© —fiRAEEABARGEIZR

E-11-02

Proceedings of Computational Engineering Conference
Vol. 28, 2023 May

HBBEEETHHER

JSCES

On the representation of discrete crack surfaces in
crack phase-field model realized by finite cover method
(BIE#E L% B\ - Crack phase-field €7 )L DB S E DRI

Jike Han V) Yuichi Shintaku 2 Shuji Moriguchi ®) and Kenjiro Terada ®

1)Department of Civil and Environmental Engineering, Tohoku University (E-mail:han.jike.s7@dc.tohoku.ac.jp)
2 Faculty of Engineering, Information and Systems, University of Tsukuba
3 International Research Institute of Disaster Science, Tohoku University

This study presents a diffusive-discrete crack transition scheme that can trace an actual crack
path as closely as possible and stably update its explicit crack tip even in a large deformation
regime. The crack initiation, propagation, and bifurcation processes are determined from an
energy minimization problem with respect to the crack phase-field modeling. At the same time,
the obtained diffusive crack path is replaced by a discrete representation by applying the finite
cover method. The transition scheme is established within the dynamic fracture framework under
the finite strain framework. Thus, a series of events from the crack initiation to the division
of an original object into multiple portions and independent motions of divided portions can be

simulated at once.
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1. INTRODUCTION

The crack phase-field model (CPFM) [1] is a promising
approach for capturing arbitrary crack initiation, propaga-
tion, and bifurcation phenomena in materials. Recently,
CPFMs have been combined with meshfree methods, such
as XFEM, to realize the diffusive-discrete crack transition
and to overcome shortcomings of the standard FEM, such
as mesh distortion. While several studies [2—-5], including
authors’ contribution, have been presented, the path has yet
to be open to describe dynamic fracture.

In this context, this study enhances the diffusive-discrete
crack transition scheme [5] to describe dynamic fracture
under the finite strain framework. In the scheme, the crack
initiation, propagation, and bifurcation processes are deter-
mined from an energy minimization problem with respect
to the crack phase-field modeling. At the same time, the
predicted path of a diffuse crack topology is replaced by
a discrete representation by applying the FCM. Accord-
ingly, the severely damaged region is no more continuous
with respect to displacement, and independent motions of
divided portions can be captured. After the formulation
and the numerical algorithms are explained, representative
numerical examples are presented to demonstrate the per-
formance and capability of the developed scheme.

2. CPFM FOR DYNAMIC FRACTURE

Consider a continuum body under the finite strain frame-
work. Then, the domain of the body and its boundary
are defined as By C R®* & 0By C R and B; C R* &
0B; C R®, which represent the initial and current config-
urations, respectively. Here, s denotes the dimensionality

Crack phase-field, Finite cover method, Fracture, Finite strain

of the body. Also, the boundary conditions are imposed on
the Neumann and Dirichlet boundaries, OB~ and 98P , re-
spectively. To describe the deformation of the body, a map-
ping function = ¢ (X, t) is introduced, which maps the
points X € B onto points x € B; attime ¢t € T = [0, 7.
Accordingly, u =  — X denotes the total displacement.

Meanwhile, the crack phase-field modeling is consid-
ered to describe the damage, for which a discrete crack I'
is numerically approximated as a diffusive crack I';, using
a scalar variable d. Note that d = 1 is the fully broken
state, whereas d = 0 is the sound state. In addition, the ir-
reversibility condition of the damage evolution, i.e., d >0,
is postulated.

Based on the first law of thermodynamics, the following
energy conservation relation holds:

E+K+D=P |, )

where

5:/ vdV
Bo

= [ {V°(F,d)+ ¥ (d,Vd)}aV,
Bo

@)

1
K= / KV = [ Cpolalfav . @)
Bo Bo

D:/ de:/ /(c.u)-udtdv "
Bo Bo Jt

-E-11-02 -



© —fiRAEEABARGEIZR

E-11-02

and
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Here, &, K, D, and P denote the constitutive work poten-
tial, kinetic energy, dissipation energy, and external work.
Also, ¥, K, D, P, and P, are the constitutive work den-
sity, kinetic energy density, dissipation energy density to
due numerical damping, and external work densities of
body and traction forces, respectively.

The constitutive work density ¥ is furthermore decom-
posed into the elastic strain energy density ¥© and crack
generation energy density Wf, whose specific forms are
given as

(&)

\I/e (d) (\Ij?) dev + \IJO vol) + 0 for J Z 1 (6)
(d) \Ij(),dev + \Ij(),vol for J <1
and
d?+1 d||?
W = Gy, = G IV ™
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respectively. Here, F' = 0x/0X is the deformation gradi-
ent, and J = det [F'] denotes the determinant of the defor-
mation gradient F'. Also, g (d) is the degradation function
to represent the deterioration of the material, and G & I¢
are the fracture toughness and the crack length scale pa-
rameter, respectively. In addition, V is a spatial gradient
operator with respect to the initial configuration.

Meanwhile, the kinetic energy density K is computed
from the mass density pg and the velocity vector . Also,
the dissipation energy density D is introduced as a numer-
ical damping quantity for maintaining computational sta-
bility. In addition, the external work densities 7, & P; are
computed by the body force B and traction force T, re-
spectively.

Subsequently, the time derivative of Eq.(1) yields

E+K+D=P |, ®)
and thus leads the following power balance equation:
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Similarly, the first-order stability condition for any possi-
ble admissible variations {du, dd} is given as
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From Eq.(9), Eq.(10), and the prescribed condition d>0,
the governing equations of the displacement and damage
fields are derived as follows:

V.-P+B=pyit+C- -u inB
P.N=T onoBY 11

w=1a ondBY

and
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e (d— <
ad —0 It (d Y d) <0
@f in Bo
d >0 . (12)
dfd=0
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3. NUMERICAL ALGORITHM

Eq.(11) and Eq.(12) are spatially discretized by the
FCM, and the Newmark method is employed to discretize
time. Algorithm 1 presents the overview of the numerical
algorithm employed in numerical simulations, which is an
enhancement of the standard staggered iterative algorithm
and realizes the transition from diffusive to discrete cracks;
also refer to Han et al. [5]. Note that the algorithm enjoys
the benefits of both the crack phase-field and the strong dis-
continuity of the FCM, which can reproduce the geometry
of a discrete crack path that is propagated and even curved
in a short time interval within the finite strain framework.

According to the algorithm, at each FC-based staggered
iteration k, the damage and displacement fields are com-
puted alternately. When both fields are determined, the
configuration for computing the deformation gradient is
updated. Subsequently, the norm of the staggered iterative
residual Tesg, 1 is computed by

norm [7eSag, i
Eh+kl-¢gl -kt (43)
EL+ K

with ressltagyk =

where the index I denotes the node number. If the value of
this norm is smaller than the predefined threshold TOL,

two fields are considered converged at the current loading
step, and a new displacement/force increment is imposed
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ALGORITHM 1 FC-based staggered iterative algorithm for dynamic fracture.

1: (% At the time step t,,, Upn k=0 = Up—1 and dy, y—o = d,—1 are known.)
2: Update the old velocity and acceleration for newmark method: t,,—1 = 1y, k=0 and i, 1 = tp r—0

3: while norm [resgq4. 1] > TOLg do
4 k =k + 1 (% FC-based staggered iteration)

AR A

if norm [resstqq 1] > TOLy. then
10:
11: end if
12: end while

NR loop: Compute the damage d,, ;, with the fixed displacement w,, 1
NR loop: Compute the displacement u,, ;, with the fixed damage d,, 1,
Update configuration for computing deformation gradient: X, 41 = Tn k
Compute the staggered iterative residual by Eq.(13)

Check if the transition from diffusive to discrete cracks is needed; see Reference [5]

for the next loading step. If not, the necessity of updating
explicit crack tips is checked before going to the next FC-
based staggered iteration k + 1.
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Fig. 1: Geometry with boundary conditions.

Table 1: Material parameters.

Parameter Value Unit
Young’s modulus E 1.5 x 107 MPa
Poisson’s ratio v 0.3 -
Density Po 1.0 x 10°  kg/mm?®
Gravity g (0,-9.81,0)  mm/s®
Fracture toughness Ge 1.0 N/mm
Crack length scale parameter lg 0.015 mm
Pseudo-Lamé’s constant Apse 0.577 MPa
Pseudo-Lamé’s constant Ipse 0.385 MPa

4. NUMERICAL SIMULATION

This example targets the impact failures of a L-shaped
plate, whose geometry and boundary conditions are illus-
trated in Figure 1. As shown in the figure, the top edge is
fully fixed, while the following sinusoidal pressure is hor-
izontally or vertically applied to the right edge:

s
in(——+¢) if0<t<0.005
a(t)z{%sm(o.oo5) posts [s]
0

otherwise (14)

with & = 15 [MPal.

Also, the black-colored regions are assumed intact in sim-
ulations. This example aims to demonstrate a series of
events of dynamic fracture that involves arbitrary crack ini-
tiation, propagation, bifurcation, division of the original

object into multiple portions, and independent motions of
divided portions. Material parameters are listed in Table
1, in which the gravity is assumed to be 0.1% of Earth’s
for visualization purposes. The cubic degradation function
g(d)=(s—2)(1—d)’ + (3—s)(1—d)* withs = 0.1
is used to represent the deterioration of the material.

The transition behavior of energy components and the
snapshots of crack propagations are shown in Figure 2(a)-
(d) and Figure 3, respectively. As shown in Figure 3, the
crack initiation times and points, as well as propagation di-
rections, differ with applied pressures: Case lh exhibits a
single horizontal crack without a bifurcation, whereas Case
v exhibits a skew crack direction involving a bifurcation.
In the meantime, the increases of initial energy are con-
firmed; see black-dashed lines in Figure 2(a) and Figure
2(c). These tendencies are due to the approximation capa-
bility of the finite covers. In fact, such ill-posed variations
of energy are not observed before and after crack propaga-
tions; see Figure 2(b) and Figure 2(d).

On the other hand, the motions of two cases after divi-
sions are shown in Figure 2(e) & (f) and Figure 4, respec-
tively. Here, the values of displacement are taken from the
white point at the top of the right edge, as shown in Figure
1. From Figure 2(e) & (f), the motions of the y direction
exhibit free falls, while those of the x direction exhibit dif-
ferent tendencies in the two cases. To be specific, a con-
stant velocity linear motion with small oscillations is con-
firmed for Case lh, while the motion of Case lv seems to
be governed by rotation. In fact, Figure 4(b) indeed shows
that the divided portion is free-falling and rotating. It is
noted that the fall speed of Case lv is faster than that of
Case hv because the pressure is applied horizontally and
vertically.

Based on these numerical results, we confirm that the
developed scheme is reasonable to simulate the series of
events from the crack initiation to the independent motions
of portions after crack propagation.

5. CONCLUSION

This study presents the transition scheme from diffu-
sive to discrete crack topologies to describe dynamic frac-
ture under the finite strain framework. The crack initi-
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Fig. 2: Transition behavior of energy components and displacement-time relations. Ela: elastic strain energy; Fra: crack
generation energy; Kin: kinetic energy; Dis: dissipation energy; Ext: external energy of body force; Ini: initial energy
(Ela+Fra+Kin+Dis-Ext).

ation, propagation, and bifurcation processes are deter-  dynamic fracture involving arbitrary crack initiation, prop-
mined from an energy minimization problem, while the  agation, bifurcation, division of the portion, and indepen-
predicted crack path is explicitly represented by the FCM.  dent motions of post-division, is successfully computed in

Enjoying the feature of the scheme, a series of events of  one simulation.
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Fig. 3: Snapshots of crack propagations.
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Fig. 4: Trajectories of motions.
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