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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, a Virtual Crack Closure-Integral Method (VCCM) for the second-order

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 ES2.
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1. Introduction

For the realization of sustainable society in the 21 century,
assessment of gradually aging social infrastructure is becoming
important. Fracture analysis has been one of the key numerical
simulation for such problems. However, a three dimensional
crack analysis of a real world, highly complicated structure has
not been widely used yet, because of many obstacles including
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]. A general-
purpose structural analysis solver, ADVENTURE Solid is
one of the solver modules of the ADVENTURE system. It
runs on The Earth Simulator (ES1) with a large scale model
hundreds of millions of degrees of freedom [3, 4]. It can achieve
vectorization ration 98%, parallel performance 70% (256 nodes)
and 25% of the peak performance using an unstructured grid.

On the other hand, we have also been developing a system
to support a three dimensional fracture analysis, especially
a fatigue or SCC propagation analysis with many cracks of
arbitrary complicated shape and orientation. To integrate the
large scale structural analysis code with this fully automatic
fracture analysis capability, a direct fracture simulation of

a highly complicated realistic aging structure with explicit
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modeling of cracks.

In this year, we conducted mainly two tasks, porting of
automatic fracture analysis system on ES2 and performance
tuning of ADVENTURE Solid for ES2.

2. Development of automatic fracture analysis system
based on VCCM

Most of the fracture analyses have been performed by using
the hexahedral finite elements. It takes an enormous amount of
manual labor to generate a finite element model for a complex
shaped three-dimensional structure with hexahedral finite
elements. Thus, methodologies such as element free Galerkin
method (EFGM), s-Version finite element method (s-FEM)
and eXtended finite element method (x-FEM) were proposed to
obviate the processes of mesh generation and were applied to
the fracture mechanics problems.

Recently, Okada et al. [5, 6] have developed a virtual crack
closure-integral method (VCCM) for tetrahedral finite elements.
Based on the VCCM, an analysis system to perform crack
propagation analysis system is being developed by present
authors. The system is consisting of automatic mesh generation
software, a large-scale finite element analysis program and
a fracture mechanics module to evaluate the stress intensity
factors by using VCCM. When crack propagation analysis is

performed, the rate and direction of crack propagation need
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to be predicted by using appropriate formulae based on the
stress intensity factors. Mesh generation software that is a part
of ADVENTURE project [1] is extended so that models with
cracks can automatically be created. The cracks are regarded as
local features in the three-dimensional analysis model ("local
model"). They are inserted in an existing finite element model
("global model") without any cracks. Thus, the geometry
representation of the structure is unchanged even though the
shapes and the sizes of the cracks change as they grow. The
crack models are represented by a number of nodal points
and they are inserted in the global model. Hence, Delaunay
triangulation technique is appropriately applied to generate the
finite element mesh with the tetrahedral elements.

The crack propagation analysis system is consisting of parts/
modules/programs for 1) model and crack geometry definition,
2) automatic finite element mesh generation with the second
order tetrahedral finite elements, 3) finite element analysis using
a parallel PC cluster, 4) evaluation for the stress intensity factors
by using the virtual crack closure-integral method (VCCM) and
5) predictions for the direction and rate of crack propagation
when the crack propagation analysis is performed, as depicted
in Fig. 1.

First, the global model that has geometry information of the
problem as whole is generated. This is called "base mesh". Only
nodal point information of the base mesh is used to generate the
crack model. The crack is inserted in the dense mesh region.

Second, the local model for the crack is generated. The
procedures of generating the crack model are (1) defining the
geometry of crack, (2) assigning the locations of nodal points
in the plane of crack so that the model requirements for the
VCCM computation is satisfied and (3) staking all the nodal

points for the crack in the vertical direction. Nodal points are
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Fig. I Crack propagation system (programs and modules).
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inserted in the base mesh and a finite element model consisting
of second-order tetrahedral finite elements is generated by using
the Delaunay triangulation technique. Points with blue and red
colors are those on the crack face and those at the crack front.

As an example, a fatigue crack in a circular bar subject to
torsion is considered. The stress intensity factors are evaluated
along the crack front. The kink angle and the rate of crack
propagation are computed.

Finite element mesh for the initial state is shown in Fig. 2.
It has a total of about 690,000 nodes and 500,000 elements and
the numbers increase as the crack grows. The total numbers of
nodes and elements after 15 steps of crack propagation were
about 1,120,000 and 800,000, respectively. The growth of crack

is shown in Fig. 3.

3. Performance Optimization of ADVENTURE Solid

As a programming style on a vector-type supercomputer such
as ES1, ES2 and NEC SX-series, the length of an inner-most
loop should be long enough to achieve high performance. On
ES1, ADVENTURE Solid had an enough vector loop length to
obtain roughly 30 - 40% of peak performance. However, on the
new supercomputer, ES2, the vector loop length to obtain good
enough vector performance on the current ADVENTURE Solid
code has increased. As a result, peak performance ratio dropped
to 4 — 5% with the current code. We planned a major revision of
ADVENTURE Solid, so that it can regain a good enough vector
length on ES2. To investigate the design detail, first we studied
performance characteristics of ES2 in the context of the finite
element method and the domain decomposition method.

ADVENTURE Solid is based on the hierarchical domain
decomposition method (HDDM). In HDDM, a whole analysis
domain is subdivided into many small subdomains. The
parallelization of ADVENTURE Solid code is primarily based
on subdomain-wise FEM calculation. On the FE analysis of each
subdomain, a linear system of the subdomain stiffness matrix
is solved. A skyline solver is employed for the solution of the
relatively small system. In the current version of ADVENTURE
Solid, this subdomain-wise skyline solver is identified as a hot
spot. The inner-most loop of the hot spot is the double loop in
forward and back substitution of the skyline solver. Its loop
length, which means the band width of the skyline matrix, is not
so large. It is usually about several hundreds.

To increase the vector loop length at the hot spot of
ADVENTURE Solid, we tried an approach to move the loop
over subdomains, which was located at outer-most, into
the inner-most place. Then, the load balance issues among
subdomain FEM calculation become important. In case of a
large scale model, there can be tens of thousand of subdomains
in total. Per processor, the number of subdomains is about 500 -
1000. Through the performance study on ES2, this number was
found to be enough to achieve high vector performance.

If the inner-most loop is driven by the number of
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Fig. 2 Finite element mesh for the initial state.
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Fig. 3 Evolutions of crack face of the problem of circular bar subject to torsion.
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the performance number dropped 20%.

Acknowledgements

This work is performed as a part of the ADVENTURE

project and the authors also would like to thank all the members
of the ADVENTURE project.

References

(1]

(2]

ADVENTURE project, <http://adventure.sys.t.u-tokyo.
ac.jp/>.

M. Ogino, R. Shioya, and H. Kanayama, "An inexact
balancing preconditioner for large-scale structural analysis",
Journal of Computational Science and Technology, 2-1, pp.
150-161, 2008.

R. Shioya, M. Ogino, and H. Kawai, "An seismic response
analysis of a BWR pressure vessel using the next-generation
computational solid mechanics simulator", Annual Report
of the Earth Simulator, April 2006 — March 2007, pp. 163-
167,2007.

130

(4]

M. Ogino, R. Shioya, H. Kawai, and S. Yoshimura,
"Seismic response analysis of nuclear pressure vessel
model with ADVENTURE system on the Earth Simulator",
Journal of the Earth Simulator, 2, pp. 41-54, 2005.

H. Okada and T. Kamibeppu, A virtual crack closure-
integral method (VCCM) for three-dimensional crack
problems using linear tetrahedral finite elements, CMES:
Computer Modeling in Engineering & Sciences. 10, pp.
229-238, 2005.

H. Okada, H. Kawai, and K. Araki, A virtual crack closure-
integral method (VCCM) to compute the energy release
rates and stress intensity factors based on quadratic
tetrahedral finite elements, Engng. Fracture Mech., Vol. 75,
(2008), pp. 4466-4485.



Chapter 2 Epoch-Making Simulation

B« RO RERL R D720 D
KGRI 2T I 2 L —F DFIE

7uyxr PEEH

WA BT R RN
HH
O BT IR RATRE

Y IEHE JUNKRFRERE TARRERE
WA R BERFERERE LRUFER
B ERERRE B

BECZ < DBAHIFHERESL PC 7 7 A8 RIZBWTERZ R LTS, 1 EHHEHRORBELA v ¥ 22 HW7z A TY
RHKM O M 2 TR L T A IHFE Y Y A5 4 ADVENTURE % b 5T, FERHIBRERE AR, - 1% 25
DEHWES I 2V — 5% ES2 LTI L., RFEHSHEE DO H X2 L /NAETEKEITK 7 > 7 ORKE S RIEMNT R,
Phr - O RORMETH DIEL LA RN 75 2 b7 F v — OMBREBEEENT %8 L TR o 2 H i
T, 21 RO TR SOMEICES T A LR HME LTV 5,

LSRRI VAT A B RE LS00 S B RIRNT ¥ A T 2 DRSS ONZ ES2 ~NOBMZ TS 2 ZHIEL., B
ALy (~100 i) O=Zotsea HES S RERFH 21T 72007077 AL L, SSeaEs &R
HERTZWTREE L7z, 2k, HEESAMEOMITICORII Lz, T2, MIAFREZH =R S 7a 77 A
DWTC, TR E D WHARA REZ OO DFEETTEOMFT E 20707 T AERKEZTV, YT FAyva
ETFNVTIIATREZRICL LR LAETH L EER L. 510, WHHBRERET VT X240 ES2 WIS R
& AHEMER R OEFLDO7ZDDOT VT AAIZED, B—T a0ty HiZBnTE— 7 HRRIH 30% ZEmW L7z,
RIYATHAZHCT, 16 /— FLTOEZAD 1,700 15 FHHEBEL 2 € 7V OIS N 2 FEB L 72,

F — 7 — N :fracture mechanics, crack propagation analysis, finite element method, domain decomposition method, aging structure

131





