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1. Introduction

Performing full-scale tests is important in defect
assessments of structures, but it is very difficult to
reflect the complex geometries and loading conditions
that occur in practice in plant assessments. An efficient
tool is therefore needed not only to design full-scale
and complex tests but also to reduce the need to
perform such tests. One possible tool is a virtual testing
using finite element (FE) damage analysis based on the
local approach [1-8].

Recently, the authors proposed a simple FE method
to simulate ductile failure based on a phenomenological
stress-modified fracture strain model [9, 10]. The
method is not new in the sense that the stress-modified
fracture strain model is based on the well-known
concept that the fracture strain for ductile fracture
strongly depends on the stress state [11-16].

Virtual testing using FE damage analysis should
ultimately be used to simulate failure of large-scale
components such as full-scale pipe tests (possibly with
long, stable crack growth). To simulate long, stable
ductile crack growth in full-scale cracked pipes,
existing methods need to be modified to incorporate
larger element sizes.

In this paper, an element-size-dependent damage
model based on the stress-modified fracture strain
model is proposed to simulate failure of full-scale
cracked plates including the influence of residual
stresses. The proposed method is then compared with
published experimental full-scaled cracked plates with
and without electron-beam welds [18, 19].

2. Ductile fracture simulation

The accumulated damage is associated with loss of
load-carrying capacity of the material. When the
accumulated damage at a point becomes unity, load
(stress)-carrying capacity of the point should be
reduced to zero. There can be several ways to simulate
loss of load-carrying capacity. In the proposed method,
it is simulated simply by sharply reducing all stress
components at the gauss point to a small plateau value.
Decreasing stresses sharply to zero can cause numerical
problems. A sensitivity analysis for the effects of the
decreasing slope and cut-off stress value led to the
following conclusions [9]. Simulated results were not
so sensitive to the choice of the decreasing slope, as
long as it was smaller than 1/5000 (when the strain
increases by 0.1, the stress decreases more than

500MPa). Similarly simulated results were not so
sensitive to the choice of the cut-off value, as long as it
was smaller than 10% of the yield strength. Based on
these results, values of the decreasing slope and the cut-
off values were chosen to be 1/5000 and 10% of the
yield strength, respectively, in the present work.

The above failure simulation technique is
implemented in the commercial FE program, ABAQUS
[17] using user subroutines. For instance, when the
accumulated damage becomes critical (unity), stresses
are relaxed simply by changing the yield surface using
the UHARD subroutine within  ABAQUS. More
detailed information can be found in Ref. [9].

It has been well known that (true) fracture strain &
for dimple fracture strongly depends on the stress
triaxiality (defined by the ratio of the mean normal
stress om and equivalent stress o) [11-16]:
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where o (i=1,2,3) denote the principal stress
components. Although detailed expressions differ
slightly, the dependence of & on the stress triaxiality
can be modeled using an exponential function, for
instance, by:

&f = Aexp[—Ca—m}rB (4)

Oe

where A, B and C are material constants. For a given
material, an explicit form of the stress-modified fracture
strain can be found from notched bar tensile tests. For
instance, a step-by-step procedure to determine the
stress-modified fracture strain was given in Refs. [9,
10]. Once the form of & is available as a function of the
stress triaxiality, incremental damage due to plastic
deformation, Aew, is calculated (at each gauss point
within finite elements) using
Asep
o ®)
where AP is the equivalent plastic strain increment,
calculated from FE analysis. When the accumulated
damage becomes unity, w=w.=1, ductile failure is

Aw =
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assumed locally and incremental crack growth is
simulated using the technique described below.

3D finite element models were used to predict the
fracture behavior of the full-scale wide plate tests. A
quarter model was used considering symmetry
conditions. The models with the residual stress effect
were provided to represent the electron-beam weld. The
method to generate residual stresses in the specimens
was by applying a thermal transient to elements
positioned at the weld location and then eliminating a
thermal transition. A constant thermal expansion
coefficient of 24 x105K was used. Simulated residual
stresses agree well with experimental data. Following
this simulation of residual stress fields, the defect was
inserted instantaneously into the models by removing
elements in front of the crack tip.

Primary loading was simulated by applying axial
displacement to nodes located on the upper edge of the
FE models.

3. Conclusions

This paper has presented the results from an element-
size dependent model to predict the influence of
residual stress effects on ductile tearing behavior of
AL2024 and AL5083 alloys. The proposed method is
based on the stress-modified fracture strain model,
proposed previously by the authors [9, 10]. Incremental
damage is defined by the ratio of the plastic strain
increment to the fracture strain. In our work,
progressive cracking was assumed to occur when the
accumulated damage becomes unity and provided a
proper finite element size. It has been shown that this
method worked very well to simulate the ductile crack
growth in laboratory specimens, simulating long, stable
crack growth in large-scale cracked plates containing
residual stresses.

Acknowledgement

This work was supported by the National Research
Foundation of Korea(NRF) grant funded by the Korea
government(MEST)(No. 2012M2A8A2055601)

REFERENCES

[1] Gurson, A. L., 1977. “Continuum theory of ductile rupture
by void nucleation and growth. Part 1-yield criteria and flow
rules for porous ductile media.” Journal of Engineering
Material Technology, 99(1), pp. 2-15.

[2] Chu, C., Needleman, A., 1980. “Void nucleation effects in
biaxially stretched sheets.” Journal of Engineering Material
Technology, 102(3), pp. 249-256.

[3] Tvergaard, V., 1981. “Influence of voids on shear band
instabilities under plane strain conditions.” International
Journal of Fracture, 17(4), pp. 389-407.

[4] Rousselier, G., 1987. “Ductile fracture models and their
potential in local approach of fracture.” Nuclear Engineering
and Design, 105(1), pp. 97-111.

[5] Beremin F. M., 1981. “Cavity formation from inclusions
in ductile fracture of A 508 steel.” Metallurgical and
Materials Transactions, 12(5), pp. 723-731.

[6] Marini, B., Mudry, F., Pineau, A., 1985. “Ductile rupture
of A508 steel under nonradial loading.” Engineering Fracture
Mechanics, 22(3), pp. 375-386.

[7] Tvergaard, V., Hutchinson, J. W., 1992. “The relation
between crack growth resistance and fracture process
parameters in elastic-plastic solids.” Journal of Mechanics
and Physics of Solids, 40(6), pp. 1377-1397.

[8] Cornec, A., Scheider, I., Schwalbe, K.H., 2003. “On the
practical application of the cohesive model.” Engineering
Fracture Mechanics, 70(14), pp. 1963-1987.

[9] Oh, C.S., Kim, N.H., Kim, Y.J., Baek, J.H., Kim, Y.P.,
Kim, W.S., 2010. “A finite element ductile failure simulation
method using stress-modified fracture strain model.”
Engineering Fracture Mechanics, 78(1), pp. 124-137.

[10] Kim, N.H., Oh, C.S., Kim, Y.J., Yoon, K.B., Ma, Y.H.,
2011. “Comparison of fracture strain based ductile failure
simulation with experimental results.” International Journal
of Pressure Vessels and Piping, 88(10), pp. 434-447.

[11] McClintock, F. A., 1968. “A criterion of ductile fracture
by the growth of holes.” Journal of Applied Mechanics, 35(2),
pp. 363-371.

[12] Hancock, J. W., Mackenzie, A. C., 1976. “On the
mechanisms of ductile failure in high-strength steels subject
to multi-axial stress states.” Journal of Mechanics and
Physics of Solids, 24(2-3), pp. 147-169.

[13] Hancock, J. W., Cowling, M. J., 1980. “Role of state of
stress in crack-tip failure processes.” Metal Science, 14(8-9),
pp. 293-304.

[14] Mackenzie, A. C., Hancock, J. W., Brown, D. K., 1977.
“On the influence of state of stress on ductile failure initiation
in high strength steels.” Engineering Fracture Mechanics,
9(1), pp. 167-188.

[15] Rice, J. R., Tracey, D. M., 1969. “On the ductile
enlargement of voids in triaxial stress fields.” Journal of
Mechanics and Physics of Solids, 17(3), pp. 201-217.

[16] Oh, C.K., Kim, Y.J., Baek, J.H., Kim, Y.P., Kim, W.S.,
2007. “A phenomenological model of ductile fracture for API
X65 steel.” International Journal of Mechanical Sciences,
49(12), pp. 1399-1412.

[17] ABAQUS Version 6.11. User’s manual,
Systemes, 2011.

[18] Sharples J. K., France C. C, Ainsworth R. A., 1999,
“Experimental validation of R6 treatment of residual stresses”,
ASME PVP-Vol. 392, pp.225-238

[19] France C. C., Sharples J. K., Wignall, C., 1998,
Experimental program to assess the influence of residual
stresses on fracture behaviour, summary report, AEA
Technology Report AEAT-4236, SINTAP/TASK4.AEAT18.

Dassault



