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Purpose. The authors aim to develop a new 3D analytical creep model for directional wells, and to identify the rules of
wellbore shrinkage under the action of stress in thick salt-gypsum layer in Middle East fields, which will reduce the risk of
drilling sticking accidents during the process of drilling of an extended reach well.

Methodology. Based on the viscoelastic theory, the Kelvin-Voigt creep model was applied to deduce a new three-
dimensional analytical creep model for extended reach well, by combining the inclined shaft lining stress formula in the rec-
tangular coordinate system and cylindrical coordinate system. By means of this model, the creep law of salt rock under differ-
ent drilling fluid density, creep time, azimuth, and well drift angle has been quantitatively analyzed.

Findings. The new three-dimensional analytical creep model for an extended reach well has been derived. The relation-
ship between the borehole radial displacement of salt rock layer and different influencing factors, such as the inclination angle,
the azimuth angle, drilling fluid density and the borehole spud time, has been analyzed.

Originality. The three-dimensional analytical creep model for extended reach well describing adequately the relationship
between salt rock layer creep law and influencing factors, which is different from the current analysis models that are usually
studied by 2D plane analysis model or finite element method for numerical simulation, has been developed.

Practical value. The three-dimensional analytical creep model has been created for determining the rules of wellbore
shrinkage under different influencing factors. The results of the analysis of the salt rock layer creep can provide significant
guidance for extended reach well to be drilled through salt rock layer successfully.

Keywords: creep in salt rock layer, creep time, drilling fluid density, inclination angle, azimuth angle

Introduction. With the development of economy, ma-
ny subsalt reservoirs are developed, whereas salt rock creep
will cause serious issue for the drilling safety [1-3]. Many
scholars have done various research work on the vertical
wellbore creep problem in the salt rock layer [4-6]. Howev-
er, with the exploration and development efforts constantly
increase, vertical wells production capacity in the rock salt
layer is limited and cannot satisfy the need of production.
Especially in recent years our country gets oil and gas ex-
ploration rights in the Middle East, huge amounts of extend-
ed reach well in the salt rock layer need to be drilled, so
creep problems for extended reach well in the salt rock layer
need to be solved as soon as possible.

Some salt rock drilling history of horizontal drilling
wells shows that the inclined shaft built in the salt rock layer
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always causes problems like borehole shrinkage and casing
deformation and so on.

In order to solve the problems that salt rock section is
easy to have creep borehole diameter contraction, Zeng
Dezhi et al. (2007) applied the method of numerical simula-
tion and built space mechanics model that is used to describe
the inclined shaft borehole creep in the salt rock layer[7].

Lou Yishan et al. (2008) built the three-dimensional di-
rectional well creep model on the basis of spatial coordinate
transformation; the modal made the stress change in inclina-
tion angle and azimuth display in the well-axis coordinate
system [8].

Lin Yuanhua et al. (2012) applied the ADINA finite ele-
ment software to study sandstone and salt rock formations
in the area that inclined shaft made in salt rock layer, cement
sheath and sleeve coupling three-dimensional mechanical
model; the research showed the influence rules of the incli-
nation and azimuth to borehole diameter narrowing [9].
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Their research is based on the finite element software to
analyze the creep law of salt rock layer, and it is not good
enough to display the relationship of creep law of salt rock
layer and influencing factors. Therefore, for this study, it
deduces the three-dimensional analytical model of direc-
tional wells in the salt rock layer, which can be used to pro-
vide the guidance for the drilling of extended reach wells in
the Middle East.

Theoretical Model. Supposing formation original stress
and direction is known, rock stress distribution around the
borehole is established by using the following method. Take
overburden pressure g, along the vertical direction, another

two geostresses o, and ¢, along the vertical and along the hor-

izontal direction, which is shown in Fig. 1. For convenience,
while using Cartesian coordinate system xyz and cylindrical
coordinates system 70z to represent the inclined shaft bore-

hole, F, is pore pressure, supposing inclined shaft borehole a
a , relative g, the azimuth angle a ¢ . By rotating the coordi-
nate system geostresseso, ,s,,0,ande,, o, ,o, conversion re-

lationship can be set up. Firstly, around the three axes turn
counterclockwise ¢ to be coordinate system as x,y,z, , and

then around y, axis turn counterclockwise ¢ to be coordinate
system as xyz.

X

Fig.1. Borehole coordinate transformation diagram

The conversion relationship between the new coordinate
system xyz and coordinate system 123 can be shown by the
transformation matrix [10]

X cospcosa singcosa —sina || 1
y|=| -sing cos g 0 2] )]
z cospsina  singsina  cosa || 3

Considering the two coordinate systems, stress compo-
nents conversion relationship is

o, T, T. cospcosa singcosa —sina| o, 0 0
., O, 7_|=| -sing cos g 0 X0 o, 0|x
cos@sina singsina  cosa 0 0 o

sinpcosa  cose singsina

@

cospcosa  —sing cos@sina
X .
—sina 0 cosa
Supposing rock is linear elastic and isotropic, at the

same time the rock surrounding a borehole is in the plane
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strain state, then the displacement of the radial stress ¢ and
tangential stress ¢, around the borehole is as follows

o =%(ax+a},)[1_§]+%(ax_a),)(1+3j§-4j§jwsze+

2
a .
At 3)

2 4
o, :%( X +O-J")(1+%J_%( : —a},)[1+3j—4]c0329—

4 2
—Txy[1+3‘:7]sin29—%a.

4 2
+T_“(1+3a—4—4a—2]8in29+
- r r

In the formula:
P, is the drilling fluid pressure in the wellbore;

r is the radial distance to the center of the borehole;
a is the wellbore radius.
The Creep Model applies the Kelvin - Voigt model

Gk
%, :[1_ G, +Gy Js;.e’“’/ , G+ Gy o )
GII GII GK GII GK

In the formula:
e, is deviatoric stress tensor;
G,, is the shear modulus in H’s spring, Mpa;
G, 1s the shear modulus in K’s spring, Mpa;

s;. is the constant of the stress deviator tensor, Mpa.

To simplify the derivation, the formula in (4) is simpli-
fied taking G, , G, , T, into the formula, the simplified equa-

et

tion can be expressed the following way

1 1 1
2¢, =| ——— S,‘]e"/r"" +—5S, ®)
G, G ) G

o

In the formula:
G, is the initial shear modulus, Mpa;
G, is the long-term shear modulus, Mpa;
T, is the delay time, s;
t is the creep time, s.

By using polar coordinates we expand the formula as fol-
lows

260~ &) e -0 @
In the formula:
o, Isaverage stress, Mpa;

m

&, 1s average strain, %.

Borehole deformation belongs to generalized plane strain
issue; thus

2 2
o, :1?}{—;(@ —0),)%005204—7@,%sin29+o; +o, |.(7)

On the basis of the relationship between the average
strain and average stress, the following formula can be ob-
tained
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For (1-9) simultaneous equations can be obtained as
follows

—a;f’ﬁ-l(a\Jr(;")[Ha—z}rl(q—G‘_)[r—£+£]c0526‘
"2 r)2 ’ roor

U=

2 A l+u 1 4a da* .
+, [r—r—ﬁT]stH—T{(oj\ Jro"r)rJrE(O’x—o’v‘_)]—‘cosZHHV\j Tsmw (10)

Jo 1wt
G G, G,
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Lhag
+3E (1-2p)

In the formula, 7(9) is a rigid displacement item, pro-

vided the origin of coordinate is chosen at the center of the
borehole, f(g) =0.

While u is the absolute displacement, the relative dis-
placement is as follows
u'=u—u,-

In the formula, uy is the initial displacement of the bore-
hole.

Supposing r = a , the relative displacement of the bore-
hole can be obtained as follows

u;:ﬂ{—Pn +2_J[2(0'\—U‘.)C0529+4T\‘.Sin29+0'\+O’\} L P AL
2 3 G, G, G

_%B(O—Y —o{\‘)cos2€+rw sin 20+%(o—\ +o-r)}r (11

+32—g(1+#)(1—2/t)[(6\ -, )0052€+2r“_ sin 20}.

The above formula presupposes that when the borehole
in salt rock layer occurs to creep, the relationship is to be be-
tween borehole radial displacement and inclination angle, az-
imuth angle, drilling fluid density, borehole drilling time.
Considering the fact that this relationship is to be taken ad-
vantage of, it is worth discussing the impact of these varia-
bles on the creep law.

The Analysis of the Creep Law According to stress da-
ta of the oilfield Low Fars layer, the salt rock layer is influ-
enced by abnormally high pressure, so rock stress level rises.
According to the geostress portfolio the following scheme
occurs: the maximum horizontal stress > vertical geostress >
minimal horizontal stress. Under this specific geostress con-
dition, the analysis of the impact of drilling fluid density, in-
clination angle, azimuth angle, and creep time on the salt
rock borehole diameter contraction was conducted; the basic
parameters are shown in Table.

The Creep Law of Salt Rock under Different Fluid
Density. In this paper, the numerical value of the borehole
shrinkage is calculated when the drilling fluid density under
the condition of 1.8g/cm’, 2.0g/cm’®, 2.2g/cm® and 2.3g/em’, and
the creep time is 12h, 72h and 360h; a part of the borehole de-
formation diagram is displayed in Fig. 2, 3 .

Based on the chart above, the wellbore is no longer circu-
lar but elliptical in a non-uniform stress field. As the drilling
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fluid density increases, the ovality of borehole deformation
increases, drilling fluid density has a big impact on borehole
deformation. Borehole deformation is the biggest at the di-
rection of the maximum horizontal stress and is the smallest
at the direction of the minimum horizontal stress. As time
passes by, the degree of borehole diameter contraction con-
stantly expands, and sticking risk for borehole diameter con-
traction increases.

Table
Basic Parameter
. Maximum
Depth E Vertical Horizontal
i Stress
/m /Mpa Mna Stress
P /Mpa
2500 7000 0.4 56.25 61.25
Minimal o)
horizontal caliver Gy Gk K
Stress P / Mpa / Mpa / mPa.s
/ mm
/ Mpa
525 311.15 | 124.61 61.25 3.218x10’

Fig. 2 shows the complete diameter shrinkage. Fig. 3
shows diameter enlargement around the major axis, and di-
ameter shrinkage around the minor axis, which means that
with the mud density reaching a certain condition the forms
of borehole deformation change and it has a significant im-
pact on drilling.

Fig. 4 shows the change curve of the shaft collar section
versus time under different drilling fluid density when both
maximum horizontal principal stress and minimum horizon-
tal stress occur.

From Fig. 4, 5 given above it follows that the initial de-
formation is large along the direction of the maximum (min-
imum) principal horizontal stress, under the effect of external
load. As the time passes by, gradually deformation rate de-
creases, and eventually comes nearly to zero, which suppos-
es that borehole shrinkage reaches a certain level, then it will
stop it. This is usually true in the actual drilling work.

Regarding the borehole shrinkage along the direction
of the large principal horizontal stress, the drilling fluid is
more dense whereas the borehole shrinkage is greater; along
the direction of the minimum principal stress, the sensitive
range of the drilling fluid exists. When the drilling fluid
density is less than a certain range, shaft collar shows bore-
hole shrinkage, when drilling fluid density is greater than a
certain range, shaft collar performs borehole diameter ex-
pansion.

Creep Law of Salt Rock within Different Time Spans.
In order to analyze the creep law of salt rock versus time, the
figure of shaft collar contraction rate change with time is
made, Fig. 6. According to the actual drilling experience, for
the drilling safety borehole shrinkage rate at the rate of
0.001/h is allowed.

From the figure above, at the initial moment shaft collar
shrinkage rate is great. As time increases, shaft collar shrink-
age rate decreases rapidly, when the creep time is more than
70h, the rate is nearly 0; under the different drilling fluid den-
sity, the time to reach the borehole shrinkage rate of safe
drilling is different: the more dense the drilling fluid is, the
shorter is the time.
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horizontal stress will be presented in a counterclockwise di-
rection showing the change of 0°, 90°. As the inclination an-
gle increases, shaft collar along the minor becomes smaller;
shaft collar along the prolate axis becomes bigger.
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Fig. 2. Borehole deformation diagram with the drilling flu-
id density of 1.8g/cn’

‘ % —— Borehole after 12 hours creep |
0 e Borchole after 72 hours creep
—— Borchole after 360 hours creep
= The initial borchole

320 4 s

240 \ 120

I'be initial caliper3 1 1.15mm |
Mud densityp_=2.3g em' |

210 - 150

320 =
180

Caliper/mm s
Well round angle/*

Fig. 3. Borehole deformation diagram with the drilling flu-
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Fig. 4. Ratio curve between the drilling fluid density and
hole shrinkage in the direction of o,

The Salt Rock Creep Law under Different Inclination
Angle and Azimuth Angle. For this part, it has been ana-
lyzed that when the mud density is 2.28 g/cm’, the creep time
is 48h, under different azimuths, the borehole deformation in
the salt rock layer changes with angle inclination, which is
presented in Fig.7, 8.

Regarding the borehole deformation, Fig. 7, 8 show the
following: when the azimuth angle along the 0°, 90° increas-
es, the angle between caliper minor axis and the maximum
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Fig. 5. Ratio curve between the drilling fluid density and
hole shrinkage in the direction of o,
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Fig. 7. Borehole deformation diagram with 0° azimuth an-
gle

On the basis of Fig. 9, under any azimuth angle, the long
axis of borehole decreases with the increase of the inclination
angle. The minor changes of the inclination angle will lead to
a greater creep especially within the range of 30-70°, and the
risk of drilling directional wells in salt rock significantly in-
creases. Under the same inclination angle, with the increase
of the azimuth angle, the shrinkage of borehole gradually in-
creases, and it means that the larger the deviation from the
direction of maximum horizontal stress is, the more danger-
ous drilling will be.
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Fig. 8. Borehole deformation diagram with 90° azimuth
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Fig. 9. Relationship between Length of Major Axis and
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Conclusion.

1. According to the viscoelastic theory, with the applica-
tion of the Kelvin-Voigt creep model, and deviated wellbore
stress distribution under the cylindrical coordinates, a new
analytical creep model of rock salt is derived; it can demon-
strate the relationship between the well borehole radial dis-
placement and the inclination angle, the azimuth angle, drill-
ing fluid density, and the borehole spud time.

2. Drilling fluid density has a great impact on the bore-
hole deformation; as drilling fluid density increases, the
ovality of borehole deformation increases. Moreover, the
deformation of borehole in the direction of the long axis is
the largest, and the deformation of borehole in the direc-
tion of short axis is the smallest. In the direction of the
long axis, the caliper shows complete diameter shrinkage;
the greater the fluid density is, the more serious diameter
shrinkage occurs. In the direction of the short axis, the sen-
sitive range of drilling fluid density is apparent: when the
drilling fluid density is less than a certain range, the caliper
shows diameter shrinkage; when the drilling fluid density
is larger than a certain range, the caliper shows diameter
enlargement.

3. With the passage of time, the problem of diameter
shrinkage of the borehole is becoming more serious, the risk
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of diameter shrinkage and sticking increases. Regardless of
the direction of the long axis or short axis, the rate of diame-
ter shrinkage is relatively large at the initial moment and the
initial deformation is relatively large; however, as the creep
time increases, the rate of diameter shrinkage rapidly de-
creases, and with the time being sufficient, the rate of diame-
ter shrinkage is nearly zero.
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Mera. [lossirae y cTBOpeHHI HOBOT TPUBHUMIPHOI aHai-
THYHOI MOJIEJi TIOB3y4OCTI MOXWJIO HAIpaBJICHOI CBEPIUIO-
BUHM Ta BU3HAYCHHI 3aKOHIB yCaJKH OYpOBOI CBEPUIOBHHH
I JIIEF0 HAMIPYTH B MACUBHUX COJISTHHX ILTACTaX HA(GTOBOTO
ponosuma Cepenniid Cxif, 110 3MOKe 3MEHIITyBaTH aBapiii-
HUI PU3MK MPUXBATY OYPOBOTO JOJIOTA TIpH OYpiHHI CBEp.I-
JIOBUHH 3 BEJIMKUM 3MIILICHHSIM.

Metoauka. Ha ocHOBI Teopii B's3Konpy»kHOCTI OyJia BU-
BEJICHA aHAIIITHYHA TPHMipHAa MOJEIb TTOB3YYOCT] CBEPIIIO-
BUHH 3 BEJMKUM 3MIIICHHAM 3a00[0 0 BiAHOIICHHIO JIO
yCTsI 13 3aCTOCYBaHHAM Mojiei moB3ydocTi Kenbpina- Doii-
XTa, U1 4oro OyJu TmoetHaHi (JOpMyIIN HalpyTH CTIHKH HHU-
JKHBOI TTIOXMJIOi CBEPUTOBHUHH Y TIPSMOKYTHIN CHCTEMi KOOp-
JIMHAT 1 [ATHPOBIN CHCTEMI KOOPIMHAT, BUBSICHHUI aHAi-
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THUYHUH BUPa3 TPUBUMIPHOI ITOB3Y4OCTI CBEPJUIOBHHH y Be-
JIMKOMY 3CYBI. 3a JOTIOMOTOO TTi€] aHAIITHIHOT MOJIEI IPo-
BEJICHUI KUTHKICHUI aHAI3 3aKOHIB TIOB3YYOCTi B COJITHHX
TUTACTaX 3a PI3HOI MILTFHOCTI OYpOBOTO PO3YHHY, Yacy TMOB-
3y4OCTi, pi3HNX a3UMYTHHX KyTax i KyTaxX BiIXWJICHHS CBEp-
JUTOBHHH BiJT BEPTHKAJTL.

Pe3ysabTaTu. Y poboTi BUBEIEHa HOBa TPUBIMIpHA aHa-
JITHYHA MOJICITH TOB3YYOCTI TOXHJIO HAIPABJICHOI CBEPIUIO-
BUHU. BUKOHAHMI aHasi3 3aKOHIB 3MIiH PamiajIbBHOIO 3CYBY
OypoBOI CBEpIUIOBUHH 3 PI3HUM a3UMYTHHM KyTOM, KyTOM
BIIXWJICHHS CBEPJUIOBHHH, IIUIBHICTIO OYpOBOTO PO3YMHY,
4acoM MOB3Y4OCTi B COJISTHUX IUTacTax.

HaykoBa HoBm3Ha. Ha BinMiHy BiJ HasBHHX METOJIIB,
3aCHOBAHMX Ha JBOMIpHIiH aHAIITHYHINA Mojeni, a00 Ha YH-
CEJIbHOM MOJISITIOBaHHI 3a JIOTIOMOT'OI0 KiHIIEBUX €JIEMEHTIB,
3aIPOTIOHOBaHA TPUBUMIpPHA aHATITHYHA MOJENTH TTOB3Y90C-
Ti TIOXWJIO HATIPABIICHOI CBEPIJIOBHHH TOYHO BHPAXKAE Bif-
HOIICHHS MDK 3aKOHAMH TIOB3YYOCTi T2 YNHHIKAMH BIUTHBY
B COJIHHUX IIACTax.

IpakTuyna 3naunmictb. CTBOpeHa TPUBHMIpHA aHa-
JITHYHA MOJIeSIb OB3YYOCTI JIjIsi BU3HAYCHHSI 3aKOHOMIPHO-
CTel ycaJIki CTIHKH CBEP/JIOBUHH il BIUIMBOM PI3HHX (aK-
TOpiB. Pe3ynbrar aHaiizy MOB3y4OCTi COJISIHUX IIJIacTIB Ipae
BKJIMBY POJIb IPpU OYpiHHI MOXHMJIO HAINPaBJIEHUX CBEPIJIO-
BUH 3 OUTHIIMM 3MIIIEHHSIM BHOOIO MO BiIHOMICHHIO JIO
yeTs.

KirouoBi cioBa: nossyuicms conanux niacmis, mpueu-
MIDHA GHATIMUYHA MOOETb ) BeIUKOMY 3CV6l, ac NO83YHOC-
mi, WinbHicmeb 6yPo8020 PO3YUHY, KV BIOXULEHHS C8epOLo-
BUHU, A3UMYMHULL Ky

Henp. 3axmroyaercss B CO3MaHUM HOBOW TPEXMEPHOM
AHAJIMTUYECKOM MOJIENTU TIOJI3YUECTH HAKJIOHHO HAIlpaBJieH-
HOW CKBaXKMHBI U OINPENCIICHHN 3aKOHOB YCAIKH OypOBOI
CKBKUHBI TOJ] ACUCTBUEM HANpsHKEHUI B MAacCCHBHBIX CO-
JISIHBIX IUIAcTaX HedrsiHOoro mecropoxinenus Cpennuii Bo-
CTOK, YTO CMOXKET YMEHbIIUTh aBapUNHBIM PUCK MpUXBaTa
OypoBOro 00T TPH OYpPEHUH CKBKUHBI C OOJBIINM
CMEIIICHHEM 330051 TT0 OTHOIICHUIO K YCTBIO.
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Metoauka. Ha ocHOBe TeopHy BS3KOYNPYTOCTH ObLTa
BbIBE/ICHA aHAIMTUYECKAs TPEXMEpHasi MOJAENb MOJI3y4eCTH
CKBaYKMHEI C OOJIBIINM CMEIICHHEM 320051 10 OTHOILICHHIO K
YCTBIO C TIPUMEHEHHEeM Mojenu mnon3ydectd KenmbpBuHa-
®oiirra, ISl 9ero OBUTH COBMEHICHBI (DOPMYIIBI HAIPsIKe-
HUM CTEHKM HAKJIOHHOM CKBaKMHBI B MPSIMOYTOJLHOM CH-
cTeMe KOOPJIMHAT M LMJIMHJPHUUYECKON CHCTEME KOOP/IMHAT.
C noMo1IbI0 3TOM aHATMTHYECKON MOJENU MPOBEAEH KOJIH-
YECTBEHHBbIM aHAJIM3 3aKOHOB IMOJ3YYECTH B COJISIHBIX ILIa-
CTax IMpU Pa3HOH IUIOTHOCTH OypOBOTO pacTBOpa, BPEMEHH
MOJI3YYECTH, PA3HBIX a3UMYTAIBHBIX yIVIaX M yIJlaX OTKIIO-
HEHHUS CKBKUHBI OT BEPTUKAIIH.

PesyabTaThl. B paGote BbiBeneHa HOBasi TpeXMepHast
aHAJTUTUYECKasi MOJIEJIb TOJI3yYEeCTH HAKJIOHHO HaIlpaBJIeH-
HOM CKBa)KMHBI. BbINONHEH aHanu3 3aKOHOB M3MEHEHUS pa-
JIMATBHOTO CMEIICHUS OYpOBOM CKBR)KUHBI C Pa3HBIM a3u-
MyTaJIbHBIM ~ YIJIOM, VYIJIOM OTKJIOHEHHUSI —CKBQ)KUHBI,
IUTOTHOCTBEO OYPOBOTO PAacTBOPA, BPEMEHEM TIOJI3YUCCTH B
COJIIHBIX IDIacTaX.

Hayuynas HoBU3HA. B oTiIMumie OT UMEIOIIUXCSI METO-
JIOB, OCHOBaHHBIX Ha JIBYXMEPHOH aHATUTHYECKOW MOJEIIH,
WM HAa YUCIIEHHOM MOZEIMPOBAHUU C TIOMOILBIO KOHEUHBIX
JJIEMEHTOB, NPEUIOKEHHAsE TPEXMEpHAsl aHAJIUTUYECKas
MOJIENIb TOJI3YYECTH HAKJIOHHO HAIPaBJIEHHOW CKBaKUHBI
TOYHO BBIPAYKAET OTHOLIEHUS MEXK/Ty 3aKOHAMH TI0JI3y4eCTH
1 (hakTOpamMu BIMSHKS B COISTHBIX ILIACTAX.

IpakTuyeckass 3HauuMocThb. Co3maHa TpexMepHas
aHAJIUTUYECKass MOJIEIb TIOJI3YUECTH JUIsl OIpEJeSIeHHUs 3a-
KOHOMEPHOCTEH yCaJIKi CTEHKU CKBKUHBI MOJI BIMSHUEM
pa3muuHBIX (hakTOpOB. Pe3ynbrar aHam3a IMOJM3Y4ecTH CO-
JISIHBIX TUTACTOB WIrpPacT BAXHYK pOJb TIpH OypeHHH
HAKJIOHHO HATIPABJICHHBIX CKBAKHH C OOJBIINM CMEIICHIEM
32004 TT0 OTHOIICHUIO K YCTHIO.

KiroueBble ciioBa: nonsyuecmv CONAHBIX  NAACHOG,
8peMsl No3yYecmi, HIOMHOCHb OYPOBO2O pacmeopd, Yeoi
OMKIIOHEHUSL CKBANCUHDL, A3UMYMATbHBIIL Y20]l

Pexomenoosano 0o nyonikayii O0oKkm. mexH. HAYK
O.M. Jlasudenkom. [lama naoxooxcenns pykonucy 12.02.15.
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