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Fig. 3 Typical fracture process of sphere impact rigid wall

(a) v=35m/s (b) v=50 m/s (c) v=78 m/s (d)v=135m/s
Fl 4 AEE T BRI B RS

Fig. 4 Shape of spheres under different impact velocities
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Fig. 5 Shape of the fragments at different impact velocities
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Table 1 Main microscopic parameters of discrete element mode of quartz glass

Effective modulus Normal to shear . . Size ratio of .
. . . . Minimum radius . Tensile strength of Shear strength of
of linear stiffness ratio of ~ Porosity . maximum and
. of particles/mm | . contact/MPa contact/MPa
contact/GPa linear contact minimum particles
55 2.9 0.2 0.1 1.5 300 600
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Table 2 Physical properties of quartz glass under ambient condition

Method Equivalent Elastic Poisson’s Compressive Tensile Bending Fracture
etho
density/(kg'm™) modulus/GPa  ratio strength/MPa strength/MPa strength/MPa toughness/(N-m~?)
Manufacture
. 2.203 77.8 0.170 860 50 67.0 0.78
provide
DEM numerical
2.203 78.0 0.172 798 50 67.4 0.85
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Fig. 6 Fragmentation process of quartz glass sphere at 78 m/s
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Fig. 7 Sphere velocity, impact force and internal

crack versus time

B R AR R EE , i B MR AR RE  47 LA A R 1 T R8P A ol O P R (L XA S0 3 T ol o S g ol g A 2R

SO R EL A

Pl 8 DAy A AN [A] B JBE I A S5 3 Tl o i 2 it o ) 28 P A 2 o 1 8 () S/ 1 488 ol E R T s SR A e
MR I BRACHE R AR AR . ATRUE G, B o BARUS 2158, B LT L A ] 35 . 5] 8(b)
7R TR ol R Tl S AR G I ER A R AR A AR . R U Y, BRI Sk 7 4R ol A BE S
S5 R BT DR B B AR R R el RO, R R, B P A R A
TUABR AU A AT, A S B BRE ol i O kL 1) S8 AR, e ik e 6] A7 12 Sl B A AR
AU BEL Ty , 5 BRAAR 2 3z By 3 0 %) i A1 AR 23, BBR AR 12 5 28 45 24 D BR AR BLAR Y 172,

16

Velocity/(m-s™)

Time/ps

Pl 8 N[l it BT Bl - ] il £

T )
%
(=]

Velocity/(m-s™)

L (b)

—50 m/s

---100 m/s
~~~~~ 150 m/s
—-—- 200 m/s

0 10

20 30 40 50 60

Time/ps

Fig. 8 Velocity-time curves at different impact velocities

B9 45 T 0~300 m/s $3 i 3 B 7 5 Bl B Bk fit ol g 4R o B S AU LA . DRI O AT LA i,
f8 Tl 8 O 20 m/s 2 A s g 4B el O 38RO A9 1 S BT A, IR AR 7 A S A I BR AR

014101-5



i34 %

I
=

7] il

g

Eitd 1

(EEGEE P MRS <EEPN TE -2/
T ik S -4 3 T, Ay D SRR R AR o P A i R AT A DL D i SR PR A 4R, i Hertz 42 fih BE & m]
o SR L R kg )

5 V(3. V5.8,
Pm = (gT[p) (ZKI) VsR (1)
A K = 1;:—“ + 1;“22, P E, L R E, . 5 5 R ER VA AR R4 I £ S A R b p W ER
PR B s R S BRI B2 7%
Bl 10 25 H 7 I ST 417 T3 BT A S 3 Bk o 7 e o o A A A B . AJEL 10 AT LA M.
S AU T 0 ST R B, BRI B, PS8 JL TR 725 A B, B R (RS0 (0] 8 Rl 3, Hertz 422 fih 34
T LA M 00 A 0 B T R 48 £ 7 5 1 32 B 85 T e L v I, BR AR R WA, S P EL AT BR A 2
P, B R AR S o 7, IF AR IR AN B, KB B Rt S I B e R v R B,
0 B TR M PR 98 o Sk T Ak o

Eq.(1)
18 »  Simulation
15+
<
o 12+
2
= *
| )
*
E 6l
3L
1 1 1 1 1 1 1 1 1 1 0 n n n n n n )
30 60 90 120 150 180 210 240 270 300 10 20 30 40 50 60 70
Velocity/(m's™) Velocity/(m's™)
P9 N[l bt B2 A B 32 2y 10 MM J1 5 Hertz S&fil BB XS L
Fig. 9 Impact forces of spheres Fig. 10 Comparison of simulated impact forces
under different impact velocities with Hertz contact theory

4 % ip

ot SR 7 Mo S RS OR S JRE Dy PE 4R, R AR LR T D DA TP [ R [55% A4RE o RN ) A
IR AL, SRR N BB AT 7 A 2 WU AT WL AR o ARl I, R A S 0 T 4 e X — T 3R X — BT U1l
PRIX B NG5 ), 09 U1 SR S0 26 17 10 P 48 ol i i PR PR, IR AN 2 AU BREE 5 Al 4
1T 35 IR X FE 397 J, Bt R B R 5 1< F 2P R B e e g TR N, 7 D BB Bk O A 8 5K
TR, T )™ A2 R SR T <A FRBR ™ BB, PR U 77 A DR /N R R 224 3 B BT g 5, 3 8 45 o
AW SR B = 1R, BRI 7 A R B ACIR A F o

B BOTAAE PRC 8L 1 A7 9 B 5 Bofit ol WM BE Ao e, R PACTE i S IE 48T M1 T LA 23y P T
A6 BRI AR o 3 B BE e A Sl BofE ol g B o R B Y B, R BRI R AT, 8
A AT RA Ay Pl 48 2o, Hertz 422 fiph BR 98 w] DL 8 3 Ffi ol ), e BRIR TR 25, 3R A 1) 2K
il 1, I IHAER e, TCHLATE A duRe Al E R Sl BE, 18 i IR T Hertz £l BIS(H, JF H Rl 1%
o B, i 22 K

S22 3k

C1] XU, AR, APk, 5. BB b AR s EEREFE (], kali5 iy, 2011, 30(3): 18-21.

014101-6


http://dx.doi.org/10.3969/j.issn.1000-3835.2011.03.005
http://dx.doi.org/10.3969/j.issn.1000-3835.2011.03.005

o534 % 7 HRRA SR A0 S e B T WA B ) o] 55 14

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

LIU Y, DU CL, FU L, et al. Impact crushing velocity of lump coal [J]. Journal of Vibration and Shock, 2011, 30(3): 18-21.
e, O RAZ, TRdiRst. kLo el S BE A BB SE 384087 0], PR30 5 whiti, 2017, 36(5): 227-230.

LI Y H, SHAO L B, XU Z L. Numerical analysis for critical velocity of coal impacting and comminution [J]. Journal of
Vibration and Shock, 2017, 36(5): 227-230.

VRAERN, X, R, 2. v A0 i R AR A ECR R SEPERT ST ()], TARA SR, 2018(1): 43-50.

SHEN W G, ZHAO T, TANG C, et al. Loading rate dependency of impact induced rock fragmentation during rockfall [J].
Advanced Engineering Sciences, 2018(1): 43-50.

FEIE, BIESG, 2, G5 B IR M BRI KR IR S FSTHER (1], A (R, 2005(Suppl 1): 178-180.

FANG L N, MA Z X, LI H, et al. Development history and research progress of crushing equipment and technology [J]. Non-
Ferrous Mining and Metallurgy, 2005(Suppl 1): 178-180.

ANDREWS E W, KIM K S. Threshold conditions for dynamic fragmentation of glass particles [J]. Mechanics of Materials,
1999, 31(11): 689-703.

ANDREWS E W, KIM K S. Threshold conditions for dynamic fragmentation of ceramic particles [J]. Mechanics of Materials,
1998, 29(11): 161-180.

SALMAN A D, GORHAM D A. The fracture of glass spheres [J]. Powder Technology, 2000, 107(1): 179-185.

SALMAN A D, GORHAM D A, VERBA A. A study of solid particle failure under normal and oblique impact [J]. Wear, 1995,
186(95): 92-98.

SALMAN A D, REYNOLDS G K, FU J S, et al. Descriptive classification of the impact failure modes of spherical particles [J].
Powder Technology, 2004, 143(26): 19-30.

CHAU K T, WEI X X, WONG R H C, et al. Fragmentation of brittle spheres under static and dynamic compressions:
experiments and analyses [J]. Mechanics of Materials, 2000, 32(9): 543-554.

WU S Z, CHAU K T, YU T X. Crushing and fragmentation of brittle spheres under double impact test [J]. Powder Technology,
2004, 143/144: 41-55.

Syt TRANAR, PR, 5. R EDINZRGE T Wa b0k ABE IR RRE (1], B KE S whili, 2017, 37(5): 913-922.

YIH S, XU S L, SHAN J F, et al. Fracture characteristics of brittle particles at different loading velocities [J]. Explosion and
Shock Waves, 2017, 37(5): 913-922.

POTYONDY D O. A bonded-particle model for rock [J]. International Journal of Rock Mechanics & Mining Sciences, 2004,
41(8): 1329-1364.

SHEN W G, ZHAO T, CROSTA G B, et al. Analysis of impact-induced rock fragmentation using a discrete element approach [J].
International Journal of Rock Mechanics & Mining Sciences, 2017, 98: 33-38.

CARMONA H A, WITTEL F K, KUN F, et al. Fragmentation processes in impact of spheres [J]. Physical Review E, 2008,
77(5): 051302.

XIA M, ZHAO C B. Simulation of rock deformation and mechanical characteristics using clump parallel-bond models [J].
Journal of Central South University, 2014, 21(7): 2885-2893.

YANG B, JIAO Y, LEI S. A study on the effects of microparameters on macroproperties for specimens created by bonded
particles [J]. Engineering Computations, 2006, 23(6): 607—631.

PARK J W, SONG J J. Numerical simulation of a direct shear test on a rock joint using a bonded-particle model [J].
International Journal of Rock Mechanics & Mining Sciences, 2009, 46(8): 1315-1328.

RETI, ZR R0, CHREAL, 46, 1 SRl 30 (5 A oo I i e 0 R 1 B BGARE U [0]. 12424417, 2018, 50(3): 178-188.

XIONG X, LI T M, MA Q Q, et al. Discrete element simulation of the high velocity expansion and fragmentation of quartz
glass rings [J]. Chinese Journal Theoretical and Applied Mechanics, 2018, 50(3): 178—188.

KNIGHT C G, SWAIN M V, CHAUDHRI M M. Impact of small steel spheres on glass surfaces [J]. Journal of Materials
Science, 1977, 12(8): 1573-1586.

014101-7


http://dx.doi.org/10.3969/j.issn.1000-3835.2011.03.005
http://dx.doi.org/10.1016/S0167-6636(99)00024-1
http://dx.doi.org/10.1016/S0167-6636(00)00026-0
http://dx.doi.org/10.1016/j.powtec.2004.04.028
http://dx.doi.org/10.11883/1001-1455(2017)05-0913-10
http://dx.doi.org/10.11883/1001-1455(2017)05-0913-10
http://dx.doi.org/10.11883/1001-1455(2017)05-0913-10
http://dx.doi.org/10.1007/s11771-014-2254-3
http://dx.doi.org/10.1108/02644400610680333
http://dx.doi.org/10.1007/BF00542808
http://dx.doi.org/10.1007/BF00542808
http://dx.doi.org/10.3969/j.issn.1000-3835.2011.03.005
http://dx.doi.org/10.1016/S0167-6636(99)00024-1
http://dx.doi.org/10.1016/S0167-6636(00)00026-0
http://dx.doi.org/10.1016/j.powtec.2004.04.028
http://dx.doi.org/10.11883/1001-1455(2017)05-0913-10
http://dx.doi.org/10.11883/1001-1455(2017)05-0913-10
http://dx.doi.org/10.11883/1001-1455(2017)05-0913-10
http://dx.doi.org/10.1007/s11771-014-2254-3
http://dx.doi.org/10.1108/02644400610680333
http://dx.doi.org/10.1007/BF00542808
http://dx.doi.org/10.1007/BF00542808

i34 % = JE Ll i 2% i 1

Fragmentation Process of Quartz Glass Spheres Impacting Rigid Wall
FANG Jisong, WANG Zhu, XIONG Xun, ZHENG Yuxuan, ZHOU Fenghua
(MOE Key Laboratory of Impact and Safety Engineering, Ningbo University, Ningbo 315211, Zhejiang, China)

Abstract: The high-speed gun is used to study the impact of quartz glass ball on rigid target plate. The
crushing process and failure mode of the ball at different speeds are analyzed. When the impact velocity is
lower than the critical failure velocity, the quartz glass ball rebounds from the target plate, and the
rebounding speed is slightly below the original speed; when the critical speed is exceeded, the sphere
exhibits a “compressed fracture zone—surface spalling zone—shear failure zone” failure structure; further
increasing the collision velocity, the expansion of the shear failure zone causes the sphere to be fragmented
into several “crescent” fragments. At higher impact speeds, the quartz glass ball collapses and spalls at a
distance away from the impact end. Furthermore, the discrete element software is utilized to simulate the
impact damage process of the sphere. The crushing of the sphere under high-speed collision can be divided
into three stages: elastic compression, integral crushing, secondary impact. Before the ball breaks, the Hertz
contact theory can describe its impact force well, but the crushing force is much smaller than the theoretical
value due to the fracture unloading, and the deviation gradually increases with the increasing impact speed.

Keywords: quartz glass; fragmentation; spallation; discrete element method

014101-8



