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Abstract: To study the damage evolution of the metal plate in
elastic and plastic deformation stages, an improved micropolar
peridynamic model is proposed to simulate the deformation
process and damage evolution of metal materials with variable
Poisson’s ratios in the elastic-plastic stages. Firstly, both the
stretching and bending moments of the bonds between the
material points are added to peridynamic pairwise force
functions,
beam made up of bonds is deduced. Therefore, the numerical
calculation implementation of the improved micropolar
peridynamic model is obtained. Then, the strain values are
obtained by solving the difference equation based on the
displacement values of material points, and the stress values
can be calculated according to generalized Hook’s law. The
elastic and plastic deformation stages can be estimated based
on the von Mises yield criterion, and different constitutive

and the coordinate transformation of the micro-

equations are adopted to simulate the damage evolution.
Finally, the proposed micropolar peridynamic model is applied
to simulate the damage evolution of a metal plate with a hole
under velocity boundary conditions, and the effectiveness of
the model is verified through experiments. In the experiments,
the displacement and strain distributions in the stretching
process are analyzed by the digital image correlation ( DIC)
method. By comparing the results, the proposed model is
more accurate than the bond-based peridynamic model and the
error of the proposed model is 7. 2% lower than that of the
bond-based peridynamic model. By loading different velocity
boundary conditions, the relationship between the loads and
damage evolution is studied.
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In the classical continuum mechanics, every material
point only interacts with its closest material points,
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and it is assumed that the force and displacement of every
material point are continuous when it deforms, which
causes an inherent limitation when formulating the crack
initiation and propagation because damage causes discon-
tinuities. Without some special treatments, even some
modified methods based on the classical continuum me-
chanics cannot break through this limitation. In 2000,
Professor Silling of Sandia National Laboratories put for-
ward a novel non-local mechanics theory named peridy-
namics, it is particularly suitable for dealing with discon-
tinuous mechanical problems!”. The theory uses spatial
force integral equations instead of partial differential equa-
tions to model the mechanical behavior of material when
it deforms even if it is damaged" .
crack initiation and propagation spontaneously. With the
development of peridynamics, the theory has experienced
three phases, which are bond-based, ordinary state-
based, and non-ordinary state-based peridynamics" ™
the bond-based peridynamic theory, the pairwise force
constitutive function was established according to the en-
ergy balance function as in the classical continuum me-
chanics, and the pairwise interaction force between mate-
rial points includes the relative mechanical information of
In recent years, the bond-based peridynamic
model has been widely used in the simulation of large de-
formation, complex crack propagation, damage and pro-
gressive failure process of the concrete structure, laminat-
ed composite materials and so on'”
tages in dealing with the discontinuous mechanical prob-
lems, while its limitation of fixed Poisson’s ratio affects

It can simulate the

. In

. 5
material™ .

. It has shown advan-

its simulating effect and application range.

Due to the oversimplified assumption that any pair of
the interaction force is independent of other bonds’ inter-
action forces, and some PD material parameters are as-
sumed as the bond-constant, Poisson’s ratios of the bond-
based peridynamics are constant values. The two-dimen-
sional bond-based peridynamics can only model materials
with Poisson’s ratio of 1/3, while the three-dimensional
bond-based peridynamics model of 1/4'".
overcome this limitation, a modified mechanical method

In order to

based on the bond-based peridynamics was proposed by
Gerstle et al. ™™, and the new model was called the mi-
cropolar peridynamic model. Compared with the bond-

based peridynamic model, the pairwise peridynamic mo-
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ment as well as pairwise peridynamic force is added to the
pairwise constitutive equations in the micropolar peridy-
namic model. The micropolar peridynamic model was ef-
fectively used in the quasistatic simulation of crack initia-
tion and propagation, especially in the research field of
concrete materials, and the fracture mechanism of the
concrete was observed reliably”” . Aziz!"" developed a
constitutive damage model based on micropolar peridy-
namics to simulate the damage process of concrete
beams. In the simulation, the crack mouth opening dis-
placement and load of notched beams were researched,
and simulation results matched very well with laboratory
experimental ones, which showed that this method was

effective. Yaghoobi et al. '

used the micropolar peridy-
namic approach for fracture analysis in a fiber reinforced
concrete structure, and the interacting force was applied
to material particles indirectly. The results showed that
this approach can improve the computational effective-
ness. Since the micropolar peridynamic method is intu-
itionistic and suitable for the meshfree computational
method, the micropolar peridynamic method can be im-
plemented combined with some developed computational

13-14
methods' ™.

Roy et al.'™ combined the micropolar
peridynamics and lattice model to establish a practical
method called the micropolar peridynamics lattice model
(MPLM). This theory viewed the structure as a combina-
tion of interacting point mass, and the constitutive behav-
ior of material can be captured by calculating inter-parti-
cle forces and moments, so it is easy to implement this
method in practical application. Combined with the finite
element method, Yu et al. """ used the micropolar peridy-
namic model to solve static mechanical problems by dedu-
cing the function of the micropolar model for static me-
chanical problems,
damping term was no longer needed to be considered,
thus the computational accuracy and efficiency were im-
proved. In terms of the elastic-plasticity mechanics, Ma-
denci et al. """ constructed the yield surface based on the
relationship between the equivalent plastic stretch and ef-
fective stress, and the plastic deformation with isotropic
hardening was researched. Although the aforementioned
literature laid a foundation for the study of the micropolar
peridynamics, some details about the constitutive models

and in this method the fictitious

of micropolar peridynamic forces, moments and transfor-
mation of different configurations remain to be discussed,
and there is little literature about the simulation of plastic
deformation behavior based on the peridynamic approach.

In this study, the theoretical basis of the bond-based
peridynamics is illustrated, and the improved micropolar
peridynamic model is established on this basis. By trans-
forming the peridynamic bond from the truss element to
the beam element, the force and moment equation of the
micro-beam is deduced, so that the micropolar peridy-
namic model allows not only pairwise forces but also pair-

wise moments to act on every bond. Taking account of
interacting forces and moments between related material
points, the motion equation of material points can be ob-
tained in a local configuration. By setting the local con-
figuration of every material point, and calculating the rel-
ative transforming matrix, the constitutive equation in
forms of matrices can be established in the global configu-
ration. Finally, the numerical simulation and experiment
of a metal plate with a hole were implemented, respec-
tively, and the validity of this method was identified and
the damage evolution of the metal plate was studied.

1 Bond-Based Peridynamics

Compared with the classical continuum mechanics, the
peridynamics is a novel mathematical model to deal with
mechanical problems based on the non-local theory. In
peridynamics, the material is divided into infinitesimal
material points, the force of the material can be obtained
by the peridynamic force analysis of every material point.
As shown in Fig. 1, a material point x in spatial region B
has an internal subregion R, which is defined as

R={xeB: |x' -x| <6=x'eB} (1)

Reference

B configuration
? configuration

€
Fig.1 The schematic of the peridynamic model

The parameter § is defined as the peridynamic horizon,
in which only material points x’ whose relative positions
to x are less than the peridynamics horizon can interact
with the material point x. In reference configuration, the
material points located in the peridynamic horizon are the
family members of material point x labeled as the material
point x" in Fig. 1. In the deformed configuration, the new
coordinates of the material points x and x’ are y and y’,
respectively. Then, the relative position vector and the
relative displacement vector in the reference configuration
are

E=x"-x, n=u'-u (2)

where x and x' are the coordinate vectors of the material
points; u and u’ are the displacement vectors.

Therefore, the relative position in the deformed config-
uration is

n+&=(u' +x') - (u+x) (3)

According to the peridynamics theory, the force be-
tween material points x and x’ is called the peridynamic
pairwise force f. In the internal subregion of material
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point x, the internal force density L, (x) at time ¢ is de-
fined as

L(x,0 = ff(u(x’,t) —u(x, 1))dv, =
Lﬂnfmw

xeRt=0 (4)

The peridynamic pairwise force f is exerted on material
point x by other material points in the internal subregion
R. Then, based on Newton’s Second Law, the motion
equation of the material point x is obtained as

(5)

where p is the density of material; b is the external load-
ing force density.

According to the law of energy conservation, the strain
energy density w can be calculated as

pu=L, +b

(6)

w=—0'¢
2
where @ is a scalar-valued function; o and £ are the
stress and strain vectors, respectively.
The peridynamic pairwise force f is defined by Profes-
sor Silling as

fon§) =P UBE i pen o S )

+E€|
where ¢ is a bond-constant parameter obtained by lineari-
zing the pairwise force function f; s is the stretch of bond
defined as in the classical continuum mechanics as fol-
lows:

EEUEYARNr
H
In order to describe the history-dependent effect of the

damage, a scalar function u(t, &) is added to the follow-
ing peridynamic pairwise force function:

(8)

1 if s>s,, t>0

m&n={ 9)

0 otherwise

where s, is the critical stretch, which can be calculated
from the function of the critical energy release rate as in
the bond-based peridynamic model.

The damage degree of the material point can be defined
as a weighted ratio ¢(x, ), which is the weighted ratio of
the number of broken bonds to the total number of initial
family bonds.

f wu(x, 1) dv,
. (10)

f dv,
R

2 Improved Micropolar Peridynamic Constitu-
tive Equation

o(x, 1) =

As known in the bond-based peridynamics, there are

pairwise forces between two interactional material points,
and they are equal in amount while being in opposite di-
rections. Compared to the bond-based peridynamics, the
micropolar peridynamics views a bond as a beam, and it
can bear not only stretching but also bending moment.
Different from the central-force bond-based peridynam-
ics, the pairwise moment and pairwise force are added in-
to its constitutive model in the micropolar peridynamics
together. As shown in Fig. 2, the bond L between the
material points i and j is viewed as a micro-beam. Due to
being subjected to moment loads, the material points
were rotated.

J e
J »
/X' f‘;
wwﬁﬁ

Fig.2 The micropolar peridynamic model

2.1 Micropolar peridynamic model

According to the micropolar peridynamics theory, the
sum of all pairwise forces and moments that act on mate-
rial point i can be expressed as

F,AV, +b,AV,=pAVu
} (11)

MiAvi +miAV'. :I’,é

where F, and b, are the vector-valued pairwise force and
the external force per unit volume acting on material point
i; AV, 1is the volume of material point i; M, and m, are
vector-valued pairwise moments and the external moment
per unit volume acting on material point i. In these vec-
tors, b, and m, are the externally applied force and mo-
ment per unit volume acting on the material point i; I, is
the mass moment of inertia; # and @ are the acceleration
and angular acceleration of material point i, respectively.

In the coordinate X' O'Y’, when the volume AV, be-
comes infinitesimally small, the value of (/,/V,) tends to
zero, so the equation of motion of material point i can be
expressed in the form of the bond-based peridynamics as

J .ﬁj("],‘," é:ij’ 0, 0/) dV/ + bi = P[iii
X (12)

L my(n;, &, 0,0)dv, +m; =0

where f; and m ; are the pairwise force and the moment of
the material points i with their family members.

As mentioned above, it is assumed that the bond of the
micropolar peridynamic model is viewed as a beam, so
Eq. (12) of the two-dimensional model can be trans-
formed in the form of matrix as F' = K'U’. Here, F' is
the pairwise force and moment function, and U’ is the
displacement and rotation. They can be expressed as
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F’:[f:_’, f:: m; f;, f;;,- m,]} (13)

U=[u, v 0, u, v, 0]

i i J J

where f',, f.,, fi> [, are the pairwise force of the materi-
al points in the x and y directions; and m/, m/’ are the
moments acting on material points; u}, v}, uj’ s vj’. are the
displacements of material points in x and y directions; 6},
0 are the rotating angles of the material points.

According to the equation of the deflection curve, the
stiffness matrix K( &)’ of the bond ( viewed as a micro-
beam) in the micropolar peridynamic model can be ex-
pressed as

r e/l 0 0 -¢/1 0 0
0 124/ 6d/F 0 -12d/P 6d/I
K(e)' = 0 6d/I' 4d/l 0 -6d/I' 2d/1
-c/l 0 0 c/l 0 0
0 -12d/' =64/ 0 12d/° -6d/I’
L 0  6d/F 2d/1 O -6d/I" 4d/l |
(14)

where ¢ is the strain value of the material point; K(g)' is
a function that depends on &; [ is the length of the unde-
formed bond; ¢, d are the parameters of the micropolar
peridynamic model, which can be used to evaluate the in-
ternal energy of all bonds within their family in the mi-
cropolar peridynamic model. Unlike traditional micropo-
lar peridynamics, the values of ¢, d change according to
the strain value &. When material points are in the plastic
deformation phase, the constitutive equation of the mi-
cropolar peridynamic model needs to be re-established.
For a given material, its energy in the micropolar peridy-
namic model is equal to the strain energy in the classical
continuum mechanics, then ¢, d can be obtained. Ac-
cording to Gerstle et al. ™™, ¢ and d for a plane stress mi-
cropolar peridynamic model are given as

6E(e) E(g) 1 -3v
= 5 = 15
T (1-v) 66 11 (15)
where E (¢) is a function of elastic modulus g; v is

Poisson’s ratio. Poisson’s ratio of the micropolar peridy-
namic model is no longer a constant. Considering the
non-negative of the parameters ¢ and d, Poisson’s ratio v
can be changed from O to 1/3 in the two-dimensional per-
idynamic model.

2.2 Relationship between peridynamic pairwise force
and elastic-plastic behavior

As shown in Eq. (13), the peridynamic pairwise forces
of material point i in x-axis and y-axis are f;, f,;, and the
displacement of a material point can be calculated as

u' = A—’z[ff(u(x',t) —u(x, 1) dx + b(x, 1) ]dx +
Pty

2u! —u™ (16)

n n+

u'"" are the displacements of the materi-

i i

where u:’", u
al point i in adjacent time steps. Under the condition of
small deformation, the strain values of material points can

be calculated by the difference algorithm as follows' :

£ = B 2oy intermediate point
' 2h
_3ui+4ui+l —Uii .
g = h left endpoint
3u,-4u, , +u,_, i i
&=, right endpoint
(17)
where u;, ,, u,_,, u,, u, ,, u,,, are the displacements of

the adjacent material points in the order from top to bot-
tom or from left to right. Eq. (17) are the difference
equations of midpoint, left point and right point, respec-
tively. The strain value g, and g are calculated in differ-
ent directions. Through calculating the strain value of ev-
ery material point in every time step, the strain values can
be obtained.

According to Generalized Hook’s Law, the stress of
material point i can be obtained.

a. =

. E le, +ule, +&)]
1—p :

o, :Lz[gy +ILL(€X +83)] (18)
-

1

g

E
: :1 —/,LZ[SZ +u(e, +g)]

When the stress of the material point exceeds its elastic
limit, the metal will undergo plastic deformation. In the
stage of plastic deformation, its volume change is elastic
while its shape change is caused by the stress deviatoric
tensor. Considering the convenience of calculation, the
Von Mises yield criterion is adopted. It can be expressed
as

(o, —0'},)2 +(o, —0'1)2 + (o, ~0)’ =20"
o, (19)
2

where o, is the yield stress; o is the equivalent stress vec-

a =

tor. When the equivalent stress o exceeds the yield stress
o, the material point will undergo plastic deformation.
The material of Q235c is taken as an example, and the
stress of uniaxial tensile in plastic deformation can be ob-

tained according to the test data'"”’.

{Ea <0.16%
0':

. (20)
Ae 0.16% <e<19%

where n is the enhancement coefficient, 0 <n <1. The
power-enhanced elastic-plastic model is adopted. Then,
the function of elastic modulus E(¢) can be defined.
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E e<0.16%
E(e) = n 21
(&) {d’fznAg”“ 0.16% <s<19% 2V
&£

The value of E(¢g) is similar to the tangent modulus.
However, compared with the fixed tangent modulus, the
value of the elastic modulus is more effective to establish
the constitutive equation of the improved micropolar peri-
dynamic model.

2.3 Numerical calculation method of the micropolar
peridynamic model

The pairwise force and moment equations of the micro-
beam in the micropolar peridynamics are calculated as
Eq. (11) in each own local configuration. Due to discret-
ization, it is necessary to transform the pairwise force and
moment functions from the local configuration to the
global configuration. As shown in Fig. 3, the local con-
figuration of material points i and j is X'O'Y’, the global
configuration of all material points is coordinate XOY. In
local coordinate, bond L is viewed as the X'-axis, and
there is angle 6 between bond L and the X-axis of the
global configuration. The positions of material points i
and j are (x,,7,), (x,,3)-

According to the relationship between the local configu-
ration and global configuration, the following transforma-

P
{, (/sy}

o

i

u,

\ﬁ&%ﬂ) U;
V!

0 X

Fig.3 Local configuration and global configuration

fa) [cose —sina] L
[fw-] “Lsing  cosd f;,.]
, (22)
u, _[ cosé sinB] u,
u,] L -sing cosd uvv]

By submitting Eq. (22) into equation F' = K'U’, the
constitutive equation of the micropolar peridynamic model
in the global configuration can be obtained.

_-fxi ui

fyi vi

k| (23)
Ll

Ly v
Lm;| L6

tion of pairwise force and displacement can be obtained. where

[ k.cos 6 + k,sin’6 T

(k. - k,)sinfcosf  k.sin’@ + k,cos’d Symn
—k_sinf k,cos’6 2k,
K =

—k.cos’0 —k,sin’0  (k, —k,)sinfcos®  k.sing  k,cos’@ +k,sin’f
(k, — k) sinfcosp —k, —k,cos’0 —k,cos (k, —k,)sinfcosd k_sin’@ + k,cos’6

L — k_sing k_.cosf k, k,sinf — k,cosf 2k, |

12d 6d 2d . . .
k.= % ky = Ve k, = I k.= T 3 Numerical Implementation and Experiments

The numerical solution of the micropolar peridynamic
model is an explicit method for calculation. The material
points are generated by discretizing, and some relative
parameters of modeling are obtained according to the nu-
merical solution method of the bond-based peridynamics.
The most important step is to calculate the total peridy-
namic force and moment of each material point. In a bal-
ance state of the internal peridynamic force, the equation
of motion as equation F = KU can be expressed as

ZK( \xj—xl.
J

where j is the number of the material points which belong
to the family members of material point i; n is the num-
ber of time steps.

Y(u; —u)v, +b; =0  (24)

The aforementioned improved micropolar peridynamic
model is validated by simulating the damage evolution of
the metal plate which has a hole in the center. This model
is compared with the physical tensile experiment of metal
plates analyzed by the digital image correlation method
(DIC). The metal plates of Q235c are used in this exper-
iment, and they are subjected to different velocity bound-
ary conditions. By analyzing the digital images of the
metal plates during the process of deformation, the dis-
placement values of the scattered spots in the metal plates
can be obtained, and then the strain distribution of the
metal plates can be obtained to research the damage
mechanism of the metal plate.

3.1 Numerical implementation on metal plates

As discussed above, it is more practical for simulating
material mechanical behaviors with appropriate Poisson’s
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ratios by the improved micropolar peridynamic model. As
Fig. 4 shows, a metal plate with a central hole is modeled
The length
and width of the plate are 60 and 25 mm, respectively,

by the improved micropolar peridynamics.

and the thickness is 5 mm which is much smaller than
other sizes, so it can be regarded as a two-dimensional
structure. There is a central hole of which the radius is
2.5 mm in the plate. The material of this plate is Q235c,
and its mechanical parameters are as follows: Young’s
modulus is £ =235 GPa, Poisson’s ratio is v =0. 3, the
yield stress is o, =243. 38 MPa, and the density is p =
7 850 kg/m’. In the stage of plastic deformation, the
function of stress and strain can be expressed as o =
950", and the enhancement coefficient n = 0. 31.
Since the adaptive dynamic relaxation ( ADR) is adopted
in the numerical solution method, the time step is Af =
1.0 s. These metal plates are subjected to different veloc-
ity boundary conditions including 27. 5, 30. 0, 32. 5,
37.5, 42.5 pm/s.

brirs

60 mm

R2.5 mm|

25|mm

ERER

Fig.4 The metal plate with a central hole

According to the principle of the modeling of peridy-
namics, the spacing between material points in this model
is Ax =0.1 mm, so the number of discretized material
points is 151 500, including material points in the ficti-
tious material layer along the boundary areas of the plate.
The peridynamic horizon § = 3. 015Ax, and the velocity
of boundary condition is v (unit: m/s) as mentioned
above. According to the critical energy release rate of
Q235c, the critical stretch s, is defined as 0. 17.

3.2 Comparison analysis

In order to verify the effectiveness of the improved mi-
cropolar peridynamic model, some physical tensile tests
of the metal plate were implemented, and the DIC meth-
od was used to analyze the displacement and strain distri-
bution during the process of stretching. DIC is a type of
non-contact measurement method, which can acquire the
displacement and strain data by comparing the displace-
ments of scattered spots in the material before and after
deformation. In this experiment, the DIC system was

used to take photos during the stretching process of the
metal plate, and the strain distribution of the process can
be acquired from the displacements of material points. By
comparing the results of the numerical implementations
with the results analyzed by DIC, the effectiveness of the
proposed model can be verified.

As shown in Fig. 5, a metal plate with a central hole
was installed on the mechanical testing machine ( Model
CMT5105). According to the simulation above,
metal plates were tested with the different velocity bound-
ary conditions as mentioned above. These velocity
boundary conditions acted upon the edges in the vertical
direction.

five

60 mm

() (b)
Fig.5 Tensile experiment of the metal plates. (a) Mechanical

testing machine; (b) The metal plate

Since the traditional peridynamics is suitable for simu-
lating the mechanical behaviors of the micro-elastic mate-
rials, it cannot simulate the plastic deformation effectively
for metal materials. With the different constitutive equa-
tions, the improved micropolar peridynamic model can
simulate the plastic deformation as well as the elastic de-
formation. By analyzing the results of the improved mi-
cropolar peridynamic model, the plastic deformation oc-
curs at the time step of 81, and these material points are
located in the areas close to the horizontal diameter of the
central hole. The results of three methods are shown in
Fig. 6. Fig.6(a) is the digital image of the DIC method,
and its boundary condition is 50 pm. Figs.6(b) and (c)
are the simulation results of the improved micropolar peri-
dynamic model and bond-based peridynamic model, re-
spectively. Their boundary condition is 44.55 pum. Since
the improved micropolar peridynamic model takes the
constitutive equation of the plastic deformation into con-
sideration, Fig.6(b) is closer to the result of DIC, in
which the central hole has deformed into an ellipse, and
the simulation result has more practical local deformation
characteristics than that of the bond-based peridynamic
model.

Through the quantitative analyses of the strain distribu-
tion during the damage process, the validities of these
two methods were verified. When the boundary condition
is 3.0 mm in the vertical direction, the strain distribution
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g of the DIC in the horizontal direction is shown in Fig.
7(a), and the calculation results of the bond-based peri-
dynamics

0.03r 0.03r
0.02F 0.02F
0.01f 0.01f
~0.01F -0.01}
-0.02- -0.02}

—-0.03
-0.02-0.01 0
X/m X/m
(b) (©)
Fig. 6 Deformations of the metal plate. (a) Deformation of DIC;
(b) Deformation of the improved micropolar peridynamics; (c¢) Deform-

—0.03
-0.02-0.01 0 0.01 0.02 0.01 0.02

ation of the bond-based peridynamics

and improved micropolar peridynamics are obtained as
shown in Fig. 7(b) and Fig. 7(c), respectively. The
maximum strain is located in the horizontal diameter of
the central hole where it is more likely to be damaged un-
der the boundary condition in the vertical direction. The
strain distributions of the bond-based peridynamic and im-
proved micropolar peridynamic models are almost identi-
cal to the analysis results of the DIC. However, the max-
imum value of the strain g of the improved micropolar
peridynamic model is 8.36 x 10 >, which is closer to the
experimental result of DIC than the result of the bond-
based peridynamic model by a factor of 7.2% . Due to
variable Poisson’s ratio of the improved micropolar peri-
dynamics, it is more accurate to simulate the damage
evolution of the metal materials.

3.3 Damage evolution of the metal plate

As shown in Fig. 8, the metal plate was damaged grad-
ually under the undergoing boundary condition. With the
help of the proposed improved micropolar peridynamic
model, the damage degree was quantitatively calculated
as Eq. (10). When the boundary condition was 4. 15 mm
as shown in Fig. 8(a), the metal plate was damaged and

Strain/1072:
0

-1

Strain/10-2:

l—().
i

11 [N
SO0000 IO\ NN AL —
NSNS NSNS NN

-]I [T |

Strain/1072:
0

e
OISO NN A B WININ—— O

SO ULDULSWL

(o)
Fig.7 Strain analysis of tensile experiments. (a) Result of DIC;
(b) Numerical result of the bond-based peridynamics; (c¢) Numerical re-

sult of the improved micropolar peridynamics

the crack initiated. The length of the crack was 0.2 mm,
and the material points located in the area of the horizon-
tal diameter of the central hole were damaged sharply
with higher strain values than other material points. As
shown in Fig. 8(b), the damage factor of these material
points was higher than that of other material points dra-
matically. When the boundary condition increased to 5. 1
mm, the metal plate was in the phase of crack propaga-
tion with the crack length increasing to 3.0 mm, and the
maximum of the damage factors was 0. 66 as shown in
Figs.8(c) and (d). Meanwhile, the changes of damage
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4.15
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2.31
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1.39
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0.47
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4.18
3.72
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2.34
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D,/mm:
6.84
6.05
5.27
448
3.71
292
2.13
1.35
0.56

(e)

Damage factor/m

Damage factor/m

Damage factor/m

S oo
=

Fig.8 Damage evolution of the metal plate. (a) Initial stage (D, =4. 15 mm); (b) Damage factor of initial stage (L =0.2 mm); (c) Crack
propagate (Dy =5.10 mm); (d) Damage factor of crack propagate (L =3.0 mm); (e) Almost broken (D, =6.84 mm); (f) Damage factor of al-

most broken (L =9.5 mm)

factors directly reflected the crack initiation and propaga-
tion. When the boundary condition was 6. 84 mm, the
metal plate was almost broken and the crack length L was
9.5 mm on one side of the metal plate, as shown in Figs.
8(e) and (f), and the maximum of damage factors was
0.82.

The relationship between the boundary condition at dif-
ferent velocities and the crack length was studied. In Fig.
9, due to its symmetrical structure, the crack located in
only one side of the metal plate was studied. The speed
of the velocity boundary condition was 27. 5 pm/s.
When the boundary condition was 4. 15 mm, the crack
initiated. The crack length increased with the ever-in-
creasing boundary condition. When the boundary condi-
tion was 6. 84 mm, the crack length no longer increased,
reaching the maximum value of the crack length of 9.5
mm, and the metal plate was broken completely. Mean-
while, the relationship between different boundary condi-

tions at different velocities was studied. The crack initia-
ted at a fixed boundary condition of 4. 15 mm, and all the
final crack lengths were 9.5 mm under different velocity
boundary conditions, while the speeds of crack propaga-
tion were different under different velocity boundary
conditions. When the velocity of the boundary condition

0 _Velocity/(um + s /
8 - 275
— 30.0
6 —325 7
£ —315 S S
£ 4 — 425 /, i
S5 N
2 Y,
0
1 1 1 1 1 1 ]

3 4 5 6 7 8 9 10
Boundary of load &, /mm

Fig.9 Crack lengths under different velocity boundary condi-
tions
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increased, the crack length decreased at the same bounda-
ry load, and it seemed that the speed of crack propagation
lagged behind the boundary conditions.

Through the improved micropolar peridynamic model,
the displacement and strain values of material points were
calculated, and the damage degree can be quantitatively
calculated. Thus,
shape, material physical parameters and external loads
can be obtained, and the damage mechanism of the metal
plate can be obtained.

the relationship between structural

4 Conclusions

1) An improved micropolar peridynamic model is de-
veloped, and the constitutive equations of the model in
the stages of elastic and plastic deformations are put for-
ward. Considering the elasticity-plasticity of metal, the
deformation stage is estimated based on the Von Mises
yield criterion, and the constitutive equation of plastic de-
formation is studied.

2) The proposed improved micropolar peridynamic
model is implemented to simulate the damage evolution of
the metal plates with a central hole. In order to verify the
validity of the improved model, the numerical results of
the model are compared with those of the bond-based per-
idynamic model and physical experiments analyzed by
DIC. Compared with the bond-based peridynamic model,
the maximum strain in the deformation stage is enhanced
by 7. 2%, and the damage evolution is quantitatively
studied by calculating the damage factor in the improved
model.

3) The damage evolution of the metal plate is ana-
lyzed, the relationship between crack lengths and velocity
boundary conditions is studied. As the velocity of the
boundary condition increases, the crack propagation speed
is also increased, and the crack length is decreased at the
same boundary load.
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