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Practical value. Determination of the structure of 
pore space and porosity types of carbonate rocks under 
different pressure conditions makes it possible to allocate 
the complicated reservoir rocks at large depths and to 
predict their exploitability. 
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Purpose. Stratified shale formation is prone to collapse in drilling. A method of precise calculation of collapse 
pressure should be developed to avoid severe wellbore instability of stratified shale. 

Methodology. Clay mineral components of stratified shale were measured by X-ray diffraction, and micro-
structures of stratified shale were observed by scanning electron microscope. Shale cores had been drilled under 
different dip angles and then immersed in drilling fluids. Strength, cohesion and internal friction angle of stratifications 
and rock mass (vertical to the stratifications) were measured over different immersion time. The method suitable for 
calculating stratified shale strength has been developed. Based on the strength calculation method and circumferential 
stress distribution equation, the collapse pressure of stratified shale has been calculated. 

Findings. The stratified shale is mainly composed of illite and kaolinite; and stratifications are actually 500 nm–
30 m wide microcracks (stratified shale of Weizhou formation, Beibuwan basin, South China Sea). Cohesion and 
internal friction angle of stratification decrease in exponential rule with immersion time, while that of the rock mass 
decrease in linear rule with immersion time. The rock strength decreases firstly and then increases with the dip angle 
(0–90°); and the lowest value occurs at the dip angle 50–60; and single weak plane criterion is suitable for 
calculation of the strength of stratified shale. Contrasted to the drilling fluid density and wellbore stability situation 
while drilling stratified shale formation, it can be obtained that the numerical results of collapse pressure are quite 
precise. 

Originality. Stratifications are microcracks developed in shale, and free water could seep inward shale through 
stratifications under capillary force. The method of calculating collapse pressure of stratified shale taking into account 
the seepage effect has been developed. 

Practical value. The research results allow us to calculate precisely the collapse pressure of stratified shale under 
different deviation angles and azimuth angles. This contributes to optimization of drilling fluids density, wellbore 
trajectory and configuration while drilling in stratified shale. 

Keywords: shale, stratification, dip angle, hydration, single weak plane criterion, wellbore stability 

Introduction. 2 Wellbore instability is a complex 
problem that commonly encountered in drilling 
engineering; and in 70% of cases the problem occurres in 
shale formation. With the surge of shale gas development, 
the growing number of deviate wells and horizontal wells 
make wellbore instability even more severe. The samples 
for shale hydration researches at present are mostly shale 
outcrop, their strength is closely related to the water 
content due to high content of smectite. Based on smectite 
hydration, relationships were established between shale 
strength and the factors such as water content [1], activity 
[2], efficiency of semi-permeable membranes [3], solute 
diffusion coefficient [4]. HTHP (High Temperature and 
High Pressure) can dehydrate smectite to illite and 
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kaolinite, in consequence, shale in deep formations mainly 
consists of non swelling clays like illite and kaolinite, 
water absorption of which is too low to establish an 
effective function of water content and shale strength. 
Drilling practice also indicates that deep shale formation 
were often with approximate parallel stratifications. To 
test deep stratified shale properties, experimental cores 
were fetched from deep shale formation and severe 
wellbore instability had occurred while drilling in the 
formation. Hydrability and strength of these cores were 
tested, analytical model about stability of stratified shale 
was created and its applicability was validated. The 
calculated values were used to analyze the wellbore 
instability and countermeasures were applied. 

Materials and Methods. Core description. The 
cores used in the experiments were from deep stratified 



ISSN 2071-2227, Науковий вісник НГУ, 2014, № 3 31

Р О З Р О Б К А  Р О Д О В И Щ  К О Р И С Н И Х  К О П А Л И Н 

 

shale of Weizhou formation at the Paleogene, Beibuwan 
Basin, South China Sea, which were wax-sealed before. 

Cores for compressive strength test: diameter and 
length are 50mm and 25mm respectively. Setting up the 
angle between the axial direction of the core and normal 
direction of bedding plane for , and cores were drilling 
with limiting  to 0°, 15°, 30°, 45°, 60°, 75°, 90°, 
respectively(as shown in Fig. 1). 

Cores for shear strength test: Make cubic cores with 
different bedding angles in the above way. The edge 
length is 5 cm; each face is perpendicular to the adjacent 
one (maximum of the deviation should be less than 
0.25°), and parallel to the opposite one(maximum of the 
non-parallelism should be less than 0,005 cm). 

 

 
Fig. 1. The method of cores drilling with different 

stratification dip angles 
 
Experimental method. Immersed the cores in PEM 

drilling fluid used in drilling Weizhou shale formation 
(additives as shown in Table 1), stirred the drilling fluid 
to keep fluid flowing while immersing, and water 
absorption amount of cores are measured after 
experiment ended. Afterwards, the uniaxial compressive 
strength and the shear strength were tested. 

 

Table 1 
Additives of PEM drilling fluid 

 
Additives Dosage 

kg/m³ Additives Dosage 
kg/m³

NaOH 2.0 NaCO3 2.0 
Bentonite 30 PAC-LV 4.0 

PLUS 7.5 XC-H 2.0 
TEMP 15 KCl 40 
SMP-1 15 LSF 15 

LPF 15 DYFT-2 15 
JLX-C 40 GRA 15 

 
Experimental results and discussions. XRD (X-ray 

diffraction) was utilized to analyze compositions of clay 
minerals of 6 shale cores of Weizhou formation; the 
results are shown in Table 2. Shale of Weizhou 
formation mainly consists of illite and kaolinite, both of 
which occupy 70–85%. Strong interlaminar stress of the 
illite and kaolinite could avoid water molecules from 
invading lamellae, so they soak up less water and 
revealed low hydration, mass increments of the cores 
after immersion are all less than 5%. 

SEM (scanning electron microscope) magnified shale 
of Weizhou formation 100 times (Fig. 2, a) and 10,000 

times (Fig. 2, b) to observe stratification microstructure. 
The parallel stratification is developed and the 
stratification spacing is 1–3 m, more SEM observations 
demonstrate that the stratification spacing of shale in 
Weizhou formation is 500 nm–30 m. The micro-gaps 
are natural capillaries, and shale is hydrophilic mineral, 
free water permeate inward shale along the micro-gaps 
under capillary force. Fig. 3 shows the shale of the 
Weizhou formation, which is dried on surface after 
soaking in the distilled water for 5 hours. There are large 
amounts of water among the micro-gaps, and water 
invasion could increase the stratification spacing and 
even lead to shale failure. Meanwhile, the water adoption 
of the continuous structure of rock mass is low. 

 

Table 2  
Components analysis of clay minerals in stratified shale  

of Weizhou formation 
 

Well 
depth 

/m 

Smectite 
/% 

Illite 
/% 

Kaolinite 
/% 

Chlorite 
/% 

Illite/ smectite 
formation 

Illite 
/% 

Smectite 
/% 

2362,5 0 21.2 44.9 17.6 10.7 5.6 

2338,7 0 15.7 50.1 17.4 8.9 7.9 

2391,7 0 22.6 44.6 17.2 6.3 9.3 

2396 0 13.2 60.1 13.2 9.7 3.8 

2484,8 0 39.1 41.8 11.6 2.3 5.2 

2486 0 13.2 43.2 20.5 19.2 3.9 

 

 
 

a) Magnified 100 times 
 

 
 

b) Magnified 10,000 times 
 

Fig. 2. SEM photos of the stratified shale microstructure 
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Fig. 3. Surface dried shale after immersing in 
distilled water for 5 hours 

 
Cohesion and internal friction angle are two critical 

strength parameters, but there is no uniform 
understanding of their physical meanings. Changbing 
Chen [5] presents that cohesion are mainly cementation 
stress. Mohr-Coulomb Criterion [6] expresses that 
internal friction angle can be related to friction 
resistance coefficient of failure surface. The adsorbed 
water decreases the cementation strength by reacting 
with the cement. Chunhe Yang [7] considered that the 
cementation strength of illite (as stratifications cement) 
is decreased by interacting with water (equation 1). 

 
0.9 2.9 3.1 10 2 0.9 2.9 3.1 10 22 2

K Al Si O OH + H O K Al Si O OH H O.n n  (1) 
 

Xiaojia Zhu [8] considered that reaction between 
illite and water can lead to 0.7%–1.5% expansion and 
0.03–0.1 MPa swelling force generated in the vertical 
direction among the stratifications. The longer the soak 
time is, the deeper the water invades, and the larger the 
cohesion decreases. Acting as lubricant, water may 
decrease friction resistance between the stratifications. 
Shear strength testes have been done along the direction 
parallel to the stratification plane and perpendicular to 
the bedding plane respectively. The cohesion and 
internal friction angle of stratification and rock mass of 
shale cores are determined by the shear strength test 
(Fig. 4). Cohesion and internal friction angle of the 
stratification decreased in exponential rule with 
immersion time, and that of the rock mass decreased in 
linear rule with immersion time, as show in regression 
equations 2. 
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where wc  is cohesion of stratification; w  is internal 

friction angle of stratification; rc  is cohesion of rock 
mass; r  is internal friction angle of rock mass. 

Shale strength decreases with the decrease of 
cohesion and internal friction angle. Fig. 4 shows the 

strength of cores with different stratification dip angles 
after immerging in drilling fluid. Setting up within the 
range of the dip angle 

1 2
, the stratification 

would fail. The strength of the cores decreases with 
immersion time extension, and the decrease range of 
stratification are more than that of rock mass. 
Meanwhile, the dip angle range of stratification failure 
increases. The range is 40 75  before 
immersion and is 22 84  after immerging for 3 
days. Compared to original strength, the strength after 
immersion of rock mass decreased by 6.4 MPa, while 
the strength of the stratification decreased by 21.7 MPa. 

For rock with stratification structure, Jaeger [9] 
develops single weak plane criterion, as shown in 
equation (3) and equation (4). 

 

min
max min

2( tan )
(1- tan cot )sin 2

w w

w

c
;           (3) 

 
0.52

max min min2 tan tan 1 tanr r r rc , (4) 
 
where 

max 1 2max , , r
, 

min 1 2min , , r
, 1 , 

2 , r  are the three principal stresses on the failure 
surface. 
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Fig. 4. Cohesion and internal friction angle of 
stratification and rock mass changing rule with 
immersion time: a) cohesion; b) internal friction 
angle 
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Equation (3) is stratification failure equation, while 
the equation (4) is the rock mass failure equation. 
Equation (3) indicates that stratification failure only 
occurs when / 2w

, otherwise the rock mass 
will fail, which is consistent with the experimental 
results. Combined with equation (2), the theory can 
calculate the strength of stratified shale immerging 
different time. The experimental strength of stratified 
shale with different dip angels are show in Fig. 5 as 
point values, and theoretical strength by single weak 
plane criterion are also show in Fig. 5 as curve values. 
It can be seen that the criterion has high calculation 
accuracy. 
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Fig. 5. Experimental strength (point values) and 
theoretical strength (curve values) of cores with 
different stratification dip angles after immerging 
in drilling fluid 

 
Establishment of wellbore stability model of 

deviated well. Generally, the seepage of drilling fluids 
in shale formations can be ignored due to the low 
permeability of shale; while for stratified shale, since 
the micro-gaps are natural capillaries, seepage must be 
taken into consideration when determining 
circumferential stress. Combined with Darcy’s law, 
circumferential stress distribution equation of deviated 
wells in polar coordinates is given in equation (5). 
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where pi  is the mud density, pp  is the equivalent 

density of the initial formation pressure,  is the 
porosity,  is Biot coefficient,  is passion ratio,  is 
the angle between radius vector of a point on the wall 
and maximum in-situ stress direction. 

Circumferential Stress distribution of deviated wells 
is shown in Fig. 6, equation (5) reveals that the failure 
surface of the wall is -z  plane. The normal stress and 
shear stress of the failure surface are shown in equation 
(6). 
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where  is the angle between the failure surface and z  
axis. 

 
Fig. 6. Circumferential stress distribution of deviated 

well 
 

r  is principal stress on the failure surface, set 
/ 0d d , the other two angles of principal stresses 

can be calculated by equation 7. 
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Plug 1 , 2  into equation (6), the other two principal 

stresses can be calculated by equation 8. 
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Plug three principal stresses on the failure surface 

r , 1 , 2  into single weak plane criterion. The 
collapse pressure of the stratification and rock mass can 
be obtained respectively. 

Field application. For deviated wells with different 
orientations and different wellbore immersion time by 
PEM drilling fluid in Weizhou stratified shale formation, 
the caving pressures were calculated by single weak 
plane criterion, as shown in Fig. 7. Calculation 
parameters were as follows: well depth: H =2053m, 
well size: wR =311.2mm, pore-pressure gradient: 
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pp =1.03g/cm3, Biot coefficient: =0.65, in-situ stress 

gradient: H =1.85g/cm3, h =1.65g/cm3, v =2.23g/cm3, 
maximum horizontal in-situ stress orientation: =50°, 
minimum horizontal in-situ stress orientation: =140°, 
Poisson ratio: 0,243 . 

The calculations results showed:  
1. In the range of stratification failure deviation 

angles, the caving pressure increased rapidly, and the 
maximum value appeared when the deviation angle was 
between 55 and 65°.  

2. With prolong of the immersion time, the strength of 
stratification decreased and the caving pressure increased 
rapidly. Along the maximum horizontal in-situ stress 
orientation, after 72 h immersion, the caving pressure 
enhanced about 0,49 g/cm3 than the original state.  

3. The range of stratification failure deviation angles 
enlarged with extension of immersion time.  

4. The caving pressure along the maximum horizontal 
in-situ stress orientation was greater than that along the 
minimum horizontal in-situ stress orientation. The 
maximum different value was 0,18 g/cm3 and increase 
with extension of immersion time.  

5. In horizontal wells and vertical wells, rock mass 
will failure. The caving pressure of horizontal wells is 
0.09–0.19 g/cm3 greater than that of the vertical wells. 

 

0.6

0.8

1.0

1.2

1.4

1.6

1.8

0 15 30 45 60 75 90

Deviation angle/°

C
av

in
g 

pr
es

su
re

/g
/c

m
^3

=50°,immersion 72h =140°,immersion 72h
=50°,immersion 24h =140°,immersion 24h
=50°,without immersion =140°,without immersion

 
Fig. 7. Caving pressures of Weizhou stratified shale 

formation calculated by single weak plane 
criterion 

 
The caving pressure is partly determined by the rock 

strength, deviation angle and azimuth angle. With 
prolong of the immersion time, the caving pressure will 
increase, and the caving deviation angle range of 
stratification failure will extend. Based on the above 
analysis, some measures to prevent wellbore instability 
of stratified shale can be concluded as follows:  

1. Optimize borehole trajectory, reduce the deviation 
angle, and keep borehole azimuth along the minimum 
horizontal in-situ stress orientation.  

2. Drill through the formation quickly and cement the 
stratified shale section as soon as possible. 

Serious wellbore instability had occurred frequently 
when drilling stratified shale of Weizhou formation and 
the frequency reached up to 68,75% of all the wells in 
the area. Fig. 8 shows the schistose shale caving of Well 

X15. Table 3 shows wellbore stability situation of 
Weizhou formation of some wells after immersion for 
72 h. The basis data of the wells are provided, such as 
deviation angle, azimuth angle, and theoretical caving 
pressure (Fig. 7), field drilling fluid density. Wellbore 
instability occurred when the drilling fluid density was 
lower than the theoretical value, otherwise, the wellbore 
kept stability. It can be seen that the circumferential 
stress distribution equation and single weak plane 
criterion are appropriate for the calculation of caving 
pressure of stratified shale in Weizhou formation. 

To prevent stratified shale caving of Weizhou 
formation, the following measures were taken at a later 
stage in drilling process:  

1. Reduce the deviation angle.  
2. Keep drilling along with the minimum horizontal 

in-situ stress orientation.  
3. Drill through the formation quickly by rotary 

steering drilling tool.  
4. Before drilling stratified shale formation, increase 

the drilling fluid density to more than 1,50 g/cm3. By 
adopting measures above, the serious wellbore instability 
of the stratified shale were solved ultimately. 

 

 
 

a) 
 

 
 

b) 
 

Fig. 8. Caving of stratified shale of Weizhou forma- 
tion of Well X15: a) schistose shale cavings along 
the stratification plane; b) large amounts of 
schistose shale caving on the vibrating screen 
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Table 3  
Wellbore stability situation of stratified shale of Weizhou 

formation of the drilled wells 
 

Well No. X1 X2 X3 X8 X15 X18 

Deviation angle/° 47.9 43.3 51.3 11.9 69.2 49.8 

Azimuth angle /° 297.1 319.7 343.7 139.9 293.4 100.4 

Collapse 
pressure/g/cm^3 1.44 1.30 1.46 0.84 1.39 1.51 

Mud density/cm^3 1.42 1.56 1.58 1.36 1.30 1.45 

Wellbore stability
situation collapse stable stable stable serious 

collapse collapse

 
Conclusion. For shale in deep formation, the main 

clay minerals are illite and kaolinite, but stratification 
structures often exist. There are 500 nm–30 m width 
microcracks among stratifications of shale in Weizhou 
formation. Free water can permeate inward shale along 
with the microcracks under capillary force. 

As the lubrication of stratifications and softening of 
cements causing by water, cohesion and internal friction 
angle of stratifications decrease rapidly in exponential 
rule with immersion time. On the other hand, free water 
is difficult permeate into shale rock mass due to tis low 
permeability, and cohesion and internal friction angle of 
stratifications decrease slowly in linear rule with 
immersion time. 

The strength of stratified shale is closely related to 
stratification dip angle. Stratification will slide and 
fail when the angle is high, and the failure strength is 
much lower than that of rock mass. Experiments 
demonstrated that the strength of shale with different 
stratification dip angles can be calculated accurately 
by single weak plane criterion. Under consideration of 
seepage effect, circumferential stress distribution 
equation is given. With different azimuth angles and 
deviation angles and immersion time, caving pressures 
of stratified shale in Weizhou formation are 
calculated. 

The caving pressure of stratified shale is closely 
related to the deviation angle, azimuth angle and 
immersion time. With prolong of the immersion time, 
both the caving pressure and caving deviation angle 
range of the stratification increase. The caving pressure 
reached maximum value when the deviation angle was 
between 55° and 65°, and it gradually reduced from the 
maximum horizontal in-situ stress orientation to the 
minimum horizontal in-situ stress orientation. According 
to the research results, some measures were taken to 
solve the problem of wellbore instability of stratified 
shale in Weizhou formation, such as reducing the 
deviation angle, keeping borehole drilling along with the 
minimum horizontal in-situ stress orientation, increasing 
the mud density to more than 1,50 g/cm3. The problem 
has been solved ultimately. 
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