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Abstract: The calibration method for microscopic parameters in particle flow code (PFC) models of rock materials is

investigated based on the contact bond model. Firstly, theoretical deductions of the selected representative unit are made, and

the fitting coefficients in the theoretical relationship are obatined through extensive numerical simulations. Finally, the

semi-analytic lookup table (SLT) method is established. The researches show that the ratio of contact bond strength has a

significant impact on the micro-failure mode of numerical specimens. The representative unit has the same macro-microscopic

parameter variation law as the actual PFC models, and the theoretical values of each coefficient are generally consistent with

the fitted values. The uniaxial compressive strength and cohesion are linearly correlated with the smaller value between the two

contact bond strengths. The calibration of microscopic parameters has a clear sequence. Lastly, the calibration of microscopic

parameters for sandstone confirms that the SLT method can achieve a rapid parameter calibration.
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Fig. 1 Geometric morphology of units with four granules
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Fig. 2 Representative unit
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Table 1 Geometric parameters of homogeneous model
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Fig. 3 Force analysis of homogeneous model and its basic unit

under tensile conditions
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Fig. 4 Analysis of internal forces and deformation characteristics
of basic unit under tensile conditions
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Fig. 5 Distribution of internal forces and deformation

characteristics of unit under tensile conditions
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Table 2 Failure modes of PFC materials
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Fig. 6 Distribution of internal forces and deformation characteristics
of unit under uniaxial compression conditions
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Fig. 7 Distribution of internal forces and deformation characteristics
of unit under simple shear conditions
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Table 3 Values of microscopic parameters
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Fig. 9 Numerical models
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Table 4 Fitting coefficients K and Kp

Rumin/ Rmax/Rumin
mm 1 2 3 4 5 6 7 8
0.1 0.609 0.768 0.997 1.090 1.086 1.368 2.015 2.568
0.15 0.589 0.861 1.137 1.271 1.303 1.317 1.616 2.044
0.2 0.602 0.817 0.987 1.270 1.583 1.949 2.559 1.983
Ks 025 0.737 0.970 0.953 1.213 1.734 2.099 1.926 1.870
0.3 0.677 0.779 1.120 1.386 1.612 1.692 2.198 2.054
0.35 0.633 0.839 1.183 1.348 1.988 1.478 1.877 2.008
0.4 0.541 1.064 1.155 1.247 1.948 1.795 2.155 2.698
Rumin/ Rmax/Rumin

mm 1.2 1.67 2 3 4 5 6 7
0.1 1.320 1.414 1.677 2.175 2.216 2.960 3.443 3.894
0.15 1.234 1.444 1.614 2.009 2.099 2.698 3.260 3.751
X 0.2 1.308 1.425 1.622 1.971 2.450 2.630 3.204 —
D

0.3 1.479 1.479 1.605 2.067 2.330 — — —

04 1.1861.4251.527 1.844 — — — —

0.5 126714751542 — — — — —
Bi%E B MERMAAR (9, (100, I RH

aps bp, cps dp BIPLEE, VEWER 5. % 6=30° ~45°
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Table 5 Fitting results of Plan B

Rmin/ A& Rmax/ Rmin A Rmax/Rumin

mm R 167 2 3 4 167 2 3 4
ap 1.3 147 1.83 — ¢ 0.78 0.73 0.62 —

0.1 bp 065 0.85 1.07 — dp 1.54 1.01 0.62 —
R? 0.961 0.86 0.85 — R* 092 093 0.72 —
ap 132 139 1.78 183 e — — 0.61 —

0.15 bp 0.48 0.62 097 126 do — — 057 —
R2 0.89 0.74 098 099 R* — — 094 —
ap 127 141 — 216 c» 076 070 — —

02 bp 067 076 — 1.19 dp 1.14 0.67 — —
R2 099 092 — 1 R* 099 1.00 — —
ap — 141 177 21 e — 0.71 0.61 0.55

03 bp — 089 1.03 1.17 do — 0.77 0.55 0.26
RZ  — 092 09 099 R* — 0.97 0.81 1.00
ap 126 136 1.61 — ¢p 0.76 0.68 —

04 bp 071 0.65 099 — dp 1.05 1.06 — —
R2 099 092 099 — R* 099 0.8 — —
ap 134 132 — — ¢ 0.77 0.70 0.57

05 bp 066 092 — — dp 092 0.89 042 —
R2 094 096 — — R* 0.87 096 099 —

* 6 MARBMIBRESKRIE

Table 6 Theoretical and simulated ranges of fitting coefficients

E A A HWEVEE A EEE
ao 2~3.46 1.26~2.16
b 2.31~4 0.48~1.26
B AR
cp 1.15~1.41 0.55~0.78
dp 0.33~1 0.26~1.54
au 1.41~3.46 1.11~1.93
by 5.67~9.24 1.01~2.53
cu 1.33~4 1.74~7.17
A dy 1~3 0.08~0.77
eu 0.33~1.04 0.25~0.86
Ju 0.77~2 2.02~4.5
gu 0.33~1 1.95~3.45
hy 1~3 1.698~2.21

(2) BT R

PR FE T SR SR £ O ) 10 .
{10 AT, 6 SHERRSRIERME min(o,, , 7,2
B IR P 556 57 2 IR 3 04 AR

o, Nx, Bhrg Ny, Lhfeh z, BT z=ax+by,
X% C SRATME, MESRIE 7. HiZRT
", ot /o, <UW, EEZ e M, "INRTET, /o,
<0.5 I, BAHXo, MW r /o,>1 I, fF#E
%o, W, 1NN, /o, >2 5, WAt R
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Fig. 10 Relationship between f. and contact bond strength (Plan C)
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Table 7 Fitting results of uniaxial compressive strength (Plan C)

o EPSEEe P S
cs/Ocn a b R2
0.25~0.428 0.0398 1.7570 0.999
0.5~0.714 0.1392 1.4726 0.999
1 a+b=1.388 0.997
1.4~2 1.591 -0.0740 0.998
2.33~5 1.549 -0.0318 0.999
6~14 1.419 -0.0010 1
301
8 o 1, lo,=1
251 g 2 o 1,lo,,=2
& o 1,/0,=0.5
5 é
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° 9 o8 8 o
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11 BEIRESRRE vs RIBELE k/ks (F5E D)
Fig. 11 Uniaxial compressive strengths vs. stiffness ratios (Plan D)
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A RIEFREL. RSB  kolk, 52 M TEAA
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Table 8 Fitting results of uniaxial compressive strength (Plan D)

WA (120, (13D Xl o R AT S,
PRI R avs bu, cus du, WK S PR, REFRE
H5EAERTEENZER 6. HE 6 1AL, au, cu I
HE5ERERAYE, bu, do FEBERE RN THIBE.
KU, ASCEEUEIAL, £ T 90T kn/ks KT £ BI52

Tes/Ocn Rmax/Rmin Rmin/mm A (3)
cu du R?
1.67 0.2 2.949 0.331 0.95
2 0.15 3.924 0.165 0.88
2 0.3 3.377 0.251 0.98
0-3 3 0.1 4.333 0.331 0.99
4 0.15 4.696 0.589 0.91
5 0.15 7.170 0.267 0.87
1.2 0.1 2.435 0.081 0.99
1.2 0.4 1.736 0.342 0.99
1.67 0.3 2.358 0.270 0.98
1.67 0.5 2.735 0.098 0.99
2 0.1 3.907 0.283 0.99
2 0.3 2.302 0.395 0.86
2 0.4 2.689 0.244 0.98
. 3 0.1 3.464 0.200 0.98
3 0.4 2.941 0.358 0.98
4 0.1 4.628 0.350 0.93
4 0.2 5.166 0.147 0.98
5 0.1 5.526 0.140 1.00
5 0.15 4.638 0.617 0.91
6 0.15 6.239 0.330 1.00
6 0.2 4.615 0.767 0.99
7 0.15 7.654 0.485 0.99
Tes/Ocn Rmax/Rmin Rmin/mm A 4
au bu R?
1.67 0.2 1.932 1.007 0.99
2 0.15 1.723 1.077 0.71
2 0.3 1.461 2.190 0.72
2 3 0.1 1.210 2.186 0.83
3 0.15 1.482 1.047 0.99
3 0.2 1.116 2.301 1.00
3 0.3 1.133 2.529 0.99

JEE 5 B PSR E I AR N 7 £ S0 4
12 fime W12 () w51, BEE u IR, 2
B RGP RIS, P s KETE u=2 &b
MK 12 (b) A5, BEE E MK, f LIV

FERINAE S, HP mOKEHE E=10 GPa 4.

(3) Bk E

Hfpii g E SRR E AR v B2
13 fiv. I 13 (a) 7[5, E5 Ec 2R EFH MWLM
FHOG: B 13 (b) w5, & E R, v 235
BK G- G2 (A& 35, P i KRBUE E=10 GPa At.
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Fig. 12 Relationship among fc, Ec and u (Plan E, F)
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Table 9 Fitting coefficient K& and its goodness of fit R?

W, 7o, <071, ¢ MEBBMEEN , o 1
RN /o, >14 0, c MEERLHE RN,
T IS/ . B E, MRIETTR 1 Ma R, 3
kslkn=2~6 I}, k/kn R REZETT ¢ HISZUAEN
xR 1M FRDHARLLIBERE W RE R (FED)
Table 11 Fitting coefficient 4u and its goodness of fit R*(Plan D)

UL LA 24 WESH K R
Rmax/Rmin Rmin/mm Ke R?

167 0.1 1.5596 0.9945
0.2 1.5052 0.9938
) 0.15 1.6553 0.9947
0.3 1.632 0.9939

3 0.1 2.272 0.99
0.3 2.0795 0.9921
4 0.15 2.5885 0.9938
0.2 2.4767 0.9889

#10 AR D FHEMEENUERZBREBSNE R

Table 10 Fitting coefficient of elastic modulus and its goodness of

fit R*(Plan D)
BKL) L 250 WESHL R
Rmax/Ruin Rmin/mm ey fU 8u R?

0.15 0.339  2.201 2.616  0.999
0.2 0.294 2565 3.086  0.998
12 0.3 0.295 2579  3.174  0.997
' 0.4 0.295  2.629 3446  0.999
0.5 0.314 2.026 2.507  0.981
1 0.254  2.634 3360  0.996
0.1 0.436  2.271 2414 0.998
1.67 0.15 0.352 2815 3.063  0.99
' 0.2 0.385  2.411 2.573  0.992
0.3 0.329  2.931 3214 0.992
0.1 0.460 2567 2374  0.998
> 0.15 0423  2.617 2508  0.997
0.2 0422 2453 2274  0.998
0.4 0.365 3.090 3.207  0.991
0.1 0.541 3387  2.518  0.996
3 0.15 0.581 2770 2.184  0.973
0.2 0.466  3.776  2.827  0.996
0.3 0.557 2865 2.176  0.981
0.1 0.672  3.854 2186  0.996
4 0.15 0.641 4311 2.758  0.993
0.2 0.701 3.387 1.955 0.993
0.3 0.662  3.610 2270  0.988
5 0.1 0.864  4.030 2428  0.953

0.15 0.788 4.547 2.394 0.989
(4) Wratt
TR (19 MR D MR TS, 53
WE R by, FRAE 11, HMHKRE R HEEA
0.86~0.99. HF& 11 AJ A1, FRLKIARRT Ay BISZIEN .
[FI FHER 6 RN, Ay MR HOE S E IR E TG N
(5) FEH
P 50 XX B 5R 1 ¢ sz i 14 Fios. i
14 0751, ¢ H4EfknR EEASEU/ME min(o,, 7, ) R B
ML Plo, Nx, Plr /o, Ny, Lle Nz,
BTN z=x(atby) TG, ARIE 12, HFE 127

Ruin/  SRSE Rmax/Rmin
mm kb 1.2 1.67 2 3 4 5 6
0.5 - - — 1960 — - -
0.1 1 2.127 2.210 2.017 1916 1.906 1.980 2.050
2 — 2161 2.125 1.987 2.015 2.125 —
0.5 - — 2039 — 2054 2.027 —
0.15 1 1.982 1914 1.960 1.94 1962 1.981 1.933
2 — 2.026 1.987 1.983 2.096 2.052 —
0.5 — 1987 — - - - -
0.2 1 1.933 1.896 1.871 2.019 1.766 1.804 2.104
2 — 1948 1.983 2.093 1.964 1910 —
0.5 - — 2055 — - - -
0.3 1 1.901 1.851 1.916 1.858 1.883 — -
2 — 2.001 1.938 1.953 1935 — -
0.5 - - - - - - -
0.4 1 1.822 1.941 1.904 1.698 — - -
2 — 2,016 2.072 — - - -
0.5 - - - - - - -
0.5 1 1.788 1.851 1.874 — — — —
2 — 1909 1991 — - - -
or Tl Oen<1
30 @ T/ Oen=1 Py
o rt,lo,>1 st

cs'Yen -
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Fig. 14 Relationship between ¢ and contact bond strecngth
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Table 12 Fitting coefficients @ and b

A A ¢ =oenx(atbXtes/ocn)

E=14.165 GPa.

(4) ETEINAKIRGEN o (45 =453
A ZE, TR p BEIEATIRE, BT u=1.7.

(1) 52 35 /IR R i VB R/ Renin
A A AR RO Y AU AT DL AR

]

(2) ZT IR v SR BE ok /i,

|7

AR R RIEE ko /ks o

IO B AR BE o, o, (FEVHED), BEF11 ¢
BATRAEIRIL, PAFLLOIR B, R R =

—

Y e L L) —

A ELE,

WARRAR, XTROMATRMARE, KRG LB R
BKg o FHRAEI MR ERAAR, TR ° K&

o E(1 R Ri)

]

i
(4) ZETF N BEHEA oS B BE B R M |7

ZHR13, EHAKD., o, dWE, ETH [ cs ]
tan(@)=bg | 1- ——

Pk s L
a b R?
0.25~0.428 0.013 0.551 0.997
0.5~0.714 0.005 0.516 0.991
1 at+b=0.414 0.998
1.4~2 0.474 —-0.035 0.999
2.33~5 0.412 0.004 0.991
6~14 0.426 —-0.002 0.996
08
lo) (o]
0.7 o
o o o
Z06f oo°8° & &
o Runin—=Rmax/Rmin
0.5¢ o o 0.15~1.67
o] o 0.2~2
b o © 033
0.4 ' ' ' ' '
0 2, 4 6 8 10
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15 RUMERZRE tang vs FEAERRE u(5 R H)
Fig. 15 tang vs x (Plan H)

T 13 B¥ bs, cs, dSHIIUEER(FEEH
Table 13 Fitting results of coefficients bs, c¢s and ds (Plan H)

TRk MR, . .,

Bedtfo (HBIRE ) B nRAGSBEE R B . ped,
(5) HTEEHHIR Ko, (5) FT HRPTSREES, |

MR, 1.,

MRIBORDRAR, X RAREA TR
WM, RGRBKy, KA

BRI ERA AR R, o
8 Jo,,=1, 20Fr KIE, Fak
BRER: 7001 FOen1 > Tes2 T Oeno

0y (1+Rnax/Renin)
= %

cn

248, REFRDRAZIRE
ToslOn=1, 208 FHhay\ by
cy~ dyffE, #LARAAR,
TR B, FFhRic R
Tos1 3 Ounl » Tos 3 Tgn 0
fc=cm(1—RR)(aU+bU TI_J
fo=1, RR[ cy+dy(kk +1)]

EIRTAIREE 2 e RN R
Rumin/mm Riax/Rumin bs cs ds R?
0.15 1.67 0.6482 0.8027 2.1002 0.639
0.2 2 0.6644 0.1074 0.4247 0.723
0.3 3 0.8122 0.9226 2.3140 0.968

3 FMhERE (SLTR)

LT & RIE (semi-analytic lookup table, fAjFK
SLT) A4k T CBM LAY (R BURLILAA B 2 20 (1 b5 18
Jiike ATPEFET OV RGALS  Hh £ 45 M B
BRI RIR 25 IR, RS AR 2 20T bR
E . BAAPIRIE 16 Fis.

4 A

AR FH W ) i R AR S SR B8 IE SLT ¥, %
b5 1) 2 ARG D SRR AN SR 14 B . AR SLT i%:

(1) FRFAZE Ryin=0.2mm,  Rinax/Rmin=2 -

() MR 11, B /o, N1, 20, RE hy
RN 1.871, 1.983, fEt, /o, ABEN, hyBCFE
5 1.927, v =0.226 KA (19), 1§ kk=2.172.

(3) WX 10, AI1F ev=0.422, f=2.453,
gu=2.274, ¥ RR=1/3, kk=2.172 AR (16), &

—

(6) Wik
MR - 4IRS B G TR R TR IR 4B 5

16 SLT A BRSPS
Fig. 16 Specific steps of SLT method

(5) %K 8, YNt /o,=2, i a=1.635.
bu=1.448, A (12), o, =34.896, | 7, =69.792;
Y. /o, =1, i cu=3.095. dy=0.257, A (13),
f1,,=51235, Wo, =51.235,

Htt, WiE T HMANSE, NE 1 PR L, 2
S, BEERWER 14 Fon, & 14 RRERRAL
N%. SREIR, BESHRIIEERL, RELE
6%LAN . KL, 1 528 (1 /o, =2), BRI
BHOERGREELL fof o, FiA—8. MAERTRE ST,
felT,, o, RE, o Ho, RE, MEWE 35S
Bohfitre, /o, =2. 1 SZHP, o, B 20%,
®Wo,, B 2528, o WK LB,
FW o, Wk, BE34.896<0, <51.235. ki, 7F3 %5
ZHeh, BT D, ¥ o, Jv45MPa. MRS
s, o /o, =2 0, fel o, RE. M, Hko,
H 51.235 MPa ¥4 45 MPa, ffr, A4F (51.235
MPa) I, fo 0 F R, BRI/ e, Bz
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Table 14 Mechanical properties of sandstone and selection of microscopic parameters
WS HIE L7 LA s A =K 5 /MPa
Rmin/ Rmax/ O'Cn/ k/k Ec/ Tcs/ O'I/Mpa ﬁ/MPa E/Gpa v }j_i 1 MPa }j_i6 MPa
mm  Rmn  MPa ™™ GPa MPa W OwE H RE H RE H RE H RE H RE
[ — — — — — — 59 — 64 — 9195 — 0226 — 71.89 — 9545 —
15 02 2 34896 2.172 14.165 69.792 1.7 4.77 -20.4 50.69 -20.8 9.005 -2.1 0.239 +5.8 — —
295 02 2 51.235 2.172 14.165 51.235 1.7 6.96 +16.2 60.35 -5.7 9.005 -2.1 0.239 +5.8 — —
3% 0.2 2 45 2172 14.165 90 1.7 6.58 +9.8 67.31 +5.2 8.972 -2.4 0.234 +3.5 72.55 +0.9 91.18 —4.5
KT 51235 MPa. &4 BRI IREF ¢ /O =25 DI et al. Relation between meso-parameters of particle flow code

7, =90 MPa, F#EAT =B ASIE. 450K W], 3
SZHh, EOEHTRsR AR K, HRSH
WK
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