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The authors have been developing a crack propagation analysis system that can deal with arbitrary shaped cracks in three-

dimensional solids. The system is consisting of mesh generation software, a large-scale finite element analysis program and a

fracture mechanics module. To evaluate the stress intensity factors, Virtual Crack Closure-Integral Method (VCCM) for the quadratic

tetrahedral finite element is adopted and is included in the fracture mechanics module. The rate and direction of crack propagation are

predicted by using appropriate formulae based on the stress intensity factors. Combined with ADVENTURE system, a large-scale

fully automatic fracture analysis can be performed on Earth Simulator 2.
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1. Introduction

For the realization of sustainable society in the 21 century,
structural integrity assessments for gradually aging social
infrastructures are increasingly gaining their importance.
Fracture mechanics simulation will be one of the key numerical
methodologies for the structural integrity assessments.
However, three-dimensional crack analyses for realistic highly
complex structures have not widely been used so far, because
of many obstacles such as the lack of computational power.
The authors have been developing an open-source CAE system,
ADVENTURE [1]. It is based on the hierarchical domain
decomposition method (HDDM) with the balancing domain
decomposition (BDD) pre-conditioner [2] [3]. A general-
purpose structural analysis solver, ADVENTURE Solid, is
one of the solver modules of the ADVENTURE system. On
the other hand, the authors have been developing a fracture
mechanics analysis system that can deal with arbitrary shaped
cracks in three-dimensional structures. The system consists of
mesh generation software, a finite element analysis program and
a fracture mechanics module. In our system, a Virtual Crack
Closure-Integral Method (VCCM) for the quadratic tetrahedral
finite elements [4] is adopted to evaluate the stress intensity
factors. This system can perform the three-dimensional fracture

analyses. Fatigue and SCC (stress corrosion cracking) crack
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propagation analyses with more than one cracks of arbitrary
complicated shapes and orientations. The rate and direction of
crack propagation are predicted by using appropriate formulae
based on the stress intensity factors.

In this year, we developed a fracture mechanics analysis
system with ADVENTURE and VCCM for large scale and
complex-shape crack models with over 100 million DOFs

tetrahedral mesh on Earth Simulator2.

2. Overview of VCCM
VCCM for the quadratic tetrahedral elements that is proposed
by Okada et al. [4] is adopted for the computations of the stress
intensity factors. In this section, a very brief summary of the
VCCM is presented. The readers are referred to Okada et al.
[4] for the full details of the VCCM. In the VCCM, the energy
release rate is expressed by energy which is required to virtually
close a finite element face which is adjacent to the crack front.
the is able to evaluate the energy release rate G, from nodal
displacement and reaction force nearby crack front calculated by
structural analysis.
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Fig. | VCCM calculation [(a) for area S1, (b) for area S2].
) §W 1(S,) Calculation result is as follows (Fig. 3). In calculation on ES2,
Gr(Sy)= S, @ we used 64 PEs and mesh decomposed to 512 parts/32,768

where G, is the mode I energy release rate, S, and S, are the
areas of element faces whose vertex node and edge are on the
crack front, respectively. S, and S, are illustrated in Fig. 1 (a)
and (b). 9, (S,) and &, (S,) are the energies that are required
to virtually close the faces S, and S,. 6, (S,) and 57 ,(S,) can be
computed by using the nodal crack opening displacements ¢y
and the nodal forces P} arising from the cohesive stress on the
element faces at the ligament side. #io, and P} are schematically
presented in Fig. 1. The energies 6i7,(S,) and oW, (S,) are

expressed by:
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Fig. 2 CAD view of analysis model.
The stress intensity factor is computed from the energy

release rate. The stress intensity factor K| is expressed, by:
K I= 1[ E ’G 7 (5)

where E'= E or E'= E/(1-") for the plane stress or the plane
strain conditions. £ and v are the Young’s modulus and the

Poisson’s ratio, respectively.

3. Numerical Analysis

In this section, a case study is demonstrated. The analysis
model is a notched round bar with 3 inclined cracks (Fig.
2). Mesh of this model consists of 128,875,945 nodes and
95,663,296 elements. In FE analysis, calculation time and
memory usage of solver depend on domain decomposition
parameter and preconditioner. Based on our experience of

analysis using Earth Simulator2 [5], we adopt about 12,000

DOF per domain for domain decomposition parameter and apply

incomplete BDD-diag preconditioner on the Earth Simulator2. Fig. 3 Contour plot of Mises stress near by cracks.
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subdomains and achieved 1717.3 sec. as calculation time and
2204.8 GFLOPS.

Finally, we evaluate the stress intensity factors. The results
are presented in Figs. 4, 5 and 6 for the left side, center and right

side cracks, respectively.
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Fig. 4 Stress intensity factors of left crack.
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Fig. 5 Stress intensity factors of center crack.
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Fig. 6 Stress intensity factors of right crack.
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4. Conclusions

We have developed an analysis system which can perform
large scale fracture analyses on ES2. The quadratic tetrahedral
finite element is adopted so that we can make use of automatic
mesh generation methodologies. Therefore, our system is very
advantageous over the conventional fracture analysis procedures
that commonly adopt the hexahedral finite elements. It is noted
that the mesh generation processes cannot be fully automated
when we use the hexahedral elements.

We will continue present development and ultra-realistic
large scale fracture mechanics analysis for the structural
integrity assessments for aging structures will be possible in

near future.
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