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Abstract Horizontal in-situ stress is the key basic parameter of wellbore stability analysis and hydraulic fracturing, but the
geological environment of deep formations is complicated and hidden, which makes it difficult to predict the horizontal in-situ
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stress accurately and quickly. Considering that the traditional logging interpretation and the neural network model cannot
describe the spatial correlation between logging data and in-situ stress, a horizontal in-situ stress prediction method based on a
Bidirectional Long Short-Term Memory neural network (BiLSTM) was proposed. Taking two vertical wells in the CL gas field in
the Sichuan Basin as an example, two vertical wells were taken as the training well and test well respectively, and the nonlinear
mapping relationship between logging parameters and in-situ stress was established through the training well, so as to realize
the prediction of horizontal in-situ stress of the test well. Combined with the correlation of logging parameters and the actual
geological meaning, the prediction effect of horizontal in-situ stress under different combination modes of logging parameters
was investigated. The results indicated that: (1) Comparing the logging interpretation and core differential strain testing results,
it is found that the logging interpretation error of vertical stress is 0.39%, the logging interpretation error of maximum horizontal
in-situ stress is 0.18%~0.64%, and the logging interpretation error of minimum horizontal in-situ stress is 0.29%, which indicated
that the logging interpretation is in good agreement with the actual in-situ stress. (2) The order of in-situ stress in the working
area is vertical stress > maximum horizontal in-situ stress > minimum horizontal in-situ stress, which belongs to potential normal
fault stress state. (3) There is a strong positive correlation between horizontal in-situ stress and true vertical depth (TVD), density
(DEN), and natural gamma ray (GR), and a negative correlation between horizontal in-situ stress and interval transit time of
P-wave (DTC), borehole diameter (CAL), compensated neutron (CNL) and interval transit time of S-wave (DTS). (4) Different
combination modes of logging parameters have different prediction effects on horizontal in-situ stress, the optimal combination
of logging parameters is TVD, CAL, DEN, CNL, GR, and DTC. (5) Orthogonal experiments are designed to optimize hyper pa-
rameters, and the average absolute percentage errors of maximum and minimum horizontal in-situ stress are 0.48%o and 0.50%o,
respectively. It is concluded that the BILSTM model can effectively capture the variation trend of logging parameters with depth

and the correlation information of logging parameters, and it can realize the accurate prediction of horizontal in-situ stress.
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Fig.2 Logging interpretation results of in-situ stress



492 AMERFER 202248 12 1 BT EH 4
fkig 1. [, ARYEO) THEAR R AR D R 5, T DA

W SN EAL R IS 341, <|R¢ < 1.
21 ERANE HELLTT BB R T AH DG PR SR 55 B4: 0.8 < |Rg| < 1.0

MHZHEORN I T A A PERE R LRGN, A
[ 28R 08 T e 22 Pk . PR it S KR
B B EARAERRE D TN G T A L DT
FUOREE . HhE A TR ER, Bk, WIS805 1 )
ZIAFAEAE MR A, XA FH DU 25 o0 0 1,
ISR, [RIE, S EC SR I Z R RE
A, ARITA NS EER S M ) Z [RIAFAE IR OE R o
I, 52X SEaE T 6 B e, LUEBRITR S
BOGF H N T FoU A s e, 2 BLAIL RS 2 ) AR AR
AHOCHE I3 BT RAZ I EIARE 22 [R] A SCHROC &R

8RS B W — M AR R, R,
K JH Spearman Bk AH OC 22 KOk RAEA [F I | 284 2 [H]
Y AH e . Spearman B AH ¢ & FIUE — A IE S 5 A A
OGP B A E ), 38 o X AR s X YR B S R R AT A
KNESTHT, R8I R JE 1 A5 7 A0 B i AR DG HE TR
Spearman FRAHIE R BT A A 29

2on M 3K 585 0.6 <R < 0.79 % R 51 K K
0.4 <|R| < 0.59 KR P AEH I 02 <|Rg|< 039 %
INFIHIE; 0.0 <Ry < 0.19 F/RAMIK,

3 R X—1 IS BAE LRSI ER, A~
MER e 2 IS HCS KT ) 22 ] B AR A A
PAE M R AL, (BRI 25005 K- Hv; ) 2Z ] )
AHOCHEAFAE R 22 57 AP ) TR . % & A
SRAM L W H S 2 [ RBLA IEAH G, YN 22
IR AMETh T R I 22 SE I SR (R R B
FHSE s Fe KRR /N KT 1 g 5 T 8 22 ] A A 1 2R
Bl R HIHN 098, HUGEIE ., W Mz 5H
AR, 43510 —0.38., 0.37. —0.36 F10.34, Hhik
P 26 R I 22 AH DG R B R] HLdR VA —0.27 5 RS
AESCME R B HNBRIE, ZKT-H0 ) 5 R (R AH S
Wk, SR, R AMED . AR G
2% . BRUEEE 22 Z A CHEAR X AR 55 . B IEORE, X1
25 M-S H 5 KR T 2 (B 3 A — 5 TR B AR

6y d?
Ro-1- % ©) VBT B 2 AN R LA R S8 1 B P R
n(n”=1) (B0, {75 L I e L AT B R MR S g
A e Ry Spearman BAAH S R AL n W BEAR IR g /R @ b AT Tt . R MBS 38 S LR
d; AR XY BRI 22 PO SRR AR R B U i X B T R 4 2
1.0
0.8
0.6
0.4
—0.2
}06 - 0.0
‘)/0{ ~-0.2
0.11 '/10{ -0.4
-0.6
0.37 ‘ 0.34 M
-0.8
0.37 -0.27 0.34 )&6}/0{
-1.0
TVD DTC CAL CNL DEN DTS GR o (o]

3 X-1 HWHSHEXESTE

Fig.3 Correlation analysis of logging parameters in X—1 well



FET O WS T AL A 28 R 205 A 7K1 L, g T i

493

W w2 uE AR B A TR E IR AN R,
fliv o e 32 SRR I ] BORr R, B e s (10)
HENT DR I SE 50 A T (B 6y, SRR ARGE A (11) #E
=Ae, (10)

ek\k—l

Pk|k—1 =APk—1AT +0 (11)

AP Gy WA m R A PR FERHE;

PR SAETHRZE T 22 s Py BRI 2E
PIT ZERE R s Q i BRI TR BT ZE R

IRIE, TEARTSSERR AT AT SR T, DU A )

HEpREE T RS we, RIE(12) TR Y

WA R/R 2R K Ra, 4560z,

HRAE X (13) XS b IR ] 4 6 HEATIBIE, 155

WM e, ROV ERAT; BE, MRE4)

KRN TT 22 Py FEHTH P

P, .S
AT (12)
SP,,S" +R
€ = ék\k—l +K, (zk - Sék|k—1) (13)
P, =(1_KkS)Pk|k—1 (14)

e g WERAREM T m ;o & R A
SRS P 2R SO R T ZE R KO RIR
SR

FH IR EUEP X X-1 FHFMX-2 FHHE, %
FE. EHARNE . DR 22 | R I 22 DL R ORI /)
KPR ) A I I AT T AL, KMERTIS Y
XTHCZe Kl 4 o, AMER . RRE 8T LAY
R BRI 5 A2 1 B 0 e A AL M A L
A Bkt e 5 22 2o A v aT R 2 B M S LA
AT kG M 75 5 R A i LA ORI TR, KRR &
VB MR Rl E DL T

SEREE MR, T BRI S AT I — b
TR PR B 0 R R A S W B
LN, TERFEIEERERTIR &, THBR B0 Bl
sZIR, [RIEE, PRl > BRI ab B R, AT
PER IR . ASCR AR E/NE—fk, KI5
PEA—FLE] 0 A1 1 Z 08, K/ NA— 3R R BT

X = Xnin

X' = (15)
X —X

X X" WH— M ZF R x NGB X M
Xomin 73 S R BRI P e KB i/ MEL

FIFA M50 i AR TR LA 70— b 3,
LA 2 9 2 d5 K A e /N K S b R A Sy i HR 858
NS 73 € T NS i = R S | S S IR i iR 2V

TS, Bt KA/ NAKE B S {E4E /)N 100 £
2.2 HAHE

A B O i P 9 R BE R AR R B, R
TR s AR 7 Y anfEl s B,
U — Ak 0 TS 2l — e AR R 2, Hordr,
MEFR AT ZEL, AR I H R 0 LY
HBIET7, n RSy S R B T 2R R AR
AN, BE—AREAS B AR AR AL TR I
A, R ZE MR 0 S A AE P A KR A O s AR
AR 0 SEEHE R A D AR A . R B BT
HREETT 13—, g — AR, W
R RAL, BTSSR A ARG . 5 T8 RIA
FER—DORIEFFIN AL S5, A T BRI S8 TR
JE b, BUBELRKA 1.

3 MWRHRRIYIL L s R

LT IS B B Fee R M B/ NS R 7, R
A BRI B S EX={x1, xa, *++, x,} PLE R
HIHL R T B R Y=y, yoy -y HoP, nFORFEARK
B, e, g 2SR S N h
SRV Z AR PRI SE 2 o MR B A9 7E T,
B4 BT Y HORGEA T MU g I e a0 - B, A4
SRS Tt S5 DR 3 BEEE S Y = (5, o, -, 5} o

3.1 EEIER

HRAE 1 A 7K - o [0 77 F0I0 [ A0 83, AR St
—FRERER O HE R b 22 R 285, RIRL ) KA 3 A2 o 2 1)
4% (BiLSTM)P”, BiLSTM M £ 45 anlal 6 firm. —4
56 % 1) BILSTM M 2% 4 4% % 40 S A 2. 1 1] LSTM.,
JE M LSTM ., 0% pRERZE S Bt 12

BiLSTM = %t 1if [a] M 1] K kg 301 C 42 4 28 X 4%
(LSTM) ZH A 1400, 3 38 P AN P47 1Y B )2 R i B i
JEPATT I LRI C R, DA TR E R Y
SEARME A R, (A5 R 7 SO S e . LSTM
JEBILSTM Y FEAR L, [R]85 30 1Y 178 BR A 25 I 2%
(RNN), LSTM H TR RIS T A H RE 08 A 0k
B ][] P BSR4 4 4o 2 v BRI S ox e 1) 7 A
SRS T T B0 B T S TR B R A [ 0 A A T
G RNN, LSTME5H 5 2, HAE T IH458
HAEMAITZEGARITZ. Tanh 12, BATTZE. il
128 TR & T I 1 SR IE A 454, LSTM
B L ZER anEl 7 Fos .



494 FIMFFENR 20224 12 A 5 7 B 4 1)

iz ZE HEDF BHAMD PV ES Bg R ZE Oy O
/in /(g/lcm?) 1% /API /(us/ft) /(ps/ft) /MPa /MPa

REIM |g KRG q3l1 KBE 30 AW 50205 %/5200/40 £%/5100/100%%/5170|60 % R/5 100/60 5 %5 100

8 ERH 3]y EWH glg KW 5020%R #0040 E%FH00/100% B F70/60 %R 100/60 E % 100

—=— T
= ;

2810
2860

P =

2910

2960

",uu\ﬁymmfﬁv

wﬂmw -
;
wottnlf P,

3010

3060

-
| Nﬂa«wﬂ”
N
M

3110

3160

3210

3260

I\l

3310

3360

3410

\
\

3460

3510

3560

{ g 3 -
= ,,-g 1 : = !
(a) X-13

=y

3610
3660

H2 wE WMEhF BAMS YR = VA Oy O
/in /(g/cm?) 1% /API [(us/ft) I(us/ft) IMPa /MPa

REIM o 585 141 KRB 3 KW 50205 B38040 5 %/5 100/100% %51 70|70 Z%/5100|70 £%/5100
8 EWH 14,1 EWH glg EWAH 5020F R38040 F %M 10011 00% B 7070 TR HAT100|70 E® 100

3220 <— ) *% 3 ? (=
i ]2 b 3
3270 —% ; [ % z
% i {
3320 1§ } s
[ 4 <
i : { 3 I
3370 1 & 3 3 3 {
: f t ] L}
34202— 4 JF ;s <t\ ;’? ;‘?
i t ; ;
3470 [ = <
3520 || ¢ 3 2 1
i SR g < g
3570 — | 3 % %; !
3620 f 3
= E
L S L i
3670 1~ < | = = ; g? = =
H# £l ] LT ! 3
(b) X-23

4 WHSHERREXTL

Fig. 4 Comparison of logging parameters before and after denoising
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Fis, S5AE9 T RMELZI: 1) X2 H 1 B
SR g KOKF- Mo B J7 4 T 78.5~98.3 MPa, -3 {H N
84.4 MPa; f/INVKE-HLR T34 T 74.1~93.7 MPa, -1
{68 79.7 MPa, 2) 7 FICR[FEINIFS A AT, 4
B 6 TINS5 55 52 bRk S Hu R ) e o2, fe KR
T /N KT A7 BRSF 24 48 35F E 43 LU iR 25 (MAPE) 4353
M 1.39%0F0 1.76%0 5 414 2 BITRISCR e 22, ekl
e/ INIKF- 1l 1S 7 8- 2 46 56 4 HL iR 22 (MAPE) 43 3
H 4.26% 1 4.33%, 3) A G 4~7 BTN ASCR B WAL T
HE 1~3; WA 3 BNAE 4, TERIN T AMEDFAER
MASEZIE, WRERIR N, SRR KE
LR T WS-8 X6 43 Fu iR 22 (MAPE) 5351 i 38.48%0
1 40.93%0 &2 10.37%0A1 11.35%0, ULPHAEREIN T #b
PP, B ) BT 0 N ) B OCEME B, 4
Bogh T AME D 7 RIAEE; 5 — T, #MEhTH
TR A A WFLBREE, X2 FLERE Sbs Uk, 1
KT HR 1 S5 LB 1 R R %Y

T AL 2 ) BLALHE S B 8 S Ak T T XL
T 53z et g Bfy S22 ), AR o2 e
RS HU L R o B A 2 ) R R L Rk
BN F R R, FIHMAEE R BEL
R AL A5 A XA R AT AR O, SRt
BRI MRS SRR =R B S B E N &

S (A 2R AT HOG B PERE ARG RE IR, IbAh, &
FWREAK T SO R IR T, BRI 9 B R/ AE
BRI RZ ATV . HX 2R RS E W,
e SR SR K R S HAERS, it

Table 1 Evaluation indices of horizontal in-situ stresses prediction for X—2 well under different parameter combinations

2E% B A RMSE/MPa MAE/MPa MAPE/%o

WiE:" on oy O On On O
HE1 TVD 2.23 2.12 1.45 1.32 17.32 15.26
&2 TVD, CAL 4.22 4.15 3.74 3.68 42.56 43.30
HE& 3 TVD, CAL, DEN 3.84 3.95 3.37 3.47 38.48 40.93
H& 4 TVD, CAL, DEN, CNL 1.22 1.27 0.89 0.96 10.37 11.35
H& 5  TVD, CAL, DEN, CNL, GR 0.85 0.83 0.66 0.61 7.76 7.07
A4 6 TVD, CAL, DEN, CNL, GR, DTC 0.19 0.29 0.12 0.15 1.39 1.76
047  TVD, CAL, DEN, CNL, GR, DTC, DTS 0.61 0.66 0.47 0.53 5.59 6.21
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Fig. 9 Comparison of prediction results of maximum and minimum horizontal in-situ stress in X-2 well before and after

hyperparameter optimization under different parameter combinations
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HEHH S BRI
TE 2k "R AR BN RMSE/MPa MAE/MPa MAPE/%o
A B C D on oy on oy, oy Oy,
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Fig. 10 Comparison of prediction errors in different experimental schemes
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