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Abstract

This study deals with numerical simulations based on
elastic-plastic finite element method for nonlinear stress
analyses on pre-cracked tensile specimens with high strength
properties. The influence of crack geometry on fracture
resistance properties is considered with numerical analysis
on models with two different cracks. Results on fracture
resistance parameters are obtained for both simulated
tensile panels with different crack lengths and width,
referred as short and long crack. The obtained numerical
results for crack resistance behaviour of tensile specimens
are compared with data results from existing experimental
investigations on specimens with same shape and material
properties. Also, comparison is made with results obtained
from similar standard experimental procedure. It is shown,
that a proper combination of numerical and experimental
procedures can lead research to significantly accurate results
when investigating the fracture response of materials.

INTRODUCTION

Initial cracks may occur in various types of structures,
such as pressure vessels or pipelines due to welding proce-
dure, fabrication, transportation and installation. There are
various reasons and factors that may cause the crack to
accelerate its propagation and reach its critical size, which
will significantly reduce the load capacity of the structure
and eventually will lead to catastrophic failure. Fracture
resistance parameters as the J-integral and crack mouth
opening displacement (CMOD) are fundamental parameters
that are widely used to describe the behaviour of elastic-
plastic materials when a crack is present. Investigation of
tensile specimens with a rectangular cross section and semi-
elliptical surface crack in the middle, can give an adequate
and realistic image of the remaining strength capacity of a
structure, if results obtained include measurements for J-
integral and CMOD parameters. These parameters can be
obtained through standard fracture mechanics tests. How-
ever, results for different specimens often reveal consider-
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Izvod

U ovom radu se razmatraju numericke simulacije na
bazi elastoplasticnih konacnih elemenata kod nelinearnih
naponskih analiza zateznih epruveta sa prslinom, od mate-
rijala povisene cvrstoce. Uticaj geometrije prsline na
otpornost prema lomu je razmatran u numerickoj analizi na
modelima sa dve razlicite prsline. Rezultati parametara
loma su dobijeni kako za simulaciju zateznih ploca razlici-
tih duzina prsline i sivina, koje cine tzv. kratke i duge prsli-
ne. Poredenjem dobijenih numerickih rezultata za otpornost
na lom zateznih epruveta sa rezultatima odgovarajucih
eksperimentalnih ispitivanja epruveta istih oblika i osobina
materijala, kao i poredenje sa rezultatima dobijenim slic-
nim standardnim eksperimentalnim postupcima, pokazuje
se da pravilna kombinacija numerickih i eksperimentalnih
procedura moze usmeriti istrazivanje u dobijanju mnogo
preciznijih rezultata u istrazivanju svojstava otpornosti na
lom materijala.

able differences due to the constraint effects that are very
important even in homogeneous structures. These differ-
ences basically arise from the fact that material's fracture
resistance is strongly dependent from crack geometry and
type of loading. In welded joints these effects are much
more pronounced than in homogeneous structures. Above-
mentioned constraints are the reason why transferring the
fracture parameters from specimens to components is espe-
cially questionable. As a parameter characterizing crack tip
field, the J-integral has played an important part in elastic-
plastic fracture mechanics and assessment of homogenous
structure, /1-4/. Many researchers /5-9/ have used the finite
element method (FEM) which is an important tool to design
a practical mechanical component, such as welded joints.
Cracks subjected to loads respond in the same manner as a
notch in a material, namely as stress raisers. Due to the
sharp configuration at the tip, the crack creates severe
concentrations of stress at the tip, /10/. Related to this
behaviour is also the creation of a plastic zone in the
vicinity of the tip, due to plasticity in the material from high
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stress. The stress field at the tip of the crack greatly
depends on the mechanical behaviour of materials.

The aim of this work is to analyse the influence of crack
geometry characteristics on the mechanical behaviour of
specimens produced of high strength low alloyed steel
(HSLA). The J-integral method is used for numerical inves-
tigation of fracture behaviour on two tensile specimens of
rectangular cross sections with different crack geometries in
the central section. The tensile specimens are simulated in
Abaqus 6.13-1 using 3D finite elements. Two models are
considered, the base metal with small crack (BMSC) and
the base metal with the large crack (BMLC).

FINITE ELEMENT MODELLING OF SPECIMENS

Computational methods such as finite element method
are widely accepted as an important tool used to investigate
crack behaviour. Contributing to this field, we analysed the
fracture behaviour of HSLA steel by computing J-integral
at the crack front. Finite element simulations are done using
Abaqus 6.13 platform in elastic-plastic domain.

Taken into account the symmetry of loading and geome-
try, only a quarter of the model is simulated with reduction
on the side-ends in order to reduce calculation time. Figure
1 shows the geometry of the model and the finite element
mesh. The quadratic 20-node isoparametric brick elements
with reduced integration (C3D20R) are used to construct
the quarter models of the tensile panels. The resulting finite
element models consist of different number of elements and
nodes, which is due to the difference in crack geometry in
each model. The number of elements and nodes for the
models is given in Table 1 and the geometry of each crack
is given in Fig. 2.

Figure 1. Finite element mesh of the model.

Figure 2. Semi-elliptical small and large surface crack.
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The singularity at the vicinity of the crack tip is
modelled by small elements with 0.2x0.2 size in order to
increase the precision of calculation. Also, smooth mesh
transition from smaller to larger mesh elements is applied,
so a finer mesh is used in the region of the crack and it
proceeds continuously into mesh elements that are larger.
This transition reduces the number of mesh elements in the
region that is located at a considerable distance from the
crack. The crack tip is designed with the focused small
elements of a different number of layers around cracks
which also depends on crack geometry.

Details concerning the geometries of tensile panels with
semi-elliptical surface cracks in the central region are given
in Table 2. In the FE computation the base material used is
Sumiten 80P. The mechanical properties of the material are
introduced in the finite element code as a set of numerical
data from true stress-strain curves drawn from previous
tensile tests.

Table 1. Mesh details for 3D tensile panels.

Model description Element type | Elements | Nodes
BMSC C3D20R 16350 71791
BMLC C3D20R 22555 97287

Table 2.Geometries of centre cracked tensile panels.

Specimen | ¢ | 2W | 2¢ | a, | al/t | alc | /W
BMSC 1575|1625 0330313021
BMLC 15| 75 126|501 0.17 | 0.384 | 0.35

The true yield stress is calculated 797 MPa, as shown in
Fig. 3. The elastic properties of the material are assigned in
a different module in the program through elastic modulus
E =206843 MPa and Poisson's ratio v=10.3 /11/.
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Figure 3. True stress-strain curve of Summiten 80P.
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The boundary conditions in both 3D models are
symmetrically applied on boundary surfaces in X-Z plane
(Y = 0) and the Y-Z plane (X = 0) in the finite element
model. The uniform 5 mm displacement, representing the
force in X direction, is applied to the remote end.

In order to ensure the accuracy of performed analyses,
all models are previously calibrated numerically on tensile
specimens without crack, through assigning changes in data
input and mesh techniques, as shown in /12/.

RESULTS AND DISCUSSION

J-integral values obtained for models BMSC and BMLC
are plotted vs. strain and their values are compared with
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experimentally obtained data. Also, comparison between
experimental and numerical results for J-CMOD are plotted
for both tensile panels with large and small cracks. Results
for models BMSC and BMLC are shown in Figs. 4-5 and in
Figs. 6-7, respectively.
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Figure 4. J-CMOD for tensile panel with small crack.
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Figure 5. J vs. strain for tensile panel with small crack.

It should be noted that the calculated parameters result
from elastic-plastic analyses without considering ductile
tearing. Although the prevailing tendency of increasing
toughness with increasing strain is evident for both cases,
the assessment of obtained data is influenced by degree of
scatter. In general, the results are promising and show good
agreement with experimental results, but for more accurate
results further corrections in properties and mesh density
should be done.

It is clear that J-integral values increase with CMOD
values when the load increases. However, the rate of
increase in J-integral values is different for tensile panels
with small and large cracks. Relationship between J and
CMOD is almost linear for tensile panel with a small crack.
For a tensile panel with large crack this relationship appears
to be curvilinear. For all of the investigated specimens, it
appears that part of the curves are almost overlapping at
low load levels. With further increases in load, the curves
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tend to separate. This is especially the case for specimens
with large cracks. In addition, the rate of increase of J-
integral values are approximately the same for both models.
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Figure 6. J vs. strain for tensile panel with large crack.
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Figure 7. J-CMOD comparison for tensile panel with large crack.

As indicated from the above the difference in crack size
may have a weak influence on the relationship J-integral
and CMOD values at low load levels. Strong effects exist at
high load levels, where local deformation plays an impor-
tant role. Thus, it is expected that the relationship between
J-integral and CTOD can vary significantly depending on
material properties and load conditions. Both models have
different mesh qualities which is eminent from the results
scatter when comparing both numerical models. Figures 8-9
show stress distribution at the crack tip for BMLC and
BMSC models, respectively.

4
4L
=rdls
e
S
e
S
oe
Sl
aid
4c
+

Crack front in
BMLC

stress distribution on the tip of the crack.
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Figure 9. Results obtained from BMSC, with details on mesh and stress distribution on crack tip.

CONCLUSION

The comparison between experimental and numerical
results for tensile panels with different crack length and
width reveals understandable differences that arise from
many factors among which is the crack itself, since it is the
place where stress concentrations occur. The J-CMOD
curves for experimental and numerical results are different
due to differences in a/W ratio that in a way describes crack
geometry. In the elastic-plastic regime for the large crack
specimen, plastic flow is confined to the ligament of the
specimen and high stress concentration is maintained at the
tip. However, for the small crack specimen the plastic flow
spreads to the free surface behind the crack tip and the
yielding to free surface causes a loss of crack tip constraint.
In this case the small crack specimen must undergo more
crack tip blunting and plastic deformation than large crack
specimens in order to develop the same critical stress and
strain at the crack tip required to cause the onset of crack
growth, /13/. Thus, crack size, which is related to plastic
constraint of the crack tip, must have an important influ-
ence on the relationship between J-integral and CMOD.
Although some recent results show that the crack length
appears to have very little effect on the plastic constraint
factor /14/, in this investigation it has been shown that crack
lengths have a strong influence on the relationship between
the J-integral and CMOD for both numerical and experi-
mental results.

The considered numerical analysis has an important role
in further development of numerical models that will
provide solid estimation of mechanical properties in ductile
weld metals which are considered to be homogenous, as
well as in heterogeneous materials such as the narrow heat
affected zone (HAZ) in complex asymmetric joints.
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