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Abstract Efficient development of shale oil and gas in China relies on factory operations and large-scale fracturing technology.
Large-scale fracturing of shale oil and gas requires a long time and numerous equipment and facilities, with frequent and severe
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incidents of fracturing sand blockage. The research on early warning research in these incidents is crucial for the safety of shale
oil and gas fracturing operations. However, the effective methods for analyzing the main control factors of fracturing sand block-
age and predicting the pump pressure during operations are lacked. To study this issue, considering the fracturing mechanism and
pump pressure variation characteristics, a method for real-time prediction of pump pressure during fracturing operations has been
established to conduct sand blockage early warning research here.

First, a fracturing simulator was used to simulate the entire process of pump pressure changes during fracturing. By altering
different fluid properties and formation parameters, the main control factors of pump pressure variation were analyzed, and
the grey correlation analysis method was used to rank these factors. Secondly, based on fracture mechanics, proppant transport
theory, and the Long Short-Term Memory (LSTM) neural network model, a framework and model for predicting pump pressure
during operations was established, forming a method for early warning of fracturing sand blockage under the integration of
mechanism and intelligence. Finally, the early warning method for sand blockage was applied to actual field fracturing opera-
tions.

Results indicate that the factors affecting the pump pressure of a typical well, from most to least significant, are discharge
rate, fluid viscosity, differential principal stress, sand concentration, number of fracture clusters, and number of perforations.
When other parameters remain constant, as fluid viscosity, differential principal stress, and discharge rate increase, the pump
pressure increases; as the number of fracture clusters, perforations, and sand concentration increase, the pump pressure decreases.
This method can be used for the identification and early warning of fracturing sand blockage incidents in the actual field oper-
ations, which is 19 seconds earlier than on-site manual identification, with a relative error of about 6.8%. The predicted pump

pressure is friendly matched with the actual field one, which is helpful in accurate early warning of fracturing sand blockage.
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Fig.1 The 2D boundary diagram with crack geometry
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Table 1 Summary of basic model parameters

BE 2R /m JRJZTREE /m e KN 71 /MPa T KA /GPa MEL /N4

1 478.5 506.5 30 14.7 0.24

2 506.5 563.0 30 14.7 0.24

3 563.0 753.5 30 14.7 0.24

4 753.5 946.0 30 14.7 0.24

5 946.0 1120.0 30 25.4 0.17

6 1120.0 1450.5 30 254 0.17

7 1450.5 1650.0 30 25.4 0.17
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Fig. 13 Grey correlation analysis diagram of factors affecting pump pressure
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Table 2 Gray correlation degree ranking table

Eil350 SR TRAO SRR S
1 HEi 0.858

2 TARREE 0.853

3 ESVVIE= 0.834

4 e B 0.767

5 ZUBERER 0.749

6 FLHR %% 0.719
=3 WABH
Table 3 Input parameters
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Table S Model evaluation parameters
B g MSE MAE RE/%
Pl S 37.60 3.78 5.52
M AE 43.73 4.87 6.81




PR AN BER 5 T T 25 TR 10 S S 601

4 Wbt AR BT, 78 20 749 MR EA TR

— REfE 13k, B B e (P [ N2 ), TFRAT

B (HFRE RS E — BOT )R o %), TR A2y

s N2 DA, BRI B4R TR

& MG TR, PREERIRARE, MR R

5 ' Ty QUIEDH. BR, BT, R

7 J AR R 1Tt TR 9C R 2 T

°T JEINBDRE . ()RPSERIA . DS I B T I

W2, RIUME TR A%, 3k 6. B R

W, 0t T 8 R R e JRE AN v EL D S I s i 4 250

19(1500 . 192300 . 20 600 ‘ 20 I200 ‘ 20 :100 I 20 l600 . 20 EISOO fj], iﬁ%ﬂﬁ%ﬁ@lﬂxﬁ’ mﬁg%m?g%i?iﬁugi&

B i8l/s JEVERCEEAN R, 7T 8 FH/IVRAR (4 TR RS 45 . 00 58

R ———— TS5 B RS AR A, SEBL T TR RS W %%

Fig. 24 Diagram of the slope change for predicted pump Wit SCRESERETA SR, alx b B
pressure ST AR TE

500 — 30 —120

—— B TE1/IMPa —— AFFHEE/(m¥/min) iR/ (kg/m?)
I WER L,
- 100 —

400 —

I 20— 80 N

A EbiE

300 L

- - 60 —
200 | i ISBSEEY;i

100 —

oL ok o L | | M ﬂ L | L | L |
18 000 19 000 20 000 21000 22000 23 000 24 000
B isl/s

B 25 EamAERERMEIHEL S 2h)

Fig. 25 Fracturing construction curve for a certain section of a shale oil well (last 2 h)

®6 RYELERWIE
Table 6 Result verification of sand plugging

TS E T R] /s SBRAPIEITR] /s BRI T
ISR BT 5 ey R

20 730 20 749 AR RN T e
OSSR 2 i TR T R [ IRl

B, F A 0 S BEE R A T 4P Ry 1H, R
5 iS5 F Kirchoff 3 — & 1T 5L T T2 &, (FBIC A M
ZFRACBLDRS T HE it it vh 2445 e Im) FR e, 30k
(W FEF W 398, RADDMAI =4 & 1E 17 7 R4ENRIFETY) . W H152 DL T2 i
PR T3 530 T 2 58 2 A E A A 36 1 5 % 0 B B0 437 Q) AT T 35 FRAE AL I (14 52 1) PR 3% fUk o



602

FihBlEER 202445 8 H 45 9B 4 4]

TR AR A5 R 201 T 200 A & AR B, e #il
VR EORHRZ T, #3125 S80S 2 T 22 6] A S
AUTESE -7 W R a5 AU i AE DN ANV
BURYOEHER | MRBEEE . B2 RV R4t
FREC I ALIRE S HAS BN, BEE WK B
TN Sy 2 BRSO, TR RN AN BEAE AL
B, FURRECR R A BERIN, it T2 R R

G T HLELS 3 RE Rl 1D SR RETVE U515,
R HERE L BT R AR B A D9 LSTM Fi s
TR A S, 0 200 T i v ROk 2R TR AT
W, ARERZE 6.8%, HESL AP IR RETUE J5 1% il 5
PR

RPN

(4) 4 2R EE 0 7 ik i T 55 bR, 455 3R
WS RIFEAE 20 730 s BT A AR RDIE TS . Bl T
N, TE20 749 sEELRI LT, BoRAA T RN,
SRS AP AR S R [, RS R A T,
TP EE B [ 3 B N TN ERT 19 so TR R S
MIGHEEFEAWY) G, T T RS 0E, X oL
MR RS R b U A RAF RS L

3. B UT Austin 87 Kamy Sepehrnoori # 3% #¢
FEAEMAF(CER)HRE BB WA RENSH B
R& 34t % [El SimTech /2 & A0 b 3 o 37 4 #3508 IR A 5] 48
BEY % M ZFRAC-RE & 7% % P JE A% 9l — R fb S 1
A LFH,

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

ARAfE, FERUL, FE, & P E USSR . PREL TS (O[] AR S IT &, 2016, 43(2): 166—178. [ZOU C N, DONG D
Z, WANG Y M, et al. Shale gas in China: characteristics, changes and prospects (II) [J]. Petroleum Exploration and Development, 2016,
43(2): 166—178.]

BRSO, BB, Nark, A5 T E DTS SUMHTT At e M R B2 (D). h iR, 2020, 25(01): 31-44[ZHAO W Z, JIAA L,
WEI'Y S, et al. Progress in shale gas exploration in China and prospects for future development[J]. China Petroleum Exploration, 2020,
25(01): 31-44.]

M, KB A, B SR 2t T i ZRHAE 24 S [0 AT 5 TR, 2008(05): 99—102. [XIAO Z H, LIUJ S, CHEN Y G.
Analysis and Application of Fracturing Construction Curve Characteristics [J]. Petroleum Geology and Engineering, 2008 (05): 99—102]
A B K 7 R 2P it Tl 28 T8 A Hr (91, RS A7, 2002(05): 51-53+1. [HUANG Y M. Analysis of the Morphology of
Hydraulic Fracturing with Sand Addition Construction Curve [J]. Henan Petroleum, 2002(05): 51-53+1.]

TR, FRACH, fiERT , A5 . AR e BHL 212 RS i R A B 5 D). PH AR ERS™ T4 , 2010, 22 (8): 72-75. [LIANG S W,
ZHANG Y C, GAO H X, et al. Analysis and countermeasures for fracturing sand plug causes of high - resistivity red - beds in Dongbu
depression[J]. West - China Exploration Engineering, 2010, 22 (8): 72—75.]

RIRAT, BN, A, A5 AR K ) RSN BUE RS (1], AimBlicR 1.2, 2015, 37(02): 85-87. [YU D H, LIANG H B, YU
Xi, et al. Real-time warning system for hydraulic fracturing in Huabei Oilfield [J]. Oil Drilling & Production Technology, 2015, 37(02):
85-87.]

I 2 ShE ), RBAEAS, 45, WM K S R Z4Ia0 34 0 B vk (0], Bl AR 5 T2, 2014, 14 (8): 156—159. [HE Z H, MA X F,
XIONG T S, et al. The New Method for Forecast Sand Plug in Hydraulic Fracture Well [J]. Science Technology and Engineering, 2014,
14 (8): 156—159.]

HARERK, SR, BAR, A L BRI TUE R DS RO vk (0], R R, 2020, 30 (9): 108—114. [HU
J Q, ZHANG S S, ZENG R, et al. Early warning method for sand plugging accidents in shale gas fracturing based on deep leaning[J].
China Safety Science Journal, 2020, 30 (9): 108—114.]

B, S, 2R, S v K ) 2 e ST T SIS S ) Ao 2 PR AR ). 2 BT, 2019, 29 (S1): 20-26. [HUANG
P, WEN C, LI Z C, et al. A neural network model for real - time prediction of high - speed railway delays[J]. China Safety Science
Journal, 2019, 29 (S1): 20—26.]

ZHANG P, YANG T, LIU Y N, et al. Feature extraction and prediction of QAR data based on CNN - LSTM[J]. Application Research of
Computers, 2019, 36 (10): 2 958—2 961.

WANG J, WANG F, WANG J, et al. Financial time series prediction using elman recurrent random neural networks[J]. Computational
Intelligence and Neuroscience, 2016

K. HET DL 2K 1 Bl AR SR S OB A SN XUB PG T 2005 (D). bt A A (dEst), 2019. [ZHANG
X. Research on Real-time risk assessment method for shale gas fracturing operation and key equipment based on Bayesian Network[D].
Beijing: China University of Petroleum (Beijing), 2019]

TRBHFE . [ A R SRR HE AR K38 [M]. dbat s Al Tolk ik, 2001: 223-239, 449—-465[ZHANG Y C. Analysis of the
technical level of domestic and foreign oil drilling and production equipment [M]. Beijing: Petroleum Industry Press, 2001: 223-239,



PR AN BER 5 T T 25 TR 10 S S 603

[14]

[15]

[16]

[17]

(18]

[19]
[20]

[21]
[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

449-465]

MRER, 25l 4T . TR AL T R385 R G0 FH [T]. WM B A, 2018, 8 (10): 84—86. [CHEN L, LI P X. Application of remote
command system for fracturing and acidification construction[J]. Internet of Things Technologies, 2018, 8 (10): 84—86.]

WU K, JON E. OLSON. Simultaneous multifracture treatments: Fully coupled fluid flow and fracture mechanics for horizontal wells[J].
SPE Journal, 2015, 20 (2): 337—346.

JON E. OLSON, WU K. Sequential versus simultaneous multi-zone fracturing in horizontal wells: Insights from a non-planar, multifrac
numerical model[C]. Presented at the SPE Hydraulic Fracturing Technology Conference, The Woodlands, Texas, 6-8 February. SPE
152602—-MS. 2012.

JON E. OLSON. Predicting fracture swarms—The influence of subcritical crack growth and the crack-tip process zone on joint spacing
in rock[J]. Geological Society, London, Special Publications, 2004, 231(1): 73—88.

CROUCH S L. Solution of plane elasticity problems by the displacement discontinuity method[J]. International J. Numerical Methods in
Eng. 1976, 10: 301-343.

ERDOGAN F, SIH G C. On the crack extension in plates under plane loading and transverse shear[J]. J. Basic Eng. 1963, 519-527.
CROUCH S L. Solution of Plane Elasticity Problems by the Displacement Discontinuity Method[J]. International J. Numerical Methods
in Eng. 1976, 10: 301-343.

VALKO P AND ECONOMIDES M J. Hydraulic fracture mechanics{M]. New York: John Wiley & Sons, 1995.

ELBEL J L, PIGGOTT A R, MACK M G. Numerical Modeling of multilayer fracture treatments[C]. Presented at the SPE Permian
Basin Oil and Gas Recovery Conference, Midland, Texas, 1992, 18-20 March.

SRR, Erim, XIben, & 2 A4EE R SRS RSB B U EEASL (0], AR A i (A AREBL AR, 2022, 46(03): 89—
95.[GUO TK, GONGY Z, LIU X Q, et al. Numerical simulation of proppant migration and placement in complex fractures [J]. Journal
of China University of Petroleum (Natural Science Edition), 2022, 46 (03): 89—95.]

ZHOU ZY, KUANG S B, CHU K W, et al. Discreteparticle simulation of particle-fluid flow: model formulations and their applicabili—
ty[J]. Journal of Fluid Mechanics, 2010, 661: 482—510

HOCHREITER S, SCHMIDHUBER J. Long short-term memory[J]. Neural computation, 1997, 9(8): 1735—1780.

SHOU, K. J. A high order three-dimensional displacement discontinuity method with application to bonded half-space problems[D].
University of Minnesota, Minnesota, 1993.

I, SR, RIGE, S5 N )6 e T RIK D) a2 e I E ST (3], A 1%, 2016, 37(S2): 216—-222[MA G, ZHANG F,
LIU X, et al. Experimental study of impact of crustal stress on fracture pressure and hydraulic fracture [J]. Rock and Soil Mechanics,
2016, 37(S2):216—222.]

SRAET, FLYEAS, AR B TR SIHIE (/N R i R A i 4 R AT (3] il URGEAN 5T %, 2017, 7(05): 32-37. [ZHANG
JN, KONG W J, ZHOU J, et al. Study on main controlling factors of small fault block reservoir based on grey relation degree theory[J].
Reservoir Evaluation And Development, 2017, 7(05): 32—-37.]

AEIE . KRGS [M]. BRI FEP BT R2= i RAE, 1990. [DENG J L. Grey system theory tutorial[M]. Wuhan: Huazhong
University of Technology Press, 1990.]

(%% SHE



