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Constitutive model and unloading failure characteristics of coal under
3D coupled static and dynamic loads
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Abstract; To investigate the dynamic performance and unloading failure characteristics of coal under non-
hydrostatic conditions, based on 3D dynamic and static loading experiment, the effect of unloading method on the
macroscopic failure characteristics of unloading coal samples after dynamic disturbance was studied. Firstly,
@50 mm split Hopkinson pressure bar system was used to carry out the dynamic experiment of coal sample under
3D dynamic and static loading for the purpose of studying the influence of axial compression and strain rate on the
dynamic response of coal samples. Secondly, based on the response surface theory, a regression model considering
the interaction of factors was constructed by using the central composite test method and the significance of single
factor and factor interaction were analyzed. Afterwards, combined with factor interaction, Weibull distribution and
Drucker-Prager criterion, the strength statistical damage constitutive model of coal was modified. The reliability of
the model was verified by comparing the theoretical and experimental results. Finally, with the help of loading and
unloading electro-hydraulic servo device, the influence and mechanism of axial pressure, impact pressure and
unloading mode on the failure characteristics of coal samples were explored. The results showed that the constructed
strength statistical damage model has a correlation coefficient R* =0. 88, which can characterize the dynamic
response behavior of coal samples. The coal samples with synchronous unloading after impact are mostly spalled,
and the tensile interface moves backward and eventually disappears with the increase of axial pressure, unable to
form spall failure. The failure modes of coal samples under non-synchronous unloading mainly include overall
integrity, spalling and compression-shear failure. However, when the impact pressure is in the range of 0.4 to
0.6 MPa and the axial pressure is 14. 5 MPa, a mixed failure mode of °spalling + compression-shear’ is
observed.
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Fig. 1 Stress characteristics of roadway under dynamic load"'!
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Fig.2 Partial standard coal samples
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Tab.1 Basic parameter data of coal samples

ORI, R
B (kgm ) TR LR %
MPa a
1 487.10 20.39 0.89 0.33 3.58
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Fig.3 Schematic diagram of SHPB experimental device
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Fig.4 Stress balance curve
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Tab.2 Experimental scheme
A7 A5 e [ 2 £ 1y Ak R] 25 #1 fa [ 25 SV i
Hi'5  HUE/MPa apEUR/MPa 45 HIE/MPa whESUR/MPa S BIE/MPa WiESUR/MPa HiS HlE/MPa s U/ MPa
YMI1 7.0 0.1 YM37 17.0 0.1 YM17 17.0 0.1
YM2 7.0 0.2 YMI8 17.0 0.2
YM3 7.0 0.4 YMI19 17.0 0.4
YM4 7.0 0.6 YM33 7.0 0.6 YM20 17.0 0.6
YMS 10.0 0.1 YM38 20.0 0.1 YM21 20.0 0.1
YM6 10.0 0.2 YM22 20.0 0.2
YM7 10.0 0.4 YM23 20.0 0.4
YMS8 10.0 0.6 YM34 10.0 0.6 YM24 20.0 0.6
YMO9 12.0 0.1 YM39 22.0 0.1 YM25 22.0 0.1
YM10 12.0 0.2 YM26 22.0 0.2
YMI1 12.0 0.4 YM27 22.0 0.4
YMI2 12.0 0.6 YM35 12.0 0.6 YM28 22.0 0.6
YMI3 14.5 0.1 YM40 24.0 0.1 YM29 24.0 0.1
YM14 14.5 0.2 YM30 24.0 0.2
YM15 14.5 0.4 YM31 24.0 0.4
YMI16 14.5 0.6 YM36 14.5 0.6 YM32 24.0 0.6




.64 - R

[N AN

5556 4%

2 HERAMN

2.1 BHEWH - MK

PR T = 2 Sl in 28 S 6 45 TR T 7y S S
T, DR MR By Jy 27 134T Ry AN 32 0T 7 5
K5 FEE R P, k24,0 MPa 8 Féh IR P, 434
7.0,10.0,12.0,14.5.17. 0,20. 0,22. 0,24. 0 MPa

(LR 0.3 ~ 1.0, RS/ F )  abad 5% P,
0.1 ~0.6 MPa NEREZNZAS N 1 - Ak, W
L5 AT DL SRl | ey SRR R 2 g 2 i o
TEFEA —35, Wy — AR il 2 B A I 3 A AR Rk
fiE AL g Lt BV I VAR B, A W AR
(I BETE J1 22 R, DL YM4 R 5] B SR ERE 50 g 2
PERE, BRUNE 5 (a) FR

140 120 1201
o YM4
5 100} 100}
105(R| /¢
« B/v 0 om < 80r < 80r
&~ 523 &~ ¥
E 70t E 60} _% 60}
YM1(92.1 s ; YM9(71.8 57!
= (92.1s7) & a0l —8—YMS5(90.4 s!) 2 a0l —— (71.8 s)
35t —o—YM2(186.2 s) —o—YM6(142.1 ) —o— YM10(161.7 s')
—h—YM3(266.8 s') 20+ —A—YM7(250.9 s) 20t —d— YM11(222.9 s')
—v—YM4(307.6 s") —y—YM8(313.6 s) —v— YM12(315.3 5')
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05
(a) #f%E7.0 MPa (b) %#E10.0 MPa (c) #1%E12.0 MPa
120~ 100 ¢
100+ 801
[+ 80 L <
s S 60t
] 60 R
2 a0l —a— YMI3(77.0 s 2 40f —a—YM17(75.0 s)
—o— YM14(187.1 s) —o—YMI18(167.7 s)
201 —A— YM15(285.5 s!) 20+ —A—YM19(274.4 5)
. . —v—YM16(317.9 s) . . —v—YM20(329.4 5*)
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05
(d) $1/E14.5 MPa (e) #1E17.0 MPa
120 120 100
100+ 100 - 80
< [+ [+
& 80r &~ 80f e
S = S 60}
R 60 R 60+ R
&l 4l —etyM2120shy B agl —eyM2s(731sy Bl 40f —a—YM29(89.6 s
—o— YM22(189.3 s') —o—YM26(209.9 s') —o—YM30(192.3 s7)
20+ —h— YM23(278.5 s') 20 —A—YM27(281.2 s) 20 —A—YM31(272.0 s)
‘ ‘ —v— YM24(3326 5) . ‘ —v—YM28(341.3 s") ‘ . —v—YM32(338.6 1)
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05
Rz Ri% Ri%
(f) #E20.0 MPa (2) #1/522.0 MPa (h) %f1E24.0 MPa

B5 Bhi&MA - Mk

Fig.5 Dynamic stress-strain curve
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Fig. 6 Relationship between strain rate and compressive strength
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Tab.3  Fitting parameter values

[l ./ MPa £/ MPa a b R?
7.0 0.38 0.98 0.94
10.0 0.23 1.09 0.95
12.0 0.50 0.93 0.93
14.5 0.30 1.01 0.87
24.0
17.0 0.94 0.79 0.95
20.0 0.35 0.96 0.94
22.0 0.49 0.91 0.96
24.0 0.88 0.79 0.94
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Tab.4 Factors and levels of central composite test method

ey e A B/s™!
-2 0.5 150.0
-1 0.6 200.0
0 0.7 250.0
1 0.8 300.0

2 0.9 350.0
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Tab.5 Design scheme of response surface test Tab.7 Analysis of variance of regression model
i A B/s™! a,/MPa W2EE CFHM AW By F P BEH
T
1 0.6 200.0 63.5 R 2209.18 7 315.60 2923.67 <0.000 1 %=
A 52.77 1 52.77 488.83 <0.000 1 %=
2 0.8 200.0 56.3 B 1061.74 1 1061.74 9835.88 <0.0001 %
3 0.6 300.0 95.8 AB 7.36 1 7.36 68. 14 0.000 4
4 0.8 300.0 83.1 A? 100. 98 1 100.98 933.77 <0.000 1 %=
2
5 0.5 250.0 86.0 B 1.07 1 1.07 9.87 0.0256 ==
A’B 27.90 1 27.90 258.49 <0.000 1 =
6 0.9 250.0 7.8 AB? 15.53 1 15.53 143.91 <0.000 1 %=
7 0.7 150.0 43.6 % 0.5397 5 0.1079
8 0.7 350.0 94.9 LOF  0.196 6 1 0.196 6 2.29 0.2046 #
9 0.7 250.0 7.6 PE 0.343 1 4 0.085 8
Nat =z ¥ 2 _ % ¥ . 2 _ N 3
10 0.7 250.0 7 7 W UUE RER? =0.999 8,/ IE REL Adj R* =0.999 4, Tl & %
. 0.7 250.0 70 Pred R* =0.989 4, EFFRH CV =0.44% AEFE Adeq Precision =
181.88,
12 0.7 250.0 72.7
13 0.7 250.0 72.7
100 90
{5 Bl Design-Expert 13. 0 FEFF RSl Rl L R AR e % W‘ 83
— N \ e a4 4 '....
R SR IE X R LA RO A BT L3R 6, 2w el
2 6n Al =R Z T AR (cubic) BRI (lack of ﬁ ' 6
fit, LOF) . % 1IE1H (adjusted ) | FUII{E ( predicted ) & B
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Tab.6 Model matching analysis

P R?
TR
HLE PRI FEIEAE TIAE
Linear <0.000 1 <0.000 1 0.908 5 0.8123
2F1 0.5376  <0.000 1 0.902 7 0.789 5
Quadratic 0.010 6 0.000 1 0.965 9 0.799 0
Cubic <0.000 1 0.204 6 0.999 4 0.989 4
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Fig.8 Response surface of compressive strength
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Tab.8  Fitting parameters of constitutive model

m =

(12)

S5 o, /MPa o/-' E/GPa &, p ¢/(°) R?

YM14 60.4 187.1 6.00 0.02 0.28 40 0.9

YMI16 89.5 317.9 7.90 0.03 0.31 30 0.93
YMI8 52.5 167.7 17.31 0.02 0.35 35 0.88

YM20 102.3 329.4 8.64 0.03 0.35 30 0.9
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Fig.9 Coal sample test and theoretical stress-strain curve
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Tab.9  Fitting parameters of constitutive model

e o,/MPa /' E/GPa &, p o/(°) R

M1 18.2 69.4 6.29 0.01 0.30 30 0.91
M2 44.0 133.6 8.19 0.01 0.41 31 0.91
M3 57.4 161.7 37.68 0.01 0.36 32 0.92
M4 95.9 168.2 42.00 0.01 0.35 35 0.93
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Fig. 12 Loading and unloading electro-hydraulic servo device
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Tab. 10 Unloading test scheme
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Tab. 11  Synchronous unloading operation steps
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