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Residual stress field is induced by temperature/moisture gradient, inelastic deformations or local volume change due to phase
transition. The intensity and the distribution of residual stress have great influence on fracture process. Our goal of this project
is to investigate and predict the behavior of the earthquake fault from a view point the dynamic fracture in residual stress field.
We try to analyze the behavior of the earthquake fault by using the dynamic fracture analysis method developed by the project
members. In this year, we achieved MPI parallelization and memory saving of the dynamic fracture analysis program for the
massive parallelization. Also, we verified the required a spatial resolution of the analysis mesh and the degree of the time
integration scheme for providing reliability of analysis results.

Keywords : residual stress, facture analysis, tempered glass, PDS-FEM

1. Introduction @ 7
Control of the residual stress field is a significant problem in o -
industrial applications because the residual stress field is highly l’{" ' 411 oozmp
related to the strength and fracture of the bulk materials. Also, it n = v
is known that the residual stress effect on the interrelation of earth ® :
cace! casen casem

quake faults. Therefore, it is important to achieve the fracture

s (\P9)
o &
¥

g

analysis in residual stress field from the perspectives of both g - \ . \ o \
industrial application and scientific interest. In this program, we ;!-:: = o S—
aim to apply our dynamic fracture analysis method to the itance ramthe mipae () Gitance o o) e g frm)

behavior of the earthquake fault considering the effect of residual Fig.1 Analysis model of chemically tempered glass plate. a =

stress field. Our analysis method is based on PDS-FEM (Particle 0.5 mm. (a) Analysis model. (b) Residual stress profile.
Discretization Scheme Finite Element Method) [1]. This method

ion, i he catastrophic failure of the glass plate.
enabled the analysis of the dynamic facture in residual stress field reglon, it causes the catastrophic failure of the glass plate

. Here, we performed the simulations on three chemicall
for the first time in the world regardless of the source and scale P Y

lass pl ith diff idual fil I
of the residual stress field. In this year, we achieved MPI temperedgas.sp ates wit dl. eren? residual stress pro. ! e(case.,
11, 1I); see Fig.1 (b). The dimensions of the analysis model is
30mmx2.0mmx0.70mm. The fracture process started by

introducing the initial crack shown by the red area of Fig.1 (a).

parallelization and memory saving of the simulation code, and
verified the order of the time integration scheme for the massive
parallelization. We also studied a spatial resolution of the analysis . . .
- . . We used three kinds of mesh sizes on each residual stress profile.
mesh because the reproducibility of the residual stress profile is . .
Figure 2 shows the analysis results. When the average nodal
distance dy,g is shorter than 13.5um (the thickness is divided

into more than 50), the crack patterns converge. However, when

highly related to the crack propagation process. It is noted that the
validity of this analysis code has already been verified [2].

2. Trapezoidal residual stress profile dgayg 1s longer than 18.7um (the thickness is divided into less

han 40), th k patt f Id t . Thi
Chemically tempered glass plates have 1D trapezoidal residual than 40), the crack pattern of case If does not converge. This

. . N implies that the mesh resolution is not high enough to reproduce
stress profile in the thickness direction. The tempered glass P £ £ P

. . . . the residual stress profile in the thickness direction.
improves the resistance to the surface flaws by introducing the

compressive residual stress at the surface through the chemical i .
3. Parabolic residual stress profile

[3] or thermal [4] treatment. However, any compressive residual . .
. . . Thermally tempered glass plates have 1D parabolic residual
stress must be accompanied by the tensile residual stress and . . L
. . o stress profile in the thickness direction. Here, we perform the
thereby the residual stress profile is introduced within the fracty vsis of th vt dcl ate with a size of
. acture analysis of thermally tempered glass plate with a size o

thickness of the glass plate. If a flaw reaches the tensile stress Y y femperec g1ass p

10mmx10mm>2mm which has the stress profile in Fig. 3. We
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Fig.3 Residual stress profile of thermally tempered glass plate.

use five different mesh sizes for the simulation. As with the case
of section 2, the fracture process started by introducing the initial
crack. Figure 4 shows the analysis results. When dg,  is
0.16mm and 0.08mm, the crack bifurcates and does not go
straight. On the other hand, when d,; is under 0.04mm, the
straightness of the crack improves as the mesh resolution
becomes high. According to these results, it is considered that the
mesh which divides the parabolic residual stress profile into more
than 100 is required to reproduce the crack propagation.

4. Time integration scheme

In our fracture analysis code, we employ the Simplectic
Integrator (SI) [5] as the time integration scheme. By using SI,
the energy error of Hamiltonian system does not monotonically
increase. In the analyses shown in section 2 and 3, we employed
the 4th-order bilateral SI. The 4th-order bilateral S includes eight
times sparse matrix-vector multiplication (SpMV) per time step.
Replacing it with 1st-order SI, the number of SpMV per time step
is reduced from eight to one. This significantly reduce the
computational cost. Here, we performed the same simulation of
section 3 by using 1st-order SI. In this analysis, we used the mesh
with dg,,g 9.36um (the thickness is divided into 75). Figure 5
shows the comparison of crack pattern with different order of SI.
In all cases, there is no significant difference of the crack patterns.
Therefore, it seems that the 1st-order SI keeps sufficient accuracy.
However, when we performed simulations with different model
and different residual stress profile after these analyses, the crack

0y = 0.16 mm dyy = 0.08 mm gy = 0.04 mm
(divided into 12) (divided into 24) (divided into 48)

dyy = 0.026 mm auy = 0.02 mm
(divided into 77) (divided into 100)

Fig.4 Analysis resulté of thermally tempered glass plate with
different mesh resolution.

4th-order bilateral 1st-order T

simplectic integrator simplectic integrator .
ST
AN T

Fig.5 Analysis results of chemically tempered glass plate

case |

case Il },
case m

2mm

with different order of time integration scheme.

propagation terminated on the way with 1st-order and 2nd-order
SIwhile the simulations with 2nd-order and 4th-order bilateral SI
correctly analyzed. This might be because the mesh resolution
was not so high (the thickness is divided into 50). We need more
investigation about relationship between mesh resolution and the
order of the time integration scheme.

5. Conclusion

In this project, we achieved MPI parallelization and memory
saving of the code of dynamic fracture analysis in residual stress
field. According to memory saving, the required memory is
reduced by half. We investigated the mesh resolution on 1D
trapezoidal and parabolic residual stress profile by simulating the
fracture of tempered glass plates. For the trapezoidal residual
stress profile, the 50 division of the profile is sufficient while the
100 division of the profile is required for the parabolic profile.
This difference might be because the tensile residual stress profile
is almost constant in trapezoidal profile. Such constant profile
can be reproduced by low mesh resolution. On the other hand,
the high mesh resolution is required for reproduction of the
parabolic tensile residual stress profile. We also investigated of
the order of SI. While replacing 4th-order bilateral SI with 1st-
order SIimproves computational speed to 4 times speed, we need
more investigation about the order of time integration scheme.
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