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Intelligent prediction method and application of single-well in-situ stress in shale reservoirs driven

by multi-source data

Abstract: [Objective] Deep shale reservoirs are characterized by high temperature, high pressure, elevated in situ stress,
and strong plasticity. Conventional in-situ stress testing methods and log interpretation models, often calibrated under
simplified laboratory conditions, suffer from limited predictive accuracy, high operational cost, and poor
generalizability—challenges that constrain their utility in guiding shale gas exploration and development. [Methods]
Focusing on a structurally complex shale gas block in southern Sichuan as a representative case, we integrated dynamic and
static multi-source data across drilling, logging, testing, and production stages. Along with experimental measurements of
the physical and mechanical properties of rock under different conditions, we developed a hybrid stress prediction model by
combining machine learning techniques with geomechanical principles. This multi-method, log-based intelligent prediction
framework enables the generation of high-resolution in-situ stress profiles for efficient shale gas development. [Results] In
the first member of the Longmaxi Formation (Long-1 Member), organic content, confining pressure, and lamination
structures significantly influence mechanical anisotropy, particularly in Beds 1-4, which exhibit stronger anisotropy than
the upper beds. Based on these findings, we developed a mechanically calibrated anisotropic stress interpretation model for
deep shales. Using laboratory- and field-calibrated synthetic stress datasets, we established a standardized stress database

for the southern Sichuan shale reservoir. Key sensitive logging parameters, including shear wave slowness, resistivity,
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acoustic logs, and Young's modulus were identified via Pearson correlation analysis. An optimized XGBoost model
achieved interpretation accuracies above 90% for all three principal stress components, with an RMSE of 6.63, an MAE of
3.89, and a coefficient of determination (R?) of 0.91, indicating strong robustness and generalizability. The results revealed
four distinct stress barrier layers from the Wufeng Formation to the Longmaxi Formation, and the top of Bed 1 and Bed 6
acted as dominant stress-sealing interfaces. Localized compressive stresses induced by fold-related deformation further
enhanced vertical stress compartmentalization and increased the minimum horizontal principal stress, thereby exerting
significant influence on hydraulic fracturing performance. [Conclusions] The study revealed the geological factors
controlling the mechanical anisotropy of the shale in the Long-1 Member, and established an isotropic in-situ stress
interpretation model suitable for deep shale reservoirs accordingly. An integrated intelligent model, L-XGBoost, was
adopted to achieve a prediction accuracy exceeding 90% for three-dimensional in-situ stresses. The research also clarified
the development characteristics of four sets of stress barrier layers within the Long-1 Member shale and their impact on
fracturing effectiveness. [Significance] These insights provide a scientific basis for fine-scale stratigraphic subdivision and
three-dimensional well pattern design for shale gas development in the tectonically complex southeastern Sichuan Basin.

Keywords: deep shale; southeast Sichuan; Wufeng—Longmaxi Formations; in-situ stress; intelligent logging prediction;
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Fig.2 Test results of dynamic and static Biot coefficients for cores from different beds and analysis of their influencing factors

(a) Experimental results from eight groups of dynamic Biot coefficient tests; (b) Relationship between shale porosity and dynamic Biot
coefficient; (c) Relationship between total organic carbon (TOC) content and dynamic Biot coefficient; (d) Variations in vertical and horizontal
dynamic Biot coefficients across beds of the first member of the Longmaxi Formation; (e) Variation of P-wave and S-wave velocities with

effective stress; (f) Correlation between dynamic and static Biot coefficients
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Fig.3 Formation pressure prediction and validation analysis
(a) Comparison between calculated pore pressure (based on the effective stress method) and measured values; (b) Relationship between pore

pressure and mud density
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Fig. 4 Diagram illustrating the construction of the interpretation model for key parameters in the stiffness coefficient matrix of Longmaxi

Formation shale
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Fig. 5 Dynamic-to-static conversion of mechanical rock parameters of the first member of Longmaxi Formation

(a) Vertical elastic modulus; (b) Vertical Poisson 's ratio; (c) Horizontal elastic modulus; (d) Horizontal Poisson 's ratio
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Table 1 Acoustic emission-based in-situ stress measurements for the first member of Longmaxi Formation in the Dingshan—Dongxi region
Jpe W/ 75 S Kaiser UM i RIKF /R e N S/ ?J(JJE%%E%
0° 45° 90° P HiLJV; J3/MPa Hu¥ F1/MPa MPa P46 1% J1/MPa

DY1 2045.00 37.45 31.65 36.35 38.51 54.10 43.54 49.76 46.36
DY1 2050.00 40.52 34.65 39.68 38.75 57.52 46.59 50.03 —
DY2 4301.00 64.29 54.21 61.75 60.21 121.47 103.67 107.43 —
DY2 4320.00 65.15 54.38 61.95 60.12 122.62 104.01 107.55 —
DY2 4360.00 66.31 55.08 62.14 59.86 123.83 105.07 107.73 102.56
DYs5 3779.42 62.18 51.28 5791 49.39 107.62 89.58 92.81 91.25
DYé6 3444.60 64.18 54.34 57.35 59.12 94.08 79.53 84.70 78.96
DY7 4106.30 55.13 42.72 50.21 47.27 114.04 93.54 100.04 —
DY7 4109.49 58.83 46.02 53.08 47.86 117.46 96.77 100.67 97.70
DY7 4115.22 59.18 47.56 54.38 48.23 117.54 98.48 101.11 —
DY7 4117.50 60.02 48.05 55.03 48.56 118.58 98.98 101.47 —
DY8 4234.07 69.54 55.94 62.31 62.12 123.08 101.84 105.18 105.35
DYS1 4167.20 67.36 55.68 65.21 65.13 113.66 92.34 101.57 —
DYS1 4186.36 69.62 58.27 67.03 66.38 115.35 95.07 102.99 —
DYS1 4191.45 68.65 56.17 66.80 65.46 116.25 93.06 102.11 —
DYS1 4198.10 66.83 56.27 65.53 65.86 113.10 93.24 102.57 —
DYSI 4219.30 69.88 56.71 65.59 66.37 116.14 93.68 103.27 93.15
DYS1 4223.72 72.34 59.2 67.61 66.70 118.22 96.16 103.64 —
DYS2 4217.31 67.45 54.46 62.18 74.26 119.66 98.29 104.89 101.73
DYS3 4250.00 76.15 67.86 73.59 69.85 117.06 102.81 104.91 103.25
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Table 2 Statistics of tectonic stress coefficients for different structural units
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Fig. 6 Variable model-derived in situ stress magnitudes for the first memb
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DTS—shear wave slowness; DTC—compressional wave slowness; GR—gamma ray; E,—vertical Young‘s modulus; £,—horizontal Young’s

modulus; v,—vertical Poisson‘s ratio; v,—horizontal Poisson’s ratio
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Fig. 7 Pearson correlation heatmap between rock mechanical, in-situ stress, and well-logging parameters

(a) Correlation heatmap between rock mechanical parameters and various well-logging parameters; (b) Correlation heatmap between the three

principal in situ stresses and various parameters

AC—acoustic (slowness) log; CNL—compensated neutron log; DEN—bulk density log; GR—gamma ray log; RD—deep resistivity log;

RS—shallow resistivity log; DTS—shear wave slowness; DTC—compressional wave slowness; DTST—stoneley wave slowness;

V,—compressional wave velocity; V;.—shear wave velocity; TOC—total organic carbon
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Table 3 Performance metrics of machine learning models for predicting key rock mechanical and in-situ stress parameters
A B SR WERS NEEEES TR VAL IR PURSREE/ Eac) ] RIKF /K
A 3 MPa ) MPa.m"” MPa MPa X JiMPa  ERWiJI/MPa S J1/MPa
RMSE 1.330 1.878 0.059 0.043 4.538 4.383 12.08 11.89 9.93
ANN-PSO MAE 1.006 1.338 0.046 0.038 3.514 3.324 8.64 9.29 7.64
R> 0.880 0.034 0.737 0.055 0.548 0.780 0.56 0.60 0.66
RMSE 0.163 0.116 0.010 0.023 1.567 0.541 9.83 10.70 8.35
Light MAE 0.731 0.222 0.81 6.630 2.503 0.235 5.91 6.68 5.79
GBM
R> 0.998 0.996 0.992 0.831 0.946 0.998 0.75 0.66 0.84
RMSE 0.397 0.217 0.018 0.036 1.809 0.384 8.45 6.32 5.12
XG MAE 1.88 0.44 1.534 13.930 2.100 0.207 3.57 4.48 3.63
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Fig. 8 Feature importance analysis diagrams based on XGBoost model output

(a) SHAP heatmap of the importance of model output features; (b) Statistical chart of the importance of model output features
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Fig. 10 Well cross-section of intelligent in-situ stress predictions across different tectonic units in southern Sichuan Basin
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Table 4 Minimum horizontal principal stress contrast between stress barriers in the Wufeng Formation to Long 1 Member shale reservoir,

southern Sichuan Basin

S 7 B S R RRE BT AR At 71 2 /MPa(fie/ M ~ TR PP E)
OE/NEEHQE/NZ WA B SE R R A2 5.56~9.12/7.86
@5 /NZH@DZ/NE R U SR LA 3.52~6.45/5.02
OB/NEH@S/NZ hOSRE R 4 B TUE S R B LU 4.35~7.42/6.11
&5/NEEHGS/NZ TR0 SR T8 L U 5 P 2 L U 6.12~9.36/8.24

Tl 7 M ) 45 2R (I 1) RS, 1 ) B 2 J2 % T

e BA BEEGIEMN. #1705 /N2 KR,
?”Téﬁn%%@ﬁséﬂﬁﬁ}gﬁﬂﬁgﬁﬁ? 5~15m; 4
15 /NER, EAT4E 2@ 5 /N2 B4 3% i 78
5~20m Z i), B, é% 2 M BT R AR R ) B
JZRE M, TSI R R R AR AT IR AR B/

J o —TF ., I ) R 1 0 98 5 AT 2 B
®E/ET .

ST I 58 3 852 0 B 0
PRI -

KR KR 12), 5 RHZ R 2 a3 5k M 1 ) e 3l
SER, S5/ NKOF- 3207 7R B PR TR 2R B AR AR
EaF, W T RUBS AR TR/ (An DY 3 3 DYS K DYS!
I 5 TV 2 4 ke DX R A 3 52 48 A IE IR 2E R
TR 152 W, d5e /N K 320 B B R B IR BT
TR MBS m (4n DY4 I ) 5 i A6 SR 0 W7 M b X, A7
B RN ) 5% We, N ) (B 8K, Je /N K- 320 T R
R 23k B BE SR 15 K 9 #a 5 (i DYS JF Al DYS3
) o X BRIV T o A R AE R TR 2 ek v R ELA B
S, AnE TR MR B DYS R LR e, A Rk



%1 O, e 2 BRI 0 T B2 M B o % ”
70 40 —
a FATAER b AT
60 | 15~25m 20~35m w5 351 5-15m 15~30 m BT TAE

-]
0~10 10~20 20~30 30~40 40~50 50~60 60~70

30F | i

0
0~5 5~10 10~1515~2020~2525~3030~3535~40

4E/m BE = /m
60 . ,
40Fe o d 5-20m 120~30 m|
10~20 th 15~25m | !
3B/ | S0F b i
EAT4E : EATHER i
301 m R iR ! 4o | AR |
25t ;

B 1%
(3]
(=)

15} 20t :
10 .
Sl 10} |
0 l—L

e
w
(=]

0~5 5~10 10~15 15~20 20~25 25~30 30~35
4% /m

0
0~5 5~10 10~15 15~20 20~25 25~30 30~35
4% /m

a— T IN-ZREW XK FHFEITOTREER L FArd e b I b—T I-RZEB XA HFEITOTBIEH L T4 & L E; o—f A Il
K I ZEAT @5 J2 A L FATSE W N LA d—48 A Ul KOKOP IR AT @5 2 A b FATSE N LA

M1l HRA—R-BREWELRFANENAKRYEREE LT TAT4 G ST H
Fig. 11 Statistical distribution of upward- and downward-propagating hydraulic fractures within individual beds of the shale reservoir, Wufeng

Formation to the Long 1 Member

(a) Proportion of upward vs. downward fracture height in horizontal wells through Bed 3, Dingshan—Dongxi area; (b) Proportion of upward vs.
downward fracture height in horizontal wells through Bed 2, Dingshan—Dongxi area; (c) Proportion of upward vs. downward fracture height in

horizontal wells through Bed 8, Jiaoshiba area; (d) Proportion of upward vs. downward fracture height in horizontal wells through Bed 7,

Jiaoshiba area
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Fig. 12 Analysis of minimum horizontal principal stress gradient variation patterns across different structural deformation zones in the

Dingshan—Dongxi area and their impact on reservoir stimulation

(a) Schematic diagram of gradient variation patterns of in-situ stresses at key drilling locations across different structural positions of the neutral

surface; (b) Variation diagram of stimulated reservoir volume for key wells at different structural positions
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