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Abstract: The design of experiments (DOE) is used to study the microscopic parameter calibration for hard rocks of PFC*"
model. Firstly, the sensitivity of microscopic parameters to macroscopic responses is analyzed through the Plackett-Burman
design. The linear relationship between microscopic parameters and macroscopic responses is established. Then, the interaction
between microscopic parameters is investigated by using the response surface method (RSM) and the nonlinear relationship
between microscopic parameters and macroscopic responses is obtained. Finally, the problem is transformed into a nonlinear
multiobjective mathematical programming problem, and the FGOALATTAIN function in MATLAB software is utilized to
solve the problem. It can be found that when using DOE to calibrate the microscopic parameters, the PFC®® model can well
reflect the failure process of the rock under uniaxial and low confining compression conditions. However, the fitting results
under high confining pressure is unsatisfactory. The method based on the PB design, response surface method and mathematical
programming can reflect the sensitivity of the microscopic parameters, and the definite function expressions are obtained. At the
same time, it can reflect more characteristics of rock mechanics by adding the constraints condition in the process of solving.
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¥ o, BAPERCE E ARy AP BE R o /E R
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PR G A ) E R
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PBM (X 54k 1 Az, CBM mJ AN B A5 — ik
YT [ I 4D 36 3 4 JURE PR G 1 % Ml Ak B8 45k Ok
PBM ] — R G EA v A AU [ I 05, 355)
OIATAE— 58 T8 FE MR b, W RINHE PR SR A
. BT PBM H, ZE&EBEIR & Z) 5 302 NI
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Fig. 1 Schematic diagrams of CBM (left) and PBM (right)
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HBF: y=0.82x+2.16 , fRHEA A YEA K g5 R,
A B R 4R EELE 70~250 MPa 2 Ji] . 4 x = 70 Al
x=250 fA A\ y=0.82x+2.16 4y 5| 1§ | y =59.56 Fil
y=207.16, [HILEEGIRE o A (U B
60~210 MPa . {ESMBIALTE, HVLMERIR £, K
H 6 Bl ¥ 5 9 18~53 GPa, WIEELLk /&, (¥IHUE V6
WEN 0.6~3.6,

TERUR BB R RSSO S R A T R
%, DAL (] 1) BE 45 R E e A s b Ik 3 B g0
HZ TG 12EAT . WS 1) 77 2200 R DL S IR
W4 Potyonndy 25 IHL, X T4 A Kk k) p ATHR
—AMNEERAE 0.5 N THEFL o X 20 R R0, 5
5E M FIARYE RN 0.25~0.75,

T8 I U R 2 5 T IR S RECRAA ISR & HOT
R AN 511 . AR S R HUE 5 R EE WG L
J1H 5. H4E Eberhardt 2178 Yoon 212z (1 pk,
B KRN SR A S R BUE TS R E N 0.24~
0.4,

2 PBigit

RIS & RIS S — I R IS R R AR 2
[R] 1 75 0] o Y (R B A T 0 Ik - PB s 2 —Fl
22 AR 2R 3k YOG 56 48 bR A S 35 R e DR R
o 14771 Plackett 25T 1946 4R35 1 PY, Sl x4
AN F U AR BEAT 00T, 18I AN R K
IR 22 5 AR ) 22 S R o IR IR S 3 . PB T
M EEEHEmEEERNE, NHAMTRREESS.
2.1 PBi&itiEfE

MR T E AT 6 MK R R FPUEIE R, AT LA
e PB it PN AKP I EUE, WK 1. PB
B ER AN KB E-1 fi+1 Fos, R 1T H
SN H T YRt BN S BRAR ) 4 A 3K

*1 MNSHREIREEE

Table 1 Misoscopic parameters and calibration ranges

54 S Fr BUE LEE /N (a E N4
-1 0 +1 H, cRRHMBME
EC /GPa 18 355 53 a=17.5¢+35.5
KK 06 21 36 a=1.5¢+2.1
FR 025 05 075 a=0.25¢+0.5
NS /MPa 60 135 210 a=75¢+135
SS /MPa 60 135 210 a=75¢+135
cv 024 032 04 a=0.08¢+0.32

6 MAIRFR, FEHN =124 PB BT
Wi, R 2 P . & 2 &R K R R A i E R R
G A T AR 1 o (e A s MO SEPRfEL . AR
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% 2 PB & it5ERE
Table 2 PB design matrice

'S EC KK FR NS SS cv
1 1 -1 -1 -1 1 -1
2 -1 -1 -1 -1 -1 -1
3 1 1 -1 1 1 1
4 1 1 1 -1 -1 -1
5 -1 -1 -1 1 -1 1
6 1 1 -1 -1 -1 1
7 -1 1 1 -1 1 1
8 1 -1 1 1 -1 1
9 -1 1 1 1 -1 -1
10 -1 1 -1 1 1 -1
11 1 -1 1 1 1 -1
12 -1 -1 1 -1 1 1

2.2 BEHEER

W B2 456 A AR R 9 50 mm X 50
mmX 100 mm, 7 E4T B P8BS 2RI 1) 5 A iR R~
WE NER S0 mm, JEEEA 15 mm. 5 REF|THE [
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R 2~3.32 mm [PRLARVE FBLCE 48 A2 1125 1] P 1 R 38
E) AR BEMLAE B%. Van Mier™ 221 Van Vet w5t
R AR ARBTG5 M R AR M AR AR BT 1)
ST B D NAZAE R R ST 7~ 8 % o A SO RS iz
0 50/6.64=7.53, FFEER. HEAT H AR50 A
HBEAT E P B G ) o AR L B 2 BT

2 FRIEHITTREY
Fig. 2 PFC*” models
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Table 3 Numerical test results

. ucs E PR BTS

/MPa /GPa /MPa
1 110.79 76.405 0.112493 9.6121
2 51.388 27.001 0.100956 4.6693
3 181.95 39.119 0.318418 20.544
4 71.081 4421 0.274734 7.3226
5 50.015 26.717 0.101557 5.0673
6 51.583 37.973 0.320627 5.8434
7 73.38 15.603 0.284705 10.283
8 56.609 80.502 0.070571 6.5369
9 128.95 15.746 0.287698 16.519
10 233.04 13911 0.319954 31.148
11 197.27 84.762 0.068951 19.744
12 111.64 30.211 0.112493 10.965

2.4 PBRHERD

PB it Gttt & F Rk AR — N E R my
MERM T, ] PAEFRR FAERT Filn FHE )
HEREY . — A P KT 5%, FEA F KT IR
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b, BRI R, A E R A e
ERARE,
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Table 4 PB design results of UCS

AN EALES i PH oEN
AL 109.81 0.00
A-EC 1.74 0.8293 NTES
B-KK 13.52 0.1377 NTES
C-FR -3.32 0.6827 NTES
D-NS 31.50 0.0092 e
E-SS 41.54 0.0029 e
F-CV -22.28 0.0334 NTE

BRTHE, & 4 RAH AR R o, 1) PB #
T brai R, R4, MR B AERHE R R R
RO R PO KN PN SAN EATS EN )=V 1 NE R 1
TR, FUEFRRTENGE . RYE 4 D RS
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y, =41.01+19.48x, —13.25x, +4.16x, +

2.45x, +2.32x, —2.66x,
¥, =0.20-0.003464x, +0.10x, —0.015x; —
0.003238x, +0.005073x, +0.003632x; ,
y, =12.35-0.75x, +2.92x, — 0.46x, +
4.24x, +4.69x, —2.48x, o
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B A 2 508 B G5 VE R SR o, AN 45 1)
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PB Wit 3% A % iE S H 2 W A B2, 15 3%
L) N2 ANGH S50 2 7] 1) 06 R 2o Ve o T — HLf 8
TSR RN R 2 T S, RT DUSR R W S Tk
FELHAL S B TR A L RENR, AT 3E— 2545 38 75 W i
INESRTE - AL S AP EINNE| S5 5SS S VA HTTRFS
(response surface method, [} RSM) J& %% /121
Gt IELE G W), TR ER )0 B 52 2 N R
SN [ 0] REAT BT A, DARALIX NI R2 . RSM
2 B bR e 1 R4 L Is A7 261 BUR E TR+ 25
[) 5 SR BTG T X I fE R Z UL T, R s
TR ST R A& AP, R T LA SR s,
AR A OE S B (CCD) SRtATRIS BT
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MEFEEE AR (BTS) MEEHMANS A S
GRS o, MBSV o, . Bikblo,, 7. A
SN Ry 34T CCD ¥k, SR 55 UCS il BTS ()
LMK R CCD ik b LB TR 45 Rk 5
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2=1.0, u=05, Cy =0, 5> HINHRFEHEAT Bk L 45
BT PE B RS, BUE i ss REIRER 5 .
% 5 UCS 1 BTS #9 CCD & iHEM R B BRI ER
Table 5 CCD design matrice and test results of UCS and BTS
i 5 NS/MPa  SS/MPa  UCS/MPa BTS/MPa

1 0.00 0.00 142.60 18.51
2 1.00 -1.00 70.79 9.08
3 0.00 0.00 142.60 18.51
4 1.00 1.00 226.10 29.93
5 0.00 1.41 211.40 27.67
6 -1.00 1.00 116.10 13.83
7 0.00 0.00 142.60 18.51
8 0.00 0.00 142.60 18.51
9 0.00 -1.41 34.11 433
10 -1.00 -1.00 64.64 8.33
11 1.41 0.00 161.11 19.20
12 0.00 0.00 142.60 18.51
13 -1.41 0.00 53.95 7.15
#< 6 UCS #1 BTS B CCD &It &5 R
Fig. 6 CCD design results of UCS and BTS
, ucs BTS
YRR —Twzm PE OWAR PR
ik 142.6 0 18.51 0

A-NS 33.46214  <0.0001  4.235952  <0.0001
B-SS 57.18699  <0.0001  7.419822  <0.0001

AB 25.9625 0.0003 3.837 <0.0001
AN2 -16.4688 0.0009 -2.49025 0.0003
B*2 -8.85625 0.0210 -1.07925 0.0216

3.2 EAHEHEIRE A0 GBS S0 B Ma R i 0 A
CCD it Hgh 4412 i Design-Expert #/45¢
. UCS 1 BTS ] CCD Bt #r4s Bk 6 i,
M 6 FHTLUE H, &gz R X UCS #1 BTS 1)
AR R . ARYER 6 IR R AL, AT LA R
M) S8 T 5 72 9
y/=142.6+33.46x, +57.19x, +

25.96x,x, —16.47x,> —-8.86x," )
v, =18.51+4.24x, +7.42x, +
3.84x,x, —2.49x,> -1.08x, (3)

s S U DN 9 1| ot DA ey S it
.

UCS A1 BTS fyme 52 gh i an ¥ 3 FA1E 4 fros. i
87 B T 2 BT T AR S €l (it 200, &1 3 A
Kl 4, VEEBSESRE (NS) ) Zhss iR (SS)
SN T A T 725 S B T e M T T
(R HE, B NS 1SS X 5 A s 4 o 52 FH T 75 % R4 5
JEFAERREE . ok, VERE] SS J7 Rl AR
BERT NS J7 [m] F3 RS, 1k B e SAELG SS B ) AR B
U, IXAHAER 6 W2 R KN B BRI

UCS/MPa

210.00

172.50

135.00

SS/MPa

97.50

60.00
60.00 97.50 135.00 172.50 210.00
NS/MPa
(a) LR

210.00

172.50
135.00
97.50 NS/MPa

135.00
SS/MPa 97.50

60.00 ~ 60.00
(b) 3DHEE
& 3 HilEgERE (UCS) RN HhE

Fig. 3 Response surfaces of UCS
BTS/MPa
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60.00 97.50 135.00 172.50 210.00
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31.00

24.25
<

17.50
g
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60.00

(b.) 3D T &
&4 EFEIEE (BTS) RINRERE

Fig. 4 Response surfaces of BTS
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3.3 RMEMIEZNSE S
ALk, KB AR B B 3 R ) R
YA PR R AR L, CCD SRR 7 s
IR AR G 3R 1 hie 4 A U 9 SRl K
UORT 13 MRFE . HASEICAE EE, 21=1.0,
1#=05, 5 =100 MPa, 7, =100 MPa, C,=0. %
WFEIAT =475, 4558 % 7 s,
R 7 CCD It EMERBEIRIELER
Fig. 7 CCD matrice and test results

Y5 EC/GPa KK E/GPa
1 35.50 2.20 34.761
2 18.00 0.80 26.441
3 18.00 3.60 15.518
4 35.50 2.20 34.761
5 53.00 0.80 76.751
6 60.25 2.20 61.818
7 35.50 4.18 27.176
8 10.75 2.20 10.906
9 35.50 2.20 34.761
10 35.50 2.20 34.761
11 35.50 0.22 81.399
12 53.00 3.60 42.049
13 35.50 2.20 34.761

® 8 NEMHNMBERN) CCD 7Hrai . WK 8
HRT At LA PR ) 2 M SR R ) R
ARIERT 170 P 52 B PRy 7 Y AR ) o AR UL S AR
TIRTIR R RN R . ARIER 8 R R, 19
i 3 T 5 FE
y,'=34.8+18.6x, —15.3x, = 5.9x,x, —0.5x} +8.5x] , (4)
A, ) FORBE R .

* 8 RUEMIEEM CCD 4R

Table 8 CCD design results of macroscopic elastic modulus

FALIESESN FAIEY (4 p i
T 34.761 0
A-EC 18.60518 <0.0001
B-KK -15.2885 <0.0001

AB -5.94475 0.0496
A2 -0.48325 0.8068
B2 8.4795 0.0029

5 MR (BE) [0 R T B . MK
5ol gn, gmEE iR (EC) AT mE—A “ b
t” (L2, BRI EC Xt BE FE/ERUR LI . 24 NI b s
ANEF, Y BC 5 “ bl O EESE I BELE . 1 EH
KK /)N, EC Hszm 5N a2 . 17 KK 3K 7 e —
AT R, B KK 6 EE R 28 AR R 87 o
2 BC BORET, W5 KK 51 “R il (75 1) 58 0 BEy o
Yl EC K, KK [R50k 2

E/GPa

18.00 26.75 35.50 44.25 53.00
EC/GPa

(a) HRLH

53.00

4425

35.50

26.75 EC/GPa
0.80 18.00

(b) 3DHTHEE

S5 RYEMEE (£) RYNZHhE
Fig. 5 Response surfaces of macroscopic elastic modulus (£)
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THFA LR B2 A RAWIRELE, LA /& #
o5 M2 L A5 28 A B w6 45 SR 3R AT 2 Tl & B
Al BN 0.6, 1.2, 1.8, 2.4, 3.0, 3.6, i
A7 B0 s 4 X 06 S T SR BA R By D 0.0814,
0.1882, 0.2140, 0.2541, 0.2787, 0.2990. F ik
LT AR

yy =0.242+0.1x, —0.0488x, (5)

A,y BB,

4 REEFE
4.1 BFfrR#

9 AR B 16 P i LR T et AN B I
FMFFE, IR ERGS ) ) A0 R, AR
PSR T 250 2 i AT DAL SR A o 4 B
SE M IEZH— O SR AR L SR MR R A
bbo BTL, il R SR A H o e S 22 1R 4 2 S gl
BRI TR AR AT S IS A s . SRR AR LI
BRI S5 RIS T RERGE . BRI ) H A ek Bm] 5 0
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4.2 KEELTIR

N SRFEDTEFHFIRTSC 2, X, ~ x, B3 EL Y
B BFTSCATEL, 6 MAIG 2 x ~ x, FIHUE X E N
[-L1].

4.3 HREH

BUEBLIUI 7500 B 40 S ke, BT AR 1%
JENT BEARAE BB ASALL 0 22 W e 87 5 7 2R 3 5
45 RS, 3R PB Wit iss R, A

Yi _yl* =0,
Y=, =0, (7)
y3_y; =0,
A, v, ¥y v BN R EARRE . A
AERS L 3 (A .

AR SCHRIOTI L, A b R v 5 T e B
R (Prisafs) Z e DL 3~10 Z i), A
I, ATRARE I A

3y, -»n <0,
», —10y, <0,
3y, - »n <0,
y—10y, <0,

RIURE B BT 6 &5 1) V) 1n) 5 FE 5 0k 1) 9 FE 2 b S5 6
BHOBR R B A Y, R, 4000 2 = B
NPT S, MR RN M .
Z LGB R/, A2 TR BN BT TR v, FhR
T ERI ARG . 456 SCR[27~29]
XA AT I, R LR )3 Bl R e 7E 1~3
Z [8],

(8)

(75x, +135) = (75x, +135) <0 ,
—3(75x4-+135)+(75xg-+135)s£()o} ©)
4.4 |aj@sk
HAR 3R 0BT T, R B 3 AN B AR R
9 ML, IR AP E R, X2 H
B A 28 P 20 TR R i B, T BLSE A Matlab g
FGOALATTAIN pR #0417 K il . B Wl E B E N
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Fig. 6 Comparison between numerical and test results of granite
uniaxial compression (solid line: numerical results; scatter:

test results)
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