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Abstract

To address the insufficient toughness evaluation of cement sheath and the lack of basis for material
parameter optimization under high in-situ stress and high internal pressure in ultra-deep oil shale
formations, a numerical model of the cement sheath was established based on ABAQUS. The concrete
damaged plasticity (CDP) constitutive model was adopted to describe the nonlinear mechanical be-
havior of the cement sheath. Six parameter combinations with elastic moduli ranging from 5 to 30 GPa
and Poisson’s ratios ranging from 0.16 to 0.28 were systematically studied, focusing on stress distri-
bution and hoop stress-strain full curves. Material parameters were optimized using peak stress,
toughness index, residual strength, and softening behavior as evaluation indicators. The results show
that the synergistic effect of low elastic modulus and high Poisson’s ratio can significantly improve the
mechanical toughness of the cement sheath. Group A2 (elastic modulus of 5 GPa and Poisson’s ratio of
0.26) exhibits the best comprehensive performance, with the highest toughness index reaching 3.58
M]/m3, which is 27.4% higher than that of Group A3 (elastic modulus of 15 GPa and Poisson’s ratio of
0.16), and a gentle softening stage. Compared with the conventional Group A3, the circumferential
fluctuation of hoop stress on the inner wall is reduced, and the stress concentration at the critical
point is effectively alleviated. The optimized parameters are consistent with the achievable range of
existing elastic-tough cement slurry formulations, demonstrating engineering conversion feasibility.
It is recommended that the cement sheath in ultra-deep oil shale formations adopt tough material
parameters with low elastic modulus and high Poisson’s ratio, which can reduce stress concentration
on the inner wall and delay crack initiation and propagation under high in-situ stress and high inter-
nal pressure, thereby ensuring the long-term sealing integrity of the cement sheath.
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Figure 1. Geometric model of the wellbore assembly
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Table 1. Reference table of materials for the wellbore model

=1 AEREMNESER

!

IR AR B /Gpa ELVN =4 2 R/ (kg-m3)
= 205 0.3 7800
2 40 0.28 2160

DOI: 10.12677/me.2026.144107 1080 ol TAE


https://doi.org/10.12677/me.2026.144107

ENES

3.2. FHgRE

1) RiJ) - MAEKR R
CDP HAIFEA RN 73 (Bl it iR A4 R st SR e N, FE 38 e A B 401407 DR SR AE A BE I BT AR Ak o LAl
FEGiFIRAR N B RS - AR FR 453 5 A
O, = (1_dc)E0 (gc _‘Ecpl ) (1)
o =(1-d,)Ey (5 -&") )
B2viE e AANIYe A i 7 D B R E AL ) S I =M e S A e et S TN W5 7 | R e S A LR A P R
BUETE RN 0 MPREER)E 1 (MRS SR 6, « g AN EgE AR RNAS; &ML & 40 BN E 6 Fl
P S5 OB I AT
2) Jet R DU
1% 8 A R OE L 5INAS [F] R A A, AT (B ISl A REEE R AR A0 e 4 /R F R 1 22 e B, HLAEA L

82 A3 2% ] R K O
F o {a-30m4 (") (GG (32) 0 ®
. _ (O-bo/o-co)_l _Ec (gcpl) _3(1—KC)
ﬂ:EP (Z—W,OS(ZSO.5y ﬁ:o_-t(gcpl)(l_a)_(l+a)’ Y= ZKC_]_ o

A G Mises 81, pREREKESN; 6, WRKERERS; &« & 5 BaE RS
NI 0y )00 FIWIUESERUAIEAR JE MRS 7755 Sl e 46 JoE RS, T3 2 L s K R 265 46 771
&L NN EEZ W o RIS RS0 R IR PSRN B 328 b S e e e T e 2 AR PR s A
y P JE RIE 7E A P _EOTER . () 9 Macaulay $55, AR RCNIEMERIE S, NHENRE.

3) WAk

CDP BALR FH AR R BhIE N, #8135 R £ X Drucker-Prager AU ek 2% X

G= \/(gatO tan c,z/)2 +0° - ptany 4)

b w NETAKA, RACMEHESTUIE A T BB AR, XK TR A EL 15°~20°; oy 9 SRR (U4l
A3, MPas & JyfiiCoe, FALSEYESS ok HoE I L 4 iR, ASCHERIME 0.1, SRR RIBGREhE
YO £ e SCAE 388 G SRR B2 WAE R R AR o i T A BRI AR, 28 AR 0 BE AT K e A RSB

S
3.3. HELFEH

TERERIE TOLT, KRR SZ s N ) 588N R EEEH . AR EMEISEO K 56
PERISE M, AR IREE T R 13508, AN i AR BRI RS & 280N . 55T ABAQUS 4 a7
AR, 3 I 52 WG U /7 IR AU = (A UM 77 (128 MPa), FE B8 A BE it fin s 4 VE4E A 1 (154 MPay) .
FERR RS B BUERA A, =N ) 58 N R 70 A 128 MPa #1154 MPa. iZHUE LU /) 120
MPa %O TR, IS5 A b oA i, 8 T AR PR f 2 A e AR se R U S A i e o AR %
LR SR FH 4 B b (Tie) 2 XA S5 &, Bk C3D #yekl 4y Ak, JLit 28,470 . HIBUE L
BRI A G R LT R B ] 2 BT

DOI: 10.12677/me.2026.144107 1081 ol TAE


https://doi.org/10.12677/me.2026.144107

RIS A

Figure 2. Numerical simulation model of the wellbore assembly
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Table 2. Parameter combinations for calculation schemes
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Figure 3. Stress-strain curves for different Poisson’s ratios at E = 5 GPa
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Figure 4. Stress-strain curves for different Poisson’s ratios at E = 15 GPa
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Figure 5. Stress-strain curves for different Poisson’s ratios at E = 30 GPa
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Table 3. Mechanical performance indicators of cement sheath under different parameter combinations
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Figure 6. Hoop stress contour
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Figure 7. Angle curve of hoop stress on the inner wall

7. NEEIRER 1A B L

7. &ig

ASCE R Ih DU 2 = N ) 5 m R RS L0, 25T ABAQUS V& T8 MY, R4t
WHFL T #tE A 5~30 GPa. ALl 0.16~0.28 U4 6 S EUL A F/KIEH I Sy M N,  DAE(E R 7]
PITEFRE TR R S TAAT TP TR PR OLE A B 28, JR@E N = B ) 740 A7 it B Be ik T
FEATSEtE. FELERIWT:

1) ZEaxtth 6 7%, A2 )50t a . HPIMHIEEUL 3.58 MIIm®, 5 A3 411 2.98 MI/m® 4 &
2] 20.1%; UWEHIRFIN )N 76 MPa, i 2 TR FRAR L OREE 70 MPa; BRAGEBCTS%, o 7RI
B, R RE IR AR

2) Rz B N BEE ) B 4 iR AR B, AR AR B 5 v v LUl IR P T B e K R B N )
Yo, fElS AT 0 = 90° (Be/NKFHBRL 377 W), A2 AIIEME R 71458 A3 4HIFAKL) 2.2%; A2 44 EE
A1) N A R ENY 5.3 MPa, £ A3 41(11.0 MPa)ft] 48%, 5 30Zefi 1 ARA 5138 7 51 2 (125 il B n
iy, AEARTEIR AR T3 50 oA, AR R0 30 R 75 XU o

3) ik ZH E=5GPa. v =0.26 54 KIS KA o] LI — 8. HHF TR, Berd -
RAE AR R S R 5 5.8 GPa, H5A UG T A —&84%, A& TREENITE. EUGHEER
F I DU M2 B K Ve PR LA B 28, DA s R ) 5 8 9 R AR AR R 3RS s PR 5 B2 (76
MPa). )1 (3.58 MIImM®) K 35 51 N T i AR 45 A PR RE . PRIEK IR IR I B s B, ORI 2R IR I [ 7K
Ve A R BTHHR LB K .

DOI: 10.12677/me.2026.144107 1086 ol TAE


https://doi.org/10.12677/me.2026.144107

ENES

E&WE

TR QB 2RI (B AR - LR R H), 45 2024-BSLH-113.

SE K

(1]
[2]

(3]
(4]
[5]
(6]

[7]
(8]
[9]

[10]
[11]

[12]
[13]
[14]

[15]
[16]

[17]

[18]
[19]

FRIEFE, FRAMENN, BR/NKA, S b B S R B 5 8 [I]. AT, 2019, 40(12): 1519-1530.

WILh, L=, M, & ESEMNETEE KEH-FEHEG SR D]. AR5 Ik, 2015,
42(3): 379-385.

TR, WEZE, AR, & BEARERZ M IR G SR []. A 2EER, 2020, 41(2): 235-243.

& EETE, MY, & SRS RE R IRANE R CO EALE[I]. A aEHE, 2019, 40(2): 232-239.

R 0. T L DXEB R HE B S e e AR PR R A 7S [D]: [ b2 3] R KIT K2, 2023.

BT, B, MSTE, % PER SRR T IESKHR-HES ZHE RGN 0] KR (E
SRBLEERR), 2017, 48(3): 837-843.

MR, M, e, & L 9-5/8" & IKIE M R AT NBUERSUL]. B J1554Rk, 2026, 43(2): 376-
386.

ZUENR, W, R, 6 BT HLE RSN K YR IR B N T s AT AT ). R R, 2024,
52(12): 64-71.

Wi, Edl, B, & ETESH S F KIS A, Al EER, 2025, 46(5): 977-993.

FER. TURSKTIHKIBH SRR PN 7L [D]: [FiL00 18 30]. 65T drE Ak 22k 5T), 2020.

Wu, X., Li, Z., Hou, Z., Liu, J., Huang, S., Su, D., et al. (2024) Analytical Perspectives on Cement Sheath Integrity: A
Comprehensive Review of Theoretical Research. ACS Omega, 9, 17741-17759.
https://doi.org/10.1021/acsomega.4c00475

Wotte, JRTEHE, Gk, S SRATAIE A N TUA SRR S R[], RS Tk, 2020, 40(5): 81-88.
Jﬁogﬁ, MER, TR, % N EREERIA R BRI B B GRS IR [)]. AR Tk, 2020, 40(5): 104-
108.

AR, Bk, xR, % B TEEOKER-HERERMAERNZ ZEEH S MINE S TRNEE]. TR
Y 2£4R, 2018, 39(8): 1824-1832.

XWREE, ZEHE, 2P, & TURSIKERTZEEM ] KRR T, 2017, 37(7): 76-82.

IRARAE, TEAS, AHIT, fF UMK R ROK RIS S Re R TR ). AR ST K, 2022, 49(4): 798-
805.

SRR, RWEE, B EIF, & ETH0 S FLNEZ A TR IR 3 78 B[], A4k, 2020, 41(11):
1425-1433.

WRE R, SELE, S5 EAFHALBOKTR I E B R AUE B TE[T]. T, 2024, 51(2): 252-259.

RFE, VFBRR, REE, F. R4S BRI FE R E KU K S se RS [J). RERR Eham L, 20109,
38(1): 253-258, 264.

DOI: 10.12677/me.2026.144107 1087 ol TAE


https://doi.org/10.12677/me.2026.144107
https://doi.org/10.1021/acsomega.4c00475

	超深井油页岩地层水泥环材料参数优选及井筒完整性评价
	摘  要
	关键词
	Optimization of Cement Sheath Material Parameters and Wellbore Integrity Evaluation for Oil Shale Formation in Ultra-Deep Wells
	Abstract
	Keywords
	1. 引言
	2. 工程概况
	3. 模型建立
	3.1. 井筒材料属性
	3.2. 本构模型
	3.3. 井筒边界条件

	4. 水泥环材料参数优选分析
	4.1. 参数范围
	4.2. 交叉分组方案
	4.3. 应力–应变曲线分析

	5. 参数结果分析
	5.1. 不同应力–应变曲线计算分析
	5.2. 最优参数选择

	6. 结果与分析
	6.1. 应力云图对比
	6.2. 危险点定位

	7. 结论
	基金项目
	参考文献

