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Macro-mesoscopic perspective damage characteristics and energy-damage con-
stitutive model of coal-rock composite structures subjected to cyclic loading
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Abstract: During deep coal mining processes, periodic mining disturbances cause the neighboring coal strata to bear the
effects of cyclic loading and unloading, making it essential to study the mechanical responses and macro-micro failure

characteristics of the coal-rock composite structures under different cyclic loads. In this study, three different loading rates
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were selected to perform uniaxial cyclic compression tests (with simultaneous acoustic emission signal measurement) un-
der two types of cyclic loads, investigating the damage characteristics of coal-rock composites. Based on the principle of
energy dissipation, an energy-damage constitutive model for the cyclic loading of composites was constructed and valid-
ated with experimental data. The results indicate that the loading rate is directly proportional to the peak strength of the
composite specimen, where the peak stress increased by 22.44% and 28.89% for the gradual cyclic loading and unloading
path (path I) and the cyclic loading and unloading path (Path II) respectively. The higher the loading rate, the faster the in-
ternal crack extension in the specimen, the crushing degree of the coal component in the coal-rock composite specimen is
intensified, and the fractal dimension increases subsequently, and the faster the internal crack extension in the specimen
becomes. With the increase of the loading rate, the damage along the matrix in the coal fraction increases. The paths with a
large span of cyclic gradation (Path I) contribute to stress transfer within the specimen and provide favorable conditions
for the development of cracks within the specimen, leading to a higher degree of damage in the corresponding specimen.
The consistency between the test curves and the energy-damage constitutive model curves is relatively high, indicating
that the proposed energy-damage constitutive model can well describe the deformation behavior of the coal-rock compos-
ite specimens during cyclic loading and unloading processes.

Key words: coal-rock composite structure; cyclic loading action; loading rate; macro-mesoscopic characteristics; en-
ergy-damage constitutive model

BEBTRFRIT RIS FE T, TFRARAP R | SRR
TFR . REBETFR . LR 2 TFR AR M X
U, R A T AR Bl 2 i AT 2 R R 5 A
A S B g0 T R s DX, DT S5 B8O AR 5217 9 ) B
SMEBAEREY . BTS2 BRI RIS, IFR
LBl R | AT A TR Sl 2 i B SOR
Je 3 JRU S ) H sk, 3oy T RE RO SRAL B0 5 S A 52
AR 3 T DL 8l 25 o A 17 BORE =80t
KA 2R SRR AR SR I s B BT
B A A AT, AR PR3 S RE S S P T P AR 2%
ZARWR BN ST, BREA AP ER 2 £ T
Oy T AW NG A% . VP28 WIS TGN )
TR RRSREE | AT | PR AR AR L K N R
P, R R I g 2P o L BN 3 4
NI AR N AR 2R, T RSN A 1
AAEATE , 2 T BN - AR 4 R B I Y
S YEEE e SR (SO H 7 L SN 9= B | VA S d
IR 22 R L A R R HE N T AT, e L2 ) 2 A
TER 715 138, I3 B0 [ A A I RIEZ 12447
NGO AEARK S o NI, B TR T — b
TR - M REE 2 AR 7E LU
FEP, BTAZR G I8 1 ] REs2 M fn B Al i g1k
JE AR SR AR B 2 Fh R 3R, R s i L R
TR 2T e L R R H U R A
FHUOL A AU A (R ARG PR RV T A
AR I BRI A DF T GE . 56 T RETEAE
BCHIE A A K 7 2 R AR S A I R A0 A T ) —
e EWT 5T T B, IR, S AR ER S A R He A2
AR BE R - A B AR L

SR S BB B A8 TE B IR RRE 22 52 g T RS )52
Wil o SR AR, AR T A B Y 22 U T AR
SR N R G5 R R A2 AN RN () 28030, 5 A H]
FLIE AR TRIEIN, B A REE A s ikE . EN
A R 2 PO TR R 5T 0 28 G 3R 0 %o S
ERVE T — 2R A S50 22 IR B B i 2 R 5
BRMEA IR E SR I LR, e A" B R
Peat, YR PO A AR Y 2 B A BN
S B P AR T TR B 2 50 o 28 4 1) 38 i i A2 £k
R, AN RN 2R T 25 A SR R SR () B R AL B
LN N T I e Y = O 1 9 e
B A AR —52 ) R & 5 (AE) HiAR
WA RN R 5 7 R BHE SR, AR AR
ARBIBEIRTT N o M 20 XL T T 5 S e AR I 3
FRAE A L SERAE, SERTt 9T 32 28838 1 AN 2 A4 4L
FHE LR BOE S T A R R 1E, H
TEA [F) 2 T80 1 A R, % T 52 A iR ) £ 2%
JE R e e W D O B = i Y S s R 759 | ES R T
RN AT A G

ELIE SR T NP Y7 V]
A BRERIE, 0T AULEE A4 0 2 ISR Y 52 25 e/ o
IR, M A S BBOR — A v 40 W5 48 7B AL 45100 % e 3]
IRt R, PR, DN A B2 B A O R
SERY TR ST SN TURA T A (A I R AR 1 R 4
P AR T Y R 45 % 1 U T T 25 R
I IE AR SR F AN A 20 XL 38 22 XL A 118) S, SR
B BLE A T H B0 (SEM) HiAR, Al £ &
20 A R 7 LS 4 22 RUBE (R R IR RRAIE, A B F P



552 1 F AR R AT P RCE B S A R AR S i — B AN A B 769

WA RIS N FERLT

255 5 B SIRIUS sh& W AR{Y . AE, SEM 45 ZFf
FBE FTF 3 i (1) #o#% (0.05. 0.10, 0.15 mm/min)
X B2 A iR T R AN ) B A8 1% B Al 0 A0 om0 283X
5, BEEAE IR BN T T A 5 G A B A R AE
F-MMBIRIE A, M RIE A e e N s 2 &4
PG B e — i A MR, ot B /R R B e B A 45
(R R IAHLE] | BB R 3 ) R A &
B HLE FEPR R

1 {eidiE

1.1 {EERINENE EEE

FF 3 Ao (1) 254% (0.05. 0.10, 0.15 mm/min)
XA 2 A 1R T R B B4 0 s 8, e, )
R SNk R R 2 E SO . EER
T 2 PR INENEE AR, 43 53 R E R T BRI A IE A
IR AR (N SCRRIFRIAR 1, X “A” 6w FilAs
B BRAF RGP N E A FE A (R SCRIAREAR 10, SCh
H“B” #m).  Horp, 7880 B b #5421 m 4R BR
BRIEIN 3 MPa, FEFREIZL T BR A 0, B4 g% 12
WA 1(a) B,

18}
o Ac,=3 MPa
15 A -
£ ZB Pathl -~
o @ T
=
2 o e / \
VAR
3+
0 1 1 1 1 1 1 1
500 1000 1500 2000 2500 3000 33500
T3 G4 EIRS JEIR6 JEIAT--- IR
i [A)/s
(a) BRAZL
15h oy Ry
o \
Ay Path I gizrasgpa |\ )
12 ' ...... E7
£ t 3
S 9 N B S
= Ao,=3 MPa
E |
3 ,,,,,,,,,,,,,,,,,,

0 1 1 1 1 1 1
500 1000 1500 2000 2500 3000 3500 4000 4500
I 18] /s
(b) #fRI
Bl 1 2 PRSI AR

Fig.1 Two cyclic loading and unloading paths
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Fig.2 Procedure diagram of coal and rock combination specimen preparation and testing
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Table 1 Sample number and test results under two cyclic paths with different loading rates
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ucC
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Path IT BO0.10 0.10 20.93 0.848 3.17 2567

B0.15 0.15 22.05 0.762 3.46 1820

T UCHUR BT 4R .



55 2 1] F AR R AT P RCE B S A R AR S i — B AN A B 771
REAS R AL B4R [ B AR B o XA AR A RS Y AEARPRIINEET S0, Boa A e i 170

SRAER TR, B, FEABIESE T e BUR] — 07 B (5
S T AR . DA AR ) LR ) A AR R 1A T 43
BT, A3 BB DA 20 4342 i) oy A8 5, K R A% 1
A5 7 AR IEA B AR B4R R AR, A A iR
B ] 1 25 K T MTSE45.104 fidss By 777 fig ik 1o bl
KA . 2 PR MEI B AR T, [ — 15 i
HAH R LA RS (E 4, RS U3 AR
TG B RERL . 4542 1 FE 4 7T, i
F 2 FE I ISRy AN, 07— AR i 2 K Il
WETFE BRI 2E 5 . AR TR, BRI E 2R b 2k
BRI B g IR, IR 2 2 AT B AR
IR, Sz vy - A8 il 2k 45 52 B0 0 2 60 20 2t
P TEREAN T NTE Y 3 A/ N At R i<k, =W

25 :
! Tz s ()
“““ 2
20 F : 5255s
1
1
S5t i
= 1
~ 1
i
5— & R
& |
&y
-0.2 0 02 04 06 08 1.0
IR RAE/1072 b 1) B AE/107
(a)A0.05
20 | T a]
! 3421 s
15} N R
<
=
=10+
R
/]2
5¢F
€
—_—fy
0 . . . . . . ,
-04 -02 0 02 04 06 08 10
B RINAR/1072 i [r) AR /1072
(b) B0.05
Jinaek B ]
25 w4213 s
20+
15}
=
EIO-
5 L
O .. 1 1 1 1 1 J
-02 0 02 04 06 08 1.0 12 14
PR BAR/102 il ) A8 /1072

(c)A0.10

SAFAEZE S0 24 (D) 2 FE N 0.05 mm/min 3K
F] 0.15 mm/min B, B48 T, B2A 52 AR B 16 (E 5%
JEM 21.08 MPa $&53 1 25.71 MPa, IE{ENZSI 0.010 67
FEALE] T 0.009 40, #4455 5 A 2.52 GPa # = 5] T
3.81 GPa, NZLWE] N 5255 s FRES] T 3 508 s, JNZk
RIS 46 T 33.24%; 42 11 R, Ba B AR g (E
JOJ3 AN 17.10 MPa 42 &5 2] T 22.05 MPa, I {F i 22 M
0.007 93 F&AKH] T 0.007 62, BPEAEE )N 2.53 GPa $2
2T 3.46 GPa, JIZKETHI A 3 421 s FREEIT 18205,
TNERET R 4R 5T 46.80%. 2= B I A URE A ik
BB I (BT 2803 0 1 B i O, W 5 5 5
T CED) 2R A S, ek, X HE R B, AR R ER
TR 22K % A X SR 11 7 ) — g AR R TE A AN [ R B 11 52

5s

55, IR 15 255's 54
—o— FERIHRE T S lg g ”
. 501 Bl R e 2]
= — ) s {18
45t 16 & <
+ =115 E
<y = =
w0 42@’12@
35 = {0 &
1 IPE-AR
S =
I w13
0o o
0 1000 2000 3000 4000 5000 6000
i 8]/s
InEETR3 421 4 120
5 e BRAIRE I ; 2
@ Rl R S 116
S84 L 132
= 1) <
=80t S qR2&
s;x 2l | 2
e 1722 R
w761 = {8 &
& S
7.2 9 111
4 =14
T ? @ d Bk
AVAVAVARRS I W I8 (19
0 1000 2000 3000 4000
) /s
18 e s
—e— FURAHRE A 4213
— Bt 12478
= 16} 5%, o 24
= 120 > |
2 S
=14l 162118 s
% =115§
E R B
= 99 {12 R
IR Jm H
X 1g ®{9 &
o2t %_ 6
14
=13
. 5o
0 5000

I A)/s



772 # % F & 2024 4E5f5 49 %
2 ¢ . I 20+ o TR 18]2 §§7 110 _ 124
21 . | ) 2567 s —o— R IRE T . 2],

: - ENN i s 2
18} | = 19r — R =118
1 P
£15t : = 6 S115€
= | &8} 1] =
8127 ; - 2123
2 ol i = 14 &®{9 @
| &4 S
6F 1 T 1F -HE\- 6
| 12 15
3+ g' : AA éﬁ/" 3
Vv W
0 s _ s s s - o Jo
04 -02 0 02 04 06 08 1.0 0 1000 2000 3000
T N AE/10°72 1Al N AE/1072 I /s
(d)B0.10
30 26 .
: it ] TNEHTIES 508 s 55— g
251 A3 508 L 241 —o— FRGHRI T 3 =
S }f%%r%?iﬁﬁﬁé% 130 2] 2
| | — M
5320 ﬁzz .zsé-zog
L 5ol 20={16 <
%15 - = 20 | R
e R [ 158 {122
10 S 5 j.fq_'
L\ 1 i 1018
5t 2t . 2k 1
A A )
0 > ) ) : ) ) \o\/_\/_ a \l g T e A 0 M-O
0 02 04 06 08 10 12 0 1000 2000 3000 4000
FE1A] N AE/1072 b ) i AE/1072 I 8] /s
(e)A0.15
24, | e 32, o L IMETIL820s 21p 25
21 ! " 18205 ol = TR SHRA T . )
i | ESANY T i)t 1105156
18} i S A 2
! 3 e =
S5t | = 26 ’ . 15 :
b ! & B2
Si2p : w 24| 18 2 g
= nrad — =
= 9l ! & »l 14 jﬁ 10
6F | o TP
1 b 4
R S 1 | 2 12 ;‘Ié
0 \ \ \ . . , 0 J
-02 0 02 04 06 08 10 0 500 1000 1500 2000
1R RAE/1072 i1 R AE/ 1072 I [Hl/s
(f)BO.15

K4 2 FRBERINENAEAE T A S AU i — R A 2 R S s DM 4

Fig.4 Stress-strain curves and acoustic emission monitoring results of coal-rock composite specimens under two cycles of
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Fig.7 Particle fragmentation features of coal fractions in coal-rock composite specimens under two types of cyclic loading and unloading
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cyclic loading and unloading path I
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