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INFLUENCE OF INITIAL POROSITY ON STRENGTH PROPERTIES OF S235JR
STEEL AT LOW STRESS TRIAXIALITY
P.G. KOSSAKOWSKI1

The paper discusses the influence of the initial parameters on the strength parameters of S235JR
steel at low stress triaxiality. The analysis was performed using the G-T-N
(GTN) material model, which takes into consideration the material structure. The initial material
porosity was defined as the void volume fraction f0 . The fully dense material without pores was
assumed and the typical and maximum values of porosity were considered for S235JR steel in
order to analyse the porosity effect. The strength analysis of S235JR steel was performed basing
on the force-elongation curves obtained experimentally and during numerical simulations. Taking
into consideration the results obtained, the average values of the initial void volume fraction
f0 = 0.001 for S235JR steel is recommended to use in a common engineering calculations for elements operating at low stress triaxiality. In order to obtain more conservative results, the maximum
values of f0 = 0.0024 may be used.
Key words: S235JR steel, Gurson-Tvergaard-Needleman material model, GTN, porosity, numerical simulations.

1. I
The failure process of most metals and alloys, including the structural steel grades
commonly used in the technique, is strongly connected to the material microstructure,
especially with the microstructural defects. Micro-defects in the form of voids occurs
on the inclusions and second-phase particles existing in the material.
There are several basic types of the failure mechanisms, i.e. plastic, cleavage and
brittle intergranular, shear or void-sheeting and ductile fracture [1]. In the processes of
shear and ductile fracture, the failure of the material is attributable to the nucleation,
growth and coalescence of voids (Fig. 1 and 2). The growth and coalescence of voids
result in the development of localised plastic deformations, which have the greatest
impact on the material failure.
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Fig. 1. Micro-mechanism of ductile fracture.

Fig. 2. Ductile fracture area of S235JR steel.

An analysis of the above phenomena is impossible using a classical theory based
on the continuum mechanics of the materials. It is necessary to use the damage material models taking into account the influence of the microstructural defects on the
material strength by defining the relationship between the particular failure stages and
the strength of the material. The one of such damage material models was G
model [2] for a porous solid, defining in a modified H-M-H criterion the
influence of an increase in the void volume fraction on the strength of the material.
The original G model was modified by T [3] who introduced selected microstructural parameters and plastic properties of a material to the criterion.
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In this modified form it is referred as G-T-N (GTN) material
model [4].
The GTN material model is one of a basic models used in the strength analysis
of many materials commonly used in a broadly defined engineering. According to the
current standards obligatory in European Union, for instance [5] and its commentary by
S et al. [6], the GTN material model is recommended to use in the analysis of
pre-failure condition for building structures. The GTN model ensures good consistency
of the results obtained numerically and experimentally in opposition to the models
based on HMH criterion, which is shown in several studies, eg. [7, 8].
Although the GTN model in a modified form was developed in the 80s of last
century, it is still the subject of many studies, e.g. [9], and many related features
need to be solved. The general drawback is the lack of standardised microstructural
parameters to apply GTN model for steels used most commonly in civil engineering.
Another problem is the size effect encountered during numerical simulations with
GTN model, which reveals the softening of the final part of the strength curve. The
computational procedure, which allows to estimate numerically the limit load capacity
and simulate the failure, needs to be elaborated also in order to perform common
engineering calculations of structural elements operating in the nonlinear ranges.
The catastrophic failures of engineered structures, which recently took place in Poland, incline to deal with the topic related with the analysis of the pre-failure condition
and estimation of the limit loads beyond the elastic range. Several authors engage the
issues related to estimation of the load-bearing capacity of the structures [10, 11] and
the stability of the elements [12-14] as well as the development of the methods used
for the damage detection [15, 16]. The GTN material model seems to be very useful in
the strength analyses and may be applied in common engineering practise. Therefore a
wide research program was focused to elaborate procedures which enable to estimate
numerically the load-bearing capacity of steel building construction elements made of
S235JR steel operating in pre-failure states. The method is based on the modified GTN
material model taking into account the impact of the microdamage. The results will
be helpful in the analysis, and in the expert opinions on the load-bearing capacity of
steel components and structures, because S235JR steel is the main steel grade used in
civil engineering.
Taking into account the problems described above, especially the lack of microstructural parameters for steels used most commonly in civil engineering, one of the
main part of the research program is to standardise the material parameters of the
GTN model for S235JR steel. In this study the first parameter of the GTN material
model, such as porosity corresponding to the initial void volume fraction (VVF) f0 ,
was analysed for S235JR steel and the influence of porosity on strength of the material
was examined. The fully dense material without pores was assumed and the typical
and maximum values of porosity were assumed for S235JR steel in order to analyse
the porosity effect.
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The analysis was performed for the tensile elements at low stress state, defined
by initial stress triaxiality σm /σe = 1/3, where σm and σe denotes mean and effective
stress, respectively.
The presented results may be used for the analysis and the expertises connected
with the assessment of the load-carrying capacity and safety of the structural elements
made of S235JR steel performed using the GTN material model. It seems that phenomena observed for S235JR steel may occur in another steel grades with similar porosity
and metallurgical composition.

2. G-T-N (GTN)   
The first model to take into consideration microdamage was the G model [2],
which assumed that the proportion of voids in the plastic potential function was dependent on the void volume fraction f . The original G condition was later modified
by T and N [3, 4]. The modified GTN plastic potential function is
described as:
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where: σe – effective stress according to the HMH hypothesis, σ0 – yield stress of the
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where: fc – critical void volume fraction at which the void coalescence starts,
f F – void volume fraction corresponding to theqcomplete
 loss of the material strength,
at final separation of the material, f¯F = q1 + q2 − q3 /q3 .
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An increase in the void volume fraction f˙ is defined by relationship:
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where: f˙gr – change due to growth of voids existing in the material, f˙nucl – change due
to nucleation of new voids, f N – volume fraction of nucleated voids, sN – standard
deviation of nucleation strain, ε̇ pl – plastic strain rate tensor, I – second-order unit
tensor, εN – mean strain of the void nucleation, εeplm – equivalent plastic strain in the
matrix material, ε̇eplm – equivalent plastic strain rate in the matrix material.
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3. I    f 0  S235JR 
The initial void volume fraction was assumed for two general situations. On the one
hand the fully dense material without pores was considered, on the other hand the
typical and maximum values of porosity were assumed for S235JR steel.
As mentioned above, in the first situation, for the material without pores the initial
void volume fraction was assumed as f0 = 0.
In order to determine typical values of initial porosity for S235JR steel, the microstructural examinations were performed. To this end the microstructural images of
S235JR steel with a ferritic-perlitic matrix (Fig. 3) were obtained. A large number of
non-metallic inclusions, mainly sulfides and brittle oxides was reported.

Fig. 3. SEM image of S235JR steel.

Sulfide inclusions were elongated in shape, and their distribution in the volume
was irregular, they were arranged in bands. In the tested material other non-metallic
inclusions were found, the uniaxial brittle oxides. They occured together with sulfide
inclusions. The basic stereological parameters were determined to fully characterize
the non-metallic inclusions in the material.
The values of initial void volume fraction for S235JR steel ranged for different parts
in longitudinal and central cross-sections. Considering values obtained, the average
initial void volume fraction for S235JR steel was determined as f0 = 0.001.
In order to determine the maximum value of the initial porosity for S235JR steel,
it was considered, that the material contains the non-metallic inclusions of sulphur
and manganese. Assuming a spherical shape of the inclusions, the initial void volume
fraction can be estimated using F’ formulae [17]:
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(3.1)

f0 = 0.054 S% −

0.001
Mn%

!

where: S, Mn – proportional content of sulphur and manganese inclusions in a material.
According to the metallurgical requirements given in [18] the maximum content
of sulphur and manganese for S235JR steel is Mn = 1.3% i S = 0.045%. In results,
the maximum initial void volume fraction estimated for S235JR steel using formulae
(3.1) is equal f0 = 0.0024.

4. GTN    S235JR 
The other material parameters for S235JR steel were established basing on the results
of experiments and numerical simulations reported in [19].
In the first step the standard static tensile strength tests were performed, according
to [20]. The specimens with a circular cross-section of nominal diameter d = 10 mm,
the length of the measuring base l0 = 50 mm, and the primary cross-sectional area
S0 = 78.5 mm2 were used. The average strength parameters obtained during the tests
were as follows: the yield stress σ0 = 318 MPa, the tensile strength Rm = 446 MPa,
and the displacement percentage A5 = 33.9%. According to the strength curves σ(ε)
obtained, the nominal normal stress σ versus the longitudinal strain ε was determined
for S235JR steel.
The elastic-plastic properties of S235JR steel was described by the tensile strength
curve (Fig. 4) according to approximation model proposed by K [19]:
σ
E
ε1 − ε0
(σ − σ0 ) + ε0
ε=
σ1 − σ0
!1/N
σ01 σ
ε = ε0 +
E σ01

ε=
(4.1)

for σ < σ0
for σ0 ≤ σ ≤ σ1
for σ > σ1

where: ε – strain, ε0 – yield strain, ε1 – initial hardening strain, σ – stress, σ0 – yield
stress, σ1 – initial hardening stress, σ01 – initial stress at the beginning of nonlinear
part of approximation curve, E – modulus of elasticity, N – strain-hardening exponent.
As mentioned before, the initial porosity for tested material was determined during
the microstructural examinations. The average value of initial void volume fraction was
assumed, i.e. f0 = 0.001 for S235JR steel.
Basing on the results obtained by F et al. [21], T’ parameters were determined. For the ratio σ0 /E = 0.00155 and strain-hardening exponent
N = 0.195, their values were established as q1 = 1.91, q2 = 0.79 and q3 = 3.65.

299

I  I P  S P  S235JR . . .

Fig. 4. Approximation true stress-strain σ(ε) curve for S235JR steel.
Table 1
The strength parameters for S235JR steel [19].
ε0

ε1

0.002

0.015

σ0
[MPa]
318

σ01
[MPa]
198

σ1
[MPa]
333

E
[GPa]
205

N
0.195

Other GTN material parameters for S235JR steel were determined by numerical
modelling of tensile strength tests. A program based on the Finite Element Method,
Abaqus Explicit version 6.10 was applied. The elements were modelled as axially
symmetrical components using standard elements [22].
Basing on the σ(ε) curves obtained through numerical analysis and experiments,
the other GTN parameters were determined. They were changed within certain limits
iteratively using the optimization criterion based on the convergence of the σ(ε) values
obtained numerically and experimentally.
The critical void volume fraction fc was determined as fc = 0.06, taking into
account results obtained by R and T [23]. In order to analyse whole
failure range, the critical void volume fraction corresponding to the complete loss of
material strength was assumed as f F = 0.667. The volume fraction of the nucleated
voids was f N = 0.04, the average nucleation strain was εN = 0.30, and the standard
deviation of the strain was sN = 0.05. All GTN parameters for S235JR steel are
summarized in Table 2.
The nominal stress-strain σ(ε) curves for S235JR steel determined during experiments and numerical simulations are presented in Figure 5.
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Table 2
Experimental input data collected in [19].
f0
0.0000
0.0010
0.0024

fc

fF

q1

q2

q3

εN

fN

sN

0.06

0.667

1.91

0.79

3.65

0.3

0.04

0.05

Fig. 5. Nominal stress-strain σ(ε) curves for S235JR steel.

5. I      f 0    
S235JR 
The influence of initial void volume fraction on the strength properties of S235JR steel
was examined by numerical simulations of tensile tests of specimens with a circular
cross-section described before. The elements were analysed using Abaqus version 6.10
program and Dynamic Explicit module.
The specimens were subjected to quasi-static tension under displacement control
increase. The axially symmetrical elements were applied. Because of the symmetry,
only half-specimens were considered. In the middle of the sample length a sharp notch
with a depth of R = 0.05 mm was modelled (Fig. 6).
As mentioned before, during numerical simulations with the finite element method, especially when GTN model is used, the mesh-size effect is encountered. It
reveals the softening of the final part of the strength curve. During the numerical
simulations performed, two assumptions were applied in order to check the influen-
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Fig. 6. Scheme of numerical models and process zone.

ce of the modelling method to minimize the mesh size effect. In the first case, the
G-T-N material model for porous solids was assumed for the
whole numerical model. This model is referred as GTN model. In the second model,
referred as Cell model, only the elements near the crack plane were modelled with
using the GTN material model. The elastic-plastic material model was assumed for the
rest of the numerical model (Fig. 6).
Both of the models were based on the microstructurally-based length scales methods, whose principle is given below. In order to form a macroscopic crack, the
fracture criterion must be satisfied over a minimum volume of material, defined in
two dimensions by a characteristic length measure lc in the region of high stresses
and plastic strain. Although several approaches have been discussed, the length scale
determination is still subjective. The approach based on H’ and M’
method [24] was used in presented study. According to this, the fracture is due to
linking of two or more holes formed from coalescing inclusion colonies. The macrocrack formation only occurs when shear localizes between multiple clusters, while void
growth expands the cluster of inclusion colonies. The length scale is represented by
the size of these inclusion colonies, which are visible in a fractograph.
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In presented study the characteristic length lc was defined as the dimensions of
plateaus and valleys measured on the fracture surface and the results of analysis performed before were used [19]. The statistical C’ criterion was used during
measurements for twenty inclusion colonies analysed, rejecting all atypical values. The
characteristic length lc ranged from 130 µm to 360 µm. The the mean value of lc was
determined as lc ≈ 250 µm.
The dimensions of the mesh in the area close to the fracture plane, i.e. process
zone, were equal to D×D/2, where D was equal to the characteristic length lc = 250 µm
determined during microstructural examinations. The scheme of numerical models and
process zone are presented in Figure 6.
The analysis of the influence of the initial void volume fraction on the strength
properties of S235JR was based on the force-elongation F(l) curves determined during
experiments and numerical simulations.
As mentioned before, three values of initial void volume fraction of S235JR was
considered, f0 = 0, f0 = 0.001 and f0 = 0.0024.
The force-elongation curves F(l) determined during experiments and numerical
simulations by using GTN and Cell models are shown in Figures 7 and 8.
The tensile strength curves obtained by applying both GTN and Cell model were
consistent with the experimental results in the first range, until the maximum force F
was reached. The differences revealed in the next range, from the maximum force F
to the failure.

Fig. 7. Force-elongation F(l) curves determined during experiments and numerical simulations by using
GTN model for different values of f0 .

When GTN model was used, the visible softening was noticed. A sharp decrease in
force was observed, after the maximum force was reached, corresponding to elongation
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equal to ∼8.0 mm. After that point, the forces F determined during the experiments
were higher than those calculated during numerical simulations.
The simulated failure of the elements for GTN model was noticed in the range of
elongation equal to 11.2-11.7 mm.
Better agreement of the results obtained experimentally and numerically was noticed when Cell model was applied for whole range of strength curves. The simulated
failure of elements was noticed for elongation equal to 11.5-11.7 mm.

Fig. 8. Force-elongation F(l) curves determined during experiments and numerical simulations by using
Cell model for different values of f0 .

Overall, the strength curves obtained numerically by assuming all three initial
void volume fractions f0 were similar for both GTN and Cell models applied. The
highest values of forces were noticed when the fully dense material without pores was
considered, i.e. f0 = 0, while the lowest values of forces were for maximum porosity,
i.e. f0 = 0.0024.
The insignificant differences in values of forces were recorded in the first range,
for elongation from l = 0 up to l = 11.2 mm for GTN model. They ranged from 0.24%
for f0 = 0 and f0 = 0.001 up to 0.90% for f0 = 0 and f0 = 0.0024. For the failure
range, above elongation l = 11.2 mm, the differences were higher, from 2.11% for
f0 = 0 and f0 = 0.001 up to 18.37% for f0 = 0 and f0 = 0.0024.
When Cell model was applied, the values of forces in the first range were the
same for all initial void volume fractions f0 assumed. The significant differences were
noticed in the failure range, for elongation above l = 11.5 mm, from 0.67% for f0 = 0
and f0 = 0.001 up to 2.44% for f0 = 0 and f0 = 0.0024.
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Assuming two general situations, the fully dense material without pores and the
maximum porosity for S235JR steel reveals in slight differences in the void volume
fraction of the material.
Analysing the obtained values of VVF it should be noted that they are generally
higher in the middle of the element in comparison to the external part of the area
near the fracture plane. Therefore, the initiation of fracture is expected in the middle
of the sample. The void volume fraction VVF curves shown in Figures 9 and 10 are
presented for point in the middle of the fracture plane, on the axis of the sample.

Fig. 9. Void Volume Fraction VVF curves determined during numerical simulations by using GTN
model for different values of f0 .

Fig. 10. Void Volume Fraction VVF curves determined during numerical simulations by using Cell
model for different values of f0 .
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As can be seen in Figures 9 and 10, the beginning of the increase in the void
volume fraction VVF was similar for all initial void volume fraction f0 assumed for
both numerical models applied.
When GTN model was used, the voids increased for elongation above l = 7.0 mm.
The voids increased much rapidly at final, failure range, for l >11.2 mm. The maximum
difference 11.87% in void volume fraction was noticed for f0 = 0 and
f0 = 0.0024 assumed.
For Cell model the increase of the void volume fraction was observed for elongation
above l = 7.0 mm, similarly to GTN model. In the next range, the voids increased less
in comparison to GTN model. At the final part, the void volume fraction differed
maximum 10.75% for f0 = 0 and f0 = 0.0024 assumed.

6. D
Analysing the results obtained, the several key phenomena were observed.
For the first, the influence of initial porosity on the strength of S235JR steel was
slight. This phenomenon was observed for all three initial void volume fractions f0
assumed, i.e. two general situations, for fully dense material without pores and its
maximum porosity. The highest and the lowest strength of the material was observed
when the fully dense material without pores was considered, i.e. f0 = 0, and maximum
porosity was assumed, i.e. f0 = 0.0024, respectively.
This phenomenon allows to assume the average values of initial void volume
fraction f0 for S235JR steel in a common engineering calculations. In order to obtain
more conservative results, the maximum values of f0 = 0.0024 is recommended. However, the similar results should be expected for such assumed f0 for both GTN and
Cell numerical models. The strength curves determined numerically for GTN and Cell
models assuming the average porosity, i.e. f0 = 0.001 for S235JR steel are presented
in Figure 11. As can be seen, the softening phenomenon described before is clearly
visible when GTN model is applied in opposition to Cell model.
The current void volume fraction increase is the next considered issue. For both
GTN and Cell models used, the values of VVF are similar in the first range, from the
beginning up to the maximum force, corresponding to elongation about l = 7.0 mm.
The voids begin to grow intensively for l >7.0 mm, but their increase is more rapid
when GTN model is used in comparison to Cell model. The critical values of the void
volume fraction determined at the moment of expected failure are 0.197 and 0.075, for
GTN and Cell model respectively.
The phenomenon described above was observed for other values of initial void
volume fraction, i.e. f0 = 0 and f0 = 0.0024, and was closely related to numerical
model assumed. As it was presented in previous research performed by K
[19], when GTN model was used, the observed increase of the porosity leads to significant reduction of the strength through the assuming the voided material for the
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Fig. 11. Force-elongation F(l) and Void Volume Fraction VVF curves determined numerically by using
GTN and Cell models for f0 = 0.001.

entire numerical model. In the case when Cell model is applied, the process zone is
modelled as a layer of material containing a pre-existing population of similar sized
voids, containing a single void of some initial volume f0 . It leads to smooth reduction
of material strength, revealing the lower increase in porosity in the material.

7. C
Based on the results of the analysis performed, the following conclusions have been
drawn:
1. The tensile strength curves obtained by applying GTN model were consistent with
the experimental results in the first range, until the maximum force F was reached.
The visible softening was noticed in the next range, from the maximum force up
to the failure. Good agreement of results was noticed for whole range of strength
curves when Cell model was applied.
2. Overall, the strength curves obtained numerically by assuming all three initial void
volume fractions f0 were similar for both GTN and Cell models applied. It can be
noticed, that considered porosity of S235JR steel has a low influence on its strength
at low stress triaxiality. The highest values of force were noticed when the fully
dense material without pores was considered, i.e. f0 = 0, while the lowest values
of force were observed for maximum porosity, i.e. f0 = 0.0024.
3. Assuming two general situations, the fully dense material without pores and the
maximum porosity for S235JR steel revealed in slight differences of the void volume
fraction of the material.
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4. The beginning of the increase in the void volume fraction was similar for all
assumed values of f0 for both numerical models applied. Voids started to increase
for elongation corresponding to the maximum force. Their growth was much rapid
at final, failure range, especially for GTN model applied.
5. Taking into consideration the results obtained, the average values of initial void
volume fraction f0 = 0.001 for S235JR steel is recommended to use in common
engineering calculations for elements operating at low stress triaxiality. In order
to obtain more conservative results, the maximum values of f0 = 0.0024 may be
used.
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