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A study of parameters of Kong-Fang fluid elastoplastic
damage material model for Shandong granite
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Abstract: The establishment of the dynamic mechanical model of rock materials and the determination of the relevant model
parameters are of great significance to the studies of rock’s dynamic mechanical properties and related simulation calculation.
Taking granite in Shandong Province as the experimental object, based on the Kong-Fang fluid elastic-plastic damage material
model (KF model), the model parameters are classified into three categories, and the test scheme is then correspondingly
determined. The basic strength parameters of the KF model were measured by quasi-static uniaxial compression and
unconfined splitting tests. The strength-surface related material parameters were fitted by the results of the conventional triaxial
tests under five different confining pressure conditions. In addition, the dynamic split Hopkinson pressure bar (SHPB) tests
under several strain rate conditions were carried out to determine the strain-rate related parameters, of which the effectiveness
were then verified by the dynamic split Hopkinson pressure bar-Brazilian disk (SHPB-BD) tests results. According to the
principle of reverse impact and the Rankine-Hugoniot equation, the plate impact experiments with different impact stress levels
were conducted by using a single-stage light gas gun, the state equation parameters in the KF model were fitted according to
the impact Hugoniot results of rock samples. To verify the applicability of the material model and the experimentally measured

parameter values, the simulation of a penetration process is furtherly conducted. The granite penetration tests were carried out
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by using a @30 mm caliber gun. The @20 mm bullets penetrated the @ 1200 mmx800 mm rock targets vertically, which was
used to characterize the semi-infinite thickness condition, at an approximately designed speed of 670 m/s. To avoid accidental
errors, combined with the high-speed photographic images, three effective penetrate results were obtained. The penetration
depth and crater size of the target failure surface were directly measured and scanned by 3D scanner, the experimental average
penetration depth, maximum and minimum diameters of the penetration craters were approximately 80.62 mm, 381.47 mm and
263.01 mm, respectively. Using the parameter values obtained from the laboratory experiments, the KF model is then
implemented into LS-DYNA through a user-defined material model and used to simulate the penetration test of granite.
According to the simulation result of damage distribution and cratering parameters of the target, the calculated penetration
depth, maximum and minimum diameters of craters are 8§0.02 mm, 400 mm and 300 mm, respectively, so the errors between
the calculated and the test results are less than 15%, which is acceptable in dynamic problems. The agreement between the
numerical and experimental results provides a support to the application of the KF model and the relevant parameter values.

Keywords: Kong-Fang model; quasi-static experiment; dynamic experiment; plate impact; penetration experiment
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Table 1 Parameter classification and experimental determination method of KF model
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(a) Shandong granite samples (b) Microphotograph of Shandong granite
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Fig. 1 Photographs and micrographs of rock samples
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Fig. 2 Typical view of uniaxial compression test (UCT) and splitting test (ST)
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Table 2 Basic strength parameters of granite

Rk f./MPa E/GPa v v /. /MPa
UCT-1 125.088 38.076 0.310 ST-1 7.714
UCT-2 133.206 41.82 0.352 ST-2 6.9
UCT-3 128.969 38.843 0.318 ST-3 8.12
UCT-4 133.802 39.534 0.498 ST-4 6.887
UCT-5 133.772 40.759 0.259 ST-5 7.409

KFRAI S 4 130.967+3.856 39.806+1.497 0.347+0.091 KFRR S 4 7.406+0.532
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Fig.3 A view of triaxial compression test (TXC, o,=0)
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Fig. 4 Stress-strain curves of rock samples in TXC tests
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Table 3 The strength, deviatoric pressure and hydrostatic pressure of rock samples

under different confining pressures

R [l &/MPa e I (2 ¥ /M Pa #7K HE F1/MPa W1 F1/MPa
10-1 10 256.220 92.073 246.220
20-1 20 327.341 122.447 307.341
30-1 385.384 148.461 355.384
30-2 30 393.095 151.032 363.095
30-3 390.809 150.270 360.809
40-1 437.691 172.564 397.691
40-2 40 440.422 173.474 400.422
40-3 444.189 174.730 404.189
50-1 482.936 194.312 432.936
50-2 50 485.975 195.325 435.975
50-3 495.950 198.650 445.950

~
vy
S
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Fig. 5 Fitting results of parameters @, and a, of granite
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Table 4 Average strain rates and corresponding 7. and 7, values obtained from SHPB
and SHPB-BD experiments

W B R EE/MPa . SRR s W BB BRI /M Pa m, SE AR AR
SHPB-1 159.324 1.217 83 SHPB-BD-1 41.395 5.589 138
SHPB-2 142.925 1.091 105 SHPB-BD-2 37.363 5.045 135
SHPB-3 160.994 1.229 102 SHPB-BD-3 45.456 6.138 133
SHPB-4 156.455 1.195 85 SHPB-BD-4 45.548 6.150 135
SHPB-5 164.434 1.256 122 SHPB-BD-5 52.404 7.076 187
SHPB-6 180.403 1.377 144 SHPB-BD-6 52.654 7.110 183
SHPB-7 145.891 1.114 168 SHPB-BD-7 49.934 6.742 187
SHPB-8 140.933 1.076 187 SHPB-BD-8 49.225 6.647 188
SHPB-9 212.790 1.625 230 SHPB-BD-9 65.320 8.820 241
SHPB-10 260.696 1.991 325 SHPB-BD-10 54.190 7.317 245
SHPB-11 158.481 1.210 258 SHPB-BD-11 70.300 9.492 239
SHPB-12 177.977 1.359 292 SHPB-BD-12 60.436 8.160 243
SHPB-13 215.694 1.647 360 SHPB-BD-13 48.513 6.550 155

SHPB-BD-14 61.372 8.287 199
SHPB-BD-15 71.112 9.602 210
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Fig. 6 Stress-strain curves of SHPB and SHPB-BD tests of granite samples
2.0 e SHPB tests data of granite samples o
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Fig. 7 Parameter values of @, 8 and 6 fitted by SHPB tests data
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Fig. 8 Validation of @, 8 and 6 values by SHPB-BD tests data
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Posoek JIAE B F1 R 1eh 28 B, O30 5 2 B85 S 30 3R A5 2 0y oa=2 686 kg/m’
SIS A T 22 R UL . B ARAT . BEARI DISAR 240 . FIFH RS 255 (B i 3 3 /N T 400 my/s)
SR AR AR (BT s R R T 400 my/s) s AL = sl 404 . R T LB TR R 5 1 P Mooar TH1ER, 2
WAt T 4 M JkoE, I8 EE 3 e, hia(12) ~ (15) RIS RERAYSEH, W 5. FET 520050
P A A6 5 T Proathroae NER, FIE AN (7), AEZERANE 9 PR, AR B0 protroa T FEN:
Prock = 45.0020t,001 + 1413.75 1 0> — 120378570’ (16)
KA pro BN GPa, HIARE HFEM ST k. &y ky BIIE ST B k,=45.002, k,=1413.751, ky=
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Table 5 Plate impact test results of granite samples

SEH w/ (ms™) Uy, (ms™) Uy pogi /(M5 Proi /GPa Uq o (ms™) Hroei
G-1 298.249 170.887 212.806 3.103 5430.281 0.039
G-2 298.586 171.614 212.779 3.117 5454.783 0.039
G-3 296.200 175.154 208.623 3.183 5681.906 0.037
G-4 364.353 210.768 258.969 3.856 5543.886 0.047
G-5 362.860 210.444 257.638 3.849 5563.631 0.046
G-6 370.399 217.718 261.540 3.988 5677.582 0.046
G-7 420.639 247.273 297.002 4.553 5708.849 0.052
G-8 425.834 247.173 302.248 4.552 5607.388 0.054
G-9 424120 246.701 300.769 4.542 5623.706 0.053
G-10 536.010 308.458 381.771 5.743 5601.403 0.068
G-11 527.022 302.785 375.608 5.632 5582.955 0.067
G-12 536.027 312.243 370.879 5.817 5840.622 0.063
6.0

= Experimental data of plate impact
5.5 | — Polynomial fitting

Proa=45:002 1 413751 piy
5.0 ~12037.857 1l
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Fig. 9 Fitting curve of plate impact data of granite samples
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Table 6 Fitting results of KF model parameters of granite

f./MPa f/MPa E/GPa a, a,/MPa ™! v a B [ k,/GPa k,/GPa ky/GPa
130.967 7.406 39.806 0.36 0.09/1; 0.347 0.06 3.47 1.83 45.002 1413.751 —12037.857

4 HNEEPMXEEAERIE

T IR SR A Y AR X e KF SRS BUE TS M, TR T 6 A =S58, A AR A T 58 2
BUA R KF R R 5L 56 UEA T8, — 255t o B 5 SE 56 15 2 1 B ZAR IR B 5 i i 45
4.1 RHILE

AR E AR B 5L T @30 mm AR KO T JR, S50 T 38R R K24 SRR B8 7 A 1) i it 3 i
IR A AR, BT T 00 T3 AL 670 m/s Y 8B AR A1 0 R # 44

2 JE BB K ST 1R e MR A IRORE R /N B AT BRI, A RS20 R FH IR AR R RO, R B
£ 20 mm., CRH 2 2.5 BYARONIE L HFFIE 3L, 4P 8 B AE 30 mm (9 = e oF 17 5200, s iAR RL o =
55 A 4 0 30CrMnSiNi2A, 7724 M BEFE 1 & Johnson-Cook AR S H( WLFE 7, S TR TR 450, T
BLA PRUE AR AR DA Z W S0 AN o AR 670 m/s B, HH AT A FE AR AT 000, 2 i A
FEA/NT 30, JUI AT DL Z2 W6 A FR 320 4800 o K6 JE 75 5K 19 600 mm =600 mmx800 mm [ 46 i) 5 PR il & 7
21200 mmx800 mm FHIEE A IE A 7 8, JF7EZS BRAL BESR C40 TR EE T 4RI I F7 97 28 d il UK

F7 BEMRSH

Table 7 Parameters of the projectile’s material*®

HEA T2 EF R JCAHRERI S
R/ IGICRERE  Brpsmes/ g EumikgER || JEAGREEA  RLREB/ T AR WAL
5] n
(kg'm™) HRC MPa % % MPa MPa FHc ZHom
7830 45 1380 12 58 1269 810 0.479 0.04 1

SCU R GG AT R AN 10 PR, B RGBSR 3 50 RO G RGN EEY R S
Ho R S5 9 FAR 30 mm (938 JiE KOs 03 2R e T T AR BT 58 g AR A0 S8 B, 5 9 il A AR A AR
L 2 AL A T B 0 e AT AR, 2 A e o MR AR 23 2 AR S I A, AR AE S

Speed measurement aluminum foil

[ | .
/*J ‘J Granite target

) [°d e—rv .
() | High-speed
: /T camera system
Velocimeter

K10 (RS E AR K

Fig. 10 Device layout diagram of penetration test
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(a) Target 1, penetrating velocity is 638 m/s

50 mm
LJ

(b) Target 2, penetrating velocity is 667 m/s

50 mm
L
(c) Target 3, penetrating velocity is 673 m/s
K11 JERCA ARSI R R =il
Fig. 11 Photos and 3D scanning results of cratering failure on the impact surfaces of granite targets
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Table 8 Direct measurement and 3D scanning results of crater parameters of granite targets
‘ R mm RS B A /mm AN HAR/mm
R THEFI°) (AL (mes™) - - - - - -
I B LA B SHEAN I B SR
£ -35 638 75.05 76.29 310 327.98 245 248.36
i) -3.5 667 72.19 72.48 430 408.24 275 283.00
43 -1.5 673 96.00 91.73 410 402.60 265 261.67

AT Z AR 5L 00, AR s A6 5 B e e SR G /N T SeR A SR A 1, B 11 3 A
BUR ISR SR R B 5 = 4RGSR . R R = 4 5 AU L B AR 5 B SR 47 B 47 )
FOGAF G, M5 S AT 2 0 PR IR B S st S8 L% 8.

42 HESLRERITEE

FIH LS-DYNA X 4k i 5 R W SL 90 R 17 05 BL . 5 R B LI (X FR ik, MR, S T3 B AR, ok
FH 174 X BRI JEAT 07 ZLS 06, WOAR BETT A0 18] 12 BT 7R, B A6 B A SR T AL R T A — el v 2 Bk 4k
@ 1200 mmx800 mm FY [FEIFE A, 04 I 42 52 56 v S FH - R A7 AR, ABE AR A AR I ST 15 52 o 9 6 o L R
~F—#.
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1 3 20 S B0 A5 1 - e A 1) el R
PO DL 15 8 S A AR SR 0 AR LA 670 my/s )
A EL ) R AR, SR S AR R SR T
WA, RIAK R3O0 1 mmx 1 mmx1 mm (5
S Ak A S AR B ) o FEAR R E O H
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TN X AR 20 A R A ] Y fl R
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Fig. 12 Numerical model

f R R B 5T 45040 PRTAZ OF E AT X PR AL B, 45 3 B B A 0 0 Al A 1] 13 B o 2S48 (o 22,
PR IR, M E R 1R, Fon Booog i fi . mIE 13 R]AL TSR B B ST ROR BAR Y
400 mm, HR/NEAED 300 mm. S HUR B R b7 SRR B R i B A D e i £k, AnEl 14 i, il R
KB, AR BE IR B2 80 mum FF R GR 5 AR, [a] A i (A A Jom sl Fof g T 2 s 122 g TR g = Be sl

400 mm

Damage degree
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Fig. 13 Damage distribution and cratering parameters of target
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Fig. 14 History curves of penetration depth and acceleration of projectile
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Table 9 Comparison of penetration results obtained from penetration test and numerical simulation

Ik FZIEE /mm TR IR K HAA/mm EWFYT /N HAA/mm
S 80.62+10.46 381.47+49.60 263.01+14.75
BB 80.02 400.00 300.00
RE/% -0.75 4.86 14.07
A
5 & i

T g 2 P S R S A SE G A T L AR T X A A e ) KF RIS R, I A KF B, 285 4 5
IS HUE, XA B A RSB TEAT T 05 BT, A5 B DU E24518

(1) 3 2ok o 0 285 B P 4 L B R B = S S 0 o 1 B (1435 3 58 B A 56 24K £=130.967 MPa,
f=7.406 MPa, E=39.806 GPa, v=0.347, ,=0.36. @,=0.09/f..

(2)38 4 SHPB SEHff 1B i (14 10 A8 6 A OC 24K @=0.06. f=3.47. 6=1.83, Jf-#| ] SHPB-BD =t
IR 45 RIOUE T SHUN A Rk .

(3) 3 o - M fE o S 56 B o T AR o RS T R A S S8 k,=45.002 GPa, k,=1413.751 GPa, k=
-12037.857 GPa.

(4) FIIH KF #E 5 K S0 2 850 (B X8 B A A2 0 S S R AT T 4L, 45 53R B, BUE R RAS AR IR
BB K HAR 5 S 25 R R 22 /N T 5%, (=R YT/ BLAR AL 25 31 5 S PRt AR 22 /N T 15%.
S LR U7 BLAE IR 5 PR, W) A& B, Tk T AORME A K SR A TPk
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