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Abstract: To investigate the fracture characteristics of silty mudstone under moisture—thermo—mechanical
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conditions, fracture evolution tests were carried out, and the fracture development of silty mudstone under single—
factor cycles and multi—factor coupling cycles was obtained. Meanwhile, X-ray diffraction and scanning electron
microscope were employed to examine the microstructural change of silty mudstone. By combining the correlation of
macro and micro test results, the crack propagation mechanism of silty mudstone under moisture—thermo—
mechanical conditions was revealed. The results show that the fracture development of silty mudstone under
moisture—thermo—mechanical conditions generally exhibits a growth—gentle trend. Under single—factor cycles,
humidity cycles (soaking—drying) are most likely to cause fracturing of silty mudstone, followed by temperature
cycles (5~60 ° C) and mechanical cycles (0~50 kPa). Under multi—factor coupling cycles, their order to cause
fracturing is moisture—thermo—mechanical cycles, moisture—thermo cycles, moisture—mechanical cycles, and
thermo—mechanical cycles, which verifies the finding that humidity cycles are the dominant factor in causing
fractures. After 15 moisture—thermo—mechanical cycles, the fracture rate can reach 0.92%, the number of fractures
increases up to 30, the average fracture length extends to 60.58 mm, and the average fracture width is stable at
about 0.47 mm. The gray correlation between the porosity and fracture rate is the largest, which is 0.813, indicating
that the correlation between pore development and fracture expansion is the greatest in microstructure changes.
Under moisture—thermo—mechanical conditions, humidity cycles cause the interlayer spacing changes of clay
minerals, resulting in particle breakages and pores expansion to form microcracks. The temperature cycle produces
differential thermal stress and water distribution in silty mudstone , which promotes the development of microcracks.
The mechanical cycle increases the fracture tip stress and finally leads to a fracture network.

Key words: slope engineering; silty mudstone; moisture—thermo—mechanical effects; fracture development;

microstructure

T [E j 7 A e TR B P, R OIT2 4858 T
KA KR BTes . W & 0 MR b e HAT
WK R SR WA o T IR R 32 350 R
R 2R AF AR B A 2 AR B B R AR TR B b B e
PR R R TR B s R A T BUA
FHIRWIR AL, T IR R 26 1 S B B e
ABRE AL ST, X TR 7 e MR TR R —
SER

A2 08 B AL S A e LB A Y
TWHSE . SRR R A A, SRR il 7 AR
J, BRI ST R A B AT I
HERRE SRR, Yo s O ES MBI , B B
RE T WMERTEIT 2 A 3 R 0 e iR 4
AR BARRAEIAE T Y PR FL BT A 52 35 i 2%
PR THRAIE RS S T ARTE A AR IR A B i 3
BRI A T, B TR0 PR R e R &
WX UL T 2R B R
PUER . R T8 50 20 i TR R B A AR R A e A
R R g 0 R 7 A ) SR

AR UKL IR] AN 25 50 A ¥ K AR TR 2 0 o PR AL
S A ) SR BN R R g A s T, AR
T HEIA, SR TR AR, T3V T B 5 A , ik i it
R A A E T T AR LA B9 47 28T
E IR BUE S e T W R R e 4 [
FEIE IS R A T RO 2R N 3R AR TR A 1
T5 T, A R BB A S B A B e AT T
WS A TSR K - =T E 1 2 e 2R
Uit AR B AR Y B g, T BE— 20 B R A
SEUCRIT TR ARG IR T Ve A O R AR AR
X A EFHOIET 8 NIRRT e s R
¥ 4= R BTV e i A= NN TS e AN
B2 BT B R S 22 BRI
AR AL AR R OIS F T 5T H TR s TS R
WA SR AL (4 5 T 785, 1R SO A5 # A2 A B 1 00
B LA S RO AS #2575 WU R 22 [ 14 SR A s
HE—LRABIIT .

VAR 5 M DX UL BB R B8 S D 5 42 T
I T JRERE AR B R R AN 22 D B S I PR R 2



128 PN S QRS )

2024 4F

B AL, PR TR AT B R e 2 P B A I
VERIR 2B A U, it A ) 2B 3 1Y
SRR BE , PR X R AT 5 140 P B oL 3l T
B, 7 R AL BOES 14 A AR LR SO S Bk
PR 78 2B AL .

1 KEHFE

1.1 KEHRE

AR BT R 0 e 7 B A W e 2 0 BH T AR IR
B — b N BRI I 0 b Ry D U A R AR KR
8.17% , YA 55 B by 2.27 ofem’, W 7K 28 5 1y A1 7K %
43514 9.33% F1 10.26%. 35 B G IH 8 15 # Z4 Bt DL K.
2% J5 1Y 52 2 A B RS 70 mmx70 mmx210 mm
(K x 58 x i) 1Y K 05 R38 RE A B A2 50 mm , 1= S
100 mm [ (BRI AE AR URE | J5 SR FHAT B AILG T AT R F
ATFTEE , CRUE Y sy 18] AP~ B 1R 227V 0.05 mm, 15
B EARIRZ A KT 0.3 mm, 355 16 T BT &R
Z/NF 0.257, 10 T 58 B Sz RV A % B i AL 28 . R
U /N AR D A e o Sk 4k 6 44 R A ofe B B i i
ZT-801 771 S B0 i A IR0 RE 2R 47 7 e 4G, Pk 2

I I AR 2.50+0.05 km/s 1 Bl A9 R AT 2L
P Ak 15
1.2 AL

TBURE Hby 11 RO L S, R R AR 5 7R e
FKA LB R ORI S A ER)ZE 2~3 m
DAN AR Z B LR DL R S i B AR
W hEAE , B R R 2 Z AR, Ik 1.
kTR A ] L — SRR AR AL, R 1R R R R
R FAR S An R 2 =K SR KV B, 4 i R
30 CHEAT , MR FHE LGRS | 72 i BE 30 “CitkA T
W R T 7 T 7K A 28 R ) D v AR TR it
5 °C .60 ‘CHAIK . it 2514 5 il i) 47 223% R 50 kPa,
SRl 28 S AR M B iE A S BN 2 A S 1
HOR RS G PR 0 25 1 it —Fh Z RS 1E
IRBERIAE , UL 1 B RS R ORIELAS | s T KT
BRI KR ARG, BAR SRRt oy =0 - B K i
W aRE B A B AL B S T S B, #5727k
A H A R — 1 B2 5 I ARCR 3 W] LR 1Y 225
W2 AT S8 AR F 5 B K AR IR 07 XA T,
STEITCK AR (R 4 222 R ) TG far 2806 AT 5%
BUE ARG A5 RIAT

*1 BHREHTR
Tab.1 Cyclic test scheme

WA
] SR BAGRFUE R /mm
12 h 12h
SRR K BT o
PHZ i G5 i R 5
(I st
fBREER B KA Sl
W STHRE Tk A R VK MR AR
TGRS JooK i BK AR 70x70%x210
ZINERE 15
A WG Fok AR B AR (KIrHRithe)
PG R AR G AR

EREBZIEAIRE T, B TR A FIHURE 55
PERIBR R, B T A e i o R R AR A A 1
AR RO 518 s e 2 N R A TE R, Rl
Tt fin 2 PR 2 A A 1 DL R o3 i 2 R [l
BIEAVER T 2B L B A, R AR K
FERGE DLER 1. PR T 2506 W A 6 (4 245 A 2 %) Ll
O30T WO R 5 RAT 22 A AR SCES 1S o T
Y R B PR R e A LA IR 08 AT 3 R4S
R e S S
1.3 HBEEGRESLE

ZAp AR, X S8 AR PR B 1.3.5.7.9.

11,1315 Ji5 A aCRE 0 3R T 158 1 v 3 A AL EEA T 4 43
(530 A A A ) 1 B 22,57 F 48— Uk, Fr 4R A [ R A
MU & PRI AT | R RE 1S 21 16 T ) 1
LA AR S 21 4 WA T R 25 A T T R
AT TR I 0 DR A B, 15 28 28 50 S5 A A
SEw I WL 2 (a). JE X AT ZAE AL, 15 2] K
B2, WL 2(b). A #F5E % B, FIFH Image Pro Plus
A R A0 LR B RS R A7 A BT, AR i B 1A
BI(E L 7R (A 127,255 VS N AT 50 B e % 415
B 2L LT S EC 3Rt %R 2(b) 4T B {E
Sy EIAL PR, 2 JE HEAT R MR AL A5 BB 2R oy



B AR D e A T 2P E DTS 129

e

PR TR

ot i ST

KA 2

A1 %EEHEMIREAH
Fig. 1 Model box for multi—factor coupling cycles

HILIE 2(c)  (d). GETH 2B AR B AR P IR
LAV TERE , BB 45 2B I AT 1 AR Z T, S
SR BT A A A T R 5 2 R M iR SR A B
I 5 P E R TR I AT R B HE A AL 5 - 2 B S AR
LRI AL R B RO R

s
i f N

(c) IR{E 53 H1 (d) ZEBE 2
B2 AfgsaE
Fig. 2 Image processing

1.4 K58

Rtk — RS R P e A SR E 1 N TEAL
ST OIS , SOV IR 56 R FH PR A I - B, H
.
1.4.1 XHEATH K

B RARRASTNE 7R 15 R = TG AE
J& B RE &R 2R 2 WS AR AR i 320 H (0.004

69 mm) F IH R , B 400 o, HEAT [ SR KT . R F 7 [
i & 75 AXS /N ) ) DSADVANCE %I X S £ 477 530
R S AT X R AT R
142 fa%hd 4k

PRI SRR (FRLIA R A 7 ORISR 15 R DL e £
KA A5 15 G PR E S A RE i il K 24
10 mm. & 3~5 mm i Ji °F & B, 38 A 7 [ 2K )
EVO10 $1 48 H B A A 74 il e SOOI 46, Xl
KM PEATMEL , IFAE 2 0005 000 5 K AEEE 14 .

2 BRSO

21 HET EREMSWH
211 ERFENERRE

& 3 25 T A PR R A R 06 A B i A 2 R, R
PEI 15 W EMG . RE 3 () AT A, VR A 2R IR
FERM AT B, 200 15 KIGH G, B K
] 24 BN 465 5 fh 181 3 (b) AT, S8R PR A R
TR 2 T TG 2B A 7E T AN RS B A A — &b e
FITE 5 o B 3 (e )75 H far 28006 PRl 2 T e P 45 . X 16
B 2poph i 2 4 BR (0~50 kPa) Ui BEEFE A (5~60 °C) 15
UAE A A kWAL Bt = A=, Fpoph i 0 A2 Ak (12
IK~BET) S AR 7 AR ML 7E 1S IG5 2
T AP R 28, 3RE 58 A IR AT 5 R B PR B T i 1Y
PP B AR AL R 5 R D T e A 2B YR, HAE
FHACR A

(a)MBBE 15 (b)WEJE 15% (e) g8 15
B3 $REBFRRIE LRI R
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Fig. 9 Variation of microstructural characteristics under single—factor cycles

PR 8 /IN JBORL PR AR R T, AR R — IR B A A, 5
LT T W b ash AR v JSURE [) J8E 45 1 U855, B A
UKL 43 E 7%, FLBR HE— 25 2t 5130 . phy ¢ 2 n] AT
T B G PR 5 1S A & )2 1) BE ARk Fe K, o7 R 20
YEF LT i )22 (8] B TG 52 M 5 X6) FOWE 235 #4) 1 IR i
K E /NS T BEAEIA IR BE D3 for 280 34V
(1E19). BB, 75 7 W 24 B v Ak v, LA VR AR 2R
Y FH )R 55 JC T B A PV F iR 2 Bt 2 75 B
[TE
2.3.3 IR#E R E VR T T AT

TEFE 2 000 H AT EL I R0 T e o L%, )
FH B AL B3 U LA S8, 547 ROWALBRAS £k
SE AT HT LB LA U B OO 25 4 FL B B s K S
Witk T RN ALBUE A s 20 B 4E80nT T TR — 4k
Bt R LA R () AN R 132 DA R G 1 AR B

L3R, M A R AR KRR AL R R
0.43% , b4 10 BEDG IR I EAT , FLBR AT N, 76 15
AR I8 5 1.39% 5 il BEAG IR 7 U H] 15 IFLER R A
1.83% A5 AL 2] 1.72% , 47 9 /IN#a e . i B AL R e Se 1
T, B3R — AN FOE IR UES 1208 9N, M
IKACVE T, B ) WOk T | ZOIR P 7 FL B A 45
o SR AE R PR ol FL B 4%, DR G 2207 7 UKL 15 YK e
HWAGH G FLERF N 0.48% .0.41% , 5 IR #a L

PLFLBR A S il LU Ry e bm A HOR IR R % L
BB A0 L it B o) 2 e A g, R FL BT IR
BeAE a3 3 i, # AL B JE A e &) 43 (0, 5)
[5, 10)LAR[ 10, o) =A~K (1], Hidr 0 /R FLBUAAE
P, LB B 2 R v, K L B S K, DR i

R3 BUALBLASE

Tab.3 Geometric parameters of micro—pores

I Al b DX 1) o /% ip17

FEdh FLBR /%

(0,5) [5,10) [10,) 4E%K
RIRFE 0.43 60.11 19.08 20.80  1.446
TR 7 IR 1.05 64 22 14 1.408

BIEMEF 15K 1.39 62.40 19.29 1827  1.394
TEIRER 7 1.83 59.13 23.48 17.39 1396
BEMH ISR 172 59.54 28.24 1221 1.320
TR 7 IR 0.48 58.44 20.15 2141 1.438
MIEMER 1S 041 59.13 20.81 2006  1.422

Jei — A X TE] B A 10 A 10 L _ERYIFIX 8] . AT LA
B RARGRE AT 3 E 15 IR FLBR AR A FE I
KE L AEL10, o) XTALAY 7 bE 23 )3k 31 20.80%
20.06% , i BEAEFE T FLBR B 78 B8 BE ARG, 4 i
FEAE (10, o) IX[H] PN 4 bb HAT 12.21%. AT UL, 98 3 A1
Tk A FH 2 (AR LB P AR A58 2 1) [ L 25
KA AW R K Sy 1E AR N B A B R
A .

SR U AR =R R T AR, A 0 RO AL BR
HA A A, AL LS A i R e R,

lgP=glgA+C (1)

Ko PONFLIR R s A I ALBR AL D A FLBRIE 5y
TEHERL 5 C o 0 K LB AR L SRR ABOSU 50HE
B A TER PRI A A5 LR, R AG 2 45 R R FLBR 1)
T LER, N 3 PR .

JNFE 3 0] LIRS, KRR T AERCH 1.446, 1o
AGFRE AT R ALAR A, TR 15 TG 5051 R
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1.438 Il 1.422; 7E 3L 8 BEOG IAE T /0 T 4 85ks
SR IR BEEIR 7 R 15 WAEH T 43 TR 4E 5000 51 R
1.396 F11.320, /N F R EEMGE A 7 R S IRVEATF 0B
A% 1.408 1 1.394. Ui B TEIRIE 0 26 PR H 2 7
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R 3BT 2 LB R 5 RO 25 A AR Ak i DG
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P95 25 LU EE 91 0 2548, 8t 22 08 248 %60 7Y e
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min mkin’xo(k) - xi(k)‘ + p max m’?x|x0(k) - xi(k)|

{i(k):

[0 (k) = (k)| + p max max |, (k) = , (k)]
(2)
) (3)
i =% gz(k) 3
P
2 (k) h I 3R A min min | 2, (k) = x, (k) [ 55

Z 75 x, 5 LTI 2, x, 20 1, 25 AL S A 25 B
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1R I
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Fig. 10 Variation of microstructural characteristics under

multi—factor coupling cycles
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