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Fig. 1 Simulation methods at different temporal and spatial scales to investigate

material deformation and failure mechanisms'®
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Fig.2 Flowchart of dislocation dynamics method!"”
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Fig. 3 Different discretization of three-dimensional dislocation lines:
(a) lattice based description, (b) continuum description
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Fig. 5 Typical dislocation microstructure under shock loading: (a) DDD-FEM simulation results”"(a);
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(b)shear bands observed in experiments®”; (c)dislocation lines and loops microstructure!

T e I 2 AR v, e D i B TR b %) 6 T A% 5 4 B 2 i ) KOE A BT . Gurrutxaga
SR 3 o TS B 2 0 22 RO R GBI RIS 1 AN [R) AR 220 2 ol I8k R T 4 N T s
LR B AR AR, QN &l 6 Pz, AF 50 3 WS M i 0K 1 5 0l 5 e R O B 2 B TR AZ B UTAR oG . AU
45 0 B M IR X — AHOCPE T 5 SR IR A5 R X b R 4F . (E15 — 32 A2, FEOL R 3h J1 Al rh, 5 I8 300
i = 12 21, Gurrutxaga-Lerma %5 7% & T 4512080 118 BiJS , Gurrutxaga-Lerma 555 3 i3 % 7
PR HE— B WESE T AE W R LAY 1 TG 57 5 (FCC) 554800 5775 (BCC) A} ey, ik B XeF 3804 1 31 s ik 1) 5%
Mo, 5 ZEAE Y, b AR T [ R AR SR [R) A AE S A R v, A R T IR R RN X A AL A R Y
Mo, ZE 575 3 795 FPORE ik — 2 J R i R 6 A oK 15 B BE RS 7= AR SRR AR IR |
24 SNTEFENSESN

& JEMOBHE B R N R AR 0 72547, B2 H AT A B 28 LA PR o Yang 2559 MUJsF
FUBE &, ST T B S84 o o R 45 1 PR BB PR AR TR 1 22 RUBE SR, Jf-38 & ParaDis(— % JF i DDD ##
J¥) WF5E T Ta. Mo %5 & J@ AP RHEAS [R5 L N A 3 2l g, v B8 Mo A RE A g 27 e iz %] 7
JIoR o —J5 T, B dh Mo 1Y JE A 5 32 56 o e 5 % P v T R ARG s 0 — T, K R T B A Bl N ) R AR
it Hu %07l i AR 3l 7 22098 T /K H 48T o0 5 8 B2 At Ak RN L i 5 P R o, S5 SRR T i

030101-7



%34 % [ Jk 7]

L 2 Eitd 5531

10" 5!

5x10" 7!

10[0 S*l

2.5
=~
& (a)
920
2
=15
€1.0 .
g -]0]1 Sfl
505 - 51010 57!
° - 1010 g!
)
40 80 120
Time/ps
~ 500 —
>
= 100 (¢) - () g
5o -—G5%1010 5!
TE 50 105"
Own
2 10
8 ~
= 5
A |

40 80 120
Time/ps

Dislocation microstructures
at =75 ps

A1 (d)

3 /
2

1

== Immobile
. fraction
- Annthilated
. fraction
0 res.

40 30 120
Time/ps

Dislocation fraction

6 (a)miiki s IR %08, (b) ARIMEST NN R 75 ps B0 i g th ik,
(o) o7 58 B B TR At £, () BEZE 2R 1010 7" AN T Sl o A TR K 509
Fig. 6 (a) stress attenuation in the direction of shock loading, (b) evolution of dislocation microstructure at 75 ps under different
loading rates , (c) evolution of dislocation density, (d) immobile and annihilated dislocations under strain rate of 10" s'(*%
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Advances and Application of Dislocation Dynamics in the
Mechanics of Extreme Environment
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(1. Applied Mechanics Laboratory, Department of Engineering Mechanics, School of Aerospace,
Tsinghua University, Beijing, 100086, China;
2. State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics,
Chinese Academy of Sciences, Beijing, 100190, China)

Abstract: Discrete dislocation dynamics (DDD) simulation method, as an ideal tool for bridging the gap in
space and time scales between atomistic and continuum models, has made great progress in the past few
decades. One prominent example is the coupling between DDD and finite element method (FEM), which
leads to the capability of DDD to investigate the problems with complicated boundary conditions and multi-
physics coupling effect. This work firstly reviewed the development of DDD method, and the coupling
algorithm between DDD and FEM. Then, the advances and application of these methods in disclosing the
microscopic mechanisms and developing the continuum models are reviewed under the extreme environment
of high strain rate, high temperature, and irradiation.
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(a) Without thermal softening (b) With thermal softening
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Fig. 4 Influence of thermal softening on accumulated plastic slip of polycrystalline Ta during shock deformation under 32 GPa™™!
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Table A1 Symbol description of kinematics

Symbols Description
F(F, P, F") Deformation gradient including elastic, plastic and thermal components
L(L, L°, L) Velocity gradient including elastic, plastic and thermal components
R Rotation tensor
U Right stretch tensor
a Thermal expansion coefficient tensor

RA2 RAFFFSRA
Table A2 Symbol description of thermodynamics

Symbols Description Symbols Description
D, Intrinsic dissipation of the system K, Bulk modulus at zero pressure
v Helmholtz free energy K’ Pressure derivative of bulk modulus
s Entropy of the system Ty Debye temperature
T Temperature R Molar gas constant
K, Isothermal bulk modulus M.,  Molar mass of the material
Cy Heat capacity at constant volume kg Boltzmann constant
VA Griineisen coefficient XN Variables related to the lattice thermal vibration

Internal variables for microscopic defects such . L.
qx . . . . Xig Variables related to the electron activation
as dislocations in materials

R A3 BUAMFEFSUA
Table A3 Symbol description of plastic constitution

Symbols Description Symbols Description
A* Mean spacing between obstacles Plor Forest dislocation density
o The drag-dominated mean transit time between
7 Resolved shear stress I
obstacles
0 Activation energy B Viscous drag coefficient
g Slip resistance Phuc The nucleation rate
San Athermal slip resistance Phom  The homogeneous nucleation rate
oy Hardening coefficient Phet The heterogeneous nucleation rate
Yz Total dislocation density Pmue The multiplication rate
on Mobile dislocation density Prap  The trapping rate
of Immobile dislocation density Ji The annihilation rate
b Burgers vector d, Capture distance of annihilation
" . L i o The thermal activation-dominated waiting time at
4 Velocity of mobile dislocations Iy .
a barrier
7 Slip rate on slip system a
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Table A4 Symbol description of hyper-elastic constitution

Symbols  Description Symbols  Description
I Second-order unit tensor E¢ Isochoric strain in expanded configuration
E° Elastic Green—Lagrange strain E° Isochoric strain in configuration I
(O Elastic right Cauchy-Green tensor E¢ Volumetric strain in configuration I
F¢ Isochoric part of elastic deformation S Second Piola—Kirchhoff stress
Fe Volumetric expansion

RAS BEFRSHEHIRFSULA

Table AS Symbol description of phase transformation, twining and damage

Symbols Description Symbols Description
F* Deformation gradient of phase transformation S fw Twin resistance of twin system
v, Volume fraction of the parent phase Pacb Dislocationdebris density
) Dislocation mean free path related to the volume
v, Volume fraction of the new phase ¢ 7 . .
fraction of twin
VN Volume fraction of all new phases (% Void volume fraction
.. . Volumetricpartofplastic deformation gradient in
f Driving force of phase transformation F P P ) £
porous crystal plastic model
f Volume fraction of twin Y, Resistance of damage evolution
Yiw Characteristic shear strain of twining

Crystal Plasticity Finite Element Theoretical Models and Applications for High
Temperature, High Pressure and High Strain-Rate Dynamic Process

LIU Jingnan, YE Changqing, LIU Guisen, SHEN Yao
(School of Material Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: For shock deformation behavior of materials under high temperature, high pressure and high
strain-rate loading conditions, dynamic crystal plasticity models can directly reflect the anisotropy of plastic
slip and its dependence of temperature, pressure and microstructure in crystals. In consequence, dynamic
crystal plasticity models are widely used in simulations of material impact dynamic response, microstructure
evolution and dynamic damage. Theoretical models of dynamic crystal plasticity under high pressure shock
loading conditions were reviewed in this paper, mainly including: deformation kinetics, hyperelastic
constitutive models incorporating equations of state, and crystal plasticity constitutive models. This paper
also covers plastic deformation mechanisms, including dislocation slip, phase transition and twinning; as
well as dynamic damage, including spalling and adiabatic shear band.

Keywords: dynamic crystal plasticity finite element method; dynamic response; microstructural evolution
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Fig. 3  Stress-strain curve of the tests
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Table 1 Parameters of each loading and unloading level

Loading and unloading grade m F, R
Grade 1, loading —0.483 01 29.691 94 0.932 97
Grade 2, loading -0.737 97 30.952 10 0.983 45
Grade 3, loading —0.840 34 32.264 57 0.984 80
Grade 4, loading —-0.890 04 33.767 98 0.988 36
Grade 5, loading —0.920 34 36.484 55 0.991 11
Grade 6,loading —-0.938 51 40.468 44 0.993 62

Grade 1, unloading —-1.001 48 32.181 62 0.972 66
Grade 2, unloading -1.135 50 34.403 39 0.975 51
Grade 3, unloading -1.183 00 36.806 63 0.973 74
Grade 4, unloading -1.252 52 39.700 14 0.976 53
Grade 5, unloading —1.297 34 43.966 39 0.978 54
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Fig. 6 Relation between Weibull distribution parameter F, Fig. 7 Relation between Weibull distribution parameter m
and the normal stress o, and the normal stress o
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Fig. 8 Sensitivity analysis of parameter F,
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Study and Correction of Cyclic Loading-Unloading Constitutive Model
of Rock Based on Octahedral Theory

LUO Ji’an', LIU Fengmao®, LIU Zhixi*, MA Leiming’, CHEN Yekai’, LI Xinwei’

(1. School of Mechanics and Optoelectronics Physics, Anhui University
of Science and Technology, Huainan 232001, Anhui, China;
2. School of Civil Engineering and Architecture, Anhui University
of Science and Technology, Huainan 232001, Anhui, China)

Abstract: Exploring the stress and failure characteristics of rock is the key to study the safety of rock
underground engineering, thus many scholars expect to make breakthrough in the study of rock constitutive
model. In this paper, a constitutive model is proposed to describe the rock under cyclic loading and
unloading. Firstly, it is assumed that the micro-unit strength of rock obeys Octahedral shear stress theory and
the micro-unit failure of rock obeys Weibull probability formula, and the damage variables in rock
constitution and the damage factors contained in micro-unit strength of rock expression are transformed into
the constitutive equation. Then the parameters such as stress, strain and others representing the damage
constitutive model of rock under loading and unloading can be obtained and are used to express the micro-
unit strength and damage variables. Substituting the micro-unit strength and damage variables into the
proposed rock constitutive model, a function expression can be carried out by an equation transformation.
Through the comparison and analysis of the fitting data with the experimental results, the modified fitting
parameters are acquired, and can be substituted into the function to revise the damage constitutive model.
Finally, the necessary sensitivity analysis of the fitting parameters is implemented to obtain the practical
physical significance of each fitting parameter.

Keywords: cyclic loading and unloading; constitutive model; octahedral shear stress theory; rock

024202-9


http://dx.doi.org/10.3321/j.issn:1000-6915.2002.06.006
http://dx.doi.org/10.3321/j.issn:1000-6915.2002.06.006
http://dx.doi.org/10.3321/j.issn:1000-6915.2006.03.006
http://dx.doi.org/10.3321/j.issn:1000-6915.2006.03.006
http://dx.doi.org/10.3321/j.issn:1000-4548.1992.03.007
http://dx.doi.org/10.3321/j.issn:1000-4548.1992.03.007
http://dx.doi.org/10.3321/j.issn:1000-4548.1992.03.007
http://dx.doi.org/10.3321/j.issn:1000-6915.2003.10.001
http://dx.doi.org/10.3321/j.issn:1000-6915.2003.10.001
http://dx.doi.org/10.3321/j.issn:1000-6915.2003.10.001
http://dx.doi.org/10.3321/j.issn:1000-6915.2002.06.006
http://dx.doi.org/10.3321/j.issn:1000-6915.2002.06.006
http://dx.doi.org/10.3321/j.issn:1000-6915.2006.03.006
http://dx.doi.org/10.3321/j.issn:1000-6915.2006.03.006
http://dx.doi.org/10.3321/j.issn:1000-4548.1992.03.007
http://dx.doi.org/10.3321/j.issn:1000-4548.1992.03.007
http://dx.doi.org/10.3321/j.issn:1000-4548.1992.03.007
http://dx.doi.org/10.3321/j.issn:1000-6915.2003.10.001
http://dx.doi.org/10.3321/j.issn:1000-6915.2003.10.001
http://dx.doi.org/10.3321/j.issn:1000-6915.2003.10.001

$34% HSH [=/ S SO 7/ B (= S e Vol. 34, No. 5
2020 4F 10 CHINESE JOURNAL OF HIGH PRESSURE PHYSICS Oct. , 2020

DOI: 10.11858/gywlxb.20200517

SRR AFEESS H5L  RLRET R
WIEP RN SPRSE R IRAE

EEE, MW, EAF, THHE 4

(P EARLEIR S, T0TE B8 214082)

THE: h A H oW 2N (JC.BW.MMC ) % %, 1§ B # 8 # 80 F &, *F Q345B fr
O21A MM E 45 4% MR EWB HTBH#ATTEN, UM =Z8E Lode 5 HENTHEN
REZTMWEERT, 2T T HEHE BRI R SR X AL B W& (3 A2 RO 2 203K
B Em RS, TN T Q345BF NIAFNNWI R XA RGBESTRARL ZHE . FH
Lode 2B X ETWER. HHEERKXW: (1) BRAHEREN, EH AW REEHEIRFH
MAHRESFHRET A, REHEA 2G0TI ARA 2 AR —B; (2) RUGEHRETR
B—MEAREAHEUN LR, RATFTHE ) ZWE . FH Lode 5B H#THAE L Y,
(3) TR R+ R, FTRLEM M RABRTENFAN ) ZMELTRMEE . R
AR Ny a2 EN (JC.BW.MMC) S5 B Hl& R RBT R h # Mg RO FRERMER S

KEEIR: W 2K B = E; Lode B8 AR A

& 532 S:0346.12 XHEKFRIRES: A

SE R AE ot 2R AT VR T A B 24 405 5 b4 R By RS A B R, N = R Lode 402
N7 7 DR A5 G 1 b B RAE 5 2, B LAY JC . BW WS U2 5 AT R 7 =l R X A Ak A Y R
MMC Wi 247 B 38507 17 3 =4l BE 1 Lode 40052 0 . Borvik 251 i B JC Wy 24 o D) X6F 59 A1 1 °F- 3k
A Y 2 P O B HEAT T 05 LT Gupta 500 {85 Bl JC RS EUBIFSY 1 A Sk SRR R DR Xk 2 P RE 4 5
M), RIS T AN [ S 3500 02 RO S 19 58 49 ke SR A X5 B R 4510 SR FH AL & Lode 285052 Wi 1) MMIC Iy 24 1
W DL R AR 2 5 N 7 =5l BE 52 0 1) BW T S84 o ), X6 3 3k R st A J8E o T 6061-T6 47 A 4 T HE A B 24474
I A BR AT T BB AT 5, &5 S 26 U, 19/ Uiy 28 o DU 5000 1% 58 ) % B 5 R0 4 SR Y L 4
Y0 — S, 9 5 TN F) S M PR AT . ELAE TR 2024-T351 484545 Taylor A1 AW 24856 v, 1 B Rk 4507
& 1, M T IC. BW HEN], MMC Hsﬁﬂ’“{ﬁw%ﬁﬁﬂmﬁiﬁwé%leiﬁﬁﬁ’“@cﬂ/fc
FEIE A R 2450 J2 AR B JC. BW., MMC B 244 W 255011 LA, Borvik %5, Bao %50, Gilioli %%,
Teng#“”ﬁﬁ%%%ﬁﬂ?ﬂ% JE 45 Ak, 14715 1 T Weldox460E., 6061-T6, 2024-T351 241k}
AW v U 24 AU O R R 5 Q235 AT L 2 RIS, USSR T IC RS L. TR
N ?ﬂﬁ*ﬂhﬁiﬁwﬁlﬁf%ﬁf’” 1L AR R RS R W & AR AR, SR N RS VPN AR EAR G —, T
FAUA A 2 W 24 N SR AE R 2250, R AT B R G 1 i R 4 . LS Fnpr ik ok /e &2 3t AR
R L T RS AR A B R A 3 1 R AE 7 3, DI A Ja LA Y o b 40 W 41 0 (JC. BW., MMC) 2
HERTFEAR A

*  Ugds HER: 2020-02-26; &2 H #A: 2020-03-06
EE&WE: BRLLE LRI E (613279); FH B AR & 530 H (JCKY2017207B054)
EZ B (LR (1989-), T, W1, TR, FZMNFMAPUR DL rhE A58 . E-mail: 1063426501@qq.com

054204-1


mailto:1063426501@qq.com

7] H 1 55 5 )

I
=
&

i34 %

1 NMIRERIE

IO 7 AR S B FAE 38 AT LASE 8 0 7 =4l BE F Lode UK Fow, Horp v J1 =5l B 2 SR # K R )
w5 Mises RN S oo Z L, RIKHAHN
n= Tm _ (o1+0,+03)/3 (1)
Oeq \/z[(o-l_0-2)2+(O-2_0-3)2+(0-1_0-3)2]/2
e g HRT =30 oy oy o B BN TS, BB o > 00> 03
Lode Z:¥03 7R g i JARZS 0 v ) 52 137 03 5 AW A F2 07 7 AR XS o AR, k=R
20— 0 — 03

pp = I @)

01—03

2 ERRADFMRERE

N R GE AT ST A W 2 e v B L RS AR AL, 23906 Q345B B (FURARAR M) Bz 921A #9 (1
e R A9 ) PEAT I RS, P A G W B AR R B R AR L AR AR L AR A AR
PRI A 31 F B RO 58 2 — 3
21 SEEEMER O E A RN

O [ A g 10 [ A RT3 n 1] 1 181 2 s, e B X g ke 1T 2 A2 00 301 R 2 6., 8 A
18 mm, Z 18 GB/T 228—2002 (4 J& b k= i BRI 5 5 DR o B A R RL S BoAR R 27
SEH6 % (1) WDW-100DII AL il v 507 BRI AL &, 7RI (A i Be 2226 5 T, 51T Fni oy 50 mm,
RN 25 mm, TR VEAT 5 UK E LAGIE UG EOE 194 R

10.5+0.1 20+0.1 60+0.1 20+0.1

®12+0.1 |

S
®1020.1 |

131+0.1

B SEHRPER AR RSE (AL mm)
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Fig. 9 Changes of stress triaxiality and Lode value in the loading process of torsion specimen (921A steel)
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Fig. 12 Radial distribution of stress triaxiality and Lode value of the compressive specimen at final failure(Q345B steel)
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Table 2 Comparison of the stress triaxiality among different specimens

Stress triaxiality (Q345B steel) Stress triaxiality (921A steel)
Specimen type
Initial Fracture Average Initial Fracture Average
Compression —0.333 0.179 —0.120 —0.333 0.156 —0.116
Torsion 0 0 0 0 0 0
Smooth tension 0.333 0.841 0.562 0.333 0.987 0.668
With a 18 mm notch 0.413 0.867 0.663 0.413 1.075 0.825
With a 8 mm notch 0.505 0.915 0.752 0.505 1.133 0.919
With a 6 mm notch 0.556 0.947 0.805 0.556 1.160 0.973
With a 2 mm notch 0.893 1.123 1.085 0.893 1.451 1.400
3 SHRMF Lode BH AR RIES EXTEL
Table3 Comparison of the Lode parameter among different specimens
Lode (Q345B steel) Lode (921A steel)
Specimen type
Initial Fracture Average Initial Fracture Average
Compression 1.00 -0.73 0.24 1.00 -0.22 0.45
Torsion 0 0 0 0 0 0
Smooth tension —-1.00 -1.00 —-1.00 —-1.00 —-1.00 —-1.00
With a 18 mm notch —-1.00 —-1.00 —-1.00 —1.00 —1.00 —-1.00
With a 8 mm notch -1.00 —-1.00 -1.00 —1.00 —1.00 —1.00
With a 6 mm notch —-1.00 —-1.00 —-1.00 —-1.00 —-1.00 —-1.00
With a 2 mm notch —-1.00 —1.00 —-1.00 —-1.00 —-1.00 —-1.00
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Variation of Stress Distribution in Metal Fracture Process under
Compressive, Torsional, and Tensile Loading

WU Xingxing, LIU Jianhu, MENG Liping, WANG Haikun, WANG Jun

(China Ship Scientific Research Center, Wuxi 214082, Jiangsu, China)

Abstract: In order to accurately fit the failure criteria in JC failure model, BW failure model, and MMC

failure model, numerical simulations for metal materials Q345B and 921A under various loading conditions

of compression, torsion, tension were performed in this work. The variation of stresses, indicated by stress

triaxiality and Lode parameter, was investigated during the fracture progress. The results indicated:

(1) exclusive of torsional loading, the stress distribution varied in the cracking plane as the crack growth;

(2) the average stress triaxiality and Lode parameter are more suitable for describing the stress status;

(3) for specimens having the same size, the value of average stress triaxiality was dependent on metal

properties. This work would provide useful knowledge for obtaining the failure criterion from material

failure experiments.

Keywords: failure experiments; stress triaxiality; Lode parameter; stress status
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Table 1 Parameters of constitutive model with confining pressure of 60 MPa

Load parameters Unload parameters
M F, m F, m
2 5.870 04 —0.202 98 21.33095 —-0.141 14
4 6.648 45 -0.216 03 23.502 82 —0.137 86
6 7.103 79 —0.222 77 24.513 79 —0.136 14
8 7.426 85 —-0.229 51 2523108 —0.134 94
10 7.677 44 —-0.231 40 26.171 96 —0.133 82
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Damage Constitutive of Cyclic Loading and Damage
Threshold of Rock under High Confining Pressure

LIU Zhixi

(School of Civil Engineering and Architecture, Anhui University of
Science and Technology, Huainan 232001, Anhui, China)

Abstract: In the process of deep roadway excavation, the rock mass is subjected to periodic load and high
geostress, so the general strength criterion cannot describe the stress-strain curve of rock. However, the
cyclic loading and unloading constitutive model of rock under high geostress is the key to predict the long-
term stability of deep roadway under periodic load, thus it is urgent to carry out the study of rock constitutive
model under high confining pressure. The process of rock subjected to external load to failure presents the
propagation of original cracks, growth and propagation of new crack. Previous studies have shown that the
number of cracks in rock obeys Weibull distribution and the Griffith criterion assumes that the failure of rock
is caused by the crack propagation. Based on these criteria, this paper establishes a statistical damage
constitutive theory of cyclic loading and unloading of rock under high confining pressure by extending
Weibull statistical damage constitutive. Through the equation transformation of constitutive model, the
threshold value of constitutive damage is studied. Furthermore, the constitutive parameters was fitted with
the data of even cyclic loading and unloading test, and the evolution rule of the parameters is obtained. By
comparing the constitutive theory with the odd cyclic loading and unloading test, the accuracy of the
constitutive model is verified, which provides a new insight for the study of the constitutive model of rock
under high confining pressure.

Keywords: high confining pressure; cyclic loading and unloading; constitutive model; damage threshold

044203-9



$34% HSH [=/ S SO 7/ B (= S e Vol. 34, No. 5
2020 4F 10 CHINESE JOURNAL OF HIGH PRESSURE PHYSICS Oct. , 2020

DOI: 10.11858/gywlxb.20200528

R TR ROR T B BN H0 5 T T 5
IoE BAR!

(1. R T R2F AR TRE2EBE, 7R B 454000;
2. T Eg ESERA R 2B, WIS R 450064)

WE:- N THETH TR TEEHAILBRENN T HAE, AR 2ERXE L & KEAM
(SHPB) W H B A AEMN T A FEN A EF AR B LB P H R Fof Ak, XTwHw 5
EREREBKEREAERMNAEE, AP VER, AR TRE-_FT AR AER (FEEY
WAMNEEE FATASHK ) # H MBI RENN R WRAE, ERXA: X THRA, & H4
ARG TR B R G HHEE, TR, o &5 FN T I R M ae A, R T R
W »WEREAREWAETAM, ERHIL N2 BERAE N T BRI LR 7w LB
Wt H W EARE, ZEAMAXEE T @ REN FHH A 51.80 MPa, FATEH 7 \ &
RN 28.46 MPa, I RERT A w H A RA LS W RN ENRITRESF

KRR v 5 AT B T 2 W b AL I BRI A

HE 5 HS:03472 SCERFRIRAD: A

BEARFLBE BEZ T ORS™ FLHT) WRAF . 97 R, s B iy 2t il AR e s o e A fL AR i
B ECGE BRFL B R AR HEREE SR SRR YT RO R i £ T B HAT, g A sh
MR FL B 254 2 3 Aoy e (D) iR b3, FERATK DT R U IR R AR (2) Y L7
Ji, EEAEERY . ALY R PRI (3) rhi Ay, AR, Bk b i g™ 4%

T [ TC AR Z A2 FLBR £ 2 R B ARG GO, R A0S B, E R | B R, W2y
HHEMZ T it ZICBURR A BT R, % 2 AE T M BEAROI FL BRI 25 -5 20 A 1) 2 Al
b TRAKRT SP B i SRR AL B SO S o FUO 8 B RO ALEE . I, X T PR OO FLBR 45 48 B F 52
RZZEXT F RS B[R B, XoF T b ot 7 2800 T SRR ROV AL Bt 435 g F) B 5 3 i AL AR 3

Sr I JLAAT 2 72 i Mandelbrot 1% 1982 4R 48 Hi R 57 /Y, % BRI BE S D BF 72 52 2% 1 A ML U 4
(AR AL LR S5 AT ) B9 T H AR AR . R RHIE L BB 23 B OF 5T T RS £ i fLBL et e,
Ffh TANFEEPERALBRE | FER R MR S LB R RS 1 | AR S P 5 0 e R e i e R 0,
TR TR L B, R 301 0 e 3 J PR AL B ) 73 T P SRR /b o s b R T B AT A oL i i 2
B A 22 AL 5T, HLAR 2% 0 FLBR S AR 2 A AL, A 20 I LA PR, Tl DU e 2 S804
SRR PN B 52 2% FL B2 A 1) 5 e FRAE P, S8 X MK 52 TS 19 538 S8, BRI A S B4 X
FLERESHE B R

AT A AR 4 2% b il S 56 2R 58 (SHPB) AR UL i il I g 70 A [7) 3 o 82 v i) v il 3l 008 g 90,
Xt 7R [ A JC MR St AN R 7 1) (935 5 2 B T L P AT L 45OREESTT 1)) o AN TR 1 bl n 2, A

*  UFs B EA: 2020-03-12; & @ HHB: 2020-03-26
E&WE: HEARP¥4 (41772163)
EZE N LIS (1981-), B, A58, PRI, $22 N Fo ik TR Ao + TR
E-mail: 56653648@qq.com
BIEES: RAR1967-), B, W4, #z, BTN FED T2 KA + TR

E-mail: liangwm@hpu.edu.cn

054203-1


mailto:56653648@qq.com
mailto:liangwm@hpu.edu.cn

o34 % = JE LY} L 2% Eitd 55

T H o0 572 86 R AV it 8 280 592 6 T R0, % el AT S G K AR A oL LB A7 o TR AR5, 0 PRI AT S ol ey
3O TO MR AL B B B IR AR S LA, LS Ay ool i 28k 2 S0 bR ML HR B DT SRS %
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L1 FEmEE

SCHGAE it I R A AR AR DGBR TR T, T AR, LR ALy . T A R R T S
B 1 fros, Hop: CL Py X 3R R 3R 1L AT 45 RIS R B BERE, T bR 0 AR ol il BT JUBERE,
pRERN L, f. B BUE R, CL NPT, Ry o W IR G Sy 1S s/ NVRERE [R] 11
ZE 5, AERHRIE T AR M [F] — )2 A — i fCR RS M . #42 GB/T50266—2013 (TR R 5L
I IEAR )P 2 GB/T23561.7—2009 CHEAIE A7 9 BE Ty 27 M i 2 77 vk )Y Al U AR A = BE 20 50 mm
B AL A, AP 1 s o A XSS T S R T A, 5 DRREARE 1 s T - B8 B2 /D T 4% T 0.05 mm, P
Iy 1T A7 BE /N T BAE T 0.02 mm,

®1 BEHERSY

Table 1 Basic parameters of coal samples

Mass fraction/%

No. /(grem™) f/MPa Cy/(km's™) R,. /% Volatil
© Pl ) S /e ) O’ 70 Ash olattie Fixed carbon Exinite Vitrinite Inertinite

component
C, 1.423 17.29 1.381
P, 1.461 15.13 1.852 3.32 5.62 6.05 83.98 1 98 1
Xo 1.422 11.65 1.653

(a) .Pi-cture of the coal sample (b) Size of the coal sample
B SRR R R
Fig. 1 Picture and size of the coal sample

1.2 XBRHFREPR

ASHIT R 2 IR . SRR 4 W4

(1)SHPB nefiSe5. M ASHFFRIZBSFFA 3 IR0 SHPB il 525 48, FF 74 50 mm,
AFFA 2 400 mm, B GHAT K 1200 mm, AT £ 4 B BIRE, 25180 7 800 kg/m?, #EIEE S 5 190 m/s,
SRR 210 GPao MR vl gl O 3 38) BE IR B sl LA , 25 R i O 6 AR ) 2 28O O,
FE T UE p 48518 0,10, 0.15, 0.20, 0.30 F1 0.50 MPa, ) AT g BTk 2% 4+ K TRE2# B 19 SHPB il
IR GEBEAT vl INESE B . B, PR T AT BT A LA, R IR 5 R DL 2
FENSEFE 5 38 ST 2Z 005 FUR, 8 R 1 em x 1 em MHTEETE FORE IV 28 A0 FF 52 3 13— i, #4 IROR
8 iy R IR B 7 S o AT fn, REETR T, RAF R
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(2)BRUFE I TR AL B o SR T PR AIE p i T 5 e SR 552 56 TG R ¥ 20 S5 36 5040 1 w6 Bl i, S 36 R it 2
R F s 17 [RAT: A e ity 2 B 30 %) BRE AR, s S B0 R A HE T4, 7E 110 °C 454 NIRRT 8 h LIS
AT LA e ) 2 %

()RR o ¥ 3 g ZE 47 4~ 6 mm W BEITORE B BZ I b, 3l 5025 DL 8 B2 K T2 AR R 3 2dF
TR S50, I R S 30 45 U K I B T B A i FE G R AT i R S50, SR 45 5 FR R A3 AT 31 SR 4
P o R ARACR FH 25 [ 22 e AN 228 7] Autopre IV 9520 94 [ ) JE R A, TAEE ST 0.1~60 000.0 psi
(1 psi=0.006 895 MPa), il % FLAZVE I 3 nm~1 100 pm.,

(ORI AL . # 3 g 7247 60~80 H MMM B 8 h J& A 23 B 3 i 47 0% I V0 280 82 A 52 365
I IRV Ay 26 [ 22 v AN &% 28 7] TriStar 11 3020 284> [ Bl b 2 i A5 L BEE 4 B4, 0 2 FLAR YR L
0.35~500 nm.

ARSI 1 FLAE K] 43 % ) Hodot Y+ 281 31 23120, BRASAL . ZNFL L AL KL B 9 FLARAR T R /N
F 10 nm, A+ F 10~100 nm Z [&] . A+ F 100~ 1 000 nm Z [f1] , KT 1000 nm,

Preparation of coal samples

l 14—\

Determination of basic parameters of v Y
coal samples High-pressure Low SHPB
temperature impact
¢ ¢ ¢ mercury .. .
. . liquid loading
. R intrusion test . i
. Determination Basic nitrogen test | : test
Industrial . . . :
. of microscopic mechanical
analysis
components parameters

v

Discuss the influence law of impact load on microscopic
pore structure of high-rank coal based on fractal theory

K2 SeRis

Fig. 2 Experimental scheme

2 SERERSHA

2.1 SHPB A sLid

MR — 4 PR Y ST I RN S Y5 (R, SR = e PO SRR B B S B T L AR R B AR
T L — R ol AGTATE S, e R A S AR IR i — @ R, SRR I
BEIE, B E R RGBS . ol B TP RE R L R R IR

_Ac 24, P
W_Eja dt_Aochs dr (1)

w=W/V (2)
K W, o, &350 3 B xt B B . A T IR AR, VORI ARAAR TR, A, i AT B TR, E A s A
i, c AP,
P A A RE A ] T IR0 —Fh B WA AR, sk dadn i fn 28 &, — ko, v LU | %
JE L SRR AR G S AN [F) AR B I AR i el e R A 3 R A 40 T D g s AR
A

d=wlu 3)
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{EL; Dy Dy 73531 009 W AL 23 B A ORI R L 23 B A B80T 218 R2. RY3 501 8 AL AN B L 20 JE 4 %
KA d . doy B NAR DI AR08 i YO YPL YX 70 QR b AT £, P47 M1 45084 58 J2= B
7 1) B, B s 23 BIARERAS [ JZ B ) AR5 o JORRE T i 52 60 ARG 9 2R S 6 o A RERE I o
AT AP BURE, AR RS .

*2 LBHUER
Table 2 Impact test data

Direction p/MPa  p/MPa  No. Size/mm x mm D, Dy R Dy Dy R d d
YC, 2.99 0.97 2.75 0.95
0 0 YC, 299 298 099 278 278 0.96
YC, 2.95 0.98 281 0.98
(o} 249.75 x 50.33 2.85 0.95 231 0.95 0.14
0.10 2846 G, 249.33 x 49.89 292 285 096 221 223 093 0.16 0.14
C, @49.34 x 50.42 2.79 0.95 2.17 0.96 0.12
C, @49.42 x 49.57 2.73 0.99 2.19 0.95 0.18
0.15 3259 G @49.66 x 49.93 278 273 097 223 219 096 0.2 0.16
Vertical C, 249.42 x 50.84 2.69 0.94 2.15 0.95 0.18
bedding C, 49.39 x 49.93 2.63 2.05 0.96 0.18
020 4143 G 249.42 x 49.76 271 268 098 221 213 097 0.17 0.17
C, 249.45 x 50.28 2.69 0.99 2.13 0.98 0.15
Cy @49.52 x 50.47 2.56 0.99 2.05 0.99 0.17
0.30 51.80 C, 249.36 x 49.78 264 251 096 2.09 205 096 0.19 0.19
C, 4927 x 50.27 2.34 0.94 2.01 0.96 022
Cy, 249.38 x 50.47 2.74 0.92 2.11 0.92 0.33
0.50 5870 Cy, 249.45 x 50.21 279 273 094 217 212 093 057 0.44
Cis @49.49 x 49.44 2.67 0.95 2.07 0.98 0.42
YP, 2.84 0.99 2.89 0.95
0 0 YP, 291 2.87 096 2.86 286 0.94
YP, 2.87 0.97 283 0.96
P, 249.29 x 50.11 2.57 0.99 2.03 0.98 0.13
Parallel
bedding 0.10 2846 P, 249.36 x 50.37 2.65 2.57 098 2.05 203 095 0.1 0.3
P, @49.47 x 49.88 2.50 0.99 2.02 0.96 0.15
P, 24931 x 49.32 2.58 0.97 2.15 1.00 031
0.15 3259 P 249.33 x 50.28 261 258 098 219 215 095 022 025
P, 249.31 x 49.16 2.56 0.95 2.11 0.97 022
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xR2 (&)
Table 2 (Continued)
Direction p/MPa  p,/MPa No. Size/mm x mm Dy Dy R? Dy Dy R2 d d
P, 249.33 x 50.33 2.64 0.92 2.20 0.95 0.18
0.20 41.43 P, 249.60 x 49.85 268 264 093 214 219 096 022 0.28
P, 249.31 x 50.11 2.61 095 2.24 0.98 0.44
P, 249.31 x 50.40 2.81 0.94 2.21 0.95 0.37
t})):zilifgl 0.30 51.80 P, 249.05 x 49.87 2.85 281 095 216 2.18 097 030 0.34
P,, 249.42 x 49.87 2.78 0.94 2.18 0.96 0.35
Py 249.40 x 49.93 2.89 095 2.82 0.97 0.54
0.50 58.70 P 249.62 x 49.96 281 281 099 273 273 096 049 0.50
Py 249.32 x 49.79 2.73 095 2.63 0.96 0.47
YX, 2.81 0.94 2.77 0.95
0 0 YX, 2.85 281 095 271 278 095
YX, 2.78 097 2.85 0.96
X, 249.49 x 50.03 2.75 0.99 2.38 0.97 0.17
0.10 28.46 X, 249.27 x 49.63 2.81 275 098 228 238 095 0.19 0.16
X, 249.31 x 49.30 2.68 0.97 2.47 0.96 0.12
Xy 249.24 x 49.93 2.67 0.99 2.39 0.98 0.29
0.15 32.59 X 249.27 x 49.33 2775 265 095 231 231 096 0.21 0.24
45° oblique X, @49.27 x 49.82 2.54 098 223 0.95 0.22
bedding X, @49.25 x 49.90 2.76 0.95 2.08 0.94 0.20
0.20 41.43 X 249.60 x 49.38 271 270 092 217 212 092 021 022
X, 249.29 x 49.05 2.64 0.93 2.12 0.93 0.25
Xio 249.40 x 50.28 2.47 0.98 2.01 0.93 0.21
0.30 51.80 X 249.38 x 50.88 261 255 096 2.07 206 092 0.17 0.18
X2 249.71 x 50.02 2.58 0.97 2.11 0.95 0.16
Xis 249.66 x 50.44 2.79 0.98 2.26 0.96 0.63
0.50 58.70 X4 249.73 x 49.91 275 273 097 231 228 094 0.72 0.71
Xis 249.46 x 50.05 2.64 0.96 2.28 0.93 0.78

22 SEEXRER

1o % 512 56 2 W) e o LB 2 A0 i B 3k, LA T 908 T GBS, T A DAL B AL
A LB 454 Washburn J5 72, Il il Menger 4 3 JE BEIE Y T DLSE 5 R A 1A AL B % MRS 12 A KL
DUIFE B2, DTG ST JREAA AL BT Ay W RS L i B 9B T S 8. A Menger A58 B4 Sy s 73 S 6 B 4 1) 43 TE AR A
B8 FEOR SRR T AT BRI 4R THR AR

D = [In(dV,/dpy) — Ina]/Inpy + 4 (5)

K py WHERIE ST, MPa; V, BIEH) p /ERIT BYHER &, cm’s LA In (dV,/dpyy) Fl In py, B FEAECRREE K,
W 73 IE 4E %L D=K+4.
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In(V/Vy) =n+Aln[In(py/p)] (6)

L. VONSEAGE S p W SRR AR, em?®; Vo By T )2 W BRI SAR TR FR, em®; p o SE 4T K 77, MPa;
PO ML RIE LR, MPas A AP EUI 2R A 34 3: )y 650 SBAED = 3+ A,
24 DEBEHES SR
241 DHHEHIGE

R 48 s i 92 30 R AV Tk v 20 S5 6 1) Ul A, 255 =X (1) L 20(2) T RAAS A [) D 1) . A [ v o i 286
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AERBATE 2~3 Z 0. ARFEAHCHTFE ., DL BB A BA 8 B 33X n] B85 P AR 7 125 A9 00 3t 2
A, R IR AR R A B PR AT AL S 80K, 2 A LB B BN, T T BRI R RO, AR
KGRI 2B AFLBR A5 H, R, HoR Xt LR /N Tl 55 T 100 nm (9 FLBR S 800 S A HER . iR IR
VL 201 0 L I R O SR e, AR A L W B R A R R R AL R 28, %07 X LR R TS T
100 nm F9FL B Z B0 A AERR Y BT R 2 Hgeit 1A T ok S B . fLA2 KT 100 nm fLER 1Y
G TE 4B B T A LB s . fLAR /DT 100 nm FLIR Y 23 T8 4E 80 Ol 1 ORIEEE 19 A R0 ge 138 3, B
TR BB E XS S5 R 5, 2% 2 vh T A Bl R S5 25 T 4 DN REAREBIE 19 P 918D o AR4IE Yao S50,
R AECIR IR R, R AL AR KT 100 nm B FLBRFR 9B i £L, L4/ T 100 nm A9 FLBEAR A W R £L .

ANTR) T ) MY 5308 AE 0L i 4R A X L an 1] 3~ 11 8 i, AH G R AE 0.90 LI L, LG RCR K
b, Bl TR, £ B

0r 0~
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| ]
-1k -1 = _ o
~2F ~ 2
= o)
g £
= = ap=0 _ y=1.126x-2.697
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A rapT2840MPa 11512727 Yoe e, Ot —4 ':ZL=32459 MPa —;=—1.424;—3.434
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K3 2 E R E IR AL R X L 4 EATREDS A2 TRAL AR BN L
Fig.3 Fractal dimension of the seepage hole in Fig. 4 Fractal dimension of the seepage hole in
the vertical bedding direction the parallel bedding direction

MY TE Ge 3 B0 vT 0 3 B2 B B AL TR 4RO T 2.51~2.98 Z 8], SE3ME S 2.75, fie/)h
{H 2.51 XF R A o o for 2% R 51.80 MPa, i 67 20 JE 48 B50d5 K5 - 47 )2 By 7198 i LW 43 TE 4 50N+
2.57~2.87 Z[8], F-3E R 2.71, e/ IME X R v o w7 2808 28.46 MPa, o 5T 20 T8 2 £ K B A8 J2 B
J7 T8 TR AL 0 TE AE R T 2.55~2.81 Z ], “F-XME R 2.70, S/ MBI 9 vhidi far 264 51.80 MPa, #iidy
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Fig. 5 Fractal dimension of the seepage hole in Fig. 6 Fractal dimension of the adsorption hole in
the oblique bedding direction the vertical bedding direction
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Fig. 7 Fractal dimension of the adsorption hole in Fig. 8 Fractal dimension of the adsorption hole in
the parallel bedding direction the oblique bedding direction
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Fractal Study on Influence of Impact Load on Microscopic Pore of Anthracite
WANG Yixian'?, LIANG Weimin'

(1. School of Civil Engineering, Henan Polytechnic University, Jiaozuo 454000, Henan, China;
2. Henan Technical College of Construction, Zhengzhou 450064, Henan, China)

Abstract: In order to reveal the influence of impact loading on the microscopic pore structure of anthracite,
the shock and stress waves of the impact stress in different attenuation processes were simulated by using the
split Hopkinson pressure bar (SHPB) impact loading system, and the fractal characteristics of the pore
structures of anthracite in different directions of Zhaogu No.2 Mine (vertical, parallel and 45° oblique to the
bedding direction) were studied by using the fractal theory based on the test data of mercury intrusion and
low-temperature liquid nitrogen before and after impacting. The results show that for the seepage hole, the
impact loading increases the gas seepage and migration velocity. For the adsorption hole, the impact loading
reduces the adsorption capacity of the adsorption hole, which promotes the desorption of gas. Fractal
dimension has obvious impact directionality, and the fractal dimension of the adsorption hole is obviously
smaller than that of the seepage hole; the optimal impact loadings of anthracite in different directions are
different. The optimal loading in the vertical bedding direction and the oblique bedding direction is 51.80 MPa,
and the optimal impact loading in the parallel bedding direction is 28.46 MPa. The research results can
provide support for the discussion of the mechanism of impact loading to promote gas drainage.

Keywords: impact loading; anthracite; fractal theory; microscopic pore; the mercury injection; low
temperature liquid nitrogen
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