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Nitrogen—Foamed Cement Slurry for Mitigating Casing Deformation during Hydraulic
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(1. Sinopec Key Laboratory of Cementing and Completion, Beijing 102200; 2. Sinopec Research Institute of Petroleum
Engineering, Beijing 102200; 3. Zhongyuan Oilfield of Sinopec, Puyang 457001)

Abstract: During the multi—stage volumetric fracturing of shale gas horizontal wells, the problem of casing deformation severely restricts the
efficient development of shale gas. Specifically, the casing deformation rate in major blocks of the Sichuan Basin in China exceeds 20%;
among 43 drilled wells in the Baima Block of the Fuling Shale Gas Field, 11 have suffered casing damage (with a casing deformation rate of
26%); and the casing deformation rate in the Duvernay Shale Gas Field in North America reaches 47%. This issue often leads to the failure of
bridge plug setting. This study aims to develop a cementing technology based on nitrogen—injected foam cement slurry, which enhances the
deformation capacity of the cement sheath to alleviate the effect of formation shear slip on the casing, thereby effectively preventing and
controlling casing deformation induced by fracturing. A three—dimensional mechanical model of "sliding fracture—cement sheath—casing"
(including key parameters of the casing, cement sheath, and formation rock) was established using FLAC3D, and the relationship between the
elastic modulus of the cement sheath and casing deformation was analyzed via numerical simulation. Mechanical property tests of foamed

cement stone were conducted, and the results showed that the maximum compressive deformation capacity of foamed cement stone reaches
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54%, far exceeding the 3%-5% of conventional cement stone; moreover, its elastic modulus can be adjusted by controlling the nitrogen
injection amount. Combined with downhole working conditions (such as the certainty of casing deformation risk locations and lost circulation
risk), four casing deformation prevention and control cementing processes were designed, namely the full horizontal section integrated type,
interval type, targeted type, and full wellbore variable density type. Field tests were subsequently carried out in the Baima Block of the
Fuling Shale Gas Field. The research results indicate that when the elastic modulus of the cement sheath decreases from 10 GPa to 0.5 GPa,
the casing shear deformation is reduced by 80%; when it decreases to 0.01 GPa, the impact of 35 mm formation slip on the casing is
negligible. The maximum compressive deformation capacity of foamed cement stone is 54%, much higher than the 3%-5% of conventional
cement stone, and its elastic modulus can be regulated by the nitrogen injection amount. For the 6 test wells, the excellent rate of cementing
quality logging all exceeded 90%, and the excellent rate of the horizontal section in some wells exceeded 96%. No casing deformation
occurred after fracturing, which is in sharp contrast to the 26% casing deformation rate of wells cemented with conventional cement slurry in
the same block. Well Jiaoye X5HF has been in normal production for 1 year after fracturing, with a daily gas production of 4.6x10* m* and no
annular pressure. In conclusion, the nitrogen—injected foam cement slurry cementing technology significantly reduces the impact of formation
shear slip on the casing through the buffering effect of the flexible cement sheath. The four processes are suitable for different working
conditions, solving the problem that conventional technologies struggle to balance sealing performance and deformation buffering. It provides
an innovative solution for casing deformation prevention and control in shale gas wells under complex geological conditions, with broad
application prospects. However, when the formation slip amount exceeds 45 mm, it is necessary to combine measures such as increasing the
casing wall thickness for joint prevention and mitigation.

Keywords: shale gas; fracturing; casing deformation; foam cement slurry; prevention and mitigation
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Fig. 2 Influence of cement ring elastic modulus on casing
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Pl 4 00 2t T 3 S XA A B I IR 7E K
W MERZ T, B8 45H A 31N ) 4 i B e
TR BTER KRB Z G AE T T 2 0 XA T
JEIRRAS o FEK e TR SR H R 0.5 GPa [ 0L T, 35
mm [ W7 J2 07 B8 (75 B8 22 1) 245 XS 3 ik AT B8R

A TENLRS = P R BN O 3 22 1) XI5z 3 1 W72 (6 7
IR

K5 25 1 T AR RGBT Z WA 1, AN R K P 2h i
fite TS EE R m K. nT LI A 2WE AR
(ELTE AR SRS el /D S5 A 1 o W S 1) 7 R i



XXXX 4

EXXE XX X% U IFRRE

AT B A TE R R K VeI [ B 5

Q
O
O

b. KPRIASRPERLHES.0 GPa

O
O
O

a. K PEFF PR EE10.0 GPa

Q
O
O

c. KPEFF PR EE 1.5 GPa d. KPEATRPERL 0.5 GPa

K4 TR KPR BRI T B UK TR ) 2 1

Fig. 4 Nephogram of casing and cement ring stress under different elastic moduli of cement ring

10 mm 20 mm 30 mm 40 mm 50 mm

10.0 GPa

5.0 GPa

1.5 GPa

0.5 GPa

2 50

45

40

35
HAE

K5 AEIREEN SR T K JERRPERL X T
OFhRE N

Fig. 5 Displacement nephogram showing the influence of cement

AT R

ring elastic modulus on casing deformation under different fracture

slip displacements

N FERAERE AR AR OL T, W72 B0 5 DI A 2
1o RS BRI, 7K Y R S i = RIS A4S 2 (8] A HE— 1%
F9 o, HSf AR R X — 2RO T AR R R

22 FARFE
22.1 HURE R ERKIR

BUBTE R R K eI MR R A% O 1 7 BUK e v
BRI 53 B R, — 5 T AT 3 R oK e
J&, 05— 5 S O IRk 5 e 4R e e TT L X
TRAZ U I A 122 A 28 A 5O 3k T P, G W e P 2%
BRI B 1Al B3R, SR i I Y T 4 A2 T A%
JO7 58 7K PR FR IR 2 i PR RE , PR Bt [ -

A FR B I T LAY R 515 e AT A
Lo PCHK ERVEIKZ L R GEREFEIE RS, (IR
R IR AR By i ey T R U, R R —
) 16 AR IR [ I R G, il T R PR A 92 B =%

FEOTRLG I I A IR K e, e v T
EAHIFEAIFNIRZ, SR E AR

222 BAKIRMER

Fi B e N BT ER] [ AR A v G K e
12:)(GB/T 19139-2012) HEFEARE: BL il % B 1.88 gf/em’ 1Y H
B KRS ot ) R B K TSR R I AR R
FHPEPERS R 4 Y AN R 25 B v AR S . KIS
FHE 7K : 100%G K Ue+4% B2 K +1% R +2%
FRIFI+38% 17K o KK ISR B AR BT T i =
JEFE4(90°C .10 MPa) ,JE SGIEHATK e A1 o 4% IRFREE SR
SHWGEE SR A A 12 RIS T A ) 25 3 v
WK e IR RS a2 SR an &l 6 e, AT LA 7K e
A7 SRS R B K DR 8 B T

11

—_
(=)
T

IRV FRPERL I /GPa
[\8] [98) B W (o)} ~ o] =}

0.8 09 10 ll 12 13 14 15 16 17 18 19
HHK eI % (g em™

Ko AR YA % B -5 sl i 56 &
Fig. 6 Relationship between density and elastic modulus of foam

cement stone

K e K BE 1 5 Y BHA K ALBR K e A, Z LK
T FEINEAE R T A ST R4 2B RE ). R Lk
W 1.88 glem’ U H ML KR K AT RAFE TS
100 mm , EL A% 50 mm Y [FHE T N, 76 90°C . 10 MPa 1) 55 ik
e KR ERE R 24 48 h G U, 435I % 2 1.88 g/em®
()5 B e A B % BE VB LA T 1.80~0.8 g/em® A IRLTA K
A KRAIEKRAFFE 2T RO L, HER



6 X2, A UR SO R RE AL P2 I TE R UK JeI R

XXXX 4

50 mm {495 3k BF R BAE f N K PR At it g 15 kN

IK VAT AT B A S R AN & 7 Przs o S5 R o W
B E KUK R 4 68 18 3%~5% , il IR 7K e A1 1 e K

55
50
45
40
35
30
25
20
15
10

5

0 1 1 1 1 1 1 1 1 1 1

FRUEAT T TR 1%

08 09 10 1.1 12 13 14 15 16 1.7 18 19

WKV E L (g om™)

a.

JRGiAE T RE I FT A 54% . UK JEFRREMS AT N 4 S
JEAE AT Z ARG B 2 bk ), S0 3 B BT D B A /T
MEELIE .

| kiR |

7 IRV AR S

Fig. 7 Compression test of foam cement stone

223 ETGEEHFILEK

SRS EE AR B T E RS EE AL
RS TR EOR . W B s R R, &
ARV B 5 TR R SR TR A R BRI S (HR
Gt R o M B AR E AR R AR R R R SR
HEE , BH RIRRAEAL T RS, R B DG A R0R
B FEXEARIH T T, ARFETE FOR IR K JE I [ H.

A BEE GREE ARIERE T o BT R KRR B T AN
AR T 2 (1518)

1) /KB R A8 s 45

XoF T AR R ) X3, 7K B AR AU a5 22 HL
To vk 5 FL A AR 07 B P 3 e X AP B e Bk
FIBAREAR P E KPR R . R PR B
HH B b S Bl R U IR K JE PR T LU o [ B Y
5T G B BTV o BRI OK RS S AE A R

2

Vv, e
e

a. KB HGUE PRI T Z

TS
AVA B2

[l

b. AR B R B A T2

B, v
s =

]
I

o MBI T L
Pl 8 DU A LA SR PR PR T T 2 m 2

Fig. 8 Schematic Diagram of Four Different Mechanical Nitrogen Injection Foam Cement Slurry Cementing Processes

d. BRI T



XXXX 4E
EXXE XX

XA A BUA SO RSB IE Bs 122 09 T R AR 3K [ R AR 7

Kl8a I/ o 1ZJT ZE YA KU XS A3 Bt AT A &R B, Bk
KA T PRIEZKF-BOE R KJE K 1 % B RE ), Kol A2 E
REJIANBEBOTHAY R K K IR 2 v BB AR . X T3¢
BEW LR AROR B AR IE BRI DI, 3205 RO A
HiRTAS

2) 4K B ) B X A B

N T RAN K BEE AR B I IR K JE R AT R4 e )
A R Bt 1 R BEE AR R E R . %07 R (A
FER T iR XU 37 BT 12 BT ) e O K B
BRI TR Z IR E AR ORI IR R o o LR
Bl ARSI R 13 A E B UK, S s K JEER A 22 e
ASIERE T s AR S LT 2B A 22 e AR 45055 A T A
RARVEI  PRIRK IS R B RE 1 1 W] iy B i i 22 b )y
BASRES] . %I RKIEH AT S5 I IE] 8b i

3)E K AEZP

T30 2R e P A AR T IR 2 R 1 DX, At e ol
rh X 24 BT 2 U BT, TE R AR SN2 R IR
IR BE 5 TR AR TR K Je 3% 22w sy D) 48, R M
ARRERE ) o HALAL ER T RUK P SR 4 A2 T 1
HOKPRI , i KUK s B AR B RE J1 . %5 Rk e
WAL RN 8c 7w .

4) I BUR B

37 KU, A A R R BB BT )2, [ AR K
Y I 5 RS o A 7 52 3ed 7 42 1 B fd FH L IR K
K, IUHIE G I I BB B AR, BAR T S AN 5] 8d fie

o o 3 B BOE G R IR RK IR B, BRI 2
i B 1 [ R P ARG G 5 2K P BERE TR XU AR, 1
TSRS [ 58 BE VLA K e 3K, 2k T IR K P R A AT T 4
AIERETT , P ek BEE AR P RE S . ATTRER T
A REA A BRI AL BTG A W8 1 A T AL B A
b, ELREORIE 2B 28 K e 2% B 58 ) -

3 Al AR IR P I B AR B 4 H

T DUA ST HRAL T o R A8 B4, 4 1 AR TR 4R
s AN, XHN TR R R R R R R R SRR LR ]
W20 B X W72 . 240 T ) A &, 57 N
FIRAG BV, 448 5 WG i sl . k2023483 H |, 585,
43 L (#™30 1), 11 O R MER , £ %N 26%.
SYMTEE SR R AR Y 3 R R TR 5 S 1 K A%
FEEW R ) o R E RO B P [E 5
ARAERE B2 DU X B XCHe A8 XU X2 FH 6 1, HL
B IR SRAR AR R 2 T R, BLAT 5 A A AR T [
5 e LA O XA 9 R K I8 2 [ HE AR RAIE T
A AR . BATC S R, R
JE ¥R MEE A A, 85 XT3 R
EAR R A BT B R | TR AR By [ AR 2
BAGRRCR WE . BRI T BEIEECE B R 24800 dn
F2WR, T HETEAAN 23 H A A9 £E 51 X4HF FE 50 XSHF
PTG L

*2 ERUESHERETER
Table 2 Casing deformation data of fuling shale gas wells during fracturing
I IR 9 e £ £ETH T e
FETIXIHF HHIK RS R 53~63 IRFBL i 2 8 BH B
FE T X2HF HHIK RS R 66~86 KB W € BH. B
FETTX3HF H KU th~{l 69~91 VB W BB Ei e
FETTX4HF K e M 59~82 KEA: / /
FETUXSHF TR KIS s 73~94 KEA: / /
FETUX6HF TR KIS M 71~88 KEA: / /
FEVUXTHF TR KRS N 65~90 REA: / /
FETUXSHF TR [N 58~86 KEA: / /
FEVTXOHF TR RS e 62~84 KEA: / /

41 FETIX4HF #

A PAb IR 2 101 I R 2 R v B T A AR
TEII, BA S48 AA e R B G il . Bl A,
TG T, SRIF R AT S BUE S 7, BERAK
FRRERE  EBRE K AHIHB 3 173~3287 m,
3612~3 709 m {37 F-IH FEIE L P, TR0 538 21 A A AT M

JZ R RE D) 58 HAI S RO B AR I AL, IR T
[ it T AR s R U . PRI, AR 200~1 500 m R
WA 25 BEATIE 1 500~1 800 m % FH I ARG 25 i vh a2
(FE < 10%) , 1 800~4 700 m R HEAL IR B (72
A 40%) , AT BLE iR B 92% , HL 7K B [
F A % 98.6% (€1 9) o [A] X HLAR 745 ™ 1, [m] -
BEETTTITHF R H UK JEI B3 o Horb 2 P R



XXXX 4F
XX

5 XX

Bty e e

19 FE T XAHF AR 7B i il 2k
Fig. 9 Cementing quality curve of partial section of Well JY-X4HF

A PR A R AR P 2E T G R TR 7R R K e
IS BT A FAGE B, i S 2y, B ZE MU i 1 18
BHLAL WLTATK VI BB B Aa A2 AT DL, 2Rl
R . AT R RK IR EL R B FHAg T
BBy A SRR AR NI ) .

4.2 FETUIX5HF #

AIE = FFEGHEZE 3 387.26 m .4 812.49 m.5 535.16 m
KAV, R R T HZ R ERE 55, B8

SRR 5 o T BRI BT 1.35 glem® WK K PRI B 11 [
TR . AKVBOR IR OK KT EAR . IR
2 400~4 080 m F BE K FH 40% 78 /< I TR B B4 K U8
4,4 080~4 600 m K 30% 7o IR K IeHK , 4 600~
5500 mRKH 15% s abifiR I . [EIFiE TIEH , AKF
B B A TR 96.8% , WAL 10, 24t TR, 24
AR OR M EE AN, K25 E R A 14, H
PR 4.6X10% m? , P2 ToAk R AR O, 1 0T TR 2 AR B 42 [
B AR R BR8] -

| i / e P o ! - i
RS A s e s SR SR IR m e S Y A S S AN ST S

B0 MEUUXSHE 7 BEE i 2k
Fig. 10 Cementing quality curve of partial section of Well JY-X5HF
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