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Abstract: Grouting sealing is the most commonly used sealing measure of extraction borehole. Under the influence of
stress disturbance, the cracks sealed by grouting are easy to crack and form secondary air leakage channels. Therefore, it is
proposed to develop grouting sealing materials that can make regenerated cracks self-healing. However, the underground
air environment is complex, especially the crack healing performance of the hole sealing materials depends on the self-
healing products generated after the exchange of materials with the air environment. Therefore, in-depth research on the
influence of different gas environments on the crack healing performance of the hole sealing materials is necessary to im-
prove the ratio of hole sealing materials. It is of great significance to realize long - term sealing of extraction borehole. In
this paper, the fracture self-healing and the generation of repair products of self-healing sealing materials in vacuum, CO,
and air environment were studied. The results showed that the hole sealing material could realize the self-healing of cracks
with a width of 1.82mm in the air environment within 6 days, and the hole sealing material could realize the self-healing of
cracks with a width of 1.51mm in the CO, environment within 8 days, while the hole sealing material could only reduce
the crack width by 0.1mm in the vacuum environment within 15 days, and could not achieve complete healing. Under dif-
ferent environment, the material exchange law of sealing material is different from the outside world, and its mass change
is quite different. In air environment, it can be divided into water loss weight loss stage, dynamic weight gain stage, sec-
ondary water loss weight loss stage and stable stage. Under CO, environment, it can be divided into rapid carbonization
weight gain stage, slow weight gain stage and equilibrium stage. Under vacuum, the quality of the specimen is almost
stable. Combined with carbonization and water evaporation, the internal law of quality change of sealing materials under
different environments was analyzed. The results show that the roughness of self-healing products is the highest in air en-
vironment, the second in vacuum environment, and the least in CO, environment. The microscopic test results show that
CO, does not change the main structure of the sealing material, but can only slightly increase the content of CaCOj in the
hydration products of the sealing material, and cause the matrix porosity to decrease. However, CO, can significantly in-
crease the proportion of CaCOj; in self-healing products, and has a significant effect on promoting the particle size of self-
healing products. The formation principle of self-healing products in different gas environments is quite different. The
formation of self-healing products in vacuum environment lies in the precipitation caused by porous structure. In the CO,
environment, the self-repairing products are mainly formed by carbonation, and precipitation is auxiliary. Silicate pro-
duced by secondary hydration has the largest proportion of self-repairing products in air environment, followed by carbon-
ate produced by carbonization, and the contribution of precipitation is the least. Moderate increase of CO, concentration
and humidity in the curing environment can promote the efficiency of self-healing of cracks. The research results are of
great significance for realizing long - term sealing of extraction boreholes.

Key words: pore sealing materials; self-healing; fracture healing; gas conservation environment; hydration products
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%, NICER A BURE 57K Y T R 56 4 —
., Hi S8 T £ EuRMKIA L, Na fil Ca 3,
JRFEZ 629 3.9 1, U] BB R Y EE LR
MAESE . K 9bh CO, 3BT ABE =YY
MAPPING fgi%, 52BN W ABE =YLk, C
JUE Y & AR A B, A S A T B e
C LZE 5 LW BT Co, Mbg, FEFNAET=Hh
CO, T A, BHLMRIICHE: 7843 K E C JTTRIE ik

B Map sum spectr

(0]

(a) IS

fRdh, it C TR 5 L 22 FE I B AR, WEHE T
FHESZ =PI LR A CO, BYFREEA FRIY, fEAF
A e KRR A FoR . I, CO, PR TR C I
FZEETEARM TN, HNaJoR S Ca TR
12070 3.6 = 1, HEE T LIHEWT CO, 355 F B A= iy 12
S CaCOs B9 2 i T2 A T Y. [+
p R LAHEI 322 25 P8 1 AR 0 A 18 52 7= W o 2
B

I8 Map sum spectrum

% =0
=0
o=0.5

Powered by Tru-Q
mrE ?

25 um

(b) CO 5%

K9 ARAURIREE T A B ) Mapping RETEIA]

Fig.9 Mapping energy spectra of self-repair products in different gas environments

252 AFEAAFREE T AEE ™) XRD

&l 10a BT 7R B 228 AR T BB E W
XRD 858, W4k &, 5 MAPPING fE
T b ARSI 2 ) 25 SRR R — B BB R Y LA ER A
R A s LIRERR R O 3 L IR R M BY,
5] 10b 2 CO, FREE T AEE ¥ XRD K, H 56 H
B =Y Fh 2R BREERR ER 41, LA AR 1k, H 2 LA
CaCO; il Na,CO; IR G WAATEI e (o B i W b 1
Z, VLI IR ERAE A = Th i o5 LA B in, 3
SR SCHRETE BT S AR RE RS AT N o AR, (AR B

TR AR P & BT — R R R AN
(Na;H(CO3), * H,0), iX & —F Na,CO; 5 NaHCO, [
IREWT, T NaHCO;, 7E25 IR T BARWAFET
AAEE =Wy, (SRR EE th JCie 2 W i Al i 2
g AR AR I /N T CO, B T Y. B CO, I T
H & & 7= 9 B £ (1) NaHCO, 1) J5 K 3t 76 T
Na,CO; Wik — 2tk b, BIARAR JF K 76 F CO, e B Y
SR, PR AE 2B A A I AR D 3 SR EE Y CO,
X ARA A B R

M2 FIEREE T BB W 22 2K F, CO, b
BAREA X HABE Y ) SR 2 AR s i, {5



552 4 Rl A SRR BB B SRR & B EHLHI B 999
@ D—-CaCo, ® O—-CaCo,
©®—-Ca,Si0, ®@-Na;H(CO;), * 2H,0
(®—Na;H(CO;), * 2H,0 ®-Sio,
@®-Sio, @—Na,Ca(CO;), * 2H,0

®—NaAlSi,O, + H,0
©—Na,Ca(CO;), * 5H,0
@—Nay(HSi04)(H,0)s
®—CoH;;N,Na,0; * 2H,0
©-Na,S,0,

®-Na,Ca(CO,), - 5H,0
®-NaAlSi,Oq - H,0
(D—Nay(H,Si0,) + 7H,0
_CmHMNzNazOs + 2H,0

G @

@) @@

MR M

26

A 20
(b) CO, 85

K10 R[EUATREE A B 774 XRD

Fig.10 XRD diagrams of self-healing products in different gas environments

SEXFFHEN CaCO; 1Yt HA SR HEVE T, [ HAth =g
TR ARk R A i in, H Cco, A58 T HIBE ™
Yy A R D B R R S (A S B A . T BB R
FE) AR AR = ARG B B 4% S R R o IR S Y%
A RO, B SRR 455 A I AR S R T 1
FH, BN Ry 2 G500 B AR PR, R4S 6 48
B RAEEA RGO LR, iR R 2 s AT 1
TEA, AT EN R REER, &R &
KA—ULHE R JEH . WnE 11 Bis, BAR Ca® il Na*
BI&A 25 1) d BB SR £ 9E nT B A R R R B
PRCEC A B, (R 48 2 A 70 5 45 B TR, FEBC 47
JEF P AR I FL TR AR BE S 5 Ca™ S BB T

o e e = =

___:‘<__J

B B RZANE THEA E

Fig.11 Electron arrangement orbitals outside the nucleus of ions

IREC AL, EMT A AR G . s SR 5 2
Tl Ca”l, BAFITEH AR B IEE . Na" BOR
BS54 A AR 2 A AR L AT il T B T SR A
2R RIHSRBERE XA Na BB s rfE

3 i+ 1
RIS Rt A8, B8R HALM BB R

PERESBUA A A KIRIEM RH M BRIE S fE M L,
HR KRR T 4B 1 A A O], ELR S A v
J M58 7 100~300 pm 2SR FF 3 T 2k g0
B — B 09 I R A F X LA R R ekt (8 518 R
PR A A B B — R BR AL FH TS, R K
IKARAE FE L BRAAE F A BT 1 3 28 ) iy 3k ) 5
M (P& 12), Heo DL oK AV T Bt AR AR o 32 5%,
AT R P P A6 52 7= 1 A v T e 28] %) 3 R A
BN, FEHAT AR HE £ % A T B LR AR 58 4
KAEBY B o RARAE T AE B =1 L CaCO; Ry, P
IO AR BUAR T 2812, {H TG 2 -4 B i 2 S AR () (AR FH Y
KT AR T A B . KA A A
P2 1) L Ca,Si04(C,S). Ca;SiOs(C5S) il NaAlSi,O
I, [RIEHEL 2 ) LA 2 B RE R £, 2% B T A
FBE =i DL S R TE 45 Tl S I 25 SR e 22, TR
HFES A A A 7= A A B A I 7 B3 1 JEOREET

X AR EE A S, AT LR I B SRON [R R
AT R A B E PR R R AR — K, (R
Lo B S B ) I 28 22 S W S, HUAS[R) 3R 1 4
LM R A @A mfe AR 2R, X FERN
HARFESEIEE TR, AR YR LR 3= 51
FfFE R 25 . s ant 3 s~ A=
Y9 HE R EE A TS



1000

2025 4F55 50 4

,,,,,,,,,

N
~

7

& 12

IR

N

SRR

R .
./.

Cwanm

A
ks

FHES ™ A i

Fig.12 Principle of self-repair product generation

3.1 ETHE
FLAS PRBE IR T A PR i o B — I 45 1, FEI%A
Berh, 1 FRA SN RARIRER, JER 5 50 AR 2 ]
) ST S /0, 248 R 228 FLB S 7 ) 0 HE RS T
MEA ST, WEERRE, BMlTE s g 8k
FDE B FE R = A O s A R R R, 32
BLEPUNERLIR, B8 BT A%
S2EHUABHY BT LT3R B 30, BRI L R S 1%
SRR Z B B se AR D, A BSR4
PRI EE LA RIA B AR i . BHFLATRME M Z LA
JRP, IR RV 2 /N B AN T, NS
R EA B H K BB Yk SR 2
ARt TisNEE . A, EERE T AR
FE A R RLE T LA R B K B B4z 3,
PRI B YA B LA R R AT . SRk
o E K B R A A S B LR T R, 7R
SRR SR T B, Y LA RS R 2 )
LA R BT, SRR B R K S RGBT 58 4
A FETARIREE, IR RES A N —E =) B
P TR e AGEIE B
3.2 CO, s

25 R v i A AE BT VR RS A 76 T CO,
Wi, 78 CO, i, BB =Yy A s 5 A
A IR, CO, MAATER i I 2 FE
ErerE R EERN R P HAERET M HBE
PR R R R R 1 A R AL R AP ) B Rl . BT
CO, FHAREH IS Ca™ P, i T B i 2k o
HIEINCOT, A e 5 Ca® WAL L IiHE . FT I, &
AtA RN S R TP N A K S5, (B SE8G ik

B CO, BRI BAT I ABSMIERIE XK Iy, Bir
DL SUAREREE T BOBR AL K2 B K I 42 3Bk B SE 1
TGS ARIK . AR BRI, 0L
BHRIRAFAE R — RE LK I3 28 0, ZEAR HK T b
TEL CO, WM IEAR . e, BHALAPRHAE B A
34 RN B PR o Rl o TR TE IR AR
FRERSE R AR KA T ZE K o, BT AT 25T
TUOKAAER, i CO, BRBEFR BT AL U A B S =
A RERRER HCHR I BRI ER AT LAUE R X — WL

£ L, CO, BT A E W A U I BR 1
HAEISN, RER S ERTE T CO, ¥ TRPEH I A K,
I 5510 A <5 T T A A AR S I BB PR
PRLIHEOE BE B2 T CO, 89 J3E AR DRSO 1 B 1 38
I, X T BB Y P R R AT R A TR
TESEPRBLHI, i A HEREEH CO, Ak BEAXTA S,
I Bl TRERTE K S T2 RIAETE, 4L AP ARG e
% PR A5 AR BRR IR AR S, X0 TR R £k 1Y A= il Ay
AHI
3.3 Z=RIME

2 SIE TS SRR IR A . AR
BN EALM B BB A RE IRl T AT
WA —TER I CO, F7AE, NI 138 CO, BT it
FAAERIBRAC SR 22 A e o R, 25 IRBE T CO, Y
WAL 0.03%, BRALAE YRR RLE R T CO, g
T, XNE TG A @S PR IR R 9 5 T
T CO, BRF M AT IENT X — Wi . H A @A RYAE
B AR EER, RN TE T2 B T A B ™
Yy A A A R L B A AR R ER AR (10 Ca,Si0,), T
BNAZE TR o — O T, FEARRT USRS 3R



552 4]

F #h A U FHE R LR & KB = AL r 5 1001

BE 0K ZE SRR 585 55 Ah—J7 T, 38 B IR B A
BEReig il EFLA B K 3 7R &, RREDR AR
BE o 3 F AR A K AR AE AR AL T 38 B R 5T
5o ama BFLA RN AR KTAR R T LUE Y 138
Be T EHFLA RS SRR EE 2 (8] 9 S8 3 d R A K
Hrok ey st b S PR K Ll . 534, T
UOKANE I Bt A e X 7K A3 B TS €, AR B )22 30
BE T B LA R P T S K WA FRAR, TR s 2
FEMIA Na &8, %280 T K A7 A v AR 35 s, TRt
FK R EWART A IEE R

g5 LR, ST ABE Y n A a4
I JECE R AT VR L AR R DA B KA VE
Hodp ORI AR A B Rk R o 4l 2 S or,
AN FH BT AR R e SR A 24 BV, BT Hh AV FH sk
B MG — AR BT Sk ESR
XL AR UK AE R PR S A 72, D s Srp
CO, AR BE AR XTI

4 & i

1) LM BHE 2 SASE T RES 115 1.82 mm 2
BAE 6 d S A @A, CO, AEE T 1.51 mm (2B
SALMHAMA, MESIHIE FIE 15 d{UBEH1F R
B 9E B/ 0.1 mm, L E AR A @G . H& 05
T HEE YRS B 22 RO B, SRR A&
S R RS, LS IREE R AR /N, CO, FRBE il
Ak, AR A A E S SRR, CO, IR,
FLAS G e 22 WA BRIE R - ESUs k&, CO,
IR, SRR, AR, ANRHEE
T AL R E RN E A g, Hh s S5
R SR K, 4 R R KR E B B ShAS I E R B
TR K B Be AR E B B CO, BREE T BT R
Fia 2 E TR, o3 b A R B S
B B3 RSP o B, A8 IR0 T BEFL AR TG BH B T
1k

2) KIT CO, MAFLEMEAT B LA RIK AL =9 i
IRIARTRBE A 1G 0, ELAT DA RL A LA R AR B fL
B, I T AR EREE T, CO, MR BE RN, A
T BB =W A B, TR A X T3 s LR A
o WU NLBR AR, A R0 T OE I H A R
YEM

3) BT AR . KA A FH A A FH 23 %k
FAEE =Wy A= AL T 40T, AR RIAEE T J 22 4
Bt E A ALERA 22 5 AT E AR I BB =
RAFIA A2, e s B R #5 E 2R
WALAE AR kiR Eh & 4 23 KRBT RN CO, FRsE i,

FHAE CO, FREE P (5 415 3= s —UOKARE R A g
A LRERR o8 0 A 8- R e o) iz, HE2 R
AR SR, O S RS

22 3 ik (References):

(1] Fefh, XU, d e, 55, B R BCA B K EBR R i 5

T[], B 241, 2024, 49(4): 2031-2044.
QIAO Wei, LIU Mengnan, MENG Xiangsheng, et al. Exploration
and prediction evaluation on causative factors of water inrush from
separation layers of mining overburden in coal mines[J]. Journal of
China Coal Society, 2024, 49(4): 2031-2044.

[2] sk, sROLDT. AR FUIK & B0 g 24 1 TS R R (). B¢
2712, 2024, 49(2): 720-738.

WU Qiang, ZHANG Baoyong. , Progress in the mechanical effects of
gas solidification by hydrate in coal[J]. Journal of China Coal Society,
2024, 49(2): 720-738.

[3] 2T, VI, XA, 55 L0 1T At Al FUIHI SR s 1 i O

FARE TRESRRI]. HorFik, 2022, 47(8): 3108-3116.
LI Quanxin, XU Chao, LIU Jianlin, et al. Key technology and prac-
tice of directional drilling for gas drainage in all the mining time and
space in underground coal mine[J]. Journal of China Coal Society,
2022,47(8): 3108-3116.

[4] BOGH, EHIF, 30, 55, 07 HRUR BT IR & e K A ).
R AR, 2024, 53(1): 1-22.

ZHAO Guangming, WANG Yanfen, Al Jie, et al. Development and
prospect of cement-based grouting materials for coal mine[J]. Journ-
al of China University of Mining & Technology, 2024, 53(1): 1-22.

[5] QIN,ZHOU S M, LIU Z Y, et al. Evaluation of inorganic and organ-
ic composite plugging materials with high performance and adaptive
fracture scale[J]. Geoenergy Science and Engineering, 2024, 243:
213371.

[6] SUN XY, LI K, WANG X. Capsule-bag-type sealing technology for
gas drainage boreholes and its application[J]. Geofluids, 2022, 2022:
1671859.

[7] DESAI A, AUAD M L, SHEN H B, et al. Mechanical behavior of
hybrid composite phenolic foam[J]. Journal of Cellular Plastics, 2008,
44(1): 15-36.

[8] =M, bk, AIRAS BRI TE 3 n Ak i) S FH ). S
2241, 2009, 34(4): 482-486.

CAO Chenming, FENG Zhigiang. Development and application of
low viscosity urea-formaldehyde resin grouting material[J]. Journal
of China Coal Society, 2009, 34(4): 482—-486.
[9] LI W Q, JIANG G C, NI X X, et al. Styrene butadiene resin/nano-
SiO, composite as a water-and-oil-dispersible plugging agent for oil-
based drilling fluid[J]. Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 2020, 606: 125245.
[10] MASUDA G, AKUTA S, WANG W Q, et al. Study on fast lique-
faction and characterization of produced polyurethane foam materi-
als from moso bamboo[J]. Materials, 2024, 17(15): 3751.

[11] YEQ,JIAZZ, P1Y, et al. Analysis on sealing method and sealing
materials of gas drainage borehole[J]. Advanced Materials Research,
2013, 716: 485—489.


https://doi.org/10.1016/j.geoen.2024.213371
https://doi.org/10.1177/0021955X07078021
https://doi.org/10.3321/j.issn:0253-9993.2009.04.010
https://doi.org/10.3321/j.issn:0253-9993.2009.04.010
https://doi.org/10.3321/j.issn:0253-9993.2009.04.010
https://doi.org/10.3321/j.issn:0253-9993.2009.04.010
https://doi.org/10.3390/ma17153751
https://doi.org/10.4028/www.scientific.net/AMR.716.485

1002

%X

Fi:3 2025 4E45 50 %

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

RERC. HUR LRI R 52 5 7K Ye AR AR A LB B L AR BE -0 I
IS FIFSE D). #RIM: A R, 2023.

XIONG Luchang. Study on hydration mechanism of composite ce-
ment stimulated by lime-based alkali in landfill and application of
foamed concrete in mine[D]. Xuzhou: China University of Mining
and Technology, 2023.

CHEN X M, ZHENG D T, JIAO H Z, et al. Study on the strength
influence mechanism and cracking mechanism of stone powder-ce-
ment floor grouting materials[J]. Scientific Reports, 2024, 14:
25850.

ANAND K, GOYAL S, REDDY M S. Development of biocementi-
tious grout using a silica fume-based bacterial agent for remedi-
ation of cracks in concrete structures[J]. Journal of Materials in Civil
Engineering, 2024, 36(10): 04024304.

WANG R Y, YUJY,LIU QT, et al. Influence of inorganic com-
pounds on self-repairing capability and frost resistance of concrete
incorporating ion chelating agent[J]. Journal of Building Engineer-
ing, 2024, 91: 109754.

CAPPELLESSO V, FERRARA L, GRUYAERT E, et al. Resilient
crystalline admixture in ultra-high performance self-healing con-
crete under cyclic freeze-thaw with de-icing salts[J]. Cement and
Concrete Research, 2024, 181: 107524.

CHENG Z H, CONG S Y, NAN J M, et al. Analyzing the macro-
scopic/mesoscopic mechanical properties and fatigue damage of
graphene oxide/microcapsule self-healing concrete[J]. Journal of
Building Engineering, 2023, 80: 107891.

AR, AR, R, 45, FETOKUEEA BHA 43 0 B AL AT E
JE[I]. MRHFAR, 2021, 35(7): 7096-7106.

SHI Da, SHI Caijun, WU Zemei, et al. , Advances in autogenous
self-healing of cementitious materials[J]. Materials Review, 2021,
35(7): 7096—7106.

Wha i, SEKAR, TR K, 55 AKUEERS B4, i L B KRR K
AR IR B - A B R MERE AT T (D). RERRERE I, 2020,
39(6): 1772-1777.

YAO Jiacheng, YAN Yongdong, XU Pengfei, et al. Self-healing
properties of concrete modified by cementitious capillary crystal-
line waterproofing and nano-silica[J]. Bulletin of the Chinese
Ceramic Society, 2020, 39(6): 1772—-1777.

SNOECK D, DEWANCKELE J, CNUDDE V, et al. X-ray com-
puted microtomography to study autogenous healing of cementi-

tious materials promoted by superabsorbent polymers[J]. Cement

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

and Concrete Composites, 2016, 65: 83—93.

MAES M, SNOECK D, DE BELIE N. Chloride penetration in
cracked mortar and the influence of autogenous crack healing[J].
Construction and Building Materials, 2016, 115: 114-124.
QURESHI T, KANELLOPOULOS A, AL-TABBAA A. Autogen-
ous self-healing of cement with expansive minerals-1I: Impact of age
and the role of optimised expansive minerals in healing perform-
ance[J]. Construction and Building Materials, 2019, 194: 266—275.
SULEIMAN A R, NEHDI M L. Effect of environmental exposure
on autogenous self-healing of cracked cement-based materials[J].
Cement and Concrete Research, 2018, 111; 197-208.

F&E, fEE, BA, . T B B RO E LR H
A A REPE[/OL). HE AR 2441, 2023: 1-14. (2023-05-19). http:/kns.
cnki.net/KCMS/detail/detail.aspx?  filename=MTXB20230517001
&dbname=CJFD&dbcode=CJFQ.

SI Leilei, SHI Weifeng, WEI Jianping, et al. Self-healing character-
istics of cracks in sealing materials based on self-healing
effect[JJOL].  China Economics, 2023: 1-14.
(2023—05-19).  http://kns.cnki.net/ KCMS/detail/detail.aspx? file-
name=MTXB20230517001&dbname=CJFD&dbcode=CIJFQ.
ROIG-FLORES M, PIRRITANO F, SERNA P, et al. Effect of crys-

Industrial

talline admixtures on the self-healing capability of early-age con-
crete studied by means of permeability and crack closing tests[J].
Construction and Building Materials, 2016, 114: 447-457.
Y1iLDiRIM G, KHIAVI A H, YESILMEN S, et al. Self-healing per-
formance of aged cementitious composites[J]. Cement and Concrete
Composites, 2018, 87: 172—186.

B, XA, R, BRALFR PRI AR 3D AT ENAPRL R
PEREWFSE[T]. BHRHTHR, 2024, 38(14): 169-176.

ZHONG Kuangnan, LIU Zhichao, WANG Fazhou. Preparation and
properties of CO, curable steel slag powder 3D printing material[J].
Materials Reports, 2024, 38(14): 169—-176.

HAN B, CHEN X M, PAN Y H, et al. Diffusion model of cement
slurry in porous media considering porosity variation and percola-
tion effect[J]. Applied Sciences, 2023, 13(3): 1919.

HU X, HE P P, SHI C J. Carbonate binders: Historic developments
and perspectives[J]. Cement and Concrete Research, 2024, 175:
107352.

SHI C J, WANG D H, HE F Q, et al. Weathering properties of CO,-
cured concrete blocks[J]. Resources, Conservation and Recycling,
2012, 65: 11-17.


https://doi.org/10.1038/s41598-024-73019-1
https://doi.org/10.1061/JMCEE7.MTENG-16180
https://doi.org/10.1061/JMCEE7.MTENG-16180
https://doi.org/10.1016/j.jobe.2024.109754
https://doi.org/10.1016/j.jobe.2024.109754
https://doi.org/10.1016/j.jobe.2024.109754
https://doi.org/10.1016/j.cemconres.2024.107524
https://doi.org/10.1016/j.cemconres.2024.107524
https://doi.org/10.1016/j.jobe.2023.107891
https://doi.org/10.1016/j.jobe.2023.107891
https://doi.org/10.11896/cldb.20010064
https://doi.org/10.11896/cldb.20010064
https://doi.org/10.1016/j.cemconcomp.2015.10.016
https://doi.org/10.1016/j.cemconcomp.2015.10.016
https://doi.org/10.1016/j.conbuildmat.2016.03.180
https://doi.org/10.1016/j.conbuildmat.2018.11.027
https://doi.org/10.1016/j.cemconres.2018.05.009
http://kns.cnki.net/KCMS/detail/detail.aspx? filename=MTXB20230517001&dbname=CJFD&dbcode=CJFQ
http://kns.cnki.net/KCMS/detail/detail.aspx? filename=MTXB20230517001&dbname=CJFD&dbcode=CJFQ
http://kns.cnki.net/KCMS/detail/detail.aspx? filename=MTXB20230517001&dbname=CJFD&dbcode=CJFQ
http://kns.cnki.net/KCMS/detail/detail.aspx? filename=MTXB20230517001&dbname=CJFD&dbcode=CJFQ
http://kns.cnki.net/KCMS/detail/detail.aspx? filename=MTXB20230517001&dbname=CJFD&dbcode=CJFQ
http://kns.cnki.net/KCMS/detail/detail.aspx? filename=MTXB20230517001&dbname=CJFD&dbcode=CJFQ
https://doi.org/10.1016/j.conbuildmat.2016.03.196
https://doi.org/10.1016/j.cemconcomp.2018.01.004
https://doi.org/10.1016/j.cemconcomp.2018.01.004
https://doi.org/10.3390/app13031919
https://doi.org/10.1016/j.cemconres.2023.107352
https://doi.org/10.1016/j.resconrec.2012.04.005

	0 引　　言
	1 实验材料及方法
	1.1 实验材料配比及制样
	1.2 环境对封孔材料质量变化的影响实验
	1.3 三维形貌测试
	1.4 SEM-MAPPING实验
	1.5 XRD实验

	2 结果与分析
	2.1 不同气体环境下封孔材料质量变化及自修复产物生成规律
	2.2 不同气体环境下裂隙自愈合结果
	2.3 不同气体环境下自修复产物三维形貌测试结果
	2.4 不同气体环境下水化产物测试结果
	2.4.1 不同气体环境下水化产物SEM-MAPPING
	2.4.2 不同气体环境下水化产物XRD

	2.5 不同气体环境下自修复产物测试结果
	2.5.1 不同气体环境下自修复产物SEM-MAPPING
	2.5.2 不同气体环境下自修复产物XRD


	3 讨　　论
	3.1 真空环境
	3.2 CO2环境
	3.3 空气环境

	4 结　　论
	参考文献

