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EFFECT OF INITIAL POROSITY ON MATERIAL RESPONSE UNDER
MULTI-AXIAL STRESS STATE FOR S235JR STEEL

P.G. KOSSAKOWSKI'

The effect of the initial porosity on the material response under multi-axial stress state for S235JR
steel using the Gurson-Tvergaard-Needleman (GTN) material model was examined. Three levels of
initial porosity, defined by the void volume fraction f;, were considered: zero porosity for fully dense
material without pores, average and maximum porosity according to the metallurgical requirements
for S235JR steel. The effect of the initial porosity on the material response was noticed for tensile
elements under multi-axial stress state defined by high stress triaxiality o,,/o. = 1.345. This effect
was especially noticeable at the range of the material failure. In terms of the load-bearing capacity
of the elements, the conservative results were obtained when maximum value of f, = 0.0024 was
used for S235JR steel under multi-axial stress state, and this value is recommended to use in the
calculations in order to preserve the highest safety level of the structure. In usual engineering
calculations, the average porosity defined by f, = 0.001 may be applied for S235JR.

Key words: Initial porosity, initial void volume fraction f, Gurson-Tvergaard-Needleman material model,
multi-axial stress states, high stress triaxiality, voids, numerical calculations, S235JR steel.

1. INTRODUCTION

The load-bearing capacity of the steel structures in a long term of the operation may
be significantly reduced due to many factors. In the extreme situation, the structure is
subjected to the pre-failure condition, which finally may lead to a catastrophe. Thus, it
is still necessary to analyse such situations and develop methods of estimation of the
limit loads beyond the elastic range. It should be noticed that this problem is a subject
of studies related to the load-bearing capacity [1, 2] and the stability of structures
[3-5], damage detection [6, 7] and numerical methods used in such analyses [8].
There are many damages detected in structural elements operating under pre-failure
conditions. Mostly, these are cracks, holes, and other material discontinuities. In Fig. 1,
a damage in the form of the material structure discontinuities formed due to a phe-
nomenon such as corrosion is shown. In the region of this hole, the strain-stress state
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is subjected to certain modification that may be dangerous for particular element and
whole structure.
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Fig. 1. Damage due to corrosion in structural element of a bridge.

In the situation analysed, the material is subjected to a completely different stress
state than those assumed, which may cause the transition of the material in a non-linear
operating range, above the yield stress. In an extreme case so far negligible stress com-
ponents can reach high values, leading to the change of the existing stress state, from
uniaxial to multi-axial. It may induce the destruction of the element, and ultimately
failure of the entire supporting structure. Thus, in the case of the pre-failure conditions
the analysis of multi-axial stress states, defined by all stress components, is an important
issue from practical point of view.

Experimental studies of multi-axial stress states are often carried out by means of
a tensile bar of circular cross-section with the circumferential annular notch (Fig. 2).

This is a kind of a model element, in which the so-called neck is occurred as a
result of a plasticity. In contrast to the smooth specimen, which is subjected to uniaxial
stress state, in the sample with a notch it is possible to force the initial stress state by
choosing a suitable geometry, in particular, the depth of a notch. Spatial stress state
is determined by the so-called stress triaxiality o /0, i.e. the ratio of mean normal
stress o, to effective stress o,.. For the notched specimen, the stress triaxiality o,,/o,
may be estimated by using the BRipgmaN solution [9]. According to that solution, the
stress triaxiality o,/0, for the middle plane of the notch is described by following
relation
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Fig. 2. Stress state components under multi-axial stress state
in a circular cross-sectional notched specimen.
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where: 0, = (011 + 022 +033)/3 — mean normal stress, o, — effective stress, r¢ — initial
minimal radius, pog — initial notch radius.

As can be seen, when multi-axial stress states are involved, i.e. when the failure
stress is a three-stress function, the strength analysis becomes more complicated. In the
situation of damaged elements which are plastically deformed, the classical strength
hypotheses such as Huer-Mises-Hencky (HMH) hypothesis cannot be used due to
assumption that the continuum of the material structure. It is necessary to apply the
damage material model taking into account the influence of structural defects on the
material strength.

Damage of the structure of metallic materials is connected with processes occurring
at microstructural level. It is related to the development of micro-voids formed in both
the material matrix and the existing non-metallic inclusions and second-phase particles.
In shear and ductile fracture, the cracking is attributable to the nucleation, growth and
coalescence of voids. The growth and coalescence of voids are the most important step
in a damage mechanism, resulting in the development of localised plastic deformations
(Fig. 3).

Phenomena described above can be analysed and simulated by using damage mo-
dels in which the relationship between the particular failure stages and the strength of
the material is defined. The Gurson material model [10] for a porous solid was one of
the first advanced damage material model, which takes into consideration the influence
of micro-defects on the material strength. The original Gurson criterion [10] included
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Fig. 3. Micro-mechanism of ductile fracture under multi-axial stress state: a) notched tensile element,
b) void nucleation, c) void growth, d) void coalescence leading to form a crack, e) failure.

in the HuBer-Mises-Hencky yield function of the influence of microdamage (pores,
voids) on the material strength by assuming that the proportion of voids in the plastic
potential function was dependent on the void volume fraction f. The original Gurson
model was modified later by many authors, and the GURSON-TVERGAARD-NEEDLEMAN
(GTN) material model is the most common and developed its form. Taking into consi-
deration the subsequent modifications by TvERGAARD [11], TvERGAARD and NEEDLEMAN
[12] and NeepLEMAN and TVERGAARD [13], the yield criterion according to the GTN
model is described as

2
e 3
(1.2) O = (“—) +2¢,f* cosh (qzﬂ) ~(1+g:7?)=0
(o)) 209
where: o, — effective stress, o — yield stress, 0, — hydrostatic pressure (mean stress),
f* — modified void volume fraction, g; — TVERGAARD’S parameters.

The modified void volume fraction f* is defined as follows:

f ) for f<f.
(13) Fed iy o f<r<s

_ fF_fc

bia for f > fr

where: f. — critical void volume fraction at which the void coalescence starts,
fr — void volume fraction corresponding to the complete loss of the material strength,

fr= (fh + g7 - 6]3)/(]3-
As can be seen, for non-deformed material, the void volume fraction f * (VVF) is

equal to the initial void volume fraction fo, which strictly defines the initial material
porosity.
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An increase in the void volume fraction f is defined by relationship:

L . (e —enY] .
14)  f=fotfua=A=f) &1+ m’%exp l—§ (u] ] L&

where: fg, — change due to growth of voids existing in the material, fnuc; — change due
to nucleation of new voids, fy — volume fraction of nucleated voids, sy — standard
deviation of nucleation strain, &l _ plastic strain rate tensor, I — second-order unit
tensor, &y — mean strain of the void nucleation, &7 lm — equivalent plastic strain in the
matrix material, 7 lm — equivalent plastic strain rate in the matrix material.

The GTN material model is implemented in many computational programs and
used in strength analysis of materials commonly used in many engineering sectors. Due
to the significant capabilities in practical applications, the current standards obligatory
in European Union, for instance PN-EN 1993-1-10:2007 [14] and its commentary [15],
recommend to use the GTN material model in analysis of pre-failure condition for
building structures. The GTN model ensures good consistency of the results obtained
numerically and experimentally and what is the most important, enables complete
analysis of capacity of the structure up to the total failure of the elements, eg. [16-19].

The GTN material model seems to be very useful in practical analysis of load-
bearing capacity of the metal building construction and may be applied in analysis of
the pre-failure conditions and estimation of the limit loads beyond the elastic range.
Taking this into consideration, a research program was initiated to elaborate procedures
which allow to simulate numerically the load-bearing capacity of the steel building
construction elements made of S235JR steel which may operate in pre-failure states
basing on the GTN material model. Taking into account the problems connected with
application of the GTN material model in the engineering issues, especially the lack of
the microstructural parameters for steels used most commonly in civil engineering, the
standardisation of the GTN material parameters for S235JR steel is one of the main
part of the research program. Because S235JR steel is the main steel grade used in
civil engineering in Poland and other European countries, it seems, that the results
obtained will be helpful in analysis and expert opinions on the load-bearing capacity
of steel components and structures made of this steel grade.

In this study a basic GTN material model parameter, such as initial void volume
fraction f, which corresponds to the material porosity, was analysed for S235JR steel.
The influence of initial porosity on the material response was examined. Several values
of initial void volume fractions f; for S235JR steel were tested, assuming the fully
dense material without pores and typical or maximum values of fyin order to analyse
the porosity effect. The multi-axial stress state was considered for tensile notched
elements with initial stress triaxiality o,,/0,>1, as complementary to the study on the
porosity effect in S235JR steel at low stress triaxiality [20]. The analysis was focused
on the load-bearing capacity of the elements in relation to the void volume fraction
VVF changes.



450 P.G. KossaKowsKI

It seems that phenomena observed for S235JR steel may occur in other steel grades
with similar porosity and metallurgical composition, thus the results obtained may be
useful for steel grades used in civil engineering and technique.

2. SCOPE OF ANALYSIS

As mentioned before, the presented study concerned the influence of the initial poro-
sity on the S235JR steel response under multi-axial stress state. The elements with a
circular cross-section subjected to static tension for initial stress triaxiality o /o, >1
were considered. The analysis was performed in several steps, including microstruc-
tural examinations, experimental tests and numerical calculations. The modified GTN
material model was assumed for tested elements, according to the criterion (1.2). In
subsequent steps of the analysis, the material parameters such as elastic-plastic model,
TverGaArD’s parameters and GTN material parameters were determined for tested steel.
Finally, the analysis of the influence of initial void volume fraction f; on the material
response under multi-axial stress state for S235JR steel was performed.

3. INITIAL VOID VOLUME FRACTION fj FOR S235JR STEEL

In order to examine the influence of the initial porosity on S235JR steel response,
the initial void volume fraction f; was assumed for extreme situations, similarly as in
the study conducted by Kossakowskr [20]. The fully dense material without pores and
average and maximum porosity of S235JR steel were assumed.

For the fully dense material the initial porosity is zero, and consequently the initial
void volume fraction was assumed as fy = O for the tested material.

In order to estimate average porosity of S235JR steel, the microstructural examina-
tions were performed and images of microstructure with a ferritic-perlitic matrix were
obtained (Fig. 4).

The non-metallic inclusions, mainly sulfides and brittle oxides were reported. In
order to fully characterize non-metallic inclusions in the material the basic stereological
parameters were determined. The porosity of S235JR steel was different for various
parts in longitudinal and central cross-sections of the specimens. The average initial
void volume fraction was determined as fy = 0.001 for S235JR steel [20].

The maximum value of initial porosity for S235JR steel was determined basing on
assumptions, that the material contains non-metallic inclusions of sulphur and man-
ganese. The maximum initial void volume fraction fy was estimated using FRANKLIN’S
formulae [21]:

0.001
3.1 Jo =0.054 (S% - Mn%)

where: S, Mn — proportional content of sulphur and manganese inclusions.
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Fig. 4. SEM image of S235JR steel.

The maximum content of sulphur and manganese for S235JR steel was assumed
according to the metallurgical requirements given in PN-EN 10025-1:2005 [22] as
Mn = 1.5% and S = 0.045%. For such content of inclusions, the maximum initial
void volume fraction for S235JR was determined as fy = 0.0024 [20] according to the
formulae (3.1).

4. GTN MATERIAL PARAMETERS FOR S235JR STEEL

In order to determine GTN material parameters for S235JR steel, the combined experi-
mental-numerical method was applied basing on the studies conducted by Kossakowski
[16, 18, 19] and Kossakowski and TrampczyNski [17].

The strength parameters and the elastic-plastic model were elaborated for S235JR
steel in the first step. The standard static tensile strength tests were performed, ac-
cording to PN-EN10002-1:2004 [23] using the unnotched specimens with a circular
cross-section of nominal diameter d = 10 mm, the length of the measuring base
Ip = 50 mm, and the primary cross-sectional area Sy = 78.5 mm?. The following
average strength properties were obtained during the tests: yield stress op = 318 MPa,
tensile strength R,, = 446 MPa and displacement percentage As = 33.9%. The nominal
strength curves o (g), where o denotes normal stress, and & denotes the longitudinal
strain, were determined for S235JR steel.
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The elastic-plastic model for S235JR steel was described by approximation curve
o(e) as [16, 17, 19]

oc=F¢ for o< o0y
.1 o (0‘ 3G )N
— =|—+—cn for o209
(o) (o) g0
pl

where: o — stress, og — yield stress, &,,, — equivalent plastic strain in the matrix
material, G — coefficient of transverse elasticity, G = 80 GPa, N — strain-hardening
exponent, N = 0.183.

In the next step the essential GTN material model parameters were determined
for S235JR steel, basing on the results obtained by Kossakowskr [16, 18, 19] and
Kossakowskr and TrRAMPczyYNsKI [17].

The average initial void volume fraction was assumed as fy = 0.001, according to
the results described in Paragraph 3.

TVERGAARD’s parameters for tested material were determined basing on the re-
sults obtained by FaLeskoG et al. [24]. In relation of the ratio oo/E = 0.00155 and
strain-hardening exponent N = 0.183, the values of TVERGAARD’s parameters were
established as ¢; = 1.90, ¢, = 0.81 and g3 = 3.61.

A combination of the experimental and numerical methods was used to determine
the other GTN material parameters for S235JR. Using a program based on the Finite
Element Method, Abaqus Explicit version 6.10, the experimental tensile tests were
modelled numerically. Basing on the o (g) curves obtained during experimental tests,
the GTN material parameters were changed within certain limits iteratively using the
optimization criterion based on the convergence of the o (g) values obtained numeri-
cally and experimentally.

The critical void volume fraction f, was determined as f. = 0.06. In order to
analyse whole failure range and minimize the softening effect, the critical void volu-
me fraction corresponding to the complete loss of material strength was assumed as
fr = 0.667. The volume fraction of the nucleated voids was established as fy = 0.04,
the average nucleation strain was €y = 0.30 and the standard deviation of the nucleation
strain was sy = 0.05. All the GTN parameters for S235JR steel are summarized in
Table 1.

Table 1
Microstructural parameters of the GTN model of S235JR steel.
Jfo fe Vi3 q 9 93 En In SN
0.0000
0.0010 0.06 0.667 1.90 0.81 3.61 0.3 0.04 0.05
0.0024
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5. STRENGTH TESTS OF TENSILE ELEMENTS AT HIGH STRESS TRIAXIALITY

The tensile elements with circular cross-sections for different notch radii pg were tested
during a wide research program [16, 17, 19]. In this study the multi-axial stress state
was realized for elements with high initial stress triaxiality. The elements with diameter
of 2Ry =14.0 mm and 2ry = 7.0 mm and the notch radius pp = 1.0 mm were tested
according to the geometry shown in Fig. 5a. It allowed to obtain multi-axial state of
stress corresponding to the initial stress triaxiality o /o, = 1.345. The experiments
included standard static tensile strength tests. The load F' and displacement of points
distributed symmetrically along the notch /, were measured with the extensometer of
the initial length of 32.56 mm (Fig. 5b).

X i
T displacement

2>

09=1.0mm

2Rg=14.0mm

—} displacement

a)

Fig. 5. Ring-notched round specimen subjected to tension under multi-axial stress state:
geometry of specimen (a); test stand (b).

6. ANALYSIS OF EFFECT OF INITIAL VOID VOLUME FRACTION fy ON S235JR STEEL
RESPONSE AT HIGH STRESS TRIAXIALITY

The influence of the initial porosity defined by initial void volume fraction f; on
S235]R steel response was examined by numerical simulations of tensile tests of not-
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ched specimens, which were described in previous section. The numerical analysis was
performed using Abaqus version 6.10 program [25].

The samples of circular cross section with a ring notch radius pg = 1.0 mm
were modelled and subjected to static tension at a controlled rate of displacement
4 mm/min, similarly as in the experiments. Due to the symmetry of the problem,
only half of the samples were modelled using the standard 4-nodal CAX4R elements.
The GursoN-TVERGAARD-NEEDLEMAN (GTN) material model was applied for models
considered with using a nonlinear dynamic analysis Explicit module.

Taking into consideration the problems, which are observed during numerical
simulations conducted with using damage material models, such as the mesh-size effect
and the softening phenomenon, and recommendations for such analyses [18, 24, 26-28],
two approaches, non-local and local, were applied. In the first, non-local method, the
GTN material model for porous solids was assumed for the whole numerical model
and this model is referred as GTN. In the second, local model, referred as Cell, only
the elements adjacent to the crack plane were modelled with using the GTN material
model. For the rest of the numerical model the elastic-plastic material model was
assumed. Figure 6 shows a scheme of GTN and Cell numerical models.

GTN model
% Displacement

GTN Material

T S Cell model

) S S

(I8 T e i ST A

.

Elastic-Plastic
: % .
Displacement GTN Material Material

Fig. 6. Scheme of GTN and Cell numerical models.

In order to minimize mesh size effect and softening phenomenon, the microstructu-
rally-based length scales methods were used in numerical modelling for both models
shown in Fig. 6. Length scales methods are based on the fracture criterion which is
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satisfied over a minimum volume of material, defined in two dimensions by a charac-
teristic length measure /. in the region of high stresses and plastic strain in order to
form a macroscopic crack [29]. In presented study Hancock and Mackenzie method
[30] was used. According to this approach, the length scale is represented by the size
of inclusion colonies, which are visible in a fractograph. The fracture is connected
with linking of holes formed from coalescing inclusion colonies and the macrocrack
formation only occurs when shear localizes between multiple clusters. The void growth
expands the cluster of inclusion colonies.

In the study, the characteristic length /. was defined as the dimensions of plateaus
and valleys measured on the fracture surface. According to the results of analysis
performed by Kossakowski [18], the average characteristic length /. was determined as
. = 250 um. The mesh in the region close to the fracture plane, the so-called process
zone, was modelled basing on the determined characteristic length /.. For GTN model
the finite elements width D was equal to characteristic length /. = 250 um, while the
height of the finite elements was different, as it is shown in Figure 6. In the case of
application of Cell model the mesh size of the separate layer corresponding to the
process zone was D X D/2, where D was equal to the characteristic length /. = 250 ym.

In the last stage of the study, the analysis of the influence of initial porosity on
the material response under multi-axial stress state for S235JR was performed. It was
based on the analysis of the force-elongation F'(/) curves determined during experiments
and numerical simulations (Figs. 7 and 8) and the changes of void volume fraction
VVF obtained numerically (Figs. 9 and 10) for the GTN material parameters assumed
according to Table 1.

As can be seen in Figures 7 and 8 the tensile strength curves obtained by applying
both GTN and Cell models were consistent with the experimental results in the
middle range of deformation, when the maximum force F was reached. In the next
range, from the maximum force up to the failure the differences revealed, depending
on the numerical model used.

In the case of application of the GTN model, the slight softening phenomenon was
noticed in the range above the maximum force F, which corresponded to elongation [
>0.5 mm. Above that point, when GTN model was applied, the forces F' determined
numerically were lower than those obtained during experiments.

The reverse phenomenon was observed when Cell model was applied. In the range
above the maximum force F, which corresponded to elongation / >0.52 mm the forces
F determined numerically were higher than those obtained during experiments.

Summing up, the force-elongation F(/) curves obtained numerically for assumed
three initial void volume fraction fy were different for both GTN and Cell models
in comparison to those determined during experiments at the failure range. For both
the models the highest values of forces were noticed when the fully dense material
without pores was considered with initial void volume fraction f = 0, and the lowest
values of force were noticed for maximum porosity defined by fy = 0.0024.
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Fig. 7. Force-elongation F(/) curves determined experimentally and numerically using GTN model for
Jfo=0+0.0024.
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Fig. 8. Force-elongation F(/) curves determined experimentally and numerically using Cell model for
Jfo =0+0.0024.
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When GTN model was applied, the differences in forces were growing increasingly
above the elongation / >0.5 mm. They were about 1.0% for elongation / = 0.5 mm
corresponding to the maximum force for fy = 0 and f; = 0.0024. At the failure moment,
for elongation / = 1.07 mm, the differences in forces increased up to 8.0% for f, = 0
and fy = 0.0024.

The differences in maximum forces were negligible when Cell model was applied,
0.1% only for f; = 0 and fy = 0.0024. For failure range, visible influence of initial
porosity on the material response was noticed. Dependence of the initial void volume
fraction on the failure moment is the most important phenomenon observed for assumed
porosity of S235JR steel. The failure moment is visible later when material without
pores was assumed, i.e. fy = 0, in comparison to the maximum porosity of tested
material, i.e. fo = 0.0024.

It can be concluded that assuming the fully dense material without pores, i.e.
fo = 0, and the maximum porosity for S235JR steel, i.e. fy = 0.0024, reveals the
visible differences in the material response and load-bearing capacity of the element
for both numerical models applied. When average porosity is considered for S235JR
steel, i.e. fo = 0.001, the load-bearing capacity and failure moment is noticed between
values observed for two extreme situations described before.

The load-bearing capacity of the elements was strictly connected with the changes
in void volume fraction parameter VVF observed during the deformation process of
the material. The values of VVF are generally higher in the middle of the element in
comparison to the external part of the area adjacent to the fracture plane and thus the
initiation of fracture is expected in the middle of the sample. The void volume fraction
VVF curves for point in the middle of the fracture plane, on the axis of the sample are
shown in Figures 9 and 10.

The beginning of the increase in void volume fraction VVF was depending on the
initial porosity assumed. For both numerical models applied, GTN and Cell, the voids
grew visible earlier for initial void volume fraction fy = 0.0024 in comparison to the
other values of f assumed in the study. Consequently, the void growth was noticeably
much intensive for f = 0.0024.

When using GTN model, the voids increased much rapidly at final, failure range,
for / >1.0 mm. As can be seen in Figure 9, at the failure moment a major difference
of 237.7% was observed in values of VVF parameter for initial void volume fraction
Jfo=0and f; = 0.0024.

Much rapid increase in the void volume fraction VVF was observed when Cell
model was applied for the elongations ranged from / = 1.0 mm up to / = 1.1 mm, for
Jo =0.0024 and f; = 0, respectively. Similarly to the forces observed at the failure, also
the critical VVF parameters were achieved visible earlier when maximum porosity of
the material was assumed, i.e. fy = 0.0024, in comparison to the fully dense material,
ie. fo =0.
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Fig. 9. Void Volume Fraction VVF curves determined numerically using GTN model for
fo=0+0.0024.
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Fig. 10. Void Volume Fraction VVF curves determined numerically using Cell model for
Jfo=0+0.0024.
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7. DISCUSSION

During the analysis performed, the several characteristic phenomena were observed,
which is discussed below.

First of all, the effect of the initial porosity defined by initial void volume fraction
fo on the material response under multi-axial stress state at high stress triaxiality
omlo, = 1.345 for S235JR steel was noticed. This relation was observed for all assumed
initial void volume fractions f; at the range corresponding to the two extreme situations
of fully dense material without pores and maximum porosity. For both numerical
models considered in the study, i.e. non-local GTN and local Cel/l model, the highest
values of forces, i.e. element load-bearing capacity, were noticed when the fully dense
material without pores was considered for the initial void volume fraction fy = 0, and
the lowest values of force was noticed for maximum porosity defined by fy = 0.0024.
This is different phenomenon in comparison to the results of the analogous analysis
performed at low stress triaxiality, when the material response was negligible affected
by initial porosity of S235JR steel [20].
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Fig. 11. Force-elongation F (/) and Void Volume Fraction VVF curves determined numerically using
GTN and Cell models for fy = 0.001.

From the engineering point of view it is possible to assume the average value of
initial void volume fraction f for S235JR steel under multi-axial stress states. Much
conservative results may be obtain assuming the maximum acceptable initial porosity
of tested material which corresponds to the value f, = 0.0024. The strength curves
determined numerically for GTN and Cell models based on the average initial void
volume fraction fy = 0.001 for S235JR steel are shown in Fig. 11. As can be seen, when
using GTN model, a slight softening phenomenon is observed. In turn, the application
of the Cell model allows to simulate the exact failure moment.
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The influence of initial porosity on void growth is the next observed phenomenon
for S235JR steel at high stress triaxiality. For both numerical models the voids grew
visible earlier when maximum porosity was assumed, i.e. fy = 0.0024, in comparison
to the other values of f considered in the study. It resulted in the void growth, which
was much intensive for f, = 0.0024.

Significant differences in values of VVF parameter were noticed when GTN model
was used at the failure moment for considered values of f. For Cell model the critical
VVF parameters were achieved visible earlier when maximum porosity of the material
was assumed, i.e. fo = 0.0024, in comparison to the fully dense material, when fy = 0.
These means great impact initial porosity on the void growth in S235JR steel.

8. CONCLUSIONS

The following conclusions were drawn taking into consideration the results obtained:

1. Generally the effect of the initial porosity defined by initial void volume fraction f;
on the material response was noticed for tensile elements under multi-axial stress
state at high stress triaxiality o, /o, = 1.345 for S235JR steel. This effect was
especially noticeable at the range of the material failure.

2. The tensile strength curves obtained by applying both GTN and Cell model were
consistent with the experimental results in the middle range of deformation, when
the maximum force F was reached. The force-elongation F(/) curves obtained
numerically for three assumed initial void volume fraction f, were different for
both GTN and Cell models applied. For both the models the highest values of
forces were noticed when the fully dense material without pores was considered
with initial void volume fraction f, = 0, and the lowest values of force were noticed
for maximum porosity defined by fy = 0.0024.

3. At the failure range in the case of application of the GTN model, the softening
phenomenon was noticed in the range above the maximum force F. The reverse
phenomenon was observed when Cell model was applied, the forces F determined
numerically were higher than those obtained during experiments.

4. A great impact of the initial porosity on the void growth for S235JR steel at high
stress triaxiality was noticed. For two extreme situations considered, the fully dense
material without pores and the maximum porosity of S235JR steel the noticeable
differences in changes of void volume fraction in the material were observed.

5. Significant differences in values of VVF parameter were noticed when GTN model
was used at the failure moment for considered values of fy. For Cell model the
critical VVF parameters were achieved visible earlier when maximum porosity of
the material was assumed, i.e. fy = 0.0024, in comparison to fully dense material,
ie. fo =0.

6. In terms of load-bearing capacity of the elements, the conservative results were
obtained when maximum value of fy = 0.0024 was used for S235JR steel under
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12.

13.

15.

16.

17.

multi-axial stress state, and this value is recommended to use in the calculations
in order to preserve the highest safety of the structure. During usual engineering
calculations the average porosity defined by fy = 0.001 may by applied for S235JR.
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