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Abstract:

peridynamics is derived from the energy equation of work

The governing equation of the original

done by conservative forces, which cannot reasonably
reflect the viscoelastic deformation behavior of materials
and the energy dissipation of the system. To solve this
problem, a peridynamics method considering the work
done by non-conservative forces is proposed. The
theoretical framework includes two parts: viscoelastic

interaction of material points and its motion equation, and
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rate dependent fracture criterion of bond. In describing
the movement of material points, based on the
understanding of the deformation mechanism of concrete,
the viscoelastic interaction model between material points
is proposed. The viscoelastic motion equation is
established by using the Hamilton’ s principle considering
energy dissipation. Using the viscoelastic peridynamics
method and the energy density equivalent method of
continuum mechanics, the determination methods of
elastic parameters and viscous parameters are proposed.
In terms of describing bond fracture and material
strength, the rate dependent fracture criterion of bond is
developed by using the dynamic uniaxial S criterion of
concrete. Numerical experiments are conducted to
of the

viscoelastic peridynamics method proposed. The results

investigate the functions and advantages

show that the peridynamics method proposed can

reasonably reflect the influence of loading rate on the

deformation, strength, and cracking behavior of concrete.

Key words: peridynamics; concrete; viscoelastic;

strain rate effect; deformation mechanism
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1.1 RS AR
FET & R A 25 S A A AR RS, 38 o A RE R
PRSF T A B WA B R i R O S T 3 8l T 2R B
sz B R, AN
aj“(T—wdwaj“Wmdz:o (3)

KO NS 5 o] W R AELRSE 1 Br i
B T); T R RBIRE ; U b i A RsF 1 7= A 10 B e .
T UFRAw=(4)



1234

6] 5% K 2 2 (A 4K BE 2 B

% 50 %

(4)
KA (D) AR RE A B RS B H 5 R =X (5)
d ( L ) L o

E B au(,)ziau(,) 5

AL PR I H sRE, L=T—U; @ M FIFERLAE
PREC, HRIA AN
@:Zggfum(um_um) (6)
H () F(6)FCAL(5) IF KM , 75 275 1R
JEFERRN iz 3 )7 N
Ol = JHM<ﬁz><_f> _ﬁj)(i)>dH+ by —
C(z’)(j)<l.l(j)_ it(f))
— 7 dH D
Jn[,.‘ V(l.)Vm
SRSV E R )0 B RE S, K il i) BEL
JeXI ) R e SUN

au(i)

1 ‘ Ui — u(,-)‘ L~ Xy
dmm: Efuxn V.V
N’ ’xu')_xm‘
()
d . = 1 ‘“m*”m‘ Tn I
| 5 CGxn
2 V(,)V(J) ’ ‘l‘”/) - _l'(j/> ‘

Z—Et':F' : C(i)(j)*l] C(/)(z)mfff , %—H C%%‘:{%o ){%’:—Et(g)’ﬁ]
A7) A EHRR S s s TR IE

IO(I')it.(i):Jl”W(fgi)(j) *f(/m)dH+ b —
J””<d<z'><j>*d(jm)dH D)

BT 12 Bl TR R LA Hh L RN ) 4 R
F PR SE 1300, AL 5 f B 77 41 B i R AR S 30
MRS Sy I AT T2, Rz sh oy R R R
[ iR sl J12Ris s T iR B e K1 B T R —
R
1.2 RE LRI AEN

FEFE SR 80 T2 b, [RIRE SR F N A8 2240 5
1) e AT I 722 Y DU A 6 sk w5 1) T SRL T D), 23545 B
SEAEI 5 T % B R ] RNl

FA:<F5+FD),U (10

A Fs A& B3 7 By i fBEJE 115 p bl

B SH
1 s<f(s0,5)
0 s=f(50,5)
(50,8 )= 50 S W ZLUEN] | 500 M EERLAR RN s ZM T
(1) Bl AR B E LA

X T R s T 3 3l ) 2 O % 1 3RORE DG Iy S
W) 308 2 S 2 785 W IS Bt e of i 3R e B ke o A
T ZE 3N, Bl A ) Bl AR K B SOk -
D =sw/s00 MTRRER Dy, HATC 24T 772
A e S 5 Lu 88 R )
AN S HENBEAS A PR IARREE 1 1 B sl AR
JE o BRI ST T Dy Y ZAH A, a0
A (12).

Dy, = 1+ Xmax

1+(X"‘a*—1)e“<”“wﬂ 12
Xo

Ko XN R o =1g 554 fl .08 215
B, A E T 5 Lu S 5 iy A la]

2 MHBSHBIIRER X

Y7 (1D

R JE R RPE L 3l 1 2 AL 2 5 p R 2
B S BCRI R S8 D R v 3
T2 RS 0 7 2% Z IR W g £ 9% B A 7 458, BRI
A RAFUE G 8 12 R
TEZAE5RAF T, LA BT 7 2% B R A 5C
FRWHPRIHAEFER RS, = (13)
c=De+ Cé (13
AP D NI AR M 5 C R VR 5 S AE
D 3k 0N
K+G K—G O
K—G K+G 0
0 0 G
AP KR G 4350 g ok i (A FEURE B A v 5
DIkis: ol

D= (14>

E . E

a0 "y (15
FAeuHh, B C i =U(16) 45 H1 -
mtn p—n O

C=|m—n m+t7n O (16>

0 0 N2
Kohp=n/2(1— ) My =75/2(1+¢) 535 bt
A AR TS BOM B 55 DI S8 ¢ B PEIA AL



59 1

PP A L TIREE L AT B9 5 8 )25 vk

1235

o MRS ECERAEN AN AR Z [ R, ¢
FE SR A ) I N AR 5 ) IE N AR R M L=
_éZZ/é]lo

TEFESEAY T 12 AR R AR B AG a2 S, #p;
AR B B FIFERRE 2 B vl LA B 3R A

@:JD ede
an
Q=R 0=[(Det Cé)de— [Dede

FRPEAG LN e SC, B s i 80 g 27 sk N AR

AE% B FIFERLRE S B nT LA AR A bR (0, &) FRam N

@ i{;’ﬁﬂ(;’)"‘u(}) u(l.)‘o V(/_)j|—
j=1
lh ’ 2K<‘ﬁ1')(j)"‘ u(j)i u(z)‘)fdedf
2 oY 0

1
|:2‘d(i)(j).u(j) u(z‘)" V(j)i':

%hJOJO (’ divy) H Uy — Uy ‘>5d‘9d5
(18)
TR AR AT LA 8 2 Bl FEAR 1A A5
A ARFBIE ALYV . X TRV A, H
A IS e TR A2, Al 1 BA R AT 3L
PSR e SEIES e .
12K 32y,
Tt
(] B, X T ai gy YA ARL, HY sEn, H
A TREBI AR y FEAR = A, A LG 2 2l 09 U122 P
BT B S M e SEESR .
246G 64n.

K 19

20

K

—_— —, T= -
ThA? ThA*

1T 2 /WA s 22 (9 38 ) R RH R T IR 2y
Hothm, B ——4e s, i, e R 5
Nz A — R S BN — R S
720 (19) M= (20) , 198 K=2G ., 9,=27,, ¥
K G UL 9 F g, Z [0 545G R, i) LAAS Y s
SRR A U TE B0 T GG 288 i 1/3.
I, TR SO E S BT UG — R N

OF
K— :
whA®
24
r= hZ4 21
e

3 HEREH

KA FORTRAN 908 FH S 1 Zhit kit % sh
J12EREIY 25 th 2 A5 Sl B T B0 4y X
AREHDLIN T 152 LA 1] [ P~ bz e IR
3.1 hHZhErEIE R T REK > AR

P& 2 Skt 1 iy S A IR B = PR A (] v o i
JIFAE T BRI X R A it I R /N A3l R
o, = 0.2 MPa, 0, = 0.5 MPa, ¢, = 0.6 MPa,
o, = 1.4 MPa™ , 555 A0 [F] T8 i £ (AR A an 4]
SR, BRI RS I A2 d = 0. 25 mm, &K
SRR BE PR M A = 3d = 0. 75mm. IREE LAY
MBS B R R E = 19. 2GPa, itk S8y =
8.28 x 10% N+s*m?,p = 2 700 kg-m™, S #i ] f{) =
BA=1 4, s =4o TR PRFERE 1 A1 TR 11
AR5 Silling 2557 F1 Madenci 255 (1) b B8 7 B AH A
o 2838 Ao 1V 7 300 S A5 N A R 1) VR i 340 B X
bt S S AR ]

i)

e

H2 WA E R AR TR

Fig. 2 Failure modes of plates in different stress states in experiment

£ 0, = 0. 5SMPa BB JPRZS T, stk 2 8h
J1 AU 280 e R A R A A 05 G ] 4b B
IR FENNZR I, BN R ZRET R R H
BRSO R VIRRETT MY . SRR R —E K
JEZ R REUN I T UG, i 1 ARRBUBIN T 2
FRYL, 2 50y OREUT BB SRR REURE R
30° AT ] ) A7 I R I , R iR B L A, A

PEREIR . B S5 0 5 A AL S W) B3
U, SRS UE T & S 2GS S 8l 07 A
Btk . FEAREIR I AETF , 28Uy Rt A R R
X, Yo, = 0. 2MPali}, IREE MR AT R L0 4
WE VGRS T ) &l — 4k B4 HiEA
43 3, SR O A X o F R S B SR AR [R]
M S o, = 0. SMPa i, 3 T — R4 X, 4 2



6] 5% K 2 2 (A 4K BE 2 B

% 50 %

1236
+TITTTHJ1TITHTT
4 LIE) =
: %}Jﬁéi@% 20 mm
S 50 mm
100 mm 0
1 TR o siiAipies
N R RRRREAEaRERRmRl ]

3 RELMR~T REaEsFES

Fig. 3 Geometric dimensions and load conditions of
the model

i

L0
]

-0.8

-0.6

a 0~=02MPa

¢ 0= 0.6 MPa

=4

FEHLr, MBS o, = 0. 6MPalit, LT 2
WA XA 35 FERE, Hh—Rar OB i 2 4%
Qg 14 W X YR e, =
1. AMPabf, BT 343X, 7= 4 Sk 3LV T
Z /RS, TREE IR — R USRI HEMEPE AL R
Sl far 2k 25 P R I HL R in 2k
HOR GG, 800 5 R B i £, 3o N
TN 3R, SF- iy A 114 B 2 T T B 114 S48 X 3
W%, BRI 8 12 AR A A TR B
(RRAH AT A, FF FLGHR B+ T 24 45 R i 22 ] i g
PEE T BRI
it

1.0
|
-0.8

- -0.6
— =

b 6,=0.5 MPa

d 6,=1.4MPa

RRR AR THEB R

Fig. 4 Failure modes of plates in different stress states

3.2 EEFLFHABH AL

BERIS ST T AR O B BRL Y 4R TR e
- W7 B 3 P A e 3 R AR B LAY AR R
10mmy, Jif In7E AR b 5 JUAeT SECR T 2k 45 1 an i 5 B
N BRI S8 TSRS 3. 1T AR R A
RS ER R — 20 MRS R R R R S 3.1
T EBIAATR] . Ay B i B A I AEAR 1)
WAt 0 A DX L, 3R R 350 s v = 5 m>
st v,=20m-s?, v,= 50 m-s?, FERK 5P FEAER
FEURSE 1E N2 T R4 0 Y A B 5 Silling %57 il Madenci
S R BT AR ]

TR T 380 12 R AT 380 71 A A A TR
i w0 N ) [ = B B N O T e V> AL ES R L ]
W RASE A B an & 6 RN 7 B o % T2 vk e 3%
BN 1%, far -0 1 288 1 DI 32 2 T 28 s 3R 11 5 i
Sy BRI, A N 28 S ) B TR 0, AR FR R 2R
[IERARCEN o)1 k=R R TTE /ooy =  N i /1= B R 1 ]

v

A S B

. bttt
AT DT,

00000000000
eoepsedRe0e
(XY XYY XXX Y X
eeopopepoedes
soessoffsi0e
eepocedcvee
—"‘oo(ooooo/‘.o

( IXX Y XX LY X )
------ ‘0000 oo

ﬂMS) PR
AT

50 mm

o i

EEERRERERR

v

E5 REJLARSTREHSEE
Fig. 5 Geometric dimensions and load conditions of
the model

0 R Y DXt 2.5 B T R 1 o, 453 £ ke
PRI B — 2 AR A0 B0 2B A2 58 2= ALV



59 1

PP A L TIREE L AT B9 5 8 )25 vk 1237

160 - 2 pPD(5ms™)
-0-PDQ20m-sh)

o PD(50 m-s!)

128 -a VPD (5 ms™)

--e-VPD 20 m-s™") -
-=-VPD (50m:s™") " =

HIIN

0 03 06 09 12 s
Pr#% / mm
E6 FRREMEEE TERIEHE ¥ (PD)SF#MHIAE
BN 15 (VPD) B far gk % th Ze XF Lt
Fig. 6 Comparison of load-displacement curves be-
tween peridynamics and viscoelastic peridyn-

amics at different loading velocities
o PRGN A e KT BE b i SR e bt
TNV &Ry [T AT i TTRE ) | EE A 107 iy o
kbl
1.0

-0.8

-0.6

av=5ms"’

b v,=20 m-s™!

MEZHRERARRUS R . IRIMAEAFINEGER T, [l
UL 1 AT B 1 1y -8 B Z A RER A
A AL WBRIRBE AT ST A 2 Rl
I NER o) IE= s S AULNNEE ity pri T CE I P
X HAS T B 3 1 2 RS 5 P AR TR - M
JEE 15 JBE AT A2 N ZGH A WA AR , O ELRERS SV TR
Bk L ARESEBIR AIN BE RACI SR

4 Lt

TESERY I Y 8 e 7 ek Rl b R e T R
LN 17 RSO AR PR AR b ) A
VE BRI 5 1 RS B 3 3 ) 2 iz sl T e
RS LA ) AR R R ARG T MRS
AR 7k o T 2l ar 48 TR B - AR I B (B SR8
e 1 TR AT sl 1 AR A R R
gy (I
5,

-0.8
-0.6

-0.4

¢ v=50m-s!

d v=5ms"

e v,=20ms™

f v;=50 m:s™

B7 RaE5HEHhFE SRR N F IR

Fig. 7 Comparison of failure modes between original peridynamics and viscoelastic peridynamics

(DEETIREE LB ESEHLE] , L T AR SRR
SPEAR T PSR, R T e o Kt S 3 S 1 2
Yz shrfe. 20 B BRI TR BE LA A
H ARSI B AR RO RE R FE AL S TRBE AR
B S AT o gl S LA

Jit )32 2 18] B e 4 T S O i, ST 1IR30
12 RN B ES B bR E T 18 . %07 e
B A Gl Ak 2 80 IR I 5 8l ) oA O A S R
—2.
(2) R B SR 3 30 1 2 05 AU T AN RN



1238

6] 5% K 2 2 (A 4K BE 2 B

% 50 %

AR AR BE A O B BIAR S, Bk 1% 5 1%
TEREAN Bl Ay 8 T TR i B R AL s
D7 P o E AR A B LA E B 2
PLARGT 8T 09 15 PERE , 19 2 1 32 28 A< i 1Y
2N S

IR BRI S 8 50T IR RS & B LR
B AEAR A T A BER AL BN RN s A
FIRETPIRZS T B 28 e 0 3L, iRl L 3h s 0
FERER TR R AL T — P R BT A A T R
XF FREE LA LI =4S O T Ay~ RE R
BERIRZS A A 15 1 — 2B 5, I X A2 2%
B PARZSTH 1 2 EREF TSt a5 A i

1EE STk A :

AR UE ST AR BT SEE 6
TURe 3 R TR B RGR S

R - A AR TR SRR
I3,

I E 5T RS R G T e SR A R
B M S BEU0E .

BB I8 PR

TSR LS

Sk

[1] MOESN, DOLBOW J, BELYTSCHKO T. A finite element
method for crack growth without remeshing [J]. International
Journal for Numerical Methods in Engineering, 1999, 46 (1) :
131. DOI: 10.1002/(SICI) 1097-0207 (19990910) 46+ 1<131:
AID-NME726>>3.0.CO; 2-J.

[2] HALL W S. Boundary element method [M]. Dordrecht:
Springer Netherlands, 1994.

[3] LISZKA T, ORKISZ 1J.
arbitrary irregular grids and its application in applied mechanics
[J]. Computers and Structures, 1980, 11 (1/2) : 83. DOI:
10.1016/0045-7949(80)90149-2.

[4] LUCY L B. A numerical approach to the testing of the fission
hypothesis [J]. Astronomical Journal, 1977, 82 (2) : 1013.
DOI: 10.1086/112164.

[5] BELYTSCHKO T, LU Y Y, GU L. Element-free Galerkin
methods [J]. International Journal for Numerical Methods in
Engineering, 1994, 37 (2) : 229. DOI: 10.1002/
nme.1620370205.

[6] SILLING S A. Reformulation of elasticity theory for

The finite difference method at

discontinuities and long-range forces [J]. Journal of the
Mechanics and Physics of Solids, 2000, 481: 175. DOI:
10.1016/S0022-5096(99)00029-0.

[7] HAN F, LUBINEAU G, AZDOUD Y. Adaptive coupling
between damage mechanics and peridynamics: A route for
objective simulation of material degradation up to complete
failure [J]. Journal of the Mechanics and Physics of Solids,
2016, 94: 453. DOI: 10.1016/}.jmps.2016.05.017.

(8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

REN H L, ZHUANG X Y, RABCZUK T. A new
peridynamic formulation with shear deformation for elastic solid
[J]. Journal of Micromechanics and Molecular Physics, 2016, 1
(2): 1650009. DOT: 10.1142/S2424913016500090.

AMANI J, OTERKUS E, AREIAS P, ez al. A non-ordinary
state-based peridynamics formulation for thermoplastic fracture
[J]. International Journal of Impact Engineering, 2016, 87:
83. DOI: 10.1016/j.ijimpeng.2015.06.019.

REN H L, ZHUANG X Y, RABCZUK T. Dual-horizon
peridynamics: A stable solution to varying horizons [J].
Computer Methods in Applied Mechanics and Engineering,
2017, 318: 762. DOI: 10.1016/j.cma.2016.12.031.

ZHANG Y A, DENG H W, DENG J R, e/ al. Peridynamic
simulation of crack propagation of non-homogeneous brittle
rock-like materials [J]. Theoretical and Applied Fracture
2020, 106: 102438. DOI: 10.1016/].
tafmec.2019.102438.

ZHU F, ZHAO J D. Peridynamic modelling of blasting induced
rock fractures [J]. Journal of the Mechanics and Physics of
Solids, 2021,  153:  104469. DOI:  10.1016/j.
jmps.2021.104469.

WANG Y W, HAN F, LUBINEAU G. Strength-induced

peridynamic modeling and simulation of fractures in brittle

Mechanics,

materials [J]. Computer Methods in Applied Mechanics and
Engineering, 2021, 374 (1) : 113558. DOI: 10.1016/].
cma.2020.113558.

YU H T, CHEN X Z. A viscoelastic micropolar peridynamic
model for quasi-brittle materials incorporating loading-rate
effects [J]. Computer Methods in Applied Mechanics and
Engineering, 2021, 383: 113897. DOI: 10.1016/j.
cma.2021.113897.

KLEPACZKO J R, BRARA A. An experimental method for
dynamic tensile testing of concrete by spalling [J]. International
Journal of Impact Engineering, 2001, 254: 387. DOI:
10.1016/S0734-743X(00)00050-6.

WU H J, ZHANG Q M, HUANG F L, et al. Experimental
and numerical investigation on the dynamic tensile strength of
concrete [J]. International Journal of Impact Engineering,
2005, 321: 605. DOI: 10.1016/}.ijimpeng.2005.05.008.

LU Y B, LI Q M. About the dynamic uniaxial tensile strength
of concrete-like materials [J]. International Journal of Impact
2011, 384: 171. DOI: 10.1016/j.
1jimpeng.2010.10.028.

ZHANG Q B, ZHAO J. A review of dynamic experimental
techniques and mechanical behaviour of rock materials [J].
Rock Mechanics and Rock Engineering, 2014, 474:. 1411.
DOI: 10.1007/s00603-013-0463-y.

AL-SALLOUM Y, ALMUSALLAM T, IBRAHIM S M,

et al. Rate dependent behavior and modeling of concrete based

Engineering,

on SHPB experiments [J]. Cement and Concrete Composites,
2015, 55: 34. DOI: 10.1016/j.cemconcomp.2014.07.011.

LU D C, WANG G S, DU X L, e al. A nonlinear dynamic
uniaxial strength criterion that considers the ultimate dynamic

strength of concrete [J]. International Journal of Impact



59 1

PP A L TIREE L AT B9 5 8 )25 vk

1239

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

Engineering, 2017,  103: 124, DOI.  10.1016/j.
1jimpeng.2017.01.011.

REN B, WU C T, ASKARI E. A 3D discontinuous Galerkin
finite element method with the bond-based peridynamics model
for dynamic brittle failure analysis [J]. International Journal of
Impact Engineering, 2017, 99: 14. DOI: 10.1016/].
1jimpeng.2016.09.003.

YANG D, DONG W, LIU X F, et al. Investigation on mode-
1 crack propagation in concrete using bond-based peridynamics

[J].
567.

with a new damage model
Mechanics, 2018, 199.
engfracmech.2018.06.019.

ISIET M, MISKOVIC 1, MISKOVIC S. Review of

peridynamic modelling of material failure and damage due to

Engineering  Fracture
DOI:  10.1016/;.

impact [J]. International Journal of Impact Engineering, 2021,
147: 103740. DOI: 10.1016/j.ijimpeng.2020.103740.

WU P, YANG F, CHEN Z G, et al. Stochastically
homogenized peridynamic model for dynamic fracture analysis
of concrete [J]. Engineering Fracture Mechanics, 2021, 253:
107863. DOI: 10.1016/j.engfracmech.2021.107863.

HUANG X P, KONG X Z, CHEN Z Y, et al. Peridynamics
[J].
155:

modelling of dynamic tensile failure in concrete
International Journal of Impact Engineering, 2021,
103918. DOI: 10.1016/j.jjimpeng.2021.103918.

JINY D, LIL, JIAY, ez al. Numerical study of shrinkage and
heating induced cracking in concrete materials and influence of
inclusion stiffness with Peridynamics method [J]. Computers
and Geotechnics, 2021, 133: 103998. DOI: 10.1016/;.
compgeo.2021.103998.

SILLING S A. Solitary waves in a peridynamic elastic solid
[J]. Journal of the Mechanics and Physics of Solids, 2016, 96
121. DOI: 10.1016/}.jmps.2016.06.001.
SILLING S A. Attenuation of waves in
peridynamic medium [J].
Solids, 2019, 24 (11)
1081286519847241.

WU L W, HUANG D, BOBARU F. A reformulated rate-

dependent visco-elastic model for dynamic deformation and

a viscoelastic
Mathematics and Mechanics of
3597. DOI:. 10.1177/

fracture of PMMA with peridynamics [J]. International Journal
of Impact Engineering, 2021, 149: 103791. DOI: 10.1016/j.
1jimpeng.2020.103791.

BEHERA D, ROY P, MADENCI E. Peridynamic modeling
of bonded-lap joints with viscoelastic adhesives in the presence
of finite deformation [J]. Computer Methods in Applied
Mechanics and Engineering, 2021, 374: 113584. DOI:
10.1016/j.cma.2020.113584.

WU L W, HUANG D, XU Y P, e al. A rate-dependent

dynamic damage model in peridynamics for concrete under

impact loading [J]. International Journal of Damage
Mechanics, 2020, 297: 1035. DOI: 10.1177/
1056789519901162.

TONG Y, SHEN W Q, SHAO JF, et al. A new bond model

in peridynamics theory for progressive failure in cohesive brittle

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

materials [J]. Engineering Fracture Mechanics, 2020, 223:
106767. DOI: 10.1016/j.engfracmech.2019.106767.

GROTE D L, PARK S W, ZHOU M. Dynamic behavior of
concrete at high strain rates and pressures: 1. experimental
[J1.
Engineering, 2001, 259: 869. DOI: 10.1016/S0734-743X(01)
00020-3.

ADAM S. Dynamic strength criterion for concrete [J]. Journal
of Engineering Mechanics, 2004, 130 (12) : 1428. DOI:
10.1061/(ASCE)0733-9399(2004)130:12(1428).

XU H, WEN H M. Semi-empirical equations for the dynamic

characterization International ~ Journal of  Impact

strength  enhancement of  concrete-like materials  [J].
International Journal of Impact Engineering, 2013, 60: 76.
DOI: 10.1016/}.ijimpeng.2013.04.005.

WANG G S, LUD C, DU X L, ez al. A true 3D frictional
hardening elastoplastic constitutive model of concrete based on
a unified hardening/softening function [J]. Journal of the
Mechanics and Physics of Solids, 2018, 119: 250. DOI:
10.1016/.jmps.2018.06.019.

SILLING S A, ASKARI E. A meshfree method based on the
peridynamic model of solid mechanics [J]. Computers &
2005, 83 (17/18) : 1526. DOI: 10.1016/].
compstruc.2004.11.026.

MADENCI E, OTERKUS E. Peridynamic theory and its
applications [M]. New York: Springer, 2014.

ROY S, BHADRA S. Study of nonlinear dissipative pulse

propagation under the combined effect of two-photon absorption

Structures,

and gain dispersion: A variational approach involving
Rayleigh's dissipation function [J]. Physica D: Nonlinear
Phenomena, 2007, 23 (22) : 103. DOI: 10.1016/j. physd.
2007.06.002.

HE J. Hamilton's principle for dynamical elasticity [J]. Applied
Mathematics Letters, 2017, 72: 65. DOI: 10.1016/j. aml.
2017.04.008.

ZHENG D, LI Q B, WANG L B. A microscopic approach to
rate effect on compressive strength of concrete [J]. Engineering
Fracture Mechanics, 2005, 72 (15) : 2316. DOI: 10.1016/].
engfracmech.2005.01.012.

HAO Y, HAO H. Dynamic compressive behaviour of spiral
steel fibre reinforced concrete in split Hopkinson pressure bar
tests [J]. Construction and Building Materials, 2013, 48: 521.
DOI: 10.1016/j.conbuildmat.2013.07.022.

SHIL L, WANG LL C, SONG Y P, ez al. Dynamic multiaxial
strength and failure criterion of dam concrete [J]. Construction
and Building Materials, 2014, 66: 181. DOI: 10.1016/j.
conbuildmat.2014.05.076.

BOWDEN F P, BRUNTON J H, FIELD J E, e al.
Controlled fracture of brittle solids and interruption of electrical
current [J]. Nature, 1967, 216: 28. DOI: 10.1038/216038a0.
HA Y D, BOBARU F. Characteristics of dynamic brittle
fracture captured with peridynamics [J]. Engineering Fracture
Mechanics, 2011, 786: 1156. DOI: 10.1016/j. engfracmech.
2010.11.020.



