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Abstract: Water-rock interaction is a ¢rucial inducing factor for the damage and instability of surrounding rocks in deep
underground engineering. Using thé uniaxialhkcompression test, digital image correlation technology, and microstructure test,
this study investigated the changes in”the.mechanical properties, local damage, and microstructures of granulite subjected to
long-term immersion in different solutions. The influence mechanisms of water-rock interaction on the mechanical properties
and damage evolution wergtdiscussed. The results indicate that with increasing immersion time, both the elastic modulus and
uniaxial compressive strength decrease nonlinearly, while the corresponding deterioration degrees increase nonlinearly. The
deterioration of mechanical properties in mine water is more serious than that in distilled water; however, the difference can be
neglected after soaking“for 150 d. With the progress of axial loading, the strain field undergoes a process from homogenization
to localization and to fracture. The development level of local damage rises gradually accompanied by a nonlinear increase in
the damage severity factor and a rapid increase after the peak stress, and a fluctuant decrease in the damage localization factor
and a constant decrease after the peak stress. Meanwhile, the water-rock interaction exerts a promoting effect on the
development of local damage. The development level at the peak stress rises with the increase of immersion time, and the effect
of mine water is more obvious. In addition, the water-sensitivity substances in granulite react with the solutions, resulting in the
development of pores, the increase of pore sizes, and the fragmentation of microstructures. The microstructures in mine water

are more visibly deteriorated.
Key words: granulite; water-rock interaction; mechanical SomE: EXOANSESTE (418072400 T TEHEFEA
property; local damage; microstructure FFITIH (LJ212410148050)

Yts HEA:
*E(E/EH (E-mail: xiaomengyin123@163.com)



2 I

2023 4F

0 35l B
Bt Hh N CREZE D IR R R, KK . &K
bkt 2 LA K SO R 4 R0 AR E F 25 2
0, S TREAOEE S K HIR A7 T 2K SR By, Rl
Gt R R AR AR, B, Jef. TS
GIERD, RN, [t R S, E R
ARZE, WRETIREE. B, SUKEE TR HT A,
P 5 112405 4 R TR 24 R RUTRAE S e, LI,
BF TR F 5 A0 /2 P S G e M,
KR BBl A T3 T K 00 R A 28 B 2
NG 54877 R A S ZR I EL . A6 I F15 1
T HE AR, SRS, FAER AR
SRTEAWR, EEHKR, THRER. B
()45 A 16, JLrR, A KR A A R
Hisemg, FAPERLE . PrUESREE. PihiansE . FRERE
S A K SR TH BT T8, 76 TG 3R 7 TH, X54E
B SO B AT T R - TR IR, R
IR B SR AT 3 UARFR TR bR, 2 E A T T4,
28/ i 200k L 7 R 1 A o M TV R B N A B R
M, FEHERMEIASE N RN R . IR [E]
JrTH, ATAS A B A AR AT TR ST, KR
BRI I 1 RS M SR B, %0
WA AR B, U R PR B0 A 7
AR s YIN SRS g TN FRZ W B N A B T
MR SE, R INE BT 22 R X e I 5
fho AR, 25 BRSO T K R P R RO
St R I R 5 ER VR A s
TEERY b, 222 05 5 R E P A
A o BRBOHR ZE 1500} PRl A AR APl i
R B 7SR . X S D i 11 FE B\
SR, W T PO . Tk
SO T KRR R RS AL . X1
RIS 0B T 75 % ) B 1 e T L BRK AR P T b 5 45
IR, DU BT B AL I B A . 0
FEEAHE (DIC) BRI A A, Al RS A,
P I R = Sl < B 1 - AP N B B 1 8
MUNOZ &R H DIC AR 5T 1 i 5 1n7 2 F b 5
BER IS E 1 e S OB A3 A, 4R
ST R BRI ER R T 4 S R A B
AR FA D ACEE R T A A D1 st 47
TREARE BB 50 K e FH TRt 1 e
AR AR, XS TRESEERAI SRR B
W R Z R T MR P 7 s RS
0 “TLBRIRGE” L TR B TR it R s b
351453 725 T - P A5 T - U0 22 D 4 5005 95 A i

Fe, BT RN “ Rt o Bk, A0
JFH R 4 36 A DIC HR, RAS R AR T
AR R SR A U HEAT AT I s 4B
BARANRAN ALY, 3 BRI ACE A R X =) 45 e
PERIRZMR s foe e RO S5 AR 348 7= K e VR R A2
R ORI L] BT TSRO IR T m KRBT T H
DA VRO T AR RS E 4R 4t B S

1 WREHE
1.1 RAEHE

RICFT T A A B E L 78 BB L. e
TKAERKE  WKELR, IR 1
AR A DA B AR R AR TERIZUK A 1ER R E
KA Z R RS TR M. B3R AL
BEATHUES, S BCHVE A —350~—370 m [)E b & bk
R IR, B2 50 mm, & 100 mm, 41E 1 Fiws.
IEAh, I R (T IR T RN, S B s PR
TRF oo B AR50 B A1 6 435 SR B

B 1 Tk
Fig. 1 Granulite samples

ZIRR, ARk EAE 2.47~2.54 g/lem® Z 7] )
WIEEA T 5102~5757 mis; HIA 9L (27.94%). FHF]
i (26.00%). 48K AT (18.88%). & f (12.41%).
Hazo bk (7.01%) KHEABE Y (7.76%) k. HH,
KA KR L R AN S A IR B I K M S A
bt B — 5 KRR, ok R R AT Hh B A
AR, 22l S KRR AR i 2k, Wl 2 fr
TNe K ER BRI -G8 I KR T R E B AR
B, BEASFE T 5 AROK Y BRI K B . ZEMR K
B WMFE S KRR MK, HEERW 17 h GEEKE
FEARFREAE 1.3%, A NMEIKI B Bk, AliACH
ﬁﬁ%&ﬁﬂ@ﬁNhﬁiﬁﬁémﬂﬁﬁo

17h

e\c 09F '
2 |f mkee o wkmE
s 06} _l '
0.3 fl
0.0 . L ¢ :
0 10 20 30 40
B e/

& 2 BANH KR 5RIBMEXR
Fig. 2 Relationship between the moisture content of typical
samples and immersion time



3 I

2023 4F

12 RIEEESHABAER

I 2R Gt 2 N A A G CR AE B A AL
WK 3 Fn. INE# %N YAW-2000 B #8501 4L,
B KA 7735 2000 kN, S AEEH%. VIC-3D Al4x
WM R G s MRS, HAE A BAE N &
CCD L (43 #E 3y 2448>2048 14 %) i & LED 47 .
PriE 2 B R FIEHLEE, B 57 R Bl s 4 e
BE RS A5 45 VIC-Snap 344 F1 VIC-3D i
fF, 43 A T EEE R R SR I I B AT . Z R
G T DIC BOR, BEUGRARINZE i i Al ik 75 k/s, W
A - ¥ Bl 78 0.005%~2000% 22 1] , W4 1 9 50 pes
A, R0 W A B R H B AN 4 1 S A B A,
FAF 43 MK AR F R AR FE RO 45 A R AE

<

i

N
]
//‘R\ 7
s 1| LP \ I
R\ DT
Y- \" \\\ LED/] —
g N
T LR
i by ! ! J{l;" T
| =)
3 RERGREE

Fig. 3 Test system diagram

i TARSEbR S Bbw, HilE ey = T

(D IR WEET 105 CRIE R T4
24 h, AEEHANBAGL T 6 h: A5, FIEKR
NG FEATIRIE, RULHE Y 3d5.15d. 30 d.
150 d. 360 d, V&5 BN ZEERKA I K 281K
NSERSE A S, AT K ELE 360 /me AR K E 7 K
Mo HHCEAE AT, PR E T R R
1 ZAEBKREIAFER K arda 8 B-3. D-15. D-30.
D-150. D-360, /KNP KT %8 M-3.
M-15. M-30. M-150Q. ,M-360, 2032 H87E W AR
Gi—N 5L MAK, REHT SRR X I .

* 1 ROBARBFRERE (molL)
Table 1 lon mass concentration of immersion solutions (mg/L)

WM K Nat  Ca?* Mg HCOs ClIT S04

ZRWAK 00 22 34 1.6 12.1 73 25

WAk 26 192 521 104 1534 189 67.8

(2) A KR AR R T, W
JEHE 5] A R RE, AT e B R
WE s, TR0 ELIR A ORI 585 A A RO
AR O B fh s AL, MRS VIC-Snap BT JE
A GUbRE VAL AN B o PP AL, G B AT SRBGRSA

HIUEHHE EARAE AL HEE

(3) HHRAR AL AT Rl gk, Nk
HWZEN 0.05 mm/min; VIC-3D &#%i[FIEE5N, Ll 10
gk/s A SR B TR ORE 7 Bl e 4 e A OB R
RIGEE A G, HA0E LT B 205 - R 5 R
2 K AB LI 125 M RS 8 RN, A e g (f
FIERG) &SN VIC-3D B, ZitH o
BT T 22 1] o 28k o R AR R B AR 3

(4) TS5 RS : IR AT 5 0 B
AT S AEARER: DA Fh B W00 2R THT P R0 5 A e
ik, DLW P S 5E B o9 b N IR FLAR 20 AT R 5
SEA R T R E IR VRGN, LR K S
VB R A KL SO A5 1 s

2 KEERLTHE RN HERFEF

T
N BRI, RIS
BRLAARBEN RS HOT B R, AT
Qt:ﬁxloo% , (D

EO
S, =22 "x100% . @)
o

A QuUNIRIML t REFHAVERLR K ILE, Eo NI
RE TSR, ECONIRIE t RETSAMERLR; St
IRt R BFPL R B, oo T ERRAS
TP, o IR VA t RS I B R R A .
S, SACETER R AR R S AR S A
HEIBUESRE AR, WK 4 FiR. 249298 3d. 15
d. 30d. 150d. 360d Hf, ZEIEARAME T B B
R A2 N 24.62%. 52.44% . 62.35% . 66.46%
67.85% , LA K 5 E B AL 43 iR 24.24%.58.79%.
65.05%-. 70.30%- 73.74%; 1A FHK &M FIRFE 3
PERL B S ALy 37.25% . 62.78% . 66.41% .
67.71%.68.36%, L5 PT T 58 FE 9540 FE 73 il A 36.57%-
63.23%. 68.69%. 72.12%. 74.75%. A] 0., BEEIRIE
WA K, A S MR S E AR PR AR, X B
AL S, AT IR s . 5 BB
18, 7£ 150 d Jo ¥ T 822 o X UL A R IZ T s,
SR D1 R R R BRI . Jorp, BT 3 d IRV
R, REEAMEARZEARCEER, BT IGE & KR
TR, WO B 2 R S EU 2 s R
FoAhPY B o TG4 S5 IS SRR AR JF 7K 360 d,
3 31 5 PR B B RN B B 5 E 1 95 46 FE o BN
73.54%701 80.79%, HABMHHEE AL R, 25
WFEE R Ay, X BT TR & 3 ' K



4 " + I B ¥ i

2023 4F

YRR (Rl A B BEik 71.7%), eF IR Vi i e 1 58
TN . Behh, R K S50 R AR T R T
SRR HACRE, XA KA R AL A R A R
RESII S TSR A IKIRIE A A5 VR B e L R )
MR, EAER P A SRR S KRR ek LT,
PINTIEEIR 2 B AR Z 7 K

ey 180

I=—F3 L3
ISNSLEE S 771 67856836

)

o
2
=
o

)

4160

>

H40

Lo

"
S

120

I TII s

10 TR AR

o
[T

0

By i3
_m

360

37
o 5t
-y

50

/s

WAL 5 /M Pa

ey

N-=

ENE=cm)
5 30 150 360
it a)/d

(b) BIERRE
B4 XENFMERSHRELUE
Fig. 4 Mechanical property parameters and deterioration degrees
of samples

BRER, B H KA N R 25 95 e
JER R T AR BRI 3 d i, AR R
FE RS B A Z iR BRI
WK, PIEZEIREAE D RS0 dJE, P
T AF T A B ORI, ZE B AT BRI . X UL
VSR RN AL o 7 S P A Ry g LA HIT 3
W K AR T REAT , W s Rk L
IKBVEMIR S, P BOUREARGRAE ) T 85—
SE MR R, ACE RO AR, sl
RUFTHE R 5 ZE SRR R o R, IR (]
REMEAC, TSR R AR 775 PR 52 Wi 2 ZEAA
FEHWEREE, T SRR LU K. #2E
BRI, AR U ENIRR SRV, MK S
A TREP N KA RTBI, AR ThAE A2 HEL
K TH, AEERITK AT, AR
eV WA= ALk S RU I AR RETE B TR

3 KE{ERATTRE BIBHmIATFTE
31 RNTIHHEUME

ZE A B R4 I VIC-3D 248, WillKEE
FH AT 5 AR A ol 1) 47 28T R R AR 37 YA AR
PLRIE 3 d. 30 dv 360 d [y S ANREE N, JEET 4 A

_ A

B ZI R AR 3% 2 R S B AR 3 A A2, &l 5 B
e o, RN ERNARY, HE AR
BN A A A2 TR R R T RGO T R B AN o A
AR s op NUEME R J7: B — Tk B R iR R R

AL, R RN AR S T A B — s R St
PE, Z 1 NI S4B iR A P B ) . 7R
WA, BRI TCR AR N PIRAS IS B E K
B, RS E R AR e iR A T s BE A 17K P I op,
JR R AT N PR AR R REL, R AR i, D-3
RIS N J1 7K P 2% 0.750p, {H M ARREAR_FAKARE /N,
TNAFERI R, WAL TSR B B NE
153 0.850p, 1£ 2= I A AR H B0 R AR AR Hh I R,
AR N RS R AL Bl S e R Ak BE S Nk
MATAE Y &, RIS TR AR A E 3 — 2D 1 s
WEAE R I G, JR RO R R, B 4 AR R ML,
D-3 i N A HM T R AR SR BTN o AR XL,
D-360 Hn#Z00,700p i, H i K B H AR R AL
s AR MG R R A s R e, T R—
SRAURNP VT T 53 2 R I 2 RS, T T P S 3
WA BAELL, IR IHR A LA S ek,
D-360 & At AR R A wy R A BY DA AR . kT
S A RV T 3G, URE AR 37 (1 J Ak I R K
MARL, AR RS B LRTRAE . Bahskth. SRhig
FE. AL R, KRR, B K&
TR RIR RS B i KRB E R, BRICBAAE, VWK
RSO RURE AR 37 T8 A KRR 1D 52 1) A J 5

BEAE B AT, ARRLAE ISR T B AR
JRL B A, R R T R R . %
REFEAME R RS R R A R, RS AR R
PR . RUE R RAR /s i T “Se4k
MW" RIEEZE L, R NI K B RS 5] 244 RN
FEHAk, 13 NI A MR R AR T S 00 Ty
SRS A AR R BN B BT AR T AR R R, R
W1 (BN, AT BB X FFA 5
(IS ar S SUNEEY I PSP S S P 7 s s w ay v p ARt
BARMERIR, TMAAGHER. ik, ZEER ¥
W —A R, AR S B s BB, 8
It VIC-3D RS HRHUHI R AR i AL it FE K R A
ER] FH SRR DT AKCE VR T AR R i 4 ek
32 BEEIAIRAISIEN

FAEMBAER T RAETIEHE, tE &
SRMREAN, FTHRRIES AR
HATCIRH DS P Pl 2 R AE A TR ks
PEII 5%, B R Z R PIs, SR AR 5 R
RS G AT AL . ASCEET VIC-3D RGIRHUN &
KENARYy, WITKEVER T AR &R



2023 4F

]

2 L.12
(c) D-360

0.900, ¥
(U f=)

2.8 .26

B 5 BB ENTIZRERHRER

0.36

0.800,

it o
50.04 042 1

3 T80 1%
() M-360

Fig. 5 Strain field cloud charts and, fracture images of typical samples

B EIR T, 5 A i PR A I R R 3 51 A -
AR Jey A - 7 A R )k R, R SR 40 1 X TIe %
B BWRE. AR RNENRLIE . R
X T S N AR S T B S A DG, — HLRE A R AR
TR, HAT R O BN 54k, A SR SR 7 IR
SONG “el2Ai it % 4247 Wi A8 43 A A EISE L1447, 32
H AN 2 500 (3493 53 B IR 1 D R 47 340 [R5
Lo H T PlE A R d et DRt E A X T

D, AL, (3

&Emax

_ 1 n 1 N
g:_Z(gl)k __Z(gl)k ° (4)
Ni= N i=
Aoy g ARKERRS L3, RN n A
N4
ﬁﬁﬁﬁ&ﬁﬁ%?ﬁﬁ,%i@h%&§%¢%ﬁ

AR K I, ema 9 & WIS AAE, B RER IS &
(. DA R E ™ EARRE, BUETEE R 0~1.
BN, BT EBWIRA, DA 05 BE#E N
W, cBWIHN, DA, HABIFN DAF 1.
LA, EFTEMEAE BRIk g
FEI AR LA 5 TG (4 TC P 43 A TR 1 2 P o
AR, R R B NBME FE ML, X7 ) 30
G VERTRE (BRAERFREE) 1 LokERAE, A

n

D (% =X - Y)
L =1-|—L . (5)

\/ki_(xk ~X)? \/ki_(yk Yy

At x My, AR K HIARER, X Ry N {x,} A
(Y L HPF B o Le U T L O~1o FFERER AN, R
A OGRS S RN OIR S, Ly 15 B N
B, BN SRR R, Lo, 1) 0 s

TP 5 50 S RAE TR R 52 A2 37 Th Ak
A% 15 ¥ K n. SONG S 24 AR 37 Hh T 79 11 Btk
A R RE AR 5 1) T A S 20U R 87 A 47 v iy
10% ) e K B ARAE AR BAR i e AL, BBOR AR 13
(IR 2 B Z G — bk ELUAJE 2 1 4 L f K R AR 1
SRR AR S5 ) )7 AR AE — R R %8, 7R
VI, WAEER AT A X5, B AR TE R, Dy
90, (BRI FZIT AT KT 0 () D, R
R, XS SRR HK, RIS X RN
BNAAAKT, FEBERING RN, B R
GBI K, L [ E T4 bR RS
BRI SR E AT, Bk, FIF SN R AR
7 B b R AR A X 10 415 BT R, e Bk
RiAS 2, HETE B DeAL Le BLER A5 AR 5 R S A A T

BB E AL TR B bR (B 5155 Gk




Lhly

6 =

T 7% it 2023 4F

I IR EERE, AT Ik B v 150 Ja) 45495 1 H
1. FrABRE TS HAR AT LR, AR
& AR E AT A, 450 07 X AR KB At X i
Wo AT — mli-Hr 8 ho 5 723, RBar

2 4 -4 -4 22
4 0 8 0 —4

g=|-4 8 24 8 -4 (6)
4 0 8 0 -4
2 4 -4 4 22

RBENAL S 7 B A xoy AR s, B R
BAEN F(x, y)o BRIBEITERBERE TN B
AT LK LTSN, TR R R, B
SR 50 B X S ARAE 6 SRR O, PR X e
AN, BIRTAG 2 N AR SRR A G, RIBIR

G=F(x,y)*g P)
A *NERIZER S5 FIHEBRE R G
M, Hd 0 oM IX S, 0 e Rk
XA R G X, AN AR X, anEl 6 B
o AL, K m - R BT 5 R Y B K AT G
BUSH, BB ks e R Hi X g gt RNk, B8
FHIMBM AT, R R A, R X T
B2 B, RIER B JR) 40 4 DX P AR e 2 B A
AL . SRAZITIE, RN EGE R N AR 2= T
JREBAG X, B E XA AR R, SRS R 5 404 S

& 6 HBREHEIRME IR
Fig. 6 Convolution operation for identifying local damage

VB SEEE 2 SR INAR I EINEES
B 2 R IR R0 DA P 1 475 X P i 2 B 2
BERS Do~ 0, Ley Lo 4t iNall s, A DA 47
D I 232 _E T O L AR 3t 2, BEAR 2R
BEEaSs . FARR UL, \FRIEAE N AT, Dr Bt 17 B 77 )
FERC ARG K, 2RI, Dr RBEERIG K, X 5%
PR E RGO X A %, iR B A
AR AR O M £, D RAEg
Ko WHEARPRFEAGRIEAZ; 2 )5, Dr ZBrERHA,
BRI AINAS AR . FEVEAE N 34k, D AR
Ao T e R, BEEWEBIN, Drid®] 1. Ly
PN ASHEN S ISRV AR JT R B R BB
BUEEN FJa, L R B HIEAREE, THIRRrELm
ANy HERFEBIR, LR — KT 0 Eda.

1.0 1
37 O
] E & 00K 5 = ;
# N\ i { \ & R
X FA
fit 2 v
0.0 x ' x B 0 L " s o |
0.70 0.75 0.80 0.85 0.99 0.95 1.0, 0.65 0.75 0.85 0.95 1.05 115 0.6 0s 0.9 1.0 L1 12
il ) 2 /% il 1) 2% 9% iR Y%
(a) D-3 (b) D-30 (c) D-360
1.0 \ ',.C
& = ®os /\K/\/\/\/\.V\:fﬂ
»
L " A
L’:_ﬁi 0.7 0.79 0.86 .93 1.00 ”;J 6 (Jln 09 1.0 1‘1 1.2 “:;(:5 0.75 0.85 095 1.05 1.15 1.2
il 7] 7 28 /%% il ] B2 % il ] N 2B %
(d) M-3 (e) M-30 (f) M-360

7 ALK S H

4 =) R 7 -4 =) R 38 5k AR 2k

Fig. 7 Damage parameters-axial stress-axial strain relationship curves of typical samples

AR AR 5 B O Ve R A S B R,
{EX AR B 2t e MAESR 1 B BE b, X 25
ARSI AN A o 3K T BRI AS [RIVA W S Y
IR [E] T De A Ls (A2 4k il 2 BN BL, A AE 4Rk
WAz, 0 DR R Lo R %S N

SEUF b M VR X 3 05 2 8B RO RE M, DAVEAE
JI4E De A Le A, 228K 5 A R a6 0 240k
K, B 8 fs o RE A7 fif (R 5Lk REAE WA B ) Abis
BB, M LI 458 05 2 0T B4R R A REA R
R AR ORI S HACE TR RN . B T, AR



7 s

T

2

o 2023 4F

i

N SIAE, FHEFER) Dedge/ly, X 0.21; T Lefpe K, 18
0.60. BHFEIRZIEAS RIFIIEGK:, Dr JELRMEIE K, RKME
1K 0.81, 2 TWHFEMIE 475 1 Le AR BB, B/
1E1Y 0.39, THERE 0.65 1. 327K A AE A AN &L
NN EZ, BT 3 d IR SHARERI S B S
Ko Z GRS 8] B2 M 2 7 PR, I 2 1tk e
FHIES F %2 W )5 VE R 2 50 B0 (AR A A A —
o pbAh, IR A EE, BT HOKS&ME T Dt i
KF KSR, (HBEER R R, P2 H
ZEPERG IR s Le R /K S R /N, {H A A4,
ﬁﬁ%ﬁ@ﬁﬁ(ﬁ&%l%d)ﬁ%?ﬁﬁ%ﬁo

BYTBIERT

A\

E N\

EN\\\\4
E\\\\\\\\\\

AN\

5 >150 D-360 M3 M-15 M-30 M-150 M-360
ARE 4
(a) #HERERTF

E:wx % %\“ 0,46 y 45

E % % y 04l o4 7 i’// 042 041

- 11INAnr
wlEBBEE
MRRARROEERE

e
(o) s AR EF
E 8 MG ER HL G SH
Fig. 8 Damage parameters at the peak stress)af samples

ZRERE, AR5 2 B T N o
NG R ERT R, Aokt il Bads ATk
KE, RIOVBI5EE N TIPSR #5105 B Erie
DR B AR/, 3K RS X 8 (1 R A i A
FEla T, HARVERREE MR, A KT B
CAUEAELR F3 o0 5, 43305 2 B AL I A% R 20 A P B
Bee VRAEAT, RO XA ERIRRE, XN AR
g, W, RIS R R
BLBk IR -2 € -Br R AR ka3, i 05 X VE A FRE
SPEHAMERR R R E AL, RIS = 1
SR TER RN, AR R A KA 2
AFE ML RE; VEME)E, R sOa X sk R
DX RAR RSG5 05 2, SR 0 7 5im A
RAZJRNIG, MR E R4 X R 2 ARG AL, LetiRe
FEMG R, RPN BE R 7 RpE N, P2t
SR RASRE 22 [ 6 SR Z AR D R XU R A
HIATHERIA L — DA 2] ARSI IR

TR P AR L o =) 45 0 e R i 3 22

B SEE b WIEEN B R E, HER
TR, ARRCE 1 R R T, 2R
PEFEFE SR, R BE R 73K, i Rt
R0y, B R X R B KT s W EEZE
TR B AR G AT AR T S S 400 43 P2 P oy e
LRPERRFE T R, R RE R 7R B R
PRR T BE/N, B SR B AR A DX I R B K . R,
IKEVEFIXS AR Je iRt k& BAREEM, Skt
SR HKE MR . AEFERE, KEERHSEERE
WALBR. R E, MEJIZEEREREIK, Z8EHE S
FEAE R AR IX [ B A ) R AR 2 R AR
oy, WOL R R BACE G . IR IEE TR,
AR R R B AP RT R, HIEm R
SBT3 R 2 ) S B A R I — U
T B TR e T R R

X LR RS MR R G e, 1R R S
(1995 4 AW IR~ F 38453003, T4 47 5k P TR - g
R R ARG 305, P 35 LR T 19k
BE RN AN HE IR, W AE R S A 5 35 FEHUE B K
LA, /i M-360 ) 2=V 2 5 S A0 E o il
68.36%A11 74.75% , {H FLUEEAE B 7 b4 1 5 FE 1R - (1 A%
R fmIE 285.71% . X Ut B P58 FE IR 1 /E — e F2
AR T AR X L e B SR s, B
PR, TR A R R A R T AR R SR AR SR
PO RE S, A 5 A A A B BB AR LK SR T
RCE AR . T KCEE RS A R
REBARTHIRM, S2br T2 N 5 S G R A
ME A, K B SR A 5 A 7 /I B g 3 1 B
A REIE R MBS, DR T AR VAR S g A s A ]
T IRIER RN A A, RIE SR A N ) H R
HH IR B KRR EBUR, PURTE . Piadiae /1o,
(BB N ) Ja AR IR S5 B B 1) 7
QUEAR, WA BRI AR Z 0 R S 8RR R AR,
FE SERR T2 AR R F G PR 7K=L ) 7 2ORAE 2 b4
FHE AN RS R B AT, CARRRA R Ret:.

4 KEEATERE R mANE
FHBAR RGBS 2B T R
JEMRR, 7Rk A AEH T ARCE RO G AL . LR
7 3d. 30d. 360d L ANKEE B, EEURCK 2000
R R R AT R R T, anfE 9 B . 7EZETEK
FHR, B3 dRARFERKEED R (kAN
L5 LR, JRMALRRE , (HERMmBC L,
BA— @M 5eRrE; BERIET R rE,  FLERIZ
KHE s 2360 d i, R ITSOM 45 #8) R AR A AR A



8 I

2023 4F

LR E, RmEgaR, BOvBmE, HRBEA
Vo WOREHIFEY AR T 3L 3 5 2R K S
L, BRI . KR 3 d I, AR
RIBOURIRE, BURLALIE, S8 CRER; =it 360d
i, LRmEEKE, RilEEEIR, AFLERE A
RIS E R, SO Sl A 40 105 95t B LE 2R TR KIR I B
FeE. AT, ACEVER R R AE RO A s,
RV & RIS ARSI RA 55,
HIRWI Al , S5 O R R ™ s 43R I (A AH ]
N IR ACH U SO 25 9 B A 5 2 1 2 (A

O uim
B 9 EIRAEMULRE A
Fig. 9 Micro-morphology images of typical ples
it o SRR B i 96 SRR AP S04 70 AT R AL

HIF BIH B ISR R xor 45 I W TALH, 153K
FAE T SR CRE A SRR A AR N 10 w12
T, FLBREZE NS AL (<2 nm),
MR, UL,

LD B L,
LR 3 d I, 1 ;
B ATl 24 B0 I, HATLI R B ML,
H/NT 5 nm BFLBR A K, FLER BAR B A B3GR,
R 360 d B, FLAARRR (5 bh gkl m, i/t 10
nm FIFLBRTFaRvsk >, KSR RINFLIR B ARG K
B IRV R AR R, 5 KR ZE K & R
RS ARG — BN ES . 0 IHKEFTILBRE
TREAR B KT 2T, UHZRIE 3 diF, o
IKFAET 2~5 nm FLERAAF 5 A 14.5%, 30~50 nm
LB G EEh 47.1%; 280K, R G
ik 38.5%, JE# 5 AN 19.2%. 727 30 d A1 360 d i,
PAFR SRR T LA o0 A 22 5 Bkl AEAR SR AT —

IR, BIGHEK A R R FLRR BAR B 1A R REK,
RINKAAERE LLE R ANLARL S B AR

524 8.2

FLEHB S
B <2 o [ 2-5om [ ] 5-10 nm [ 10-30 nm [ 30-50 nm [ = 50 nm
& 10 #ANKFFLBRIFFRGEE

Fig. 10 Pore volume pr

e BRI AT L, Al &5 B 745t
WA L T R IRE N RN 1 11 . R

BT, RS TR ;

o 2RI IR\ T 2R K 2644, HCOs 34m
W%, ik 16, %ﬂgz‘”ibﬂﬂ%’}\ 9.7 mglL.
TEW IR &N %, 15 122.1 mg/L; T
Kb, $l914.1 mg/L. 43t 360 d iR )5, W HF
K wggﬁﬁimﬁwk%%%m,ﬂ%%ﬁim
iyimkWH%ﬁﬂﬁ<EW#m¢§@
I Cal*, T e O A FEE (3 o A X
SUHE A, AR B T R B I AR Ak T AR A )

‘%Aﬁma@a@zz N ¥ 2 48 0 2 I 7 8 2 K A

SR, KERD Mg A FE R 385 i s B9 R A R e A R AR
BEFAs e, At B TR (3G 0 T UH R TR R
R R AR KRR BT A 5E OB . X
ALAEL KA NKEE R ERIZY, ARk (45
AT 5, 3K 5 GO0 45 W R I PR Y A AR AR 75T o

40 1150

Y
o iif130d .
~3| ¢ iil3e0d {1202
&l =
Ex o 40 £
= . i
= ")
* = . & E-
18 16 i i ~1 60 IE
= o= B
t ] * - S
= 3 e 0 g
bl = =
= N o R
ol—s : . - : P
K' Na© e Mg® O S07 HCOoy
BT
(a) Z&idKk
9 1210
. R 2
o iifi30d * <>
~nt +  ifl3e0 d B s g
. I | E
5 N =
=54t J150 2
= - . &
# o Ve
1= 361 .2 W ofF |3u;-
= i - a 3]
L % ]
®3F . :I: o0 £
VI; (5'
- w
0 A - . A = N PP
K Na© G oMg® o S07 HCO,
BTHR
(b) &3k

B 11 BFREREHEREIEREL

Fig. 11 Variations in ion mass concentration with immersion time



9 I

2023 4F

B2 AEE RN AR SO S R e A T P45}
itk BEERIEIET, ZhUa NI KA. BHAlA
SRV DK AR BTSSR, IEEALER
KA, URHR, PO AT FAHORAS - IX AP0
WTEMCE A IR e b B A3 DI T 11, 3
SRR AR O 45 4 45 03 55t BAT i B (50
XA, 0 H K SR A S SR 2, 3R
BB 7RI B IR TR, 55 H K %A
AR LR B LR ERER,
WSS AR B R o Xt A e HR s 1 7KCa 1
AR 1R S B A U B RO LR o

5 & ®

P SEL PR R 350 PR S AR e P 5
KR, B CR RV KT RIS N i) R SR )2
R 5 L R , 1T K A P R B 05 e 4 B
SR R AR O G LR, 2 B T«

(1) B 00 I 1A (38, A0 ) B A B
B P SR A LR A, RSB 25 40 T T 8
Ms WK T 02 R 0 25 R 5 F 2808k 4
T, (E 2 22 00 S IR 1) 38 KB 4, (IR
150 dl 5 1T LA 2208 325 0200 0 B

(2) B Bl IR AT, AL 2 0 7 2 .28
3 IS ST 5 0 T B R o WA A7 7
R R T AR LR, B R AL R T BB PG
ANe VR AR, SR N TR, 05 R AL
TR TR, WIS A R A I e T
LR AR, R A AKCTEEHR .

(3)7K e FE 6 AR L 5 B R T A (A
FiI. BEAE RN I po s, AR R 1 % 7K
FFHE, RIS R R RS, N 14 R B R T
W SEEEIK, KPR K B IR
8%, FHIATERENFER. B RBLETE
AN, AHIE 150 dJE I (1 B AN ) 6

(4) BEE B NG, AR P K O 5
RAKE RN, AR E, TR, ML
ASERABIOHLIS . W ELZEIBK, B O 45 K 1 25
WHERE, HWNILREEKTERS. FLA%E EFE
o OV F T TR BRI 35K S 1 i R AL
FIRE S B AL U A7 7E 22 SRR JEL A

EEPEIE

[ £ i, #7, AE, & FE RIS 00w ik
BOR FOK IR ORI BORBE TT[I]. R B 2 50R, 2023,
51(7): 207-223. (WANG Hai, DONG Shuning, SUN Yajun, et

al. Lateral curtain interception technology and water
conservation effect in groundwater abundant mines of
China[J]. Coal Science and Technology, 2023, 51(7):
207-223. (in Chinese))

[2] Bk, & W, B &, % OKEERTEEHGETI%E
RIS B R AR [0 SR BEEE R, 2023, 51(4): 37-46.
(CHEN Guangbo, LI Tan, YANG Lei, et al. Mechanical
properties and damage characteristics of coal-rock combined
samples under water-rock interaction[J]. Coal Science and
Technology, 2023, 51(4): 37-46. (in Chinese))

[3] wtar, 5k A, 8L, & BACKE X XBIEHR3)K
RIGHLH] 5 RIS RIS © & TR, 2022,
39(6): 1084-1094. (LIU ShigixZHANG Cun, ZENG Yifan, et
al. Weakening mechanism ‘and instability characteristics of
coal pillar undér.mining disturbance and water immersion in
water storage, goaf[J]: Journal of Mining and Safety
Engineeting;2022,39(6): 1084-1094. (in Chinese))

[4] %A, R 1R B, & AREACRE NER %
P Rge R R AR [J]. Kk AR, 2018, 43(8): 2217-2224.
(JIANG Jingdong, CHEN Shengshui, XU Jie, et al.
Mechanical properties and energy characteristics of mudstone
under different containing moisture states[J]. Journal of
China Coal Society, 2018, 43(8): 2217-2224. (in Chinese))

[5] ZHANG G, WANG L, LIU Z, et al. Experimental study on
mechanical properties and deterioration mechanism of red
sandstone from the Panjiatuo landslide under action of acidic
drying-wetting cycles[J]. Applied Sciences, 2023, 13: 5955.

[6] ZHANG C, BAI Q, HAN P, et al. Strength weakening and its
micromechanism in water-rock interaction, a short review in
laboratory tests[J]. International Journal of Coal Science and
Technology, 2023, 10: 10.

[71 #& 2= A, M8, 2. & /KA LLRD SRR T
PR SHREE MR I 0], & 1%, 2021, 42(4): 899-908.
(ZHAO Kui, RAN Shanhu, ZENG Peng, et al. Effect of
moisture content on characteristic stress and acoustic
emission characteristics of red sandstone[J]. Rock and Soil
Mechanics, 2021, 42(4): 899-908. (in Chinese))

81 % [, £ %, K& P K FLRERZEBSERT
BT A B R i T [J]. A %, 2021, 42(6):
1612-1624. (ZHANG Chuang, REN Song, ZHANG Ping, et
al. Experimental study on Brazilian splitting of phyllite under
the coupling effects of water, pore and bedding[J]. Rock and
Soil Mechanics, 2021, 42(6): 1612-1624. (in Chinese))

[9] Mt & B, FEK, & OK-EER NSRS
TR E BB ). & b TR 4Rk, 2021, 43(4)
634-643. (DENG Huafeng, QI Yu, LI Jianlin, et al.



10 I

2023 4F

Degradation mechanism of intermittent jointed sandstone

under water-rock interaction[J]. Chinese Journal of
Geotechnical Engineering, 2021, 43(4): 634-643. (i
Chinese))

[10] SE/03k, R IR, X XK, 5. BRYTEEH T RE T
B LR ARV TD]. &%, 2022, 43(11):
2993-3002. (CHAI Shaobo, SONG Lang, LIU Huan, et al.

Experimental study on deterioration characteristics of filled

n

jointed rock under dry-wet cycles in acidic environment[J].
Rock and Soil Mechanics, 2022, 43(11): 2993-3002. (in
Chinese))

[11] ££ 2, ZRoc, WmEkk, & ZEREN FAEERL
R[] 5442, 2018, 39(3): 789-796. (REN Song, LI
Zhenyuan, DENG Gaoling, et al. Softening characteristic of
gypsum rock under the action of multi-factors[J]. Rock and
Soil Mechanics, 2018, 39(3): 789-796. (in Chinese))

[12] £ f6, &I, KHE, & KEAR SIS T
Pk BE 2w AR 56 B R [0 &+ 2%, 2017, 38(9):
2559-2566. (WANG Wei, LI Xuehao, ZHU Qizhi, et al.
Experimental study of mechanical characteristics of sandy
slate under chemical corrosion[J]. Rock and Soil Mechanics,
2017, 38(9): 2559-2566. (in Chinese))

[13] YIN X, HUANG Y, LEI Y, et al. Response of the mechanical
properties of impurity-bearing gypsum rocks with /a
porphyritic structure to long-term water immersion and
softening mechanisms[J]. Bulletin of Engineering Geology
and the Environment, 2024, 83: 148.

[14] Z= =58, WA, ket & oK-E RMUUIRE T IR R
JRAR A PGB ZURIGRT 7 [0]. LA YR, 2021, 43(2):
329-337. (LI Ergiang, FENG lJili,, ZHANG, Longfei, et al.
Brazilian tests on layered Carbonaceous slate under
water-rock interaction and weathering[J]. Chinese Journal of
Geotechnical Engineering,/ 2021, 43(2): 329-337. (in
Chinese))

[15] HkB#k, or 2 H AL NI, S ARFEBSFIBRIE TR TUE
TR R AR RL[T]. BB = HR, 2023, 51(10):
109-118. (GENG Diandong, QI Xianyin, FU Peng, et al.
Mechanical properties and damage constitutive model of mud
shale under different drilling fluids immersion[J]. Coal
Science and Technology, 2023, 51(10): 109-118. (in
Chinese))

[16] xUfRE, THIE, FhFk, & K- IREEE T IUE %
R Pk S B AR A MR BT T [3]. 6 A 0 oE S TRE AR,
2023, 42(5): 1041-1054. (L1U Baoguo, YU Mingyuan, SUN
Jinglai, et al. Study on mechanical properties and damage

constitutive model of shale under hydro-mechanical

coupling[J]. Chinese Journal of Rock Mechanics and
Engineering, 2023, 42(5): 1041-1054. (in Chinese))

[17] skEMy, HEEEIR, 5K, & KUNRIEPRE T HRE B0
ML AL [J]. A & TRk, 2024, 46(6): 1206-1214.
(ZHANG Huimei, XIA Haojun, ZHANG Jiafan, et al.
Damage evolution mechanism of coal rock under long-term
soaking[J]. Chinese Journal of Geotechnical Engineering,
2024, 46(6): 1206-1214. (in Chinese))

[18] X W, ZE5En], HAEsh, S5 g =R RALBUKAE R R
W E A 12247 N MR 0], H A 5 T
FE 22 4R, 2019, 38(#% Fi] 2): 3532-3544. (LIU Gang, LI
Yingming, XIAO Fukup/et al/ Study on failure mechanics
behavior and damage’ evelution law of yellow sandstone
under uniaxial triaxiah and pore water action[J]. Chinese
Journal of Rock. Mechanics and Engineering, 2019, 38(S2):
3532-3544. (in,Chinese))

[19] MUNOZ H{\ TAHERI A. Local damage and progressive
localisationin /porous sandstone during cyclic loading[J].
Rock | Mechanics and Rock Engineering, 2017, 50:
3253-3259.

ROYSERME, £HFT), B K, . AFEEAINEER S A
b B RIS R G AC R AL [J]. A A 1% 5 LR
%, 2022, 41(3% T 1): 2881-2891. (WANG Tianzuo, WANG
Chunli, XUE Fei, et al. Study on acoustic emission and strain
field evolution of red sandstone under different loading and
unloading paths[J]. Chinese Journal of Rock Mechanics and
Engineering, 2022, 41(S1): 2881-2891. (in Chinese))

[21] #B%E, BRE, & &, L KYUKERMEM T B
BRRRIE KAR DI AL ). S5 7177 5 TR, 2024,
43(4): 918-933. (HAN Penghua, ZHAO Yixin, GAO Sen, et
al. Progressive damage characteristics and damage
constitutive model of coal samples under long-term
immersion[J]. Chinese Journal of Rock Mechanics and
Engineering, 2024, 43(4): 918-933. (in Chinese))

[22] SONG H, ZHANG H, FU D, et al. Experimental analysis and
characterization of damage evolution in rock under cyclic
loading[J]. International Journal of Rock Mechanics and
Mining Sciences, 2016, 88: 157-164.

[23] ACAE, ¥ 5. T etk v 307 - n 3 o 30 B0 1) e 7 [
830 Sk PN 77 3% 0. B LR BF 5, 2019, 36(8):
2544-2547. (DAl Wenzheng, YANG Yong. Noise image edge
detection based on improved Gauss-Laplace operator[J].
Application Research of Computers, 2019, 36(8): 2544-2547.
(in Chinese))



