$43% 3 "= L T #M o #k Vol. 43 No.3
2021 4F 3AH Chinese Journal of Geotechnical Engineering Mar. 2021

DOI: 10.11779/CJGE202103002

SRASRBESAENERZAMNENFEITAMR

XNFES, O T, EREL BSOX S BB, EAX, BT
(L HRARFEARTRFERE, HK 400045: 2. FEXIAEHG 5CHE B 6 B M5B & TRPEAH G, HR 100045;
3. IR S B R R B I S % (KRS, K 400045)
B E: RASEANEIAGA PFCP SHUCET, REGMIITE THE— (ZF) &REwmmEEMN AR GRIR
W BRI AW BI Y S 25447 R R OMFENERES T, SWmE NG HE . EEBIN Y (R K&
877 BBt — B R AR A AR K 23 I K IR AR MR K QU)K a8 AHR —B e R, B 7
AR5 AR SIANRAE I K I SE R Rk BRI RIR /N GRIRIRD o @450 Z: i A s AL 2 22 17
VG R A AR LA (RN BRI R B OTCH) B8 BT RAR e MR (T - W R
JS7 M P T SR AR T (AN I BRAR B AT RRE RN 5 AR FEM B @4 FA T 2 WL BY D A s mp
REAC A R 25 - TR | TCI M WTRBIR S 5 T — I RS IR 3 PR AR, AR T4 A R e (REED) Akt 21
ST . P BE N R AR A B AR ARRAE, AR BRI AL R “BEE TR 7 A A TS T . @R
YRR P EERE AN SR AT RE , I 5 UL S AR 8 T4 BT IR IE T 45 K4 T B D) 5 B A S A 2 U 45 R
KR AW BHBNRK; PFCP; ZANWEIY) /54T R BRI A R
FESES: TU4S XHRFRIRAS: A XEHS: 1000 - 4548(2021)03 - 0406 - 10
TEBRENT: XHER(1969— ), 55, #d%, WLESIM, FEMNFE L TRNEF SR T/E . E-mail: liuxrong@126.com.

Macro-meso shear mechanical behaviors of coalescent rock joints with
different morphologies

LIU Xin-rong" %3 XU Bin" %3, HUANG Jun-hui', LIN Guang-yi', ZHOU Xiao-han" 2, WANG Ji-wen'!, XIONG Fei'
(1. School of Civil Engineering, Chongqing University, Chongqing 400045, China; 2. National Joint Engineering Research Center for

Prevention and Control of Environmental Geological Hazards in the TGR Area, Chongqing 400045, China; 3. Key Laboratory of New

Technology for Construction of Cities in Mountain Area (Chongqing University), Ministry of Education, Chongqing 400045, China)

Abstract: To investigate the macro-meso shear mechanical behaviors of coalescent saw-tooth (wavy) rock joints considering
the impact of the first-order (second-order) asperities, the laboratory direct shear tests and PFC?P numerical simulations are
conducted. The results indicate that: (1) The macro-damage mass increases, the peak shear stress (displacement) approximately
linearly increases (decreases) and the stress drop increases first then decreases as the first-order undulant angle increases under
the same normal stress. The macro-damage increases, the peak shear stress (displacement) approximately linearly increases, and
the stress drop increases (saw-tooth) or increases first then decreases (wavy) as the normal stress increases under the same
first-order undulant angle. (2) There are five stages in the macro-meso damage evolution process, i.e., initial nonlinear
deformation (compacting effect), approximately linear-elastic deformation (climbing effect), nonlinear deformation due to
compression-shear fracture (climbing-gnawing effect), plastic deformation due to a drop in the brittle stress (gnawing effect)
and ideal plastic flow deformation (sliding effect). (3) The macro-meso shear failure modes include compacting-climbing
failure, climbing-gnawing failure and gnawing-sliding failure. The curves of the meso-damage crack quantity (energy) include
three stages, i.e., a slight, steep and slow increase in the initial, middle and later stages, respectively, and the meso-damage
particles are distributed near the rock joints in an approximately “trapezoidal-shape”. (4) According to the limit equilibrium and
strength reduction methods, the rationality of shear strength estimation formulas for the rock joints is verified through the

stability analysis of rock slope examples.
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Fig. 1 On-site sampling, processing of specimens and
determination of mechanical parameters
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Fig. 2 Schematic diagrams of general design of the test models
and the physical diagrams
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Fig. 3 Schematic diagrams of test facilities and loading
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Fig. 4 Variation curves of macro-damage mass of rock joints




3 1

XER, 55 2 A Sl A AR SR T 2 A BT 247 9 gL 409

H P 4 Ml n: T8 eRAT I JROIR 45 M T
FHIEIZ ) R 7 2648 T P 3 25 A4 4 ot = 350 Bl — Ffie £R
R RTTEWAR R CTH . #30 #5 JP6. #8. #10),
H AR R — B R AR A 254 R 3 2 WA 49 ot 3 BV 1)
JE SRR EAR K (o2, #3. %4 Je*7, #8. #9);
Xt b W #1 %6, #2 f1#7. #3 FI#8. *4 F1*9 J¢*5 FI#10
A4S LA ~75 Bfe~*10 26 T I 24 T 2 WA
FREAMRIGRE T 85.71%, 40.63%, 3.60%, 6.01% K%
21.69%, R AA b8 v bR &5 34 1 2 A 1 o = e VR
ARGERIIR,  HLAT 7 AU BY D7) Wi 22 1 Bt 30 e 4 A 1) 3t
FURCIRERAA . 5RE S B T 45 5 T
2.2 ZEWMEEYIEE STRAFHE

Bl 5 MR IR A IR G5 M T 5 VI ) S5 8 Y1 A
T Rk, PATLIF3 RS g5l o3 At 159 215 405 4y THI 1 2
JUNERIBNN L R R A R (1

50 6.0
L #10, %9~
a0t a8} —
& g‘ \ Cy D Ex
30} S36
R v R %6
Eoot " Boal B iy
R R
®iof i B,
A —A
1 1 1 1 1 1 1 1 ] 1 1 1 1 1 1 1 1 1 ]
0 123456780910 0 123456780910

Y48 /mm B YIS /mm
(a) (b)

5 FEMEFYIN DS YMITE X Rk
Fig. 5 Relation curves between shear stress and shear
displacement of rock joints

HI P& 5 73 T m e HE v RN IRAR G T B ) L
JIEBIOIN A Kk & M 4 AR B3R 5 AN R MY
B WIHRINERE A BrBe: St 716 5 ki
BIIRES RERARD , B B #1325 & A
WoNEIm s R (BT48): AB M. Zitgiit Tz
AN BTATOIRAS (RIS, B Bedl AR 46
KEJ T 32 i A AR A 2w LA g AR 2R — R R AT I 4
HEAER KL & (B 725K
SERIERIANGY: BC BrBL: SEAL I AL T 2218 s BT Ik 2
FELMEARTEIRES (RIS, 1P BOs IR S,
ALY T — B A AR L B Wy Rk R AR AR R, EL P
L INRAL s CD BB S5RITH AL TR etk 2k
BIVEAR ARG (MG W RS, M Bt iy TV (BT )
823 AR A s LU JE AR TEAR AN RN Rl 2 SR R
EARIEAS), TRl BTG s gz i — B (i) # iRk
B R B2 DE BBt S5t ab T EAR B TR s)
BICIRZES BB, 2B B f i I 5 i 2 H.
PRARAL Y I 1 S BAR AN BESE IS B FAE, RIS S5 T
PUBT AT N E R RE T AR . R, TH°10
FAT T SR BT VIS S8 UIAL % 2% 2 4w 3 4

B BRI AR AN B R, HE B UG Ak A s Al AR Ak
TR R B TARES (2 6 RS2,
2.3 BYINREITREME RS

Kl 6 ANIE — W iEe iR A A e e ) 2640 T B iR
I IRAREE A AR BY VIR /) P (fi#% Pai) IR 7]
e (BRARBIVINL S RaVEMEBIVIN. /) Ps) ZBACHI L,
Hrr, =1~10 (5T 1~*10 FHXFRD .

6.4 -—O— FEVPRG MY T 6.4
< [-o-giRgm
&~ —O— BETRAR! £
=56 {48 E
R 8
g 438 132 g
= SR E
g“-o_ Bjj]\ So<+"1 1.6@
I
—BriR )
(a)
5.9 —O— SHERETH ~14.5
£ - g
S48 Ha0 E
R 8
g‘ 3.7 135 g
=R =)
@26 {3.04
g g
1.5 L 25
1.5 30 45
[ F F1/MPa
80 6.0
o 64 4.5 %’f
ﬁ 48 3.0 'H'g
)
& =
> %2r 1.5

16 1 1 1 1 0
0.65 0.70 0.75 0.80 0.85 0.90
vl
(e)

6 ERETEHEWEISETYING (L) MNHFEELZ%
Fig. 6 Variation curves of peak shear stress (displacement) and
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HiE 6 Ca) ezl MFEEFES (3.0 MPa)
FAF TR AIRANPGIRARGE I T Py 20— B B2 AR A 1
KT BT A AL A M I 3 (P9 IR AR AT ), 1
Pa WZHT R BEGESS (RT#EEBEE M e #H %)
BEY: HECIRESAII Py BOBIRAR S I T /INTT Pa WAL
BORARGE TR, R, —BriefRA e 45° WP
Py I (Pg3=3.181 mm JZ Pgs=3.041 mm). I 6 (b)
ST AHEE AR A (450 ) SFAF AR ARIRAN
PBARIRGEMITHT P (Pay) YIBETE 0] s 7 58 KT 328 LAk
ARSI (I SElRAHIT ), HBGRAR S KT
Poi R UIR G KT Po WAESE IR G M T /N —
Fcts, SR AIRAT B IRCIR S5 44 T T 8T iR B AN BT ) 38 8 5
I AR R YIRS, BRI ) B ) 5% A T 454
T AR B ) AR TR 3 8 PR UNE M R sl (B



410 H

+ T B % ik

2021 4E

FKD, T ¥ ) e T 2 A8 T 65 A THD B 47078 T U o B 1) 2
I RMNEEAR KR, HERFS RS A51EH Tk
PR USRI R BT R R T 2, S b BY o 5 A 2445
WONERARTREE, Hikm#ah a2 A S, HE6 (o
BRI HHIERERE /7 (3.0 MPa) 2644 R AR IR AN
PARR G A6 T 7 [ 357 B — i A2 AR A 8 KT &2 5 19
JER/NAR AR, BRItk (450 ) &
AR VTR G5 M TR g B B Y ) He g 386 KTz A2 K
T 38 YIRODR 225 AL THT . 7 B U 38 I 5 s/ s ol b, —
B ik Mol 30° A 45° BHEUIREE M T e ;. T8~
WG M % 5 DRI 25 S AR TR TRAR S A T A 2, HL ke
RARIAZLESG N T BY DI THA A, iR DR &5
FATHI N, JJ P45 3% (Ra/Psi=0.829 /NT Re6/Ps6=0.850
J R3/P3=0.831 /NT Rys/Pss=0.860), HlJ &5 451475
IR G R B/ A, —BRMAN 60° B8R IR
SERTH B R AR AR ) 5 RO M AR AR B 78 40 K5 T — B
AR ARE VAR BT, HRRGE M T E —Bivike
RSB RFE IG5 T S5 T bR B — B e AR k2 1)
(R HR B 29 AE R, EH IR 38 YIRODR 285 40 T 1 7 P o 25
(Rss/Pss=0.708 KT Ry10/Ps10=0.688 )
2.4 ENHREELIIZSHIFMER

B 7 SRR DR IR AR IR R 5 R T 2 W A5 0 v A e
MR IR Bl (R 2R
B B, B, Wi, IEREIS), Hin
“30° +3.0 MPa” f&—Fri kA AL 73500 8
30° #13.0 MPa.

6K s, B 7 apreran: HE VPR IR 45
P T 2 AR A A I RS AT R 0o 3 ANB B (BB
P1~P3). ALK B P1: S5HTHHIME % 5 & )G,
FERFEE R B A N S5 B AOUHs T O — B R AR 44

— B R AR R AR E S, BRI 25 R
i TS5 T P9 00— B R A i 5 8 AR 717 757 345 1 )+ 3R
WA LG, M 45 R THT 526 25 - e i R =0 (B 5
HRIGE A B BB Ak, 30° +3.0 MPa €
Wi s o4 B B L BB S AR, 45° +1.5
MPa I @ [f ) L-F- Jo 4 HL 15 3 10 25 100N JBd 2 T B
45° +3.0 MPa @I & /NS HAS S0 & il
W 2= HIB, 45° +4.5 MPa B ICI [/ S S0R 15 35 T
it 2 1B SR ) B &, 60° +3.0 MPa ISHIEH it 1 F- I 4%
LS T 2 TR R A B R o A TR B P2 S5 A TH
A 2B — R AR R S AR T E A EIRRS
o GBI BRI, EUE —Brie RARTE H R
) AT SR G Rarul A, ¥
FEIBB U — B RS AR AR rh 0 B A ) 282D, LTR3¢ 1 7
A i A AR Ak 5 P 4k Ao i P 4 D 2 T i ot =
R, S ST 2 ICH - W Rt (& 5
t1 i BC BB b4k, 45° +3.0 MPa #145° +4.5 MPa
B — i fRiE R g E (KERE B
30° +3.0 MPa. 45° +1.5 MPa /% 60° +3.0 MPa It} &
o WG B P3: FREE B R A TS R
) 2 WA 1 R S s PR A Tl BT E — B
FEC AR AR @3 T A 50 B 3 ) Tl A e e 2 o AR 30
IRZKT- [ . (— R AR AR I 3R 07 B I e L
W Sk 22 W 30 B ) far B0 B — R A2, B4E T
A58 A T — iR AR A O i i R A T IR
GERFsh g GBI BERAK), i 25T 2
W F i A (B S FH K CE BB b4, 30°43.0
MPa. 45° +3.0 MPa }% 60° +3.0 MPa I 45 ¥4 i 43 5
FIN B S22 I TCE | TC i Ty B s T 280, 354
ZHE MBS IR F BRI —Fr (=) #2fk

RIS FEERUNERBESIE I, FHHefl R B (R Kk, H 45° +1.5 MPa i —

B 30°+3.0 MPa 45°+1.5 MPa 45°+3.0 MPa 45°+4.5 MPa 60°+3.0 MPa R
| Rk

@ || B R T

ol 5 [T e P2

Y e :
| P WM R | |

30°+3.0 MPa 45°+1.5 MPa ] 45°+3.0 MPa 45°+4.5 MPa 60°+3.0 MPa ~

W !

=3

R

&5

#

(]

7 EHREERIRRENLILRE

Fig. 7 Macro-damage evolution process of rock joints
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Table 3 Meso-mechanical parameters of numerical calculations
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Fig. 11 Meso-damage evolution process of rock joints
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Fig. 12 Schematic diagrams of general description for macro-meso degradation mechanisms of joints (conditions No. 3, 5, 8 and 14)
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