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ABSTRACT

The local arc-length method is employed to control the incremental loading procedure for phase-field brittle
fracture modeling. An improved staggered algorithm with energy and damage iterative tolerance convergence
criteria is developed based on the residuals of displacement and phase-field. The improved staggered solution
scheme is implemented in the commercial software ABAQUS with user-defined element subroutines. The layered
system of finite elements is utilized to solve the coupled elastic displacement and phase-field fracture problem. A
one-element benchmark test compared with the analytical solution was conducted to validate the feasibility and
accuracy of the developed method. Our study shows that the result calculated with the developed method does
not depend on the selected size of loading increments. The results of several numerical experiments show that the
improved staggered algorithm is efficient for solving the more complex brittle fracture problems.
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Highlights

An improved staggered algorithm that uses the local arc-length method is formulated and
proposed.

The energy and damage tolerance convergence criterion are employed in the numerical
implementation.

The proposed algorithm results are not dependent on the selected sizes of the loading increments.

1 Introduction

Brittle fracture is one of the most feared failure modes in solids and structures. The numerical
simulation method of brittle fracture is significant in engineering applications. Numerical simulation
models for crack growth problems are generally divided into discrete crack models and diffuse crack
models. The discrete crack model is a geometric description method based on mesh extension, which
extends on mesh and mesh boundaries, including the element deletion method [1,2] and the interface
element method [3,4]. The element deletion method is a relatively simple fracture modeling method.

This work is licensed under a Creative Commons Attribution 4.0 International License,
@ @ which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.


https://www.techscience.com/journal/CMES
https://www.techscience.com/
http://dx.doi.org/10.32604/cmes.2022.020694
mailto:lguo@seu.edu.cn

612 CMES, 2023, vol.134, no.1

It only needs to take the stress of the element zero or remove the mass of the fracture element from
the overall mass matrix when a particular physical quantity associated with the element reaches the
fracture criterion. The element deletion method cannot resolve the crack bifurcation problem [2,5].
The interface element method inserts interface elements at the interfaces between elements, and there
is cohesion between nodes of interface elements. When the fracture criterion is reached, the interface
element fails and is broken. The interface element method only allows cracks to propagate at the
element boundary, with apparent mesh dependence [5] and numerical instability. The diffuse crack
model, including the extended finite element method (XFEM) [6-8] and the phase-field fracture
method [9,10]1s a nongeometric description method that can be separated from the mesh and expanded
within the mesh. The XFEM allows cracks to expand inside the element by adding degrees of
freedom to the nodes. The XFEM can be used to solve some simple fracture bifurcation problems
in combination with existing bifurcation criteria [11-13]. However, it is still challenging to simulate
arbitrary crack propagation in three-dimensional problems. The difference between the XFEM and
phase-field fracture method lies in the crack surface tracking technology deployed by the complex
crack systems simulation method. XFEM is a discontinuous interface method requiring special crack
tracking techniques to catch crack surfaces, such as level sets [14] and fast marching [15]. These
methods are particularly complicated when addressing three-dimensional and multicrack problems.

The research field of phase-field fracture models can be divided into the field of physics and the
field of mechanics. The physical basis of the phase-field fracture models are based on the Ginzburg-
Laudau theory, as shown by the model proposed by Hakim et al. [16]. The phase-field fracture model
in mechanics is based on the variational fracture approach developed by Francfort et al. [17] and
is an extension of the traditional Griffith’s brittle fracture. Bourdin et al. [18,19] realized the rate-
independent variational principle of diffuse fracture numerically for the first time. The diffuse phase-
field boundary is employed to describe sharp crack boundaries. The phase-field fracture model is
described by introducing order parameters and using continuous functions and controls the evolution
of order parameters through the phase-field governing equations. Therefore, the phase-field fracture
model obtains the path and location of the crack through automatic evolution of the phase-field
variables without tracking the geometry of the crack [20,21]. Crack propagation is controlled by the
principle of free energy minimization for the phase-field fracture model [22,23].

In terms of algorithm implementation, the phase-field crack model can be solved with either
a monolithic algorithm [24,25] or a staggered algorithm [26,27]. In a monolithic algorithm, the
displacement field and phase-field are solved simultaneously [28,29]. However, the two fields are
calculated separately in the staggered algorithm. Due to the strong nonlinearity of the partial
differential equations, however, the monolithic algorithm requires a large number of iteration steps.
The elastic strain energy decomposition method based on strain spectrum decomposition enhances the
nonlinearity of the equations, and a monolithic algorithm often results in divergent consequences [30—
33]. A staggered method was developed by Miehe et al. [34] with a single staggered iterative process. It
is widely used due to its simple implementation and strong robustness [35,36]. To alleviate the problem
of the common single iteration staggered algorithm, Karlo et al. [37] presented a comprehensive
discussion on the use of a stopping criterion within the broadly used staggered algorithm that imposes
the Newton-Rapson incremental loading procedure.

Nevertheless, the Newton-Rapson incremental loading procedure has difficulty capturing the
complete failure process and the entire load-displacement curve because of the rapid failure of
the structure due to the large loading step. To obtain accurate results, however, a small loading
increment is necessary for the staggered algorithm. Several loading algorithms can track the whole
load-displacement curve well, such as the global arc-length method [38,39], local arc-length method
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[40], energy dissipation control method [29,41], fracture surface control method [10,42], and J integral
control method [43]. Wu [44] proposed an iterative alternate minimization algorithm enhanced with
path-following strategies which is based on the fracture surface control and the indirect displacement
control. For the construction of complex engineering symmetric curves and surfaces in 2D and 3D
phase-field modeling, an efficient method can be considered. Muhammad et al. [45] proposed a
novel approach of hybrid trigonometric Bézier curve and applied it to engineering and computer
aided design/computer aided manufacturing [46]. The efficient modeling techniques and processes
are helpful for computational models.

In this work, the phase-field method based on the rate-independent variational principle of diffuse
fracture is considered. The formulations of the staggered algorithm with the local arc-length method
are derived and proposed to avoid the sensitivity to the local failure of the structure and the softening
of materials. The energy and damage iterative tolerance convergence criterion based on the residual
norm of the displacement and phase-field is proposed to save computing resources.

The method of separating the node and degree of freedom of the element is employed to implement
the improved staggered algorithm in the ABAQUS package, and they were alternating between the
phase-field degree of freedom and displacement degree of freedom. An energy and damage iterative
tolerance convergence criterion is embedded in each incremental loading of the local arc-length
method. A one element benchmark test compared with the analytical solution was conducted to
validate the feasibility and accuracy of the developed method. Several numerical experiments are
conducted to simulate crack initiation, intersection, coalescence, branching, and propagation.

The paper is organized as follows. The representation of the phase-field approximation of diffuse
crack topology is outlined in Section 2.1. The phase-field formulation for brittle fracture and classical
staggered algorithm with Newton-Raphson method is derived in detail in Sections 2.2 and 2.3. The
improved staggered solution for phase-filed with the local arc-length method and the implementation
in ABAQUS/UEL, which includes the whole solution process, are discussed in detail in Section 3.
Several static and dynamic benchmark tests and numerical examples are simulated and compared
with other existing results in Section 4. Finally, conclusions are presented in Section 5.

2 Brief Review of the Phase-Field Model for Brittle Fracture
2.1 Representation of the Phase-Field Approximation of Diffuse Crack Topology

First, a simple model is considered to introduce the variational principle of diffuse crack topology.
A cracked 1D bar with cross section I" and length Le[—o0, +00] is depicted in Fig. 1a. Assuming that
there is a fully opened crack at x = 0, I" can represent the crack surface that is completely broken. In
this work, the auxiliary variables ¢(x) = [0,1] were employed to describe this sharp topology. When
¢ = 0, broken materials are present, whereas ¢ = 1, unbroken materials are present. The following
exponential function [9] is used to approximate the nonsmooth (diffuse) phase-field:

¢ (x) = exp( — |x| /L) (1

where /; is a regularization parameter describing the actual width of a diffuse crack. The axial crack in
Fig. 1b can be transferred into Fig. 1¢ employing the phase-field approximation of the diffuse crack.
Regularization is determined by /,. According to Fig. 1b, considering the Dirichlet-type boundary
conditions ¢(0) = 1 and ¢(+o00) = 0. The solution of the homogenous PDE can be written as:

P(x) — ;9" (x) =0 2



614 CMES, 2023, vol.134, no.1

The one-dimensional description of the diffuse crack topology can be directly extended to the
multidimensional case. According to the derivation process, the surface density function y(¢,v¢) of
cracks in unit volume can be expressed as:

1 2 10 2
Y (@, Vo) = 2—10¢ + §|V¢| 3)

F Cross section: I” F

(@)
#(x) A

(b) ©
Figure 1: Sharp and diffuse crack topology (a) Cracked 1D bar (b) Sharp crack (c) Diffuse crack
Assume that we are given a sharp crack surface topology in 2, as shown in Fig. 2a. The regularized

crack phase-field in the domain €2 can be obtained according to the minimization principle below (as
shown in Fig. 2b).

(a) o

Figure 2: (a) Discontinuous discrete crack surface (b) Diffuse crack surface expressed by the phase-field
variable

Francfort et al. [17] proposed a variational fracture model based on Griffith’s energy theory. The
total potential energy of elastic solids consists of two parts: elastic energy E, and crack surface energy
E;:

EwTI)=E+E = / ¥, (e (1)) dQ + / G.dr 4

where v.(e(u)) is the elastic strain energy density function, £(u) is the strain tensor, ueRd (de{1,2,3})
and G, is the critical energy release rate. The variational model considers that at time te[0, 77, the
initiation, propagation, and branching of cracks at any location should minimize the total potential



CMES, 2023, vol.134, no.1 615

energy and meet some irreversible condition; namely, once a crack has formed, it cannot be restored.
The regularized surface energy can be written as:

/Gﬂdr =/ch (¢, Vo)dR (5)

Assuming that linear elasticity exists in the unbroken solid, the elastic energy density can be
calculated as:

1
¢0(5)=§8T‘C0‘5 (6)

where C, is the material linear elastic stiffness matrix. Elastic energy degradation due to damage
follows the function:

g@)=(1—¢)+k (7
the elastic energy density can be rewritten as:

1
V.(e) = g() - EET -Gy e ®)

According to the above fracture variation criterion, the surface energy of cracks results from
elastic strain energy, that is, elastic strain energy drives the evolution of the phase-field variables. If the
elastic strain energy is not decomposed, it will cause false branching of the crack. Given this problem,
this work, based on the method proposed by Miehe et al. [23], observes the tension and compression
decomposition of the elastic strain energy occurring so that the tension component of the elastic strain
energy drives the evolution of the phase-field. The spectral decomposition of the strain tensor and
elastic energy density is carried out via:

1 ) X
U= EA (tr(e)); + ptr (1) )

where A and u are Lame constants. To correctly calculate the reduction effect of the phase-field
variables on the stiffness of the material, assuming that the phase-field variables only affect the
stretched part of the elastic strain energy density, the elastic strain energy density can be expressed as:

Ye(e) = [ — )’ + k] v/ (&) + ¥, (e) (10)
where the k € [0, 1) is a model parameter used to avoid numerical singularity when ¢ = 1.

Considering the crack surface energy expression in Eq. (3) and the elastic strain energy density
expression in Eq. (6), and considering the kinetic energy Ek as:

1
E,(:/—pit-ith (11)
o2

We can substitute part of the energy into the variational principle expression, to obtain:

fn(p%—V.G—V).Su.dV-l—fﬂ[%(q)—lszqb)—2(1—(;5)1//0].8¢.dV

12
—|—fr9(a-n—ﬁ)-8u-ng+frd(G,10V¢-n)-8d-dl"¢=0 (12

where ¥ and 77 denote the body and face forces, respectively, and n is the unit outward normal vector.
The minimization of the internal potential energy relative to the phase-field is now considered. In order
to introduce the irreversible condition of damage, the historical field variable H need to be introduced:

oo {wo (&) ify(e) > H, (13)

H, otherwise
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H | is the previously calculated energy obtained in history according to the displacement field ut
at the time increment t.

By defining the change in external and internal potential energy and introducing the principle of
virtual displacement, the governing equations of the model are obtained:

V.o 4y =pp*u/pr in R
Displacement-field: {u=uon r, (14)
o-n=y onT,

G, (%d—zovz(/)) —2(1-¢)HinQ
Véo-n=0 onT,

In order to obtain the numerical solution of the partial differential Eqgs. (13) and (14), the finite
element method is used to deal with the weak form more conveniently.

Phase-field: [ (15)

/{oag—b.au}dv+/ H-sudd =0 (16)
/ {—2 (I = @) sy, (e) + G, Ed’&b + LV - V&P“ dV=0 17

2.2 Discretization
In 2D space, the displacement field and the phase-field can be discretized as:

u= N6 = No (18)
=1 =1

where the shape function matrix is expressed as:

N = [f)v ?V] (19)

then it is possible to express the gradients:

&= Zm: By, (20)
=1

Vo = Z BYo, 1)
Thi:strain-displacement matrices are expressed as:

B' = év ?v , B'= [%} (22)

Ni, N, "

According to the above expression, the residual of the discrete equation corresponding to the
equilibrium condition for the displacement field and the crack phase-field can be expressed as:

r,v:/[(l — ) +k] (B;')Taodv—/(N;')deV—/ (N*)" Hd4 (23)

H

= / {—2 (1 — @) Ny () + G, |:llN,-qb + Iy (B;")T v¢“ dv (24)



CMES, 2023, vol.134, no.1 617

To obtain the solutions of #* = 0 and r* = 0, and considering that their residuals are nonlinear,
the incremental iteration scheme of the Newton-Raphson method is adopted.

uu up -1 Ru
ol = lel Lo ] (R &

where the static tangent matrices are calculated as:

or!
= arl = / [(1—¢)" + k] (B;‘)TCOB;‘dV
U, 2
u¢p arlu w\ T
K = %= —2(1—¢) (B}) ooN,dV
b Je
du arj) Tpu
K,.j =—= [ -2(1-¢)Ng, BjdV
oy, 0
49 orf G. N
K =3 = /. 2y, (s)+z NN, + G, (B}) (B)){dV (26)
J

2.3 Classical Staggered Algorithm with Newton-Raphson Method

In the case of unstable crack growth, the monolithic model is prone to convergence problems. The
stress fields are rearranged due to the newly degenerated stiffness matrix when the crack propagates.
Therefore, the solver cannot obtain a stable equilibrium solution. To obtain a stable model, the
displacement field u and phase-field ¢ of the coupled system can be solved as sequential coupled
staggered fields. The phase-field and displacement fields in the staggered scheme are coupled variable
fields. Furthermore, the calculation of the current history field is the main idea for the algorithmic split
of the coupled equations, and it enforces the irreversibility of the evolution of the crack phase-filed.
Consequently, the history field satisfies the Kuhn-Tucker conditions,

vo—H<0,H>0,HW,—H) =0 27)

for both loading and unloading cases. Thus, no penalty term is needed in contrast to the monolithic
approach. The residual corresponding to the evolution of the crack phase field is then as follows:

1
r =/{—2(1 —¢)NH+G. |:Z—N,¢+lo (Bf’)TVqﬁ”dV (28)
Q 0
Similarly, the residual corresponding to the displacement field is then as:
= / [(1 =)’ + k] (BY) o0dV — / (N';)deV—/ (NY)" HdA (29)
e o) IRy

The following system of the equation can be solved iteratively by employing the Newton-Raphson
method,

ol =l -l w1 o
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in which the tangent stiffness matrices are calculated as:

uu 81.;1 u T u
K = T :/Q[(l —¢)’ + k| (B)) C,BjdV
or? G, T
k=t [[2H+ —} NN, + Gy (B) (B‘?’)} av 31)
"9 s h )5

The new formula generates the above decoupling equations for sequential phase and displacement
fields. Then, a staggered scheme of phase-field model is proposed. The displacement, phase and history
fields ut, ¢, and H, are known at the previous time increment t. Then, the prescribed load vectors b
are updated at the current time increment t + At. The current phase-field ¢, + At and the current
displacement field «, + At are now computed using the corresponding linear algebraic Euler equations.

(2]
K, ¢z+m = _r‘,ﬁ

uu _ u
K, Uppnr = _r,

(32)

3 Improved Staggered Solution Scheme with the Local Arc-Length Method

In this section, the improved staggered algorithm with the local arc-length method formulations
and the corresponding numerical implementation are established. The local arc-length method [40]
is applied to combine the staggered solution scheme with the energy and damage iterative tolerance
convergence criterion.

3.1 Formulations of the Local Arc-Length Method

The arc-length method adjusts the external force load f or displacement load x to the convergence
trend by constructing a scaling parameter A during the loading process. The size of the loading step
can be expressed in simple linear form as follows:

f=x+fox =27 +x (33)

The f‘ and x are the scaled external force load and displacement load, respectively, and £, and A,
correspond to the initial values of f and x. For the displacement load of the arc-length method that

requires f = 0and § # 0, the force load does the opposite. A constraint equation is added to meet
the solution requirements because A is an unknown parameter; for the local arc-length method,

R =Al—-SAx =0 (34)
where S is the weight function.

After linearization by the Newton-Raphson method, the residual Egs. (25) and (26) are trans-
formed into:

Klm Kuk 5X Ru
|:Kxu KM:| [5)\} = [RA} (35)
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where the expressions of tangent stiffness are as follows:

9
K" = / B (—6) BdV
o ae

8 Ru N

KM _ __ - _
X /
R
KAL: — — S
ax
oR*
K" = — =0 36
oA (36)
The unknown increment can be obtained by the following formula:
5)(1 _ Kuu Kuk Ru
o) ] ) o
According to the Sherman—Morrison formula, Eq. (30) can transfer to:
8)( _ XI KAuXI+RA XH
{5A - {() } o Ky + R |0 (38)
KW 1 — Ru,KWXH :j (39)

where xI and xII are obtained from the following equilibrium equations and correspond to the
displacement of the node caused by residuals R* and the external force f, respectively.

3.2 Staggered Algorithm with the Local Arc-Length Method and Its Numerical Implementation

Using the Newton-Raphson backward Euler scheme means that the numerical solution is uncon-
ditionally stable; that is, to achieve convergence means to obtain an equilibrium solution. Therefore,
the solution is independent of the time increment. In the classic staggered scheme, the phase and the
displacement fields are solved independently. This is unlike the monolithic case, where convergence
is fulfilled for both coupled fields simultaneously, retaining unconditional stability. By solving for
the phase and the displacement fields independently, the staggered scheme can track the equilibrium
solution in a semi-implicit method, leading to a more robust numerical implementation. However,
load increment sensitivity studies should be conducted. The residual staggered algorithm is improved
to reduce the influence of the loading increment step on the solution process. The flowchart of the
improved staggered solution scheme with the local arc-length method is shown in Fig. 3.

Expression (37) is solved for the phase-field and the displacement field. The displacement field
can be solved by the local arc-length loading method. The loading increment and iteration step should
be distinguished in solving the displacement field. In some nonlinear analyses, the total load of each
analysis step is decomposed into smaller incremental steps. The convergence results are obtained under
a small incremental load to carry out the next step. The iteration step attempts to find a balanced
solution in the loading increment step. At time increment t, K and R! are built from ¢,, and K* and
R? are built from u,. When load increment step n is applied to load increment step n + 1, R“(¢)) can
be calculated in the previous load increment step:

R(¢f) = R (8/) + R (¢)) (40)
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and r“(¢*) can be obtained in the form:

R} (9)) = R (&)7) + R (&) @1)
in the n + 1 load increment step, residuals are expressed as:

R (¢r.) = R (¢,:1) + R (9)) “2)
RY (¢).1) = R (¢,.0) + R (#)) (43)

Then, following this process and repeating the iteration by assembling the residual stiffness matrix
K", K? and combining R! and R?, ignores the effect of the load increment step directly. We obtain
further verification from the numerical experiments section of this work.

By introducing the energy and damage convergence criterion, the improved staggered solution
scheme is implemented to further improve the computational efficiency in solving phase-field brittle
fracture problems. In the computation of the staggered solution, the solutions of the displacement field
and phase-field both have their convergence criteria.

Start increment n and iteration k
initial value v and ¢

,

| Fixed phase-field ¢ and solve for | _
= | displacement u; [=

The local arc-length
loading method

NO

Py u;converge
1

YES

Fixed displacement u;and solve for
phase-field &

@1 €[ 1]

onvergence Criterion:
YES: base on energy
NO: base on damage

E; Converge
Ewi-E |IEXTO

@ Converge
$r-6| STOL

NO

Complete
loading

Get displacement u
and phase-field ¢

Figure 3: Process for the improved staggered algorithm with the arc-length method based on the energy
and damage convergence criterion
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At the beginning of the calculation, the damage value is fixed to solve the displacement subprob-
lem. The damage value can be solved by the local arc-length method. When the displacement field
converges, the displacement field is taken as a known quantity, and the damage subproblem is solved.
There are two boundary conditions for solving the damage subproblem. One is that the phase-field
is bounded, which is ¢ € [0,1], and the range of the unknown quantity needs to be constrained in
the process of solving. The other is that to ensure the irreversible condition of damage evolution d
> 0, the lower bound of the damage solution must be monotonically increasing. There are two kinds
of convergence criteria adopted in this paper, one is based on the damage, and the other is based on
energy:

E. . —E
| i+l l| S TOL (44)

i

| ¢ — &l =< TOL (45)

The process for the improved staggered algorithm based on the double convergence criterion
is shown in Fig. 3. The Expression (44) is the energy convergence criterion, while Expression (45)
is the damage convergence criterion. The improved staggered algorithm considers both the energy
convergence criterion and the damage convergence criterion. Once one of the convergence criteria
reaches the corresponding tolerance, the program will continue to calculate the next iteration step.
TOL is the tolerance of convergence, generally 10°. For materials with strong brittleness, TOL should
be lower; otherwise, the peak point may be lost. In the actual solution process, when the structure is
in the linear elastic state, there is only one staggered solution process for each loading step. However,
when the structural response enters the nonlinear state, because of the strict convergence criterion
of the staggered solution algorithm, multiple staggered solution iterations are often needed in one
loading step.

The core of the traditional staggered solution scheme is to fix the phase-field ¢ and solve for
the displacement u, fix the displacement u and solve for the phase-field ¢, and repeat the cycle
until convergence. In addition to the conventional displacement degree of freedom, the degree of
freedom of the finite element node needs to be added to the phase-field, and it is realized from the
perspective of a multifield finite element. The alternating process of the phase-field degree of freedom
and displacement degree of freedom can be realized in the following three ways:

1. Add the phase-field element and displacement element. The corresponding degrees of freedom
are given in the staggered solution process.

2. Add the phase-field element. Two submodels with the same mesh division should be estab-
lished, one of which is the displacement element and the other being the phase-field element.
In the staggered solution scheme, submodels are called for solutions.

3. Separate the node and the degree of freedom of the element. Set the element type without the
degree of freedom in the model file, and then give the element’s corresponding node the degree
of freedom in the solution process.

Regarding program expansibility and simplicity, the third method is best. The phase-field brittle
fracture model can be solved directly in the finite element framework. The commercial software
ABAQUS is employed to solve the iteration process and realize the improved staggered algorithm
for phase-field modeling.

The layered system of the finite element implemented in ABAQUS with UEL and UMAT is shown
in Fig. 3. The process for solving the phase-field model in each layer is described in detail in Fig. 4.
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Phase-field element

Displacement field
element

UMAT field element

Figure 4: Schematic illustration of the 3-layered element structure in ABAQUS with its subroutine

Since the phase-field equation and the balanced equation are solved separately, the implicit solver
ABAQUS/Standard or the explicit solver ABAQUS/Explicit can be flexibly selected according to the
model when solving the displacement field. The former is implemented through the UMAT subroutine
interface provided by ABAQUS, and the latter is implemented through VUMAT.

As depicted in Fig. 4, the node and the integration points coincide in the phase-field model.
The first layer of finite elements includes user elements implemented by the user subroutine UEL.
The degree of freedom ¢,, is implemented instead of the ABAQUS rotation degree of freedom so
that the phase-field residual norm and the residual displacement norm are entirely separated. The
discretization matrices, stiffness matrix, and residual vector must be defined in the first layer. The
second layer of finite element is for the displacement field.

The solution-dependent variables used to solve differential equations in two dimensions are listed
in Table 1. The third layer is for the UMAT field element. Not only can it be used as a visualization
tool, but it can also control the convergence of the iteration process.

Table 1: List of solution dependent variables

SDVs numbering in subroutine Variable

SDV1, SDV2 Displacement u,,u,,u., The first layer
SDV3, SDV4 Axial strains ,.8,,¢. displacement element
SDV5 Shear strain y,,,Y.., -,

SDV6, SDV7 Axial stress o,,0,,0.

SDV8 Shear stress t,,,7,.,T..

SDV9, SDV10 Elastic axial stress 0,,0,1,0.,

SDV11 Elastic shear stress t,,,,7,.1,T,.,

SDV12 strain energy

SDV13 Elastic strain energy v,

SDV14 Phase-field d

SDV15 Phase-field d The second layer

SDV16 History field H phase-field element
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4 Numerical Examples and Algorithm Validation
4.1 One Element Test

A finite element model with the UEL implementation should be developed to verify the feasibility
of solving brittle fracture problems using the algorithm, as demonstrated through the most straightfor-
ward casein Fig. 5. A 2D plate is extended on top in direction Y, whereas bottom nodes are constrained
in both directions. As the dimensions of the square plate are 1 x 1 mm, the characteristic of the element
is I mm. The material and fracture properties are chosen: Young’s modulus E = 210 GPa, Poisson’s
1 =0.3, critical fracture energy density G. = 2.7 x 10 kN/mm, and length scale parameter /, = 0.1 mm.

A A

1 <
L.,

1
e

i T

Figure 5: The plane strain element with boundary condition

This case is solved using 5 different displacements Au to reach u = 0.1 mm. The five-step
displacements are Au =1 x 10°, Au=5x 10°, Au=1 x 10*, Au=5 x 10*, and Au=1 x
10, corresponding to 10000 steps, 2000 steps, 1000 steps, 200 steps, and 100 steps. Fig. 6 shows the
axial stress-strain response comparison of the numerical results of the traditional staggered algorithm
and the improved staggered algorithm against the analytical solution.

According to Fig. 6a, when the axial strain is close to 0.01, the axial stress reaches the maximum
value. With the increase of strain, the error of stress increases in the rising stage and decreases in the
falling stage. At the peak of the curve, the error of stress is at its maximum. The traditional staggered
algorithm is strictly dependent on the size of the increment step. The smaller the increment is, the
smaller the error between the numerical result and the analytical solution. That is when the crack starts
to propagate and due to the quick stiffness and stress reduction in some elements, stability problems
appear in the traditional staggered algorithm. According to Fig. 6b, however, the numerical result of
the improved staggered algorithm is independent of the increment step size. Regardless of the value
of the increment step, the numerical solution can be in good agreement with the analytical solution.
Similarly, according to Fig. 7, the numerical solution of the governing phase-field evolution through
the axial strain matches well with the analytical solution. Hence, the improved staggered algorithm is
validated through the one element test. The results show that the improved staggered algorithm for
phase-field brittle fracture with the local arc-length method efficiently solves brittle fracture problems.
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Figure 6: Stress-strain curves obtained by (a) The traditional staggered algorithm and (b) The improved
staggered algorithm in comparison with the analytical solution
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Figure 7: Comparison of the phase-field between the numerical and analytical results

4.2 Single Edge Notched Test

The single edge notched test is the most common test used to validate phase-field brittle fracture
models. The geometry and the boundary conditions of the square specimen are depicted in Fig. 8. The
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side length of the square is 1 mm, and the edge notched is horizontal from the middle of the left side to
the center of the square. @ = 90° and the & = 0°, corresponds to the pure tension case and pure shear
case, respectively. The material and fracture properties are chosen: Young’s modulus £ = 210 GPa,
Poisson’s 4 = 0.3, critical fracture energy density G. = 2.7 x 10~ kN/mm, and length scale parameter

l, = 0.075 mm.
u
A

1imm

Y

1mm

0.5mm

7

Figure 8: Geometry and boundary conditions of a single edge notched specimen

Fig. 9 shows the fracture pattern for unidirectional tension (o = 90°). Fig. 10 shows the fracture
pattern for pure shear (¢ = 0°). The two fracture patterns in the improved staggered algorithm are in
good agreement with the existing references [35]. For unidirectional tension (a = 90°), the crack begins
in the center of the geometry and extends horizontally to the right side. For pure shear (o = 0°), a crack
path can be seen starting with 8 = 61° from the deformation direction.

@ (b)

Figure 9: Crack patterns for the single notch edge tension test at different displacements
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Fig. 11 shows the reaction force in tensile specimens, along with the results of Miehe et al. [9].
The maximum reaction force value is consistent, and only a small deviation can be observed during
crack propagation. In the rising stage, the error of the reaction force is small. The large error in the
descending stage mainly comes from the selection of mesh density.
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Figure 10: Crack patterns for the single notch edge shear test at different displacements
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Figure 11: Reaction force in the single notched edge tension test

In addition to the quasi-static crack propagation of the 2D model, the 3D model of the single
edge notch test is solved using the same parameter. The geometry and boundary conditions for the
3D single edge notched tensile modeling are depicted in Fig. 12. The number of solution dependent
state variables of two dimensions are different from the three dimensions due to the z-direction degree
of freedom, which is defined as 26 SDVs. The crack starts at the end of the initial crack in the middle of
the specimen and ends at the right boundary of the specimen, similar to the two-dimensional model.
The crack patterns for the single notch edge tension test of the 3D model at different displacements are
shown in Fig. 13. The case shows that the improved staggered algorithm for phase-field brittle fracture
with the local arc-length method is efficient for solving brittle fracture problems in pure tension and
shear situations in the 2D model and the 3D model.

4.3 Notched Bimaterial Tensile Test

This case study is a tensile sample of two materials. The upper material is harder, while the lower
material is 10 times softer and has an initial notch. The sample is tensioned parallel to the separation
line. The geometry and boundary conditions are shown in Fig. 14. The upper material properties are
chosen: Young’s modulus £ = 210 GPa, Poisson’s u = 0.2, and critical fracture energy density G. = 1
x 102 kN/mm. The lower material properties are chosen: Young’s modulus E = 3.77 GPa, Poisson’s
1 = 0.2, and critical fracture energy density G. = 1 x 10~ kN/mm.

The purpose of this benchmark test is to show that our implementation can model the crack
branching phenomenon. Fig. 15 shows the crack patterns for the bimaterial tensile test at different
displacements. After the crack begins, it normally propagates until it reaches the material transition
zone. Then, because it takes less energy to branch over a short period of time than it does to continue
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into the upper hard material, the damage zone becomes larger, and the cracks separate along with the
interface between the upper and lower material.
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Figure 12: Geometry and boundary conditions for the 3D single edge notched tensile test
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Figure 13: Crack patterns for the single notch edge tension test of the 3D model at different
displacements

Since the purpose of this benchmark test is to show crack branching, the center of the finite
element mesh is dense. As the local amplification region is showm in Fig. 15, the cracks spreads along
the direction of the crack, and the width of the crack decreases after separating along with the interface.
As a result, cracks in harder materials are wider because the finite element size in this region is larger.
This notched bimaterial tensile numerical experiment is conducted to simulate crack branching using
the improved staggered algorithm for phase-field brittle fracture with the local arc-length method.
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Figure 15: Crack patterns for the bimaterial tensile test at different displacements

4.4 Symmetric and Asymmetric Double Notched Tensile Test

After the simple example, we will show a few more complex cases to demonstrate the utility of the
new implementation. A symmetric and asymmetric double-notched specimen is used to investigate
coalescence of cracks. Figs. 16 and 18 depict the exact geometry. The following material properties are
used: Young’s modulus £ = 210 GPa, Poisson’s 4 = 0.3, critical fracture energy density G. = 2.7 x
10 kN/mm, and length scale parameter /, = 0.075 mm.

The crack patterns for symmetric and asymmetric doubled notched specimen tension tests at
different displacements are shown in Figs. 17 and 19. For asymmetric doubled notched specimen
tension tests, the cracks expand simultaneously from the left and right sides. The upper crack extends
downwards and the lower crack extends upwards and then meet in the center of the specimen. For
symmetric doubled notched specimen tension tests, the cracks expand simultaneously from the left
and right side, then meet in the middle and merge. The final fracture pattern is very consistent with the
previous results. This symmetric and asymmetric double notched numerical experiment is conducted
to simulate crack coalescence using the improved staggered algorithm for phase-field brittle fracture
with the local arc-length method.
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Figure 16: Geometry and boundary conditions of symmetric doubled notched specimen
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Figure 17: Crack patterns for symmetric doubled notched specimen tension test at different displace-
ments

4.5 L-Shaped Specimen

The L-shaped specimen in [26] is taken as an example to simulate the evolution process of the crack
path. The geometry and boundary conditions are shown in Fig. 20. The following material properties
are used: Young’s modulus £ = 28.8 GPa, Poisson’s u = 0.18, critical fracture energy density G. = 8.9
x 107 kN/mm, and length scale parameter /, = 1.1185 mm. A finite element mesh consisting of 52634
elements was used to refine the expected crack propagation region. The improved staggered algorithm
is used for this specimen to demonstrate its ability in more complex geometry.

Fig. 21 shows the phase-field and equivalent strain plots for the L-shaped specimen obtained
from the phase-field fracture model at different displacements. The crack starts at the corner of the L-
shaped plate and spreads slightly upward horizontally. The crack path is basically consistent with the
path of equivalent strain plots. The results were compared with the experimental measurement results
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provided in [26]. The calculated results of the crack growth process are convergent and consistent
with the published experimental results. This L-shaped specimen numerical experiment is conducted
to simulate crack propagation in more complex modeling using the improved staggered algorithm for
phase-field brittle fracture with the local arc-length method.
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Figure 18: Geometry and boundary conditions of asymmetric doubled notched specimen
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Figure 19: Crack patterns for the asymmetric doubled notched specimen tension test at different
displacements
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Figure 21: Phase-field and equivalent strain plots for the L-shaped specimen obtained from the phase-
field fracture model at different displacements. (a) u = 0.20 mm, (b) u = 0.35 mm, (¢) u = 0.70 mm

4.6 Dynamic Crack Branching

In addition to the quasi-static crack propagation examples, dynamic crack propagation is also
handled by means of the improved staggered algorithm. The geometry and boundary conditions of
the dynamic crack branching are shown in Fig. 22. An initial crack with a length of 50 mm was
prefabricated in the middle of the plate, and the top and bottom sides of the plate were subjected
to an impact load of 1 MPa. In order to reduce the errors of mesh size on the calculation results,
the phase-field fracture modeling is composed of uniform quadrilateral elements with a size of 2.5 x
10*. The material and fracture properties are chosen as: density p = 2450 kg/m?®, Young’s modulus
E = 32 GPa, Poisson’s u = 0.18, critical fracture energy density G, = 3 x 10° kN/mm, length scale
parameter /, = 0.01 mm, and Rayleigh wave velocity V', = 2125 m/s.
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The crack patterns for the dynamic crack branching are shown in Fig. 23, and the velocity curve
of the crack is shown in Fig. 24, The crack will branch when it suffers the impact load. From the curve,
the maximum velocity of the crack tip reaches approximately 0.5 Vi, which is basically consistent with
the results of the test. It is noted that the crack tip velocity branches immediately after reaching the
peak for the second time, and the branching occurs from 30 ps and 36 ps. The velocity of the crack tip
decreases immediately after crack branching and starts to increase again after 40 ps. Borden et al. [28]
first applied the phase-field method to model the case. Song et al. adopted other fracture numerical
methods for the same model. In this work, we compare the curve of the velocity of the crack tip
propagation with the results of Borden’s test, which is solved in terms of the monolithic algorithm.
The numerical results of the algorithm are in good agreement, and the velocity of the crack tip for the
staggered method is slightly lower than that of the monolithic method. The phase-field fracture model
does not require additional branch criteria or numerical iteration of discontinuous displacement fields
when simulating dynamic crack branching and propagation. Compared with the XFEM, phase-field
fracture modeling is more efficient. This dynamic branching numerical experiment is conducted to
simulate dynamic crack propagation using the improved staggered algorithm, which applies not only
to the quasi-static model but also to the dynamic model.
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Figure 22: Geometry and boundary conditions for the dynamic crack problems
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Figure 23: Crack patterns for the dynamic crack problems
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Figure 24: The crack tip velocity for the dynamic crack problems

5 Conclusions

In this study, an improved staggered scheme with the local arc-length method is proposed to study
phase-field brittle fracture. The energy and damage iterative tolerance convergence criteria based on
the residuals of displacement and phase-field is developed and implemented in ABAQUS. We adopt
a one element benchmark numerical test and several numerical examples to verify the feasibility and
accuracy of the phase-field model. From the presented work, the following conclusions can be drawn:

1. The local arc-length method applied to the staggered solution scheme of the phase-field brittle
fracture can track the crack propagation process and load-displacement curve well.

2. The improved staggered scheme for brittle fracture is not sensitive to the size of the load
increment. The accuracy and efficiency are greatly improved.

3. The results of one element benchmark test and several complex numerical examples are in good
agreement with the other numerical solutions.

4. The improved staggered scheme for the brittle fracture model is an effective method to
accurately simulate crack initiation, coalescence, intersection, and branching.
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