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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 cal culated.

Findings. The stratified shale is mainly composed of illite and kaolinite; and stratifications are actually 500 nm—
30um 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 devel oped.

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.
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Introduction.  Wellbore instability is a complex
problem that commonly encountered in drilling

kaolinite, in consequence, shale in deep formations mainly
consists of non swelling clays like illite and kaolinite,

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 shae
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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water absorption of which is too low to establish an
effective function of water content and shale strength.
Drilling practice aso indicates that deep shale formation
were often with approximate paralld stratifications. To
test deep dratified shae 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, anaytical model about stability of stratified shale
was created and its applicability was validated. The
caculated values were used to anadyze the wellbore
instability and countermeasures were applied.

Materials and Methods. Core description. The
cores used in the experiments were from deep stratified
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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 planefor ¢ , and coreswere 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).

Bedding planes

Fig. 1. The method of cores drilling with different
gtratification 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.

Table1
Additives of PEM drilling fluid

Additives '?(‘;/?;e Additives '?(‘;fg’
NaOH 20 NaCO; 20
Bentonite 30 PAC-LV 40
PLUS 75 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 shae 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
reveadled low hydration, mass increments of the cores
after immersion are al less than 5%.

SEM (scanning electron microscope) magnified shale
of Weizhou formation 100 times (Fig. 2, a) and 10,000
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times (Fig. 2, b) to observe stratification microstructure.
The pardlel dtratification is developed and the
stratification spacing is 1-3 pm, more SEM observations
demonstrate that the stratification spacing of shale in
Weizhou formation is 500 nm—30 um. 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 massis low.

Table 2
Components analysis of clay mineralsin stratified shale
of Weizhou formation

Wl 1llite/ smectite
deoth Smectite | Illite | Kaolinite | Chlorite formation
7,’; 1% 1% 1% 1% | lllite| Smectite
1% 1%
2362,5 0 212 | 449 17.6 |10.7 56
2338,7 0 157 | 50.1 17.4 | 89 7.9
2391,7 0 26| 446 172 | 63 9.3
2396 0 132 | 60.1 132 | 97 38
24848 0 39.1| 418 16 | 23 5.2
2486 0 132 | 432 205 | 192 39

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).

K O.QAI 2.98. 3.1010 (OH )2 +nH ZO - K D.QAI Z.QSi 3.1010 (OH )2 nH 20' (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 interna 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.

¢, = 51297¢°"

Ny = 24,267e%%

c = -0,0167t+7,7 '
17, = —0,0284t +29,6

2

where C, is cohesion of dratification; 5, is interna

friction angle of stratification, C.  is cohesion of rock
mass; 7, isinternal friction angle of rock mass.

Shale strength decreases with the decrease of
cohesion and internal friction angle. Fig. 4 shows the
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strength of cores with different stratification dip angles
after immerging in drilling fluid. Setting up within the
range of the dip angle g, <« < g,, 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°<a <75° before
immersion and is 22° < o <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).

— 2(Cw+o_mintan77w) .
(3-tann, cota)sin2a’

©)

max — ¢ min

G = Oin = 2(C, + 0,5, a7, )[(tan2 n, +1)0'5 +tan77,} (D

where o - max(o,,0,,0,)s On,=Min(oy,,0,0,)r O1s
o,, o, ae the three principal stresses on the failure
surface.

10 & stratification test data
A rock messtest data

) — gratification regression data

E — — — — - rock mess regression data
T -
2 6 =
= -,
o
g
o
@)
0 30 60 0 120 150
Immersion time/h
a)
35 & dratification test data
A rock messtest data
2% e veey
5 — A . - ess
g = — A
T — A -

c
5 25
kS
=
—
©
c
[}
=
£

0 30 60 0 120 150
Immersion time/h

b)

Fig. 4. Coheson and internal friction angle of
dratification 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 < a < 7 /2, 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.

= = calculated data(without immersion)
calculated data(immersion 72h)

calculated data(immersion 24h)
A test data(without immersion)
® test data(immersion 72h)

35 7

&  test data(immersion 24h)

Uniaxial compressive strength/MPe

0 15 30 45 60 75 90
Stratification dip angle/°

Fig. 5. Experimental strength (point values) and
theoretical strength (curve values) of cores with
different stratification dip angles after immerging
indrilling 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
wellsin polar coordinatesis given in equation (5).

a=R-AR-R)
0, = +0,(1-20020)+ 0, (1+200520) —ngn%{@ _4(9 -R)
—H

0,=0, _#{2(% -0, )0e2h+40, 9 n%}{o(ll%flﬂ) —4( -1 ©

0, =20, 9N0+20,, 0080

X

Gp=0,=0

where p is the mud density, Py is the equivalent

density of the initial formation pressure, ¢ is the
porosity, « isBiot coefficient, ¢ is passion ratio, 6 is

the angle between radius vector of a point on the wall
and maximum in-situ stress direction.
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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).

. (6)

{o" =0,C08° y +20, CoOSysiny +o,Sn’y

T :%(Gz —-0,)sin2y + o, COS2y

where ¥ is the angle between the failure surface and zZ

axISs.
/ z

Fig. 6. Circumferential stress distribution of deviated
well

o, is principa stress on the failure surface, set

do/dy =0, the other two angles of principal stresses
can be calculated by equation 7.

2
7= %arctan Ter

o, -0, . %

20,

—£+1arctan
V2 2" o

Oy — 0,

Plug 7,, 7, into equation (6), the other two principal
stresses can be calculated by equation 8.

2 2

> .
o,+0, O,—0,
o, = 22 0 _ ( 22 9] +J§Z

2
o,+0, O,—0O,
0'1: z g+ ( z 9] +O—¢§Z

®)

Plug three principal stresses on the failure surface
o,, o, o, 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 R,=311.2mm, pore-pressure gradient:
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p,=1.03g/cm’, Biot coefficient: & =0.65, in-situ stress

gradient: o,, =1.85g/cm®, 0}, =1.65g/cm®, &, =2.23g/cm’,
maximum horizontal in-situ stress orientation: @ =50°,
minimum horizontal in-situ stress orientation: @ =140°,
Poisson ratio: x=0,243.

The calculations results showed:

1. In the range of dratification 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
rgpidly. Along the maximum horizontal in-situ stress
orientation, after 72h immersion, the caving pressure
enhanced about 0,49 g/cm? than the original state.

3. The range of dtratification 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/lcm® 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/cm® greater than that of the vertical wells.

/= ®»=50°,immersion 72h
1.8 q == =50° immersion 24h
== »=50°,without immersion

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

Caving pressure/gicm3

Deviation angle/°

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
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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 sratified shale caving of Weizhou
formation, the following measures were taken at a later
stagein 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/cm®. By
adopting measures above, the serious wellbore instability
of the stratified shale were solved ultimately.

b)

Fig. 8. Caving of dratified 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

Deviationangle/° | 47.9 | 433 | 51.3 | 119 69.2 | 49.8

IAzimuth angle/° [297.1 (319.7 |343.7 |139.9 | 2934 |100.4

Collapse

pressure/g/cn3 144 | 130 | 146 | 084 139 | 151

Mud density/cm"3 | 1.42 1.56 158 | 1.36 130 | 145

Wellbore stability] serious
Situation collapse stable | stable | stable 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 pm 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 dratifications and softening of
cements causing by water, cohesion and internal friction
angle of dtratifications 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
dratifications decrease dlowly 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 closaly
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/cm®. The problem
has been solved ultimately.
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Merta. IIpu OypinHi mapyBaTux ¢opmarii rimHuc-
TUX CIIAHIIB YacTO BinOyBaeThCS pyHWHYBaHHS CBEPIIO-
BUH. AON YHHKHYTH PyWHYBaHHS CBEPIUIOBHH Y CIIaH-
X, HEOOXIZHO PO3POOMTH METOAM IIONEPEAHBOTO
BU3HAYCHHS KDUTUYHOTO THCKY y CBEpAJIOBHHI.

Metoauka. MiHepadbHUN CKJIQA TIMHHUCTHX IIOPif
OyB JOCIIJDKCHUH 3a JIOTIOMOTOI0 PEHTIeHIBCHKOI auc-
pakmii. /i BUBYEHHS MIKPOCTPYKTYPH TIMHHCTHX IT10-
pix 6yB BUKOPUCTAaHUH eNEeKTPOHHO-CKaHYIOUHi MiKpoc-
Korl. 3pa3ku (KepHH) TIMHUCTOI MOpoaAu Oyiu BUOYpeHi
i pi3HUMH KyTaMH, a TIOTIM 3aHypeHi 10 0ypoBOTo po-
39uHy. MIIHICTB, 3YeIUIeHHs, KyT BHYTPIIIHBOTO TEPTS
IUIacTiB 1 MOPigHOTrO MacuBy (MEPICHAUKYISAPHO MIApy-
BaTOCTi) BUMIpIOBAJMCS OpH pi3HIN TpuBajocTi 3aHy-
penns. Ha ocHOBI mabopaTopHHX AaHWUX BITHOCHO MiIl-
HOCTI KEpHIB CTBOPEHa MOJIeNIb PO3PaxyHKYy MIIIHOCTI
TJIMHUCTHUX ITOPill. 3 BUKOPHCTaHHIM pO3po0iIeHoi Moje-
JIi Ha OCHOBI PIBHSIHB PO3MOALTY HANPYTH B HABKOJIHII-
HbOMY MacCHBi BU3HAYCHUI KPUTHYHHUI THCK, IO MPH3-
BOJIUTH /10 PyHHYBaHHS CBEPUIOBHHH.

PesyabTaTu. [ TMHUCTI chnaHmi, CKIaeH] MepeBakHO
UTiTaMM ¥ KAONIHITOMHM; IIApH MAalOTh MIKPOTPILHMHU
3aBToBIKM 500HM—30MKM (opMmariii mapyBaTux riu-
HUCTHX claHIiB Beimkoy Oaceitny beitbysan y IliBnen-
Ho-Kuraiickkomy Mopi). 34erieHHs Ta KyT BHYTPIITHBO-
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rO TepTsl HallapyBaHb 3MEHIIYIOTHCSI B €KCIIOHEHI[iab-
Hill 3aJIEKHOCTI BiJl 9acy 3aHypeHHS J0 pO34HHY, TOJI 5K
MOPiTHOTO MacuBy — y JiHIHHIA. Y Mipy 3MiHM KyTa Ha-
niaas Big O mo 90° MimHICTH MOPOIM CIOYATKY 3HMKY-
€TBCS, a TMOTIM 3pOCTa€, MOCATAIOYH MiHIMAJIbHHUX 3Ha-
4eHp npu  Kyrax 50-60°. MinnicTh ImapyBaTHX
TJIMHUCTUX CIIAHIIIB BU3HAYAETHCS BIOBIAHO IO KPHTE-
pito wiomuHU ociabieHHs. OTpUMaHe I JaHUX YMOB
3HAYEHHs KPUTHYHOTO THCKY, IO NPU3BOJMUTH N0 PYyWH-
HYBaHHS CBEP/JIOBUH Yy LIAPYBaTHUX MIIMHUCTHX CIIAHLISX,
BU3HAUYCHE MPAKTUYHO JOCTOBIPHO.

HayxoBa noBu3Ha. [1lapyBaricTh — 11 MiKpOTpilIH-
HU BCEpEVHI TIIMHUCTHX TOPiM, depe3 sKi BiTbHA BOja
MOTpAIUIsie 10 MOPOIH i Mi€l0 KamiisipHOi cumu. Pos-
pOOIIEHO METOX PO3PAaXYHKY KPUTHYHOTO THCKY Y CBEpI-
JIOBUHI, IPOOYpEHIii y IapyBaTuX TIMHUCTUX CIAHISX, 3
ypaxyBaHHsM edekTy iHLIbTpaIii.

HpakTnyna 3HayuMmicTb. Pesymsratu poboTtu mo-
3BOJISIIOTH PO3PaxOBYBaTW KPUTHYHUH THUCK y CBEpIJIO-
BUHI, NMPOOypeHili y MIapyBaTUX TIIMHUCTHX CIIAHISX,
NpU pI3HUX KyTax MajiHHA Ta asuMyTtax. lle mo3Bosse
OTNITHMI3YBaTH IIUIEHICTH IPOMHUBAIBHOI PiUHM, HANIPSIM
OypiHHS i KOH(]Iryparito cBepUIOBHH.

Kuro4doBi ciioBa: cianeys, wapyeamicme, Kym Haxu-
a1y, ei0pamayis, Kpumepiti niIOWuUHY OCIAONeHHs, CMill-
Kicmb c6eponosuHu

Heasn. IIpu Oypenun ciioucTbhix (opMmanuii TiIHHU-
CTBIX CJIAaHIEB YacTO INPOUCXOAUT pa3pyllIEHHE CKBa-
xUH. YT0OBI M30€XaTh pa3pylIeHUs] CKBaXHH B CJaH-
nax, HeoOXOoAMMO pa3padoTaTb METOABI MpenBapH-
TEJIBHOTO ONpEAETCHNUs KPUTUYECKOTO JaBJCHUS B
CKBaXXHHE.

MeTtoauka. MuHepaabHbIl COCTaB TJIMHUCTBIX IO-
poa OBUT MCCIEeNOBaH C IIOMOIIBIO PEHTTEHOBCKOM aM-
¢dpakunu. {11 u3ydeHus: MEKPOCTPYKTYPBI TNIMHUCTBIX
mopoJ; OBl HCIOJB30BaH AIIEKTPOHHO-CKAHUPYIOIINI
MHEKpockor. O6pasis! (KepHBI) TIAMHUCTON MOPOJIBI OBI-
71 BHIOYpEHBI IO/ pa3sHbIMU YIJIaMH U 3aT€M MOTPYKe-
Hbl B OypoBoii pacTBop. IIpoyHOCTb, CLEIUICHUE, Yroi
BHYTPEHHEr0 TPEHHs IUIACTOB M IOPOJHOIO MacCuBa
(MepreHUKYIAPHO CIOMCTOCTH) U3MEPSUIHCh MPH pas-
JUYHOW MPOAOIDKUTEIHHOCTH MorpykeHus. Ha ocHoBe
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71a00paTOPHBIX JaHHBIX B OTHOLIEHWU NMPOYHOCTH Kep-
HOB CO3/laHa MOJIeNIb pacuéra MPOYHOCTH TIIMHHCTHIX
nopof. C ucrosnb30BaHUEM pa3pabOTaHHOW MOJENH Ha
OCHOBE YpaBHEHWH pacIpeleNeHus HaNpsHKeHUH B
OKpY’KaIOIIEM MacCHBE ONPEAEICHO KPUTUYECKOE JaB-
JICHHE, KOTOPOE MPUBOJIUT K Pa3pyIICHHIO CKBAKUHBI.

Pe3yabTarel. I'NIMHUCTBIE CIIAHLBL, CIOXKEHBI IIpe-
UMYIIECTBEHHO WJUIMTAMU U KaOJIMHUTaAMH, CJIOU UMEIOT
MuKpoTpennibl TonmuHoi 500HM—30MkM  (popmarun
CJIOMCTBIX INIMHHUCTBIX ciaHleB Beiimkoy Oacceiina beii-
oyBan B FOxHo-Kurtaiickom mope). CuemnsnieHue u yroiu
BHYTPEHHEr0 TPEHUs HAIIACTOBAaHMH YMEHBILAIOTCS B
SKCIIOHEHIIMAILHON 3aBUCHMOCTH OT BPEMEHH MOTpYXKe-
HUSI B pacTBOp, B TO BpPeMsI Kak IOPOJHOTO MacCHBa — B
muHerHoW. [To Mepe m3meHeHus yria maaeHus ot 0 mo
90° npovyHOCTh TOPOJIBI CHAaYaja CHIDKAETCS, a 3aTeM
BO3pacTacT, AOCTUrasi MUHUMAJIbHBIX 3HAUE€HUH IpH yr-
nax 50-60°. [IpoYHOCTh CIOMCTHIX TIIMHHUCTHIX CIIAHIICB
OTIpEIeISIETCSl B COOTBETCTBHU C KPUTEPHUEM IUIOCKOCTH
ocnabnenus. [lonydyeHHoe ISl JAHHBIX YCIIOBHM 3Haue-
HHUE KPUTHYECKOTO JIaBJICHHS, TPUBOJISILETO K pa3pylie-
HHUIO CKB2XMH B CJIONCTBIX TJIMHHUCTBIX CJIAHIIAX, OIIpe-
JIENICHO MPAaKTHYECKH JTOCTOBEPHO.

Hayuynasi HoBm3Ha. CIIONCTOCTh MPEACTABISIET CO-
00lf MHKPOTPEIIMHBI BHYTPH TIMHHUCTBIX IOPOJ, 4Yepe3
KOTOpBIE CBOOOIHAS BOJA MOMAAACT B MOPOAY IOJ Jei-
CTBHEM KaIMWULIPHOW CHIBL. Pa3zpabotan meTon pacuéra
KPUTHYECKOTO IaBJICHUS B CKBaXWHE, MPOOYpEeHHOH B
CJIOUCTBIX TNIMHUCTBIX CNAHL@AX, ¢ ydeToM 3ddexra uH-
¢bunbTpanum.

I[pakTnyeckass 3HaYMMOCTB. Pe3ynbraThl paboThI
MO3BOJIAIOT PACCUMTHIBATh KPUTHYECKOE JaBJICHHUE B
CKB&KHMHE, TPOOYPEHHOH B CIIOMCTBIX IJIMHHUCTBIX CIAH-
ax, MpY pa3HbIX YIjax MaJeHust U a3UuMyTax. JTO M03BO-
JSIET ONTHUMHU3MPOBATH IUIOTHOCTH IPOMBIBOYHOM KHIKO-
CTH, HalIpaBJicHHE OyPEHUs U KOHPHUTYPAITIIO CKBAKIH.

KnrwoueBble cioBa: cuaney, ciroucmocmo, y2oi
HAaKIOHa, 2udpamayus, Kpumepuii niockocmu ociadie-
HUSL, YCMOUYUBOCMb CKEAICUHDBL

Pexomenoosano 0o nybaikayii 0okm. mexH. HaAYK

P.O. Juukoecvkum. [Jama HAOXOONCEHHS PYKONUCY
07.08.13.
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