Chen et al. 2008)

2 2 _ 4 2
0',4=R_2ow (n +9) I_R_z +(GH %) 1+31i _41§ cos2¢
r ' 2 r 2 r r
R’ R’ - R’
‘79:__2Puy'+M 1+—- _On oy, 3 — |cos26
r 2 r 2 r

R (8)
o,=0,— 120y, —Gh)[—j cos26
r

_ 2 2
T, = (@4 ~04) (1 _3R + 212 jsin 20
r

2 P

were o,, oy and o, are the radial stress, effective tangential stress and effective axial stress around
the borehole, respectively; 7,4 is the shear stress; R is the radius of the borehole wall; r is the
distance to the axial of the borehole; o, is the overburden pressure; oy and g, are the maximum and
minimum horizontal stresses, respectively; P, 1is the fluid column pressure; 6 is well around angle
(defined starting at a point on the borehole to the maximum horizontal stress direction); u is the
Poisson’s ratio.

The stress state around a borehole is shown in Fig. 2. The used calculation parameters are
shown in Table 1. In drilling process, when the drilling fluid density is low, shear failure may
occur around the borehole, and then cause borehole collapse. The shear failure is induced by the
difference of tangential stress and radial stress (Bell and Gough 1979, Haimson and Chang 2002).
We can know from Fig. 2, the stress differential (¢ — 0,) on the borehole wall is higher than inside
the formation. And there is no shear stress on the borehole wall. So Shear failure is determined by

stress differential (¢ — o,) on the borehole wall, (65 — ;) reaches its maximum when 6 = % or%[.

If the stress differential surpasses the shear strength of the formation, borehole collapse will occur
and form borehole caving elliptical. The collapse occurs at the minimum horizontal stress direction
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(Zoback et al. 1985, Haimson and Chang 2002, Fjer et al. 2008, Yan et al. 2013b). When 6 :%

3z . . .
or R the stresses at the two points can be written as following
o, = ow
oy =—P,+30, -0, ©)

O_z = O-v + 2/,[(0'1_1 _O-h)
The principle stress increment induced by drilling is expressed as following

Ao, =0,-0,=P, -0,
Aoy=04—-0y =-P,+20, -0, (10)

Ao, =o0,-0,=2u(c, —0,)

Calculating the mean normal stress increment Ao, and the mean shear stress increment Az,
based on Eq. (10)

2+2u
Aaoct = 3 (O-H_Gh) (11)
Table 1 Calculation parameters

Maximum horizontal stress 40 MPa
Minimum horizontal stress 30 MPa
Overburden pressure 45 MPa
Pore pressure 20 MPa

Poisson’s ratio 0.25

(a) Tangential stress

Fig. 2 Stress state on the surrounding rock of a vertical well
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(b) Radial stress
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(d) Shear stress

Fig. 2 Stress state on the surrounding rock of a vertical well

1

ATOC[ = 3

VAP, —0y) +[Py ~(1-2)0, ~2u0, [ + [P, + (12000, 2~ 20, [ (12)

Inserting Ao, and Az, into Eq. (7), the excess pore pressure will be obtained by Henkel’s
excess pore pressure formula
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_242u
3

AP (oy —Gh)+§(2.12A—O.71)M (13)

In which

M = J4(P,, 0, ) +|P,y ~(1-20)0, ~2u0, [ +[P, +(1-20)0, ~2-2w)0, | (14)
The effective stress can be written as following

2+2u

ol =P, _a{ppo + (o, —ah)+§(2.12A—0.71)M}

2+2u
3
2+2u

cy=-P,+30, -0, —a[PPO + (oy —O'h)+%(2.12A—0.71)M:| (15)

o.=0,+2u(oy, —O'h)—c{PP0 + (oy —O'h)+§(2.12A—0.71)M:|

where, a 1s Biot’s coefficient.

Shear failure of the borehole is subject to the Mohr-Coulumb strength criterion. Shear failure
will occur when the Mohr's circle constituted by the maximum and minimum effective principal
stress on the borehole wall exceeds the failure strength. The Mohr-Coulumb strength criterion
expressed by principal stress is as following (Fjer et al. 2008)

O, — 04 tan{%+%)—2€tan(%+§j=0 (16)

where, g, and o3 are the maximum and minimum effective principal stress; ¢ is the internal friction
angel; C is the cohesive force.

When the Mohr’s circle constructed by radial and tangential effective stress reaches the rock
strength, shear failure will occur on the borehole wall (Morita ef al. 1989, Fjer et al. 2008, Chen et
al. 2008). When shear failure occurs, the stress state on the borehole wall can be written as

Table 2 Calculation parameters

Maximum horizontal stress 40 MPa
Minimum horizontal stress 30 MPa
Overburden pressure 45 MPa
Pore pressure 20 MPa
Poisson’s ratio 0.25
A 0.5
Biot’s coefficient 0.6
Internal friction angel 30°

Cohesive force 5 MPa
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Fig. 3 Total stress in the minimum stress direction versus drilling fluid pressure
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Introduce Eq. (17) into Eq. (16), the collapse pressure can be calculated by Eq. (18)

S(By)= {1+tan2[45° +gﬂPM -30, +0, +2Ctan2(45° J%j
(18)
4 {1—%2[450 %ﬂ {PPO +%(0y o)) +%(2.12A—0.71)M} )

4. Analysis

To research the variation rule of the collapse pressure and stress on the borehole wall, we took
a sit of formation parameters to analyze. The calculation parameters are shown in Table 1.

Fig. 3 shows the total stress on the borehole wall versus mud pressure (drilling fluid density).
From the figure we can see that the radical stress increase with the increase of mud pressure. The
tangential stress decreases with the mud pressure. And the axial stress do not change when the
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Fig. 4 Excess pore pressure and effective stress versus mud pressure
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Fig. 5 Effective stress versus mud pressure

mud pressure changing.

Figs. 4 and 5 show the change rule of excess pore pressure and effective stress on the borehole
wall versus mud pressure (drilling fluid density). It reveals that higher drilling fluid density means
a smaller excess pore pressure. That is because with the increase of drilling fluid density, the mud
pressure to support the borehole wall increases, stress concentration decreases, so the excess pore
pressure decreases. The tangential effective stress decreases with the increasing of the borehole
pressure. The radical effective stress and axial effective stress both increase with the increasing of
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Fig. 6 Excess pore pressure versus Skempton’s pore pressure parameter “A”
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Fig. 7 Effective stress versus Skempton’s pore pressure parameter “A”

mud pressure.

Figs. 6 and 7 shows the change rule of excess pore pressure and effective stress on the borehole
wall versus Skempton’s pore pressure parameter “A”. The excess pore pressure increases with the
increasing of “A”. The tangential effective stress, radical effective stress and axial effective stress
all decrease with the increasing of “A”. A higher Skempton’s pore pressure parameter means more

external force will be balanced by pore pressure, so the excess pore pressure will increase, while
the effective stress decrease.
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Fig. 8 Collapse pressure versus Skempton’s pore pressure parameter “A”

Fig. 8 shows the change rule of collapse pressure versus Skempton’s pore pressure parameter
“A”. It is obvious that the collapse pressure increases nonlinearly with the increasing of coefficient
“A”. That is because the pore pressure increases with the increase of “A”, the effective support of
the drilling fluid to the borehole wall decreases, which caused the borehole prone to collapse.
When A4 = 1, the collapse pressure increases by approximate 36% compared with the value when 4
= 0. The excess pore pressure has a big effect on the collapse pressure, it should not be ignored
when determining the collapse pressure.

5. Case study

Rock mechanical parameters were calculated using logging data. The prediction model of
uniaxial compressive strength (UCS) can be expressed as (Zhu et al. 2012)

UCS = LEA-V,)+ fLEV, (19)

where: E is the Young’s modulus; ¥V, is the clay mineral content; f; and f; are coefficients.
Overburden pressure can be obtained by integrating of logging density, as for sea-drilling water
depth should be considered (Chen et al. 2008)

H, H,
o = [ pgdh+ [ p,edn (20)
0 H,

where oy is the overburden pressure; H; is the water depth; H, is the depth below sea level; p,, is
the seawater density; p, is the formation density; g is the gravity acceleration.
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Fig. 9 Collapse pressure of Bohai Bay

The horizontal in-situ stress mainly comes from the weight of overlying formation and the
tectonic stress, the calculation model of non-uniform in-situ stress using two tectonic stress
coefficients is as following (Chen ef al. 2008)
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oy :(lfts +a)lj(a,/ —aPp)+aPp

oy, =(1fl;l‘ +a)2J(O'V—aPp)+aPP

where y; is the static Poisson’s ratio; @, and w, is the horizontal tectonic stress coefficients in two
directions.

There is a giant thick section of shale in Paleogene Dongying Formation and Shahejie
Formation in Bohai Bay. .and they are brown gray shale with pure quality and soft to middle
hardness. Fig. 9 shows the collapse pressure of a well in Bohai Bay. The collapse pressure is
higher when considering the excess pore pressure (4 > 0) than the collapse pressure not
considering the excess pore pressure (4 = 0). The real used mud density in drilling is higher than
the collapse pressure calculated by traditional model, but is smaller than the collapse pressure
calculated by the model proposed in this paper. Complex accidents such as wellbore collapses,
stuck pipe, pump suffocation, reaming, back reaming were very frequently while drilling, and the
borehole enlargement reached more than 100% of this well.

6. Conclusions

When a borehole is drilled in shale formation, the low permeability leads to an undrained
loading condition. The variation in volumetric strain caused by stress concentration will result in
an increase of the pore pressure, then the excess pore pressure generates.

With the increase of drilling fluid density, the borehole pressure to support the borehole wall
increases, stress concentration decreases, the excess pore pressure decreases. The tangential
effective stress decreases with the increasing of the borehole pressure. The radical stress and axial
stress increase with the increasing of borehole pressure.

The excess pore pressure increases with the increasing of Skempton’s pore pressure parameter
“A”. The tangential effective stress, radical effective stress and axial effective stress all decrease
with the increasing of “A”.

Excess pore press theory is firstly used in the calculation model of collapse pressure in oil and
gas drilling. The excess pore pressure will decrease the support of drilling fluid on borehole wall
and caused the increasing of collapse pressure. The collapse pressure increases nonlinearly with
the increasing of coefficient “A”. The excess pore pressure has a big effect on the collapse
pressure, it should not be ignored when determine the collapse pressure of oil and gas drilling.

References

Aadnoy, B.S. (2003), “Introduction to special issue on borehole stability”, J. Petrol. Sci. Eng., 38(3-4),
79-82.

Aadnoy, B.S., Rogaland, U. and Chenevert, M.E. (1987), “Stability of highly inclined boreholes”, SPE Drill.
Eng., 2(4), 364-374.

Al-Ajmi, A.M. and Zimmerman, A.W. (2006), “Stability analysis of vertical boreholes using Mogi-Coulomb
failure criterion”, Int. J. Rock Mech. Mining Sci., 43(8), 1200-1211.

Al-Bazali, T., Zhang, J., Chenevert, M.E. and Sharma, M.M. (2008), “Factors controlling the compressive



566 Jian-Guang Wei and Chuan-Liang Yan

strength and acoustic properties of shales when interacting with water-based fluids”, /nt. J. Rock Mech.
Mining Sci., 45(5), 729-738.

Bell, J.S. and Gough, D.I. (1979), “Northeast-southwest compressive stress in Alberta evidence from oil
wells”, Earth Planet. Sci. Lett., 45(2), 475-482.

Bradley, W.B. (1979), “Failure of inclined borehole”, Energy Resour. Tech. Trans., ASME, 101(4), 232-239.

Chen, G.Z. (2001), “A study of wellbore stability in shales including poroelastic, chemical, and thermal
effects”, Ph.D. Dissertation, The University of Texas at Austin, TX, USA.

Chen, G. and Ewy, R.T. (2002), “Investigation of the undrained loading effect and chemical effect on shale
stability”, SPE/ISRM Rock Mechanics Conference, Irving, TX, USA, October.

Chen, G.Z., Chenevert, M.E., Sharma, M.M. and Yu, M. (2003), “A study of wellbore stability in shales
including poroelastic, chemical, and thermal effects”, J. Petrol. Sci. Eng., 38(3), 167-176.

Chen, M., Jin, Y. and Zhang, G.Q. (2008), Petroleum Engineering Related Rock Mechanics, Science Press,
Beijing, China.

Chenevert, M.E. (1970), “Shale alteration by water adsorption”, J. Petrol. Tech., 22(9), pp. 1141-1148.

Chenevert, M.E. and Pernot, V. (1998), “Control of shale swelling pressures using inhibitive water-base
muds”, Proceedings of the 67th SPE Annual Technical Conference and Exhibition, New Orleans, LA,
USA, September, pp. 27-30.

Coelho, L.C., Soares, A.C., Ebecken, N.F.F., Alves, J.L.D. and Landau, L. (2005), “The impact of
constitutive modeling of porous rocks on 2-D wellbore stability analysis”, J. Petrol. Sci. Eng., 46(1-2),
81-100.

Cui, L., Abousleiman, Y. and Cheng, A.H.D. (1999), “Time-dependent failure analysis of inclined boreholes
in fluid-saturated formations”, J. Energy Resour., ASME, 121(1), 31-39.

Detournay, E. and Cheng, A.H.D. (1993), Fundamentals of Poroelasticity, Pergamon Press, Oxford, UK, pp.
113-171.

Ewy, R.T. and Cook, N.G.W. (1990), “Deformation and fracture around cylindrical openings in rock-I.
Observations and analysis of deformation”, Int. J. Rock Mech. Mining Sci., 27(5), 387-407.

Fjeer, E., Holt, R.M., Horsrud, P., Raaen, A.M. and Risnes, R. (2008), Petroleum Related Rock Mechanics,
(2nd Edition), Elsevier, Amsterdam, The Netherlands; Kidlington, Oxford, UK.

Gong, X.N. (1996), Advanced Soil Mechanics, Zhejiang University Press, Zhejiang, China.

Haimson, B.C. and Chang, C. (2002), “True triaxial strength of the KTB amphibolite under borehole wall
conditions and its use to estimate the maximum horizontal in situ stress”, J. Geophys. Res.: Solid Earth,
107(B10), (ETG-15)1-14.

Hale, A.H. and Mody, F.K. (1992), “Experimental investigation of the influence of chemical potential on
wellbore stability”, SPE/IADC Drilling Conference, New Orleans, LA, USA, February.

Henkel, D.J. (1960), “The shear strength of saturated remolded clays”, Research Conference on Shear
Strength of Cohesive Soils, Boulder, CO, USA, June, pp. 533-554.

Hu, Z.X. (1997), Soil Mechanics and Environment Soil Engineering, Tongji University Press, Shanghai,
China.

Lu, J. and Tang, W. (2000), “On deep wellbore stability for dagang oil field”, Chinese J. Rock Mech. Eng.,
19, pp. 967-970.

Mody, F.K. and Hale, A.H. (1993), “Borehole-stability model to couple the mechanics and chemistry of
drilling-fluid/shale interactions”, J. Petrol. Tech., 45(11), 1093-1101.

Morita, N., Whitfill, D.L., Fedde, O.P. and Lovik, T.H. (1989), “Parametric study of sand production
prediction: Analytical approach”, SPE Product. Eng., 4(1), 25-33.

Narayanasamy, R., Barr, D. and Milne, A. (2009), “Wellbore instability predictions within the cretaceous
mudstones”, Offshore Europe, Aberdeen, UK, September.

Risnes, R. and Bratli, R.K. (1981), “Sand stresses around a wellbore”, Proceedings of SPE Middle East Oil
Tech Conference, Manama, Bahrain, March.

Roegiers, J.C. (2002), “Well modelling: An overview”, Oil Gas Sci. Tech., 57(5), 569-577.

Roshan, H. and Fahad, M. (2012), “Chemo-poroplastic analysis of a borehole drilled in a naturally fractured
chemically active formation”, Int. J. Rock Mech. Mining Sci., 52, 82-91.



Borehole stability analysis in oil and gas drilling in undrained condition 567

Santarelli, F.J., Brown, E.T. and Maury, V. (1986), “Analysis of borehole stresses using pressure dependent,
linear elasticity”, Int. J. Rock Mech. Mining Sci., 23(6), 445-449.

Simpson, J.P. and Dearing, H.L. (1989), “Downhole simulation cell shows unexpected effects of shale
hydration on borehole wall”, SPE Drill. Eng., 4(1), 24-30.

Skempton, A.W. (1954), “The pore-pressure coefficients A and B”, Geotechnique, 4(4), 143-147.

Sone, H. and Zoback, M.D. (2013), “Mechanical properties of shale-gas reservoir rocks-Part 1: Static and
dynamic elastic properties and anisotropy”, Geophysics, 78(5), D381-D392.

Tan, C.P., Rahman, S.S., Richards, B.G. and Mody, F.K. (1998), “Integrated rock mechanics and drilling
fluid design approach to manage shale instability”, EUROCK 98. Symposium, Trondheim, Norway, July.
Tan, C.P., Amanullah, M., Mody, F.K. and Tare, U.A. (2002), “Novel high membrane efficiency
water-based drilling fluids for alleviating problems in troublesome shale formations”, IADC/SPE Asia

Pacific Drilling Technology, Jakarta, Indonesia, September.

Van Oort, E., Hale, A.H. and Mody, F.K. (1995), “Manipulation of coupled osmotic flows for stabilization
of shales exposed to water-based drilling fluids”, 1995 SPE Annual Technical Conference and Exhibition,
Dallas, TX, USA, October.

Yan, C.,, Deng, J., Hu, L. and Yu, B. (2013a), “Fracturing pressure of shallow sediment in deep water
drilling”, Math. Problems Eng., 2013, 8 p.

Yan, C., Deng, J. and Yu, B. (2013b), “Wellbore stability in oil and gas drilling with chemical-mechanical
coupling”, Sci. World J., 2013, 9 p.

Yan, C., Deng, J., Hu, L., Yu, B., Chen, Z.J., Yan, X.J., Lin, H., Tan, Q. and Yu, B.H. (2014), “Brittle
failure of shale under uniaxial compression”, Arabian J. Geosci., pp.1-9.

Zhang, J.C., Lang, J. and Standifird, W. (2009), “Stress, porosity, and failure-dependent compressional and
shear velocity ratio and its application to wellbore stability”, J. Petrol. Sci. Eng., 69(3-4), 193-202.

Zeynali, M.E. (2012), “Mechanical and physical-chemical aspects of wellbore stability during drilling
operations”, J. Petrol. Sci. Eng., 82-83, 120-124.

Zhu, H.Y., Deng, J.G., Xie, Y.H., Huang, K.W., Zhao, J.Y. and Yu, B.H. (2012), “Rock mechanics
characteristic of complex formation and faster drilling techniques in Western South China Sea oilfields”,
Ocean Eng., 4, 33-43.

Zhu, H.Y., Deng, J.G. and Liu, Q.Y. (2014), “Hydraulic fracturing experiments of highly deviated well with
oriented perforation technique”, Geomech. Eng., Int. J., 6(2), 153-172.

Zoback, M.D., Moos, D., Mastin, L. and Anderson, R.N. (1985), “Well bore breakouts and in situ stress”, J.
Geophys. Res.: Solid Earth, 90(B7), 5523-5530.

Zoback, M.D., Barton, C.A., Brudy, M., Castillo, D.A., Finkbeiner, T., Grollimund, B.R., Moos, D.B., Peska,
P., Ward, C.D. and Wiprut, D.J. (2003), “Determination of stress magnitude and orientation in deep
wells”, Int. J. Rock Mech. Mining Sci., 40(7-8), 1049-1076.

cc





