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Fig. 1 Quasi-static test setup
i T HL 707 BRI IS AL X TC AL B AT S T e B 20K o B AR 19 AR R 16.0 mm, JEE
6.6 mm, A& 1(d) Frzs o SRH] 1/4 B0 s AF AT Bodla R 4 o D ik JC ML B 1 B SR v HE B
FErh, M A SRR, MBS E WA 1e) ME 10 P,

044105-2



%38 4 ERULAE: SR TEHLBT R R TH2 AR AR 54
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T Vi, LA /0N R B A 0T o AE A ST et i T A0 AR TR R SRR B ) R R R bk b B g (A
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Fig.2 Setup of dynamic compression tests

Dynamic strain gauge

1.3 FBARLEEIRE

AR BCEE EARLAE 5 RS 19 72V RE, A5 5 0y 2 v ) 2 i = gl [ e iR 0T JR AT 5 . BB
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Fig. 3 Triaxial confining pressure test device
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Fig. 4 Tensile stress-strain curves of inorganic glass Fig. 5 Typical stress-strain curves at different strain rates

X AN [a] 7 728 38T R ity 54 4 56 38 A0 2R 0000728 mA: RS IR, R AR AE 240 0.017; S5
BT, RO, 292 0.022, EAER S A0 TN 29%. Rk, A0 A8 5 R T AL B RS 4 48 B 5 R 24

23 EIETEBRRENREE
5 B 35 U T 37 i 1] 7 jjjyazz,ﬁ%ﬂirjjp*ﬂﬁ o 53N

1
P=5(0'1"‘0'2‘*‘0'3):5(0':;‘*‘20'99) (1) 5001
Or = %(o-zz _O-HH) (2) 400
Ko, oy A HIMIRBER B RS, oy 2 300F
NI % 200f
B BRI FEAE 1107 s~ R AE 5T 114 il ] /

- A H e AL 6 % o 7 L A5 8 | i
T840 K 78 e /12 K ST 902/, B A
B KRE. KRR 0~0.1 mm 19 3% 550k AR A9 Strain
S K 533 MPa, S 0.3~0.5 mm (14 Bl 35 i dr Pl 6 =il Bl skl i 1 - 25 4
T RE Y 55 B A 480 MPa, 1id HH B 25 J00RE R 4 Fig. 6 Axial stress-strain curves of
AN, R R triaxial confining pressure test
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K4 Bo MO N, CHHEER 2 M=18F, 3 (4) i 1AW 2850 5 5 THT BEAUAR ] o D (o W7 504 6% )
Simas TEAE SCHL B W 800 B2 77 TR SR A0 R 8, K HE SO 0~ 1 X AT ko ARBIFSE 278 3k [14),
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MR 46 5 B B, po A MR RI IR 2 o AERHB IR ZS T RS 7 R AR ¥ K s e 40 % Rk
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Table 1 Basic mechanical parameters of glass

p/(kg'm™) E /GPa v G/GPa K,/GPa
2468 72 0.23 29.3 44 .4

eV e R EIE h, NBE E T po Wl P wg B o (BUILEE V) | RLF 3w, 3 5 SR
PR /£ Rankine-Hugoniot SFH /7 72
Polls :p(us_up)
P = Po = poltsity (11)
E-E,= %(P+P0)(V0—V)
K p Ml p 435k v a0 L JEERAEM BE B0 TT, vy B0V SR 4300 S o 1 S5 A H 2 CRAAS T 1Y
K 45 TR 46 (R 2 AR, Ey B E 43 3k oh i /5 S5 I RE
W5 S0 AR AT 10w o D 3R FORE 1 AR AR (1), BN AT SRAS A R Sy B el e DR T
B AR AR R
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p=L_1- 2 (12) 160
Po Us — Uy = Experimental data

Renganathan 45 #E17 T 77 1 3638 19 15 J °F N .
P st 00, SR o T TS A o
8 THORHR R SRR BOR, BIAE RN £ g T
5 1) Hugoniot M1k, 4nl&l 7 fs . = /,_/’/

S LA 5 S, A5 ) TH2 ARy R b T
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p = 44.4u — 14517 + 24448 (13) H

B 7 JoHLBEEE Y Hugoniot MLk

Fig. 7 Hugoniot curve of inorganic glass

VR 25251020 X JC AL B 19 Hugoniot 1
W FREAT T8 5%, 15 2119 Hugoniot MK FR oy,
7 3.1~6.0 GPa X [H] . Alexander %1 4 1, V- A48 ol B A4 R P 04 B Rz 745 >k 1 B8 PR AR P 25 R B0 50
FRAT 00 e 9 PR 45 SR A K, HEBR B 1 7 B 52 0 i & 30, MARHZE 388 R 0 B 1wl i Jay AT PR AR L, O 4
WA AR TR ) R SR BU(ELN 7.5 GPao ARHFSE Y, 07y =7.5 GPa, Hugoniot g4 % BR AT LR FH #7K 77
pHEL*DﬂH?]@jj SHEL%%%%, JHH=FWELLF LR

A (14)
P 137 73 7T LA 3R Sy
HEL
sm=Mﬁi; (15)
N oy 5 Hugoniot MRS T AR TR AE paye 195 2 Q1 F 56 R
oneL = Kipne + Koftiie, + Kt + gG 1 T;f;EL (16)

E’%jﬁ (14)N:Tit (16) ﬂﬁ%: ,UHEL:0113, pHEL:352 GPa, SHEL:597 GPao
32 KREGEHETHEEERER
H B VG [ 25 B S 6 mT A5 0 ML 3 388 100 o i S BU PR B2 Ok 70 MPa, U KBTI B 7=0.07 GPa, 1
I ENPPIRE T =T/ pus. =0.0199,
A v A A R B0 38 T 4 X 00 45 SR AR AT A B R BN R 2 B .
F2 EBRSHITERREBSENSEZSH

Table 2 Parameters obtained by quasi-static and dynamic compression test

Test &ls7! o/GPa p/GPa o P’
Quasi-static compression 107 0.760 0.253 0.127 0.0719
SHPB 420 0.930 0.310 0.156 0.0881

Kl 8(a) 25 th T TCHLIHE A A A o e 250 0 280 00 2l 25 0 28 B S ALK I ) p 5 B T 4 R T o Y
AR, Heolt o Rllon 433 S ASRME RS A AR T A SR SR EE < P 8(b) £ T MR ) Lo /o B p 19
A2k . Y4 p>0.2 GPa I, AR[RI B AR oy oy ¥ T %K 1.04,

L (3) "5

oy _A@+T)'(14Cng)  1+Chné, )
o, A(p+TH"(1+Clngy) 1+Clng

e oy o a0 B A ANE RS B R A AN T, €0 &5 0 51 Ry S AR S T S R AR A R

044105-6



38 & XA ST JTHLB T3 38 Y TH2 A R A5 78 5543
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0.8 F
< 0,=2.447p+0.171 ~
G o6t S 104t
5 b
04
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=2.352p+0.165
02} TTER
1 1 1 1~00 1 1 1 1 1
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(a) Relationship between p and o under two strain rates (b) Variation of o/o, with p

K8 AR RBUR AR C RIS

Fig. 8 Fitting process of strain rate sensitivity coefficient C

TE 8 2 N AR R MBS T, MR EKE I 5N T B ELMXR ., SHENAARR 1.0, Alk5
C=0.002 56
Tor WAL B SERON T . # K R T RN AR SR 2
lnﬁ Nin(p* +T*) +1InA (18)
é\
= In(p" +T")
A LA (19)
1+ Clnér
B (18) AT, A8 i Y AR X 1) — IR R, I S TE N, S5 N N HLRVE, nA I iR iE .

B 4 A~ S8 i AR R R 50 25 R 5 TR 3. SR (18) LA IxX S H i, ﬁiwﬂm%%ﬁf%é&
A=310 1 N=1.51, Y G X Z A0 R NE 9 Frn .
=3 WEISEFRABHEMNSBINTERESY

Table 3 Complete strength parameters obtained by dynamic compression test data fitting

No. & o/GPa o P X Y
1 230 0.864 0.1447 0.0818 —2.0393 -1.9576
2 280 0.893 0.1496 0.0846 —2.0184 -1.9255
3 350 0.917 0.1536 0.0868 —2.0015 —1.9000
4 420 0.933 0.1563 0.0884 —1.9903 —1.8835
—1.88
= Test data ,/'
- - - Fitting curve L
-1.90 o’
o —lo2t o
-1.94} /,/’/
196}
-2.04 -2.03 -2.02 -2.01 -2.00 -1.99
X

P9 bhboe sEom EERTAL AL i 2k

Fig. 9 Fitting curve of complete strength model of material

044105-7



%38 4 SXWEAR: S BT LB R B TH2 A R AR 54

PR IT 2256, A8 BU B AR AR, 38 50 AN [0 40 B (B0l 245 2 5 520G 25 SR aE AT X6 LE, b s e
9 D,. D,
33 e EHTHEERER
N7 7 A% I RN AR e AR A ) T ML B 355 0k A 55 B AE R 09 %k m) RN ER 1] B S 81 146 4, Hoh R AR
cREER . WP (D). X Q) AT E K E S 70 AN 505 o i Hugoniot MR R Y prgy « Sue XT
PR R T RN 4y 3 B o AT TC R AR AL HE . o M SE G AR T AR RN T .
F4 ZHBEERLEE

Table 4 Triaxial confining pressure test data

Particle size/mm o../GPa & /1073 E./GPa o/GPa p/GPa o;/GPa p* o}
0-0.1 0.533 7.00 192 0.089 0.237 0.222 0.067 0.037
0.3-0.5 0.408 4.75 192 0.058 0.175 0.175 0.050 0.029
FESE S5 2 P J0 M3 35 0K (14 558 i 4 50 4 1Y 3 0.038

W ERE . I 10 4 i1 T AL B UKL 5E 4 45
i 6 F 1 45808 7 ors 5 T B 4 K A B %
Z., T LA Y, BB R (1 35 B B 25 0 K I 7 (1 14 0034}
IR, MK ik B A, B R b

0.036

0.032 |
58 TR B M B B KB R O O o X (4) T A
RIS AL S8 WA AT (D=1) iy 58 A5 A 0.030
Z4§: B=0.36, M=0.83 0.008 , . . .
= 73] Ry ‘\9' . 770.045 0.050 0.055 0.060 0.065 0.070
34 AMEEEYERIE ;
K JH LS-DYNA A BRITE A, XF @37 i JTH2 42 10 JEHLBERSI0R: 1 Tt 493K T )
MBS AT A7 R oo UL, i ik xof b a3 5 B L 4 5 I R
SR B FAR R A ok Fig. 10 Relation between dimensionless hydrostatic pressure
3.4.1 ﬁ BE jTI: @ 1‘% and dimensionless strength for inorganic glass particles

B AR U T 0 58 A A ], R a6 SR A ) A S S 4 B8 1 a5 N AR A AT
Uit o eI 3 AN [RGB AS R T 00 . FFANEAE R Lagrange WS Kl 73, 12CRE AL A B filt RS 40 0 46
o1, VAR R 45 R B MER 1R, AT 11 BT7s o D ol S S0 AR AR AIONE , s/ s ] 25 F) 45 ke 28 8, 95RO T 12
il o A7 FRICH AL, SHPB A R A% ]SO 1.2 mm, 5N E# B9 R RSF 2 0.6 mm, 30K B RS R 4k T
0.2~~0.3 mm IX[8], Ff ELAENT KB T5 1] i8R F AR BB 4209 0.5 mm 14 .

10 mm

B BeagilheRn SHPB i FROCHEA!
Fig. 11 Glass specimen and finite element model of SHPB

SR FH 1) R RIS BB AR ) B 422 ik s 83 5308 Z ] >Rk ] ERODING_NODE_TO_ SURFACE #%fi, i%
T AR B IC R AE 23 B 3N A 0T 00 42 ik T DARE S g AU 3o TR, SR A BROT L -6 kL - WA 30 )
2% (finite element method-smoothed particle hydrodynamics, FEM-SPH) [ i W fill & 58 15, 2 R85 % 14 B8 ot
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i IF A SPH KL, DA T S 9 40 b A 0 35 58 #0450 40 5 R o kAT R R ol 4 i P A g A
W, BHG AR R LS 15 2 89 TH2 AR A o AFT AR (19 2 KL R A5 A 2 B B RS A B A A
WS HB| T 3R 5 M3 6, Horr, p, AANAT B 5 5

RS WATMBREZEEMBSH

Table S Linear elastic material property parameters of steel bar and block

p/(kgm™) E/GPa v
7850 200 0.30

*6 RUMEBEOWBEM AN JH2 FRESY
Table 6 Parameters of JH2 constitutive model of glass material fitted by the test

pl(kgm™) G/GPa K,/GPa K,/GPa K,/GPa T/GPa Oy /GPa Pur/GPa
2468 29.3 44.4 -145 244 0.07 75 3.52
A B C M N D, D, Simax
3.10 0.36 0.00256 0.83 1.51 0.005 0.85 0.2

342 HEROHH

B 12 R T REAS R K 425 s HFAS ] B 220 385 38 bR A0 A 300 ) 2 B, mT DA M B 6 R A 3 25
R MR . BEDE TR 15328 1 i 20 R bk %0, D) 260 ps B, ik ob 45 5 153288 Z 3K FE, 300 ps B, LR
GG BB IR, ZEUR P B BN, 1 B IR i . BRIl T A S B TR K
R 75 ps, BURE IR 46 21 L BB R D7 Bt 40 s, D8 W FE AR N A8 B R RE M B T R, TR
R A I S0t o 5 T A N D R T, 240 5.2 ks, P IR R A I 2 aed e v R T AR 2R G e A R T
252 200 mm, LI ES I K TR K R, UL R 7 ik e I RE 2 W B, FE R B R AR R EL s
7 F1 A o NI 12 0] LG 1 2, Fh T S 98 s i ) 7 S5 B DR T R T e S o B s B
ME iR, IF B B, BT IR YR, I ETIL A, BUE 274 A e, R
SEARERE

Effective stress/GPa

1.550
1.395
1.240
1.085
0.930
0.775
0.620
0.465
0.310

0.155
0

(@) 0 ps (b) 260 ps

A

(d) 320 ps ' (€) 360 pis () 420 pis
12 BHUAR R0 B OB Y R R

Fig. 12 Failure process of inorganic glass obtained by simulation
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X e 5 B S 2 Y B RIS, T DU B, AT AT e 8 — ZorE, S e 2 e Ay
By AR/NOREL, AP 13()FT s o [ 13(b) &5 i1 1 JEHLBER A BRI A8 5 0y 425 871 B9 S0 T R A8
RS 2 B9 A AT RS S AF R B R A5 5 o SR I AP 15 Bl S BUE R UL 2 BE 1 5 a6 A ) 4 b A8
1= 8

2.0
s 1'Shig'mlt' ]
- - - Simulation |
@ 1.0 ;
3 L J
g 0.5
R= 0 - —
£ -ost N\ O\
@ 101
- 1 '5 L 1 1
0 0.2 0.4 0.6
Time/ms
(a) Morphology of glass fracture in test and simulation (b) Typical incident and transmitted signals of test and simulation
B3 R S BRI A R L
Fig. 13 Comparison of test and simulation results
o A A Bl 4 5 R T AR R U5
EvA,
o) = ——&(0) (20)

e Ths 0 fUHAT

RSB ANR I6 FAT A A [R] 02 AZ AT 14 B4 [ 4 5 B 81 38 7. BUIEREADL 5 30 45 2R iy A 0 5 22
FJ/NTF 5%, Ul IAASHIETE B 45 9 AR R A AR AT 3

®7 BERUMAERSHIRNERTH A ELREEE

Table 7 Uniaxial compression strength at different strain rates obtained by simulation and test
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JH2 Constitutive Model of Inorganic Bulletproof Glass with Damage
SHI Liutong', HUANG Yougqi*, GAO Yubo', JIA Zhe®, LI Zhihao'

(1. School of Aerospace Engineering, North University of China, Taiyuan 030051, Shanxi, China;
2. China Building Materials Academy, Beijing 100024, China;
3. The Sixth Academy of China Aerospace Science and Industry Corporation Limited, Hohhot 010010, Inner Mongolia, China)

Abstract: Bulletproof glass exhibits excellent impact resistance and protective capabilities against bullets,
explosive fragments, high-speed projectiles, and various other aggressive threats, making it extensively
utilized in the field of safety and security. To investigate the dynamic mechanical properties and constitutive
relation of the inorganic glass layers in bulletproof glass under impact loading, we firstly employed an
electronic universal testing machine and a split Hopkinson pressure bar (SHPB) test setup to obtain the
tensile and compressive mechanical properties of the material at different strain rates. Results reveal a
noticeable strain rate effect that the material’s strength increases with the strain rate. Secondly, drawing on
the experience of geotechnical triaxial compression tests, we designed a high-strength confinement sleeve
suitable for assessing the mechanical properties of glass particles under conditions of complete damage.
Results show a significantly lower strength compared to that of the intact state of inorganic glass. Finally, by
integrating test data, an JH2 constitutive model for inorganic glass with damage was established. By using
the non-linear finite element software LS-DYNA, the SHPB test process was simulated. The effectiveness of
the constitutive model was verified by comparing test and simulated results.

Keywords: bulletproof glass; mechanical properties; constitutive relation; damage
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