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Fig.1 Wellbore model and computational model grids
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Fig. 2 Distribution of initial porosity, permeability and elastic modulus from different models

12 REMRAERE

CO, AR JZ R T BOR M [ AR 2 TR AR A
Biot PG HE 37 1 [ (AR T8 AL B K ) 97 B 8] A9 56
F o IR RUE 2 AL B RN R 4% 16 [R] 1 Y 34t
YA 5T, AT S 2 sk /NASTE | VR AR U 8l e A s G S

AN RS Ty s ), I HBAAL ) i) P Z2LAY ST
FATTAROK B H AR AR S T AR AR A R
FLIEBIAS A AT Tk 7 R,

Oe

vol

B ()

P _yllky |0 _
PS5, (ﬂde =0, —pia



94 TRER2ESH AR

%57 %

S=0x:+ W (3)
d
_ 2G(1+v)

Ky= 31-20) (4)

K2~ () p TAREL S F KR E p LI
Ji 3 (Y75 JEPIRTE S, /Ny AR I 1R s 7 )
TRANBEF-HIMED) e IS I], V o Nabla 881 k W8 2%,
g HBNTIREEE , O R, 0 0 LB R BL 6, AARTR L
AR, 0 FIFLBRIE e A A R A8 R R, K A R BURR, G
BT, 0 AR L o

XEFRAAIE Iy T R -

V(e'—apl) + F=0 (5)

X, e A RON ST 5K R B , F AR

XL AR AR T , 1505 R ANAL B B I M A
KA S HUR Ry REEA A

9=a+(00—a)exp(—A0°ff) (6)

Ky
o g=(0,+0,+0;)3+ap (7)
k=k, (0/6,)" (8)

K (6) ~ (8) H1: 0 Fll key 53 AW UG LB BE R U8 i
B Ao e WA T 0, 2R B s 0, 00 Bl oy 23000
3T I B FEIE T 5 m AR T A P B ) I e 2N R
X HI =3 J18Y 7 I B AR R I, AR R 1
1.3 BHEERER

7% J& G AL CO, T AR BUK 2 il 72, i % 2tk
JrRE Al UG E

a(Hg?si) ZV'(PﬁIZTVPi) (9)

AP AR AT U w R nw, 43 1) 2R T A A
JKO) FEE SR AR A GBI #L CO, ) 55 AR ANE s k.2
AXTB %R 1% BLR ] Brooks—Corey #5753 il A AH X
BERMEBE S,

3+%
km:(sw—srw) (10)
I =S 1w =Sy
2 I+%
k.= ~ Sow " Smw 1— CSw TS (11)
1_Slrnw_srw 1_Smw_srw
_1
S, —S 4
_ W %w 12
Pe p“(l—smw—sm) (12)

K (10)~(12) 5, k,y, s, Fils,, S0 B AR T AR AR R AF
BER MM RGRAAOIEE k5, A, 20 0
TR ATAR AR M ARG 4 1L
B A%, p MBI p o W BAIEATE S . CO, %)
HAARMLAIEE R 0,5,=0.2,5,,,=0,4=2 ,p,=0.02 MPa',

£ CO, T AT FR Y JARFL IR I3 38 - S 44
AT 7= e N RAE R LR ), T CO, is
X Z B LR T B T LIRS R, s
T HARB T R AR AR A 2 A R TR
COMSOL Multiphysics #1758 248 G 3K fif . R FH )
P Z LA AL 3 R Ve e A 2 . 2
FLAv B AR 33 FNIR VY E AR A THEE CO, I8 78 1Tk v
SEFRIE AR ) A5 CO, TEAT R B S48 kAl
AN o LI B AR AN FH R B0 SC AR TS T EA T 1 )
S TR R 4 d

Xy A A RN JEC T A R S 4 A IR
R S UR G TR S UE T Y E N ISR & )
30 MPa, B U JE) 15 O T sh i B, 3282 R AL
R AR TR X FH i 1 B ) A 405 , e I e AN A 1 1 0 o A
RIS SR = AIE IS R 43 (L 1), AS 250
292.7 A N2 A A SR PEIR Z 18] % e Ry H A 3%
AL R AR ST I AR UE TSR B L T R TR
J2 AT R A, CO, 1 A B 3B e )2
AFIKIEIRSE FAL A BRI ATKIEFE
1.4 FEHGITEE

N T M AETE G R K TR BRANGE 2 A kA
BT AT REVE | 33 HLR PR 2 A SR8 DU R AT VA,
AU PREANT -

=03+ Ap e ) - % (01 +Apyen) +

2cos ¢ (13)

“1- sin ¢
K, w R, ¢ W EESM , c NECER T,
Ap o TR ALBE T p oy PIAEAE o R BLAEL w=0 i 5
Fy>0 RIRFE , T <0 FRINAT RGN,y (BB
3 AR R

2 EMWMEZREDH

2.1 EEEE CO,ERBEIEmLE]

TESY BRI R B X CO, 35 B ML SR B, 14 5640
RIS TR 7 AN [ Bisf 220525 R 7 1 C O, 10 T RE F) 3 A
R, A R34 2 BN R 3 B 7R oS4 R T p,o 5
KT

0,—0;

03— 0}

DPaver =Sw P+ S nw P (14)
K, poo WET SRR 5 SR, p, h
MR AR T, p, R AR SR AR A 7 o )R] 26 4
550.5.2.0 f14.0 d. & 3 AT LA BL, CO, M AN S Aii 5
SIS A A FEAR—E T CO, TE AR R /R,
KA FLBR 3 57 FH T4k, FLFS 1) DU ) 7 R0 28 457 ik
/N =0.5 AT S IO R 12846 R 5 MPa, BERT , i



555 4]

ik B, 5 COEAS IR M AR S/ X H M BT 95

PRI S E 2T RGN 25 =4.0 d I, SR R 2 TR
TIZEARIEFN 15 MPa, [ 1§ B AR AROR, 1 S Ak i
F 3 A= WA R LU LIS CO, iz B8 — 2 R
2B R AR AL R TR LB AR B Bk
L2 X FLH AN CO, 10N EE 73 Afi 1 S — 5 2 W) o AE Y
A 5, CO, M AIEE £E0) o BE A B 20 B A AR
Y L1030, I P B CO, M AN B ey o Bl AN BT I,
CO, 18 I3 A5 B Wi ke T3 50 (RS2 A A 7 A AR S

A3.50

3.45
340 o
ay
3355
330 =
325 1
3.20
3.15

v3.11

A0.6

0.6
0.5
0.4 :%(
03 &
0.2
0.1

0
Yo

(a)1=0.5d

J T 53 HrAR IR E X CO, 8 B S , ek
(1) Ak =4.0 dBF CO, MR EE FIFL R HEA T4 B, 45
P 4 171 o [ 4 h 25 R0 . 1=4.0 d IR CO, is AT il 32
BLAZ B A2 LB RN o B 3R ek
IZE (O R.E.O.k) FISEEX N R G 5 (#1 #2.
#3), U1 O—#1 s QBURETRI#1 155 WAEL . W 1 HE AT
FEENT CO, B B2 JLF-v] LA 20 o R T2 18 1 it
FRAVER N 7 e 3 Bl o MO AR TE B FLER KN, T

0.8

©

(b) =2.0d
3 HERARERZIFEFLBRE 5 CO,EME S H = E

Fig. 3 Distribution of average pore pressure and CO, saturation of benchmark model at different time
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Study on Wellbore Damage Caused by CO, Injection—Induced Hydromechanical Coupling
ZHANG Yao'?, LI Xiaying"”, LI 0i"*", MA Jiyuan'?, ZHONG Yiyan'?, CHEN Bowen'”

(1.State Key Laboratory of Geomechanics and Geotechnical Engineering, Institute of Rock and Soil Mechanics, Chinese Academy of Sciences,
Wuhan 430071, China;2.University of Chinese Academy of Sciences, Beijing 100049, China)
Abstract:

Objective Wellbores can be damaged due to multiphysical coupling during geological CO, storage in deep saline aquifers, which compromises
wellbore integrity and creates potential leakage pathways for CO,. This study proposes a fully coupled hydromechanical model to simulate the
two-phase flow of brine and CO, near the wellbore and to investigate the mechanical responses of the reservoir rock and cement sheath.

Methods The wellbore structure in the model consisted of casing, a cement sheath, and the surrounding reservoir rock. The reservoir was consid-
ered a saturated, homogeneous, isotropic elastic medium, with deformation characterized as small, linear elastic deformation. Pore pressure diffu-
sion was governed by the Biot storage model, while the two-phase flow for brine and CO, was described by Darcy’s law and the Brooks—Corey
model. Since pore pressure increase led to wellbore damage during CO, injection, the indirect variation in reservoir porosity and permeability was
also considered, showing a correlation with changes in average effective stress. The mechanical response and pore pressure variation were fully
coupled, and the Coulomb failure criterion was utilized to evaluate the damage risk of both the reservoir rock and the cement sheath. It was found
that damage to the cement sheath depended on its inherent properties, the surrounding stress state, and changes in pore pressure. Therefore, the ef-
fects of initial porosity, permeability, and elastic modulus of the reservoir rock, as well as the stress ratio and injection rate, on CO, migration and
damage to the wellbore and reservoir rock were analyzed. The initial porosity and permeability of the reservoir rock were described using the
Weibull distribution.

Results and Discussions The influence of various factors on CO, migration and damage to the wellbore and reservoir rock was examined. Analy-
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ses of the benchmark model showed that CO, saturation and average pressure distributions were closely related, with the highest pore pressure oc-
curring near the injection well. Pore pressure changed significantly from 0.5 to 4.0 days, with maximum average pressure changes initially reach-
ing 5 MPa and increasing up to 15 MPa as the pore pressure diffused. This increase reflected the influence of boundary conditions on the migra-
tion of CO,. Heterogeneity in reservoir porosity and permeability significantly affected distributions of both pore pressure and CO,. Initial CO,
saturation exhibited a distinctly nonuniform pattern. As CO, migrated, its distribution became more uniform but still depended on variations in po-
rosity and permeability. Previous field simulations indicated that reservoir heterogeneity and the presence of fractures can significantly alter CO,
migration patterns. For the wellbore model, despite boundary constraints limiting further pressure diffusion, heterogeneity impacted CO, migra-
tion and pore pressure distribution, influencing potential damage to the wellbore and surrounding areas. It was found that the injection rate, reser-
voir porosity, and permeability controlled CO, migration, with the stress ratio and elastic modulus being largely negligible, as indicated by analyz-
ing CO, saturation and pore pressure at 4 days. In cases of low porosity and permeability, a higher injection pressure was required, resulting in
greater CO, saturation and extended migration distances, though excessive pressure posed a risk of fracturing. Since CO, migration was linked to
pore pressure diffusion, pressure-induced damage was mainly influenced by injection rate and changes in reservoir characteristics. Damage to the
reservoir rock was attributed to increased porosity and permeability resulting from CO, injection, as well as mechanical damage at the cement
sheath interface. Analysis showed that porosity changes induced by effective stress variation ranged between 0 and 0.001. Permeability changes
reached up to 0.03 mD and were even higher locally, with local increments reaching up to 0.06 mD. The Coulomb failure criterion indicated vary-
ing degrees of damage under different conditions. Scenarios such as low injection rate and high permeability delayed damage onset beyond 1 day,
while low permeability or high injection rates accelerated damage, potentially fracturing the rocks. Damage initially appeared as point damage,
potentially evolving into surface damage with continuous injection, occurring at the reservoir-cement sheath interface. The integrity of the cement
sheath depended on its properties, the surrounding stress conditions, and variations in pore pressure. For high CO, injection volumes, increasing
the reservoir’s porosity and permeability reduced pressure buildup. Visual analysis revealed damage at the interface between the cement sheath
and the casing. Nonuniform changes in the Coulomb failure criterion at these interfaces, influenced by heterogeneity in reservoir rock properties,
can result in radial cracks within the cement sheath.

Conclusions This study employs a two-phase hydromechanical coupling model to assess the impact of multiple factors on wellbore and surround-
ing rock damage caused by CO, injection. The findings indicate that CO, migration is aligned with pore pressure diffusion, resulting in both com-
pression and expansion of internal pores. Although reservoir heterogeneity influences CO, migration, the injection rate and initial permeability
play a more critical role in determining CO, flow and pore pressure distribution. Damage typically occurs at the reservoir-cement sheath interface
and the cement-casing interface. Reducing injection rates and increasing reservoir permeability can help mitigate damage to reservoir rocks and
the cement sheath. The elastic modulus and stress ratio have limited influence on damage. As the damage evolves from point to surface, enhanc-
ing permeability in low-permeability reservoirs is recommended to sustain high CO, injection rates and reduce the risk of cement sheath failure.

Key words: hydromechanical coupling; two-phase flow; wellbore damage; CO, injection; cement sheath failure; heterogeneity
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