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A refined evaluation method for in-situ stresses in orthotropic shale formations

Abstract: [Objective] To address the scarcity of methods for evaluating in-situ stress in orthotropic media, this study
aims to develop a comprehensive in-situ stress evaluation method for shale formations by incorporating the orthotropic
(ORT) characteristics of rocks. [Methods] The method first establishes the conversion relationship between dynamic and
static mechanical parameters of anisotropic rocks. Based on the relationship between effective stress and strain, a general
analytical expression for the Biot coefficient is derived, and specific solutions for different conditions are presented. An
orthorhombic shale rock physics model is constructed using well-log data to obtain the stiffness matrix required for
calculating orthorhombic elastic parameters and Biot coefficients. Starting from the generalized Hooke’s law for
anisotropic media, a complete analytical expression for in-situ stress in orthorhombic formations is ultimately derived.
[Results] The application of this method to well x1 demonstrates that: (1) the significant differences in elastic parameters
between the horizontal and vertical directions of the ORT shale formation are addressed by establishing direction-specific
dynamic—static parameter conversion models, enhancing the accuracy of static rock elastic parameter conversion; (2) the
Biot coefficient «,, (perpendicular to the bedding plane) is significantly smaller than «;;, with an average relative
difference of 13.4%, while the differences between «,, and @, (parallel to the bedding plane) are relatively small,
indicating remarkable anisotropic characteristics of the Biot coefficients; (3) the ORT model not only provides a detailed
stress profile that clearly reflects the V-shaped stress fluctuations caused by changes in clay content but also reduces the
prediction errors of the minimum and maximum horizontal principal stresses to 1.9% and 4.0%, respectively. These values
are lower than those of the traditional vertical-transverse—isotropy (VTI) model (5.8%, 5.2%) and the isotropy (ISO) model
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(8.2%, 10.9%). [Conclusions] The ORT in-situ stress evaluation method offers a more accurate and detailed assessment of
in-situ stress in shale formations, which is significant for refining the design of drilling fluid density windows, developing
fracturing parameters and processes, and determining well shutdown time after fracturing. [Significance] This study
enriches the anisotropic geomechanics theory and provides a generalized analytical solution for in-situ stress calculation in
ORT shale formations, and filling the methodological gap in anisotropic in-situ stress evaluation.

Keywords: shale formation; orthotropic; biot coefficients; in-situ stress evaluation
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Fig. 1 Relationship between dynamic and static conversion of rock elastic parameters

(a) Dynamic and static conversion of the horizontal Young's modulus; (b) Dynamic and static conversion of the vertical Young's modulus; (c)
Dynamic and static conversion of the horizontal Poisson's ratio; (d) Dynamic and static conversion of the vertical Poisson's ratio; (¢) Dynamic
and static conversion of Young's modulus without considering anisotropy; (f) Dynamic and static conversion of Poisson's ratio without
considering anisotropy

E\—static horizontal Young's modulus; E,;—dynamic horizontal Young's modulus; E;—static vertical Young's modulus; £;;—dynamic vertical
Young's modulus; E.—static Young's modulus without considering anisotropy; E;—dynamic Young's modulus without considering anisotropy;
v,—static horizontal Poisson's ratio; v,;—dynamic horizontal Poisson's ratio; v;—static vertical Poisson's ratio; v;;—dynamic vertical Poisson's
ratio; v,—static Poisson's ratio without considering anisotropy; v;—dynamic Poisson's ratio without considering anisotropy; N—number of core

tests; R—correlation coefficient
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Fig.3 Stress evaluation workflow based on rock physics modeling
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Hiu N7 7 AR R B A AR R K P 32 ) B 2% 4 91.81 MPa. ORT Hit i 77 455 784 11 5 1) fie KK P &
IR, X BARANE S AR B ST Gon/N F 0w, S+ T 81.07~100.97 MPa, ] {H N
BLF VT R g 8589 3 58 04 de KK P 32 B T oy 91.43 MPa. ISO #b 1 ) #5584 3+ 5 (Y f5 KoK P £ 0 T
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Ouiso 5 /1N, I+ T 79.80~111.63 MPa, ¥ {f 7 88.54 MPa.
R A R (16) L A (18) A1 /A 3K (20) 7T
M1, ISO b 1 g A5 HY v Az [RABE B R A BE 38 5 6T 7
A ] b 09 U A A S e T A% 1 S 1% Hb Y
AT W) 25 45 2 i A T 1) A R R AR A R
Otton/D T 0wy, S BT % JE ORT 55 v J5 11 O A1
Sk R M WS 0SS T x O I Y A A PR R R (i
E>E,) 3300, AH x. p J7 [l (4 22 5 A K, TR I opon B
INT ouvio BT LLAE DU B b 2 v 2 A O T R
zl%:, UHonﬁGHvtiE(J%ﬁ){%iz?ﬁij(o

Ay 15 7) by 3 3k R 240 T b 28 s B e /K
S F R H7, HAEH N 64.70 MPa., B, 154 3161.8 m Ak 3
T s i & S SE e (BT Kaiser U0 ) 356 B 52 /N 7K
SN S, HAE A 74.13 MPa, £ By 5% I 1Y TR
A5, ORT Hb 3 Iy £ B4 0 ) 45 2k 75.55 MPa, VTI
it R AR RS T 25 SR Ry 78.40 MPa, ISO b [ 1 5
TR ) T30 245 51 ol 68.09 MPa, 3 il A5 754 T I £ 4 137 )
55 SN 25 R 2557 B 1.92% ., 5.76% . 8.15%. H:
H ORT H5 J80 f) A% B 5 v, 1SO B 0 i e ik . 5
I KKV F2 0 T3 19 28 Ak R 32U, o i85 1 00
K, T 60.04~81.28 MPa, HJ{H H 69.97 MPa. 0jon
W22, AT 55.66~82.13 MPa, HJ{E 4 69.05 MPa, oy,
/N, 4T 61.41~82.86 MPa, ¥J{H 4 67.61 MPa,

4 i

SCEEMHEE T % R A )2 ORT H5AiF ) HiL R g
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Xt 5 RATE R S PE 0 Dy R AR H, 12T IR A R
My ik E NS84, B % T Biot & B 45 )
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x1 I8 T A fie /N f KROK P B8 5 AU
67.61 MPa 5 88.54 MPa, % {& ffs 1% H. JC 1% 38 5 26 +
ARG R N W E; TR VITEE RS, H
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St o ORT Hb LY g i+ 58 Jr Al B 51 A ORT ¥ 2 4%
K 34~ J7 1 M 5% Biot &2 8 (o #antas), i o, oy 12
25 2 1.9% F1 4.0%, IF RS A0 2 I+ & &k
FEA R Ty VIR . fE TR H I, ORT K /)
1 A 1) A Ak B R 2 L R S PR s BE WD A, T
BE A R A 45 H R R T LR A9 5 . O 45 JF B B
ORT T3 I 114 78 Je 3% 7 11 7T 3 5 ISO/VTI fmi Ak 3 11 1

VBRI ITRE VR . Y5 35 QR4 B, ORT /K F
20 3 AT ORG B 20 1 B 2 AR R] A R ) 2%, 4
SOt LB ok 5 4 B IR B 83T, B OROK ) 34 ak 7E
P TR I S K 2 B35 ORT &
L 7 B B SR 7 (8 G B v e R S P R, R 1SO AR
RUAR Ak R 7 3 1 A S 7 700 AR R O RE T R R
QIR HEBY B, F FH ORT A5 3K 45 1) TF L 5 9 o /N 7K
S N 3R E FE BT, W77 Ok ISO Al e/ K-
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