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An analysis of the load-carrying capacity
of elements subjected to complex stress states
with a focus on the microstructural failure
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The paper analyses the load-bearing capacity of S235JR steel elements subjected to complex stress
states, taking into account the effect of microstructural damage. Assessing the material required conduct-
ing a microstructural analysis and standardized tensile strength tests. A modified Gurson—Tvergaard—
Needelman (GTN) model was used to numerically analyse S235JR steel elements under the action of
complex stresses. The results of the numerical analysis were reported to be consistent with those obtained
during the strength tests. The method for the numerical calculations was described along with the
admissible results and the criteria of failure for S235JR steel basing on the modified GTN model and the
development of microdamage. As S235JR steel is a common structural material in Poland, the
investigation results will be of use to a number of engineers and other specialists responsible for
determining the load-carrying capacity and structural safety of elements or whole systems.

Keywords: Gurson—Tvergaard—Needelman model, voids, numerical calculations, S235JR steel
1. Introduction

While determining the structural safety of an element, it is necessary to measure
the actual stresses and compare them with the admissible values defining the strength
of the material. The analysis is relatively easy to conduct if an element is under the
action of uniaxial stress. If complex stress states are involved, i.e. when the failure
stress is a three-stress function, the analysis becomes more complicated. As the failure
of a material (plastic deformation or fracture) is dependent on more than one major
stresses, the safety of a structure can be assessed using the so called Huber strength
hypotheses. The tensile stress of an element in the complex stress state is determined
basing on the reduced stress compared to the failure stress, which is defined for struc-
tural steels according to the Huber—Mises (HM) hypothesis. A number of studies show
that the HM model is not always suitable to analyse the plastic state in and beyond the
range of deformations corresponding to the necking of an element subjected to ten-
sion. Assuming the continuum of the material, one cannot apply this model to estab-
lish the influence of the microstructural defects on the material strength. Such phe-
nomena can be analysed using other models defining the relationship between the
particular failure stages and the strength of the material.
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One of the first models of this type was the Kachanov model [1], in which the fail-
ure parameter is defined as the damaged area divided by the unaffected area.
Kachanov’s approach was extended by Lemaitre, who introduced the potential elastic
energy function to analyse the potential failure of the material [2-3]. Lemaitre’s model
was used mainly to describe creep rupture and fatigue of the materials. As the failure
parameter is difficult to define, especially measure, the model was not appropriate for
modeling the fracture phenomena for elements subjected to static or dynamic loads.
Kachanov’s model did not take into account the conditions of damage formation due
to loading. The models by Kachanov and Lemaitre are some of the few used in elastic-
plastic damage mechanics which take into consideration material failure. As suggested
by Murakami in Ref. [4], the other models used for describing material damage are
those of Gurson [5], Suquet [6], Cordebois and Sidoroff [7], Tvergaard [8-9], Rous-
seliere [10—11], Dragon and Chihab [12 ], Chow and Lu [13], Voyiadjis and Katt [14],
Murzewski [15],] Mou and Han [16], Saanouni [17], and Taper et al. [18]. In the re-
cent years, the Gurson model, which links the degree of failure with the material
structure, has been modified extensively.

The Gurson model for a porous solid [5], which is a modified Huber—Mises crite-
rion, defines the influence of an increase in the void volume fraction on the strength
of the material. This model was further modified by Tvergaard [19], and then by
Tvergaard and Needleman [20-21]. The two scientists developed a method for the
calculation of failure loads resulting from ductile fracture by considering selected
microstructural parameters and plastic properties of a material, which is referred to
as the GTN model. All the above mentioned models will be discussed further in this
paper.

Damage in the form of voids occurs on the existing inclusions or separations. The
growth and coalescence of these voids result in the development of localized plastic
deformations. Many researchers suggest that the process of void growth is dependent
on the state of stress, particularly the stress triaxiality ratio.

The cracking of polycrystalline structures is a complex issue. The processes of crack
initiation and propagation are closely related to the material microstructure. There are
three basic types of fracture mechanisms, i.e. brittle, shear and ductile. In shear and
ductile fracture patterns, the cracking is attributable to the nucleation and coalescence
of voids (see Figures 1 and 2) [22].

The current studies conducted by using the GTN model aim at determining micro-
structural parameters for different types of materials [23—28], analyzing the plasticity
due to void initiation and growth, and defining the effect of voids on the load-carrying
capacity of elements [29-39]. A number of studies [30—32] show that, for alloys and
structural steels, the GTN model ensures better consistency of results obtained by nu-
merical calculation (modelling) with experimental results than the HM model. By
applying the GTN model to calculations, one is capable of analyzing the phenomenon
of void growth, which allows locating the “weak” points in the structure, especially
those susceptible to a local loss of load-carrying capacity.
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From the present state of knowledge concerning the numerical modelling of steel
plasticity, we can conclude that the modelling has been performed for small simple
elements made of different types of steel or metallic alloys.

b)

YIELD voID SHEAR
NUCLEATION FRACTURE

Fig. 1. a) Schematics of the nucleation, growth, and coalescence of voids leading to shear fracture,
b) Macrophotograph of a 7075-T4 steel specimen subjected to tension which failed by shear fracture,
¢) Microphotograph of a 7075-T4 steel specimen which failed by shear fracture [22]

Most results are obtained by conducting simple strength tests, mainly tensile strength
tests. Numerical analyses are performed using the method of best fit to material con-
stants (the GTN model) for elements with predetermined geometries and strength prop-
erties. Microstructural parameters are frequently determined basing on the curve fit-
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ting principle. There is no comprehensive approach that would allow performing nu-
merical calculations for arbitrary elements. Another drawback is the lack of standard-
ized microstructural parameters to develop a GTN model for steels used most com-
monly in engineering.

*

voID DUCTILE
NUCLEATION FRACTURE

c)

Figure 2. a) Schematics of the nucleation, growth and coalescence of voids leading to ductile fracture,
b) Macrophotograph of a 1080 spheroidized steel specimen subjected to tension that failed by ductile fracture,
¢) A SEM microphotograph showing void growth in 1045 spheroidized steel subjected to axial tension, [22]

It is thus essential to develop a procedure for the numerical modelling of the load limit
for any element subjected to any load, taking into account the effect of microfailure. This
paper includes results of a load-carrying capacity analysis and discusses the void growth in
S235JR steel elements in complex stress states basing on the Gurson—Tvergaard—Needel-
man (GTN) model, which takes into consideration the material structure.

The aim of the research was to determine the standardized material parameters for
S235JR steel by conducting microstructural studies and standard tensile strength tests,
followed by numerical modelling of data. As a result, it was possible to determine the
parameters of the modified Gurson—Tvergaard—Needelman (GTN) model by analyzing
the structure of S235JR steel.
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The modified model was used to numerically analyse elements subjected to com-
plex stress states, i.e. elements with different geometries as opposed to standard
specimens subjected to tension.

The paper discusses the numerical calculation procedure, the result analysis, and the
criteria of failure for S235JR steel obtained on the basis of the modified GTN model and
the void growth. S235JR steel was selected for the tests because it is a common structural
material in Poland. The data may be used for any analyses and expertise connected with
the assessment of the load-carrying capacity and safety of structural elements and systems.

2. Gurson-Tvergaard—Needelman (GTN) damage model

As emphasized at the beginning, the classic Huber—Mises (HM) model cannot be
used to analyse the effects of damage of microstructure on the load-carrying capacity
and the strength of materials. Effective stresses (stress intensity) are a function of
principal stresses according to the formula:
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where:

o —von Mises effective stresses,

o1, 0, 03 — principal stresses.

The first model to take into consideration microdamage (pores, voids) was the Gur-
son model [5], which assumes that the proportion of voids in the plastic potential
function is dependent on the void volume fraction f rather than the void volume, in
accordance with the following relationship:
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where:
@ — non-dilatational strain energy,
o — von Misses effective stress according to the HM hypothesis,
op — strength of the material resulting from the tensile strength curve (yield stress),
o, — hydrostatic pressure (mean stress),
f—void volume fraction.
This condition was modified by Tvergaard [19] as:
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where:

/"~ actual void volume fraction,

q; —Tvergaard coefficients describing the plastic properties of the material.

As can be seen from the GTN model, the influence of the plastic properties was
taken into consideration by introducing the Tvergaard coefficients ¢,, their values being
as follows:

q, =15
q;,=19,=1.0 : “4)
q, =q12 =2.25

The above values have been confirmed in numerous studies as typical of many met-
als and steel grades. It should be noted that in the original Gurson condition, the coeffi-
cients characterizing the plastic properties of the material were ¢, = ¢ = ¢z = 1 [5].
When =0, the GTN yield condition (1) is reduced to form defined according to the HM
condition. In the GTN model, the void volume fraction f~ is determined as follows:

f for f<f.
pel el gy v g<r<s (%)
fF_fc
J;F for f>fp
where:

fe — critical void volume fraction,
fr—void volume fraction corresponding to the loss of material strength.

R
Jr=m
q;
An increase in the void volume fraction fis defined by the following relationship:

df = df:gr + d](nucl (6)

where:
df,, — time derivative of the volume fraction of voids existing in the material,
dfae — time derivative of the volume fraction of voids initiated by the deformation.
An increase in the volume fraction of voids df,, existing in the material is defined as:

df,, =(1- f)de" :1 (7)
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An increase in the volume fraction of voids initiated by the deformation df,,., is de-
fined as:

dfnucl =4 dgrfl (8)

An important parameter is the intensity of the nucleation (initiation) of voids 4, de-
fined as:

_ (&l gy
A_SNmexp{ 2( - ﬂ, ©)

where:
fv — volume fraction of voids nucleated (initiated) on inclusions,
&y — mean strain of the void nucleation (initiation),
sy — standard deviation of the nucleation strain,

£”" — mean plastic strain.

3. Determining the microstructural parameters of the GTN model
3.1. Microstructural analysis

The first step of the material analysis was to obtain microstructural images of
S235JR steel [40] with a ferritic-perlitic matrix (Figure 3). As can be seen, there are
a large number of non-metallic inclusions, which are mainly sulfides and brittle ox-
ides. S235JR steel is reported to have appropriate metallurgical purity.

il 4 I==

Fig. 3. SEM image of S235JR steel (transverse cross-section, middle layer) [40]
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Sulfide inclusions were elongated in shape, with their length reaching 61.9 pm.
Their distribution in the volume was irregular. They were arranged in bands. Table 1
shows the maximum diameter d,, and the extension ratio d,../d, where d, is the
equivalent diameter.

Other non-metallic inclusions found in the tested materials are uniaxial brittle ox-
ide inclusions, which may co-occur with sulfide inclusions. To fully characterize non-
metallic inclusions in the material, it was necessary to determine the basic stereologi-
cal parameters:

— fo — void volume fraction,

— A — cross-sectional area,

— d, — equivalent diameter,

— dne — maximum diameter,

— dypa/d> — extension ratio.

d max /

A4

A,

A :Az, d2:\/A/4TE

Fig. 4. Defining the stereological parameters for non-metallic inclusions [40]

Table 1. Comparing the results of the quantitative analysis of the images [40]

Cross- | Void A2 d i Amax dmax

Cross-section |sectional|volume | n [pum’] [m] [um] [pm] diay/| - (for the
area |fraction mean | std. | mean | std. | mean | std. | mean | std. | .large;st
value | dev | value | dev | value | dev | value | dev inclusion)

Transverse | central | 0.17% |62 5.3 |13.1| 2.1 | 16| 1.2 |06 | 42 |58 2.0 61.9
Transverse | outer | 0.07% |66] 2.5 | 33| 1.5 |09]| 1.0 05| 25 |22 | 1.6 18.2
Longitudinal | central | 0.06% [68] 1.8 | 55| 1.3 {08 ] 1.1 |06 1.6 |1.6]| 1.3 22.0
Longitudinal | outer |0.03% (49| 1.5 |29 | 1.2 {07] 1.0 [05]| 1.5 | 13|13 18.3

3.2 Tensile strength tests

The next step was to perform static tensile strength tests for specimens with a cir-
cular cross-section, with the diameter of the specimen ¢ = 10 mm, the length of the
measuring base /, = 50 mm, and the primary cross-sectional area S, = 78.5 mm® ac-
cording to [41]. Two ranges of traverse speed, i.e. 1 and 4 mm/min, were analysed. No
impact of the speed was reported.
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The average values obtained during the tests were as follows: the yield point (yield
stress), Ry, = 318 MPa, the tensile strength, R,, = 446 MPa, and the displacement per-
centage, 4s = 33.9%. Using the averaged o (&) curve, it was possible to determine the
nominal normal stress o and the longitudinal strain &,

Determining the microstructural parameters required modelling the data from the
tensile strength tests (GTN model) numerically. The averaged tensile strength curve
was approximated using the following equation:

N
Gz{m'ﬁ’%ﬂ (10)
Oy Oop Oy
where:

o — stress,

op — yield stress,

G — coefficient of transverse elasticity,

g’ — mean plastic strain,

N — strain-hardening exponent.
Table 2. Strength parameters of S235JR steel according to Equation (10)

oy [MPa] | o;,, [MPa] | G [MPa] N
318 446 80 000 0.183

The data obtained during tensile strength tests were numerically modeled basing on
the equation of the approximate curve (10). The Gurson—Tvergaard—Needelman
(GTN) damage model takes into account the nucleation and growth of inclusion-
related voids. The initial void volume fraction f; was 0.0017 = 0.17 %.

The critical void volume fraction, f;, above which the material strength decreases,
was 0.06. This value coincides with the results obtained by other authors [31]. As sug-
gested by Richelsen and Tvergaard [42], the critical value of the void volume fraction,
f., 1s dependent on the initial void volume fraction fy. It ranges from f. = 0.04 at
fo=0.0 to f. = 0.12 at f, = 0.06. The calculated value, f. = 0.06, is consistent with the
experimental results.

The value of the void volume fraction corresponding to the loss of strength f» was
0.667.

The Tvergaard parameters were: g¢; = 1.5, ¢, = 1.0, and g5 = 2.25. The volume
fraction of the nucleated voids fy was 0.04, the average nucleation (initiation) strain of
inclusion-related voids gy was 0.3, and the standard deviation of the strain sy was 0.05.

Table 3. Microstructural parameters of the modified GTN model of S235JR steel

Jo Je Jr q 783 93 v &y Iy
0.0017{ 0.06 | 0.667| 1.5 1.0 2.25 | 0.04 0.3 0.05
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The numerical calculations were performed using the program based on the Finite
Element Method, Abaqus Explicit version 6.7. The elements were modelled as axially
symmetrical components using standard 4-node CAX4R elements [43].

Figure 5 shows a tensile strength curve determined numerically in the form of the
load F versus displacement / function for the GTN model parameters.
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Fig. 5. Load-displacement F(/) curves obtained through experiments and numerical analysis

4. Experimental and numerical modelling of load-carrying capacity and
failure susceptibility in complex stress states

The analysis of load-carrying capacity and failure susceptibility was conducted
using stretched ring-notched specimens with circular cross-sections for different notch
radii p, (Figure 6).

The stress inside the specimens was calculated using the Bridgman analytical solu-
tion [44]. The triaxiality stress ratio o, /G was determined as:

0—_’”:l+ln[r—°+l], (11)
c 3
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o, = (011+ 03+ 033)/3 — mean stress,
o — von Misses effective stress,

2ry — original minimum diameter,
po — notch radius.
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Fig. 6. Geometry and stress state components of a ring notched specimen

From relationship (11) it is clear that a change in the notch radius, p, has a signifi-
cant effect on the stress state in the notch area. The analysis was conducted for ele-
ments with diameters 2Ry, = 14.0 mm and 27y, = 7.0 mm and notch radii p, ranging
from 1.0 mm to 7.0 mm. It was possible to study the state of stress at different stress
triaxiality ratios, ranging from o, /& = 0.556 for py = 7.0mm to o, /G = 1.345 for

po= 1.0 mm (Table 4).

Table 4. Stress triaxiality ratioo,, /& for different notch radii

Notch radius Stress triaxiality ratio
po=1.0mm o, /0 =1345
po=1.5mm o, /o =1107
po=3.5mm o, /o =0.739
Po="7.0mm o, /G =0.556

The load-carrying capacity analysis included tensile strength tests, during which
specimens were subjected to static tension. The quantities measured were load F' and
displacement of points distributed symmetrically along the notch /, with the exten-
someter initial length being /o, = 32.56 mm (Figure 7).
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Two ranges of traverse speed were used: 1 and 4 mm/min. The speed was reported
to have no effect on the results. The load vs. displacement curves are shown in Figures
10-13.

Fig. 7. View of a ring-notched round specimen subjected to tension in a complex stress state

The nature of the fracture (Figure 8) corresponds to the typical ductile failure, whose
mechanism was described in the introduction and illustrated in Figure 2. The cracking
resulted from the coalescence of voids through localized plastic strain. Macroscopi-
cally, the cracks were perpendicular to the maximum normal stress (tensile axis). In
the central fracture area, there were numerous folds, which are attributable to the coa-
lescence of voids due to slides down the planes inclined to the tensile axis at an angle
of 30—45°. The cracks resulted from the slide and the coalescence of voids, with the
slide occurring in the outer parts of the specimens. The cracks went along slide bands
in the plane inclined to the tensile axis at an angle of 45°. For specimens with
a high stress triaxiality ratio, at o, /& > 1 (where po= 1.0 mm and po = 1.5 mm,

Figures 8a and b), the characteristic phenomenon was plasticity in a very small area
surrounding the notch. For the other specimens (where po = 3.5 mm and py = 7.0 mm,
Figs 8c and d), the plasticity was more visible; it extended from the bottom of the
notch in the longitudinal direction, like in tensile strength tests conducted for smooth
specimens.
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b)

Fig. 8. Macrographs of fracture surfaces of specimens under tension in a complex stress state:
a) po=1.0mm, b) pg=1.5 mm, ¢) pg=3.5 mm, d) pg="7.0 mm

The next stage of the analysis was numerical calculations. It was necessary to de-
velop a procedure for modelling specimens by using the GTN model, verify the ex-
perimental results, and analyse the growth of microvoids and their effect on the load-
carrying capacity.

The numerical calculations were performed using a program based on the Finite
Element Method (Abaqus Explicit version 6.7). The elements modelled were the same
as those used during the tensile strength tests. The ring-notched specimens with a cir-
cular cross-section were subjected to static tension in the complex stress state, the notch
radius p( ranging from 1.0 mm to 7.0 mm. The modelling was performed for axially
symmetrical standard 4-node CAX4R elements [42]. Because of the symmetry, the
modeling was conducted only for half-specimens (Figure 9). The height of the nu-
merical models corresponded to half of the extensometer length, i.e. 16.28 mm.

The Gurson-Tvergaard-Needleman (GTN) damage model required using the non-
linear explicit dynamic analysis. To compare the results, it was essential to perform
numerical calculations based on the classic Huber-Misses model using a static analy-
sis. The load-carrying capacity was defined by plotting the load F' against displace-
ment / (Figures 10—13).
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L.
Fig. 9. Numerical model of a ring-notched element with a circular cross-section

The void growth was analysed basing on the changes in the void volume fraction
that occurred during the plasticity process and the effect of voids on the stress state
described by the stress triaxiality ratioo, /& . The relationship between the void vol-

ume fraction and the stress triaxiality ratio o, /& in the function of displacement /

was determined for a point inside a specimen designated as IN and for the bottom of
the notch at a point designated as OUT (according to Figure 6).

As can be seen from the F(/) curves plotted for the ring-notched specimens sub-
jected to tension, the load F, which was determined by applying the GTN model and
the non-linear explicit dynamic analysis, was lower than that obtained with the classic
Huber-Misses model and the static analysis. It was found that the material porosity
significantly affected the tensile strength and the load-carrying capacity.

It should be noted that the tensile strength curves obtained by applying the GTN
model and the non-linear explicit dynamic analysis are consistent with the experi-
mental results, and thus are closer to the real ones. This is not true about the results
obtained by applying the HM model and the static analysis.

The GTN model assumes that for elements with the notch radius o, ranging from
1.0 mm to 3.5 mm, which corresponds to a maximum load, the numerical data are con-
sistent with the experimental results. For a specimen with the notch radius equal to
7.0 mm, the values of load determined numerically were lower than those obtained
experimentally (Figure 13). In a wider range, the numerically calculated values of the
load F were lower than the real ones (Figures 10—13).

The F(/) curves plotted for elements with po = 1.0 mm and p, = 1.5 mm show that
the maximum values of the load F' (load-carrying capacity) were achieved at / = 0.5 mm
(Figures 10 and 11). For the other elements with py = 3.5 mm and py = 7.0 mm, the
load-carrying capacity was accomplished at / = 0.68 mm and / = 0.85 mm, respec-
tively (Figures 12 and 13).
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Fig. 11. Load-displacement F(/) curves for a specimen with the notch radius py = 1.5 mm

For each specimen, there was a fall in the load capacity followed by the element
failure after the maximum strength was reached. This applies both to the experimental
results and the numerical simulation data obtained by means of the GTN model. For
elements with po = 1.0 mm and po = 1.5 mm and the resulting high stress triaxiality
ratio, one can determine the point beyond which there occurs a sharp decrease in load
corresponding to the displacement / equal to 0.94 mm. In the range from the maximum
load-carrying capacity to the failure, the differences in load were bigger during the
experiments than during the numerical calculations.
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Fig. 13. Load-displacement F(/)) curves for a specimen with the notch radius po = 7.0 mm

An increase in the void volume fraction was observed for the displacements corre-
sponding to the maximum load-carrying capacity, i.e. / = 0.5 mm for specimens with
po= 1.0 mm and p, = 1.5 mm and / = 0.68 mm and / = 0.85 mm for specimens with
po = 3.5 mm and po = 7.0 mm, respectively. Figures 14 and 18 illustrate the increase
in the void volume fraction for specimens with the notch radius po = 1.0 mm (o, /&

> 1) and pg = 3.5 mm (o, /5 < 1). The initial increase in the void volume fraction
was particularly intensive in the outer part of the specimen (point OUT in Figure 14).



An analysis of the load-carrying capacity of elements subjected to complex stress states... 31

Beyond the maximum load-carrying capacity, there was a more rapid increase in the
void growth rate, especially for elements with a higher stress triaxiality ratio, o, /& > 1

(Figure 14). When o, /& > 1, the more rapid increase in the void growth rate resulted

from the considerable decrease in the load-carrying capacity; for elements with py =
1.0 mm and p, = 1.5 mm, the displacement was / = 0.94 mm. Beyond that point, the
growth of voids inside the specimen (point IN) was more rapid than outside (point
OUT). During the process of further plasticity, the voids inside an element grew in
number more intensively and rapidly (Figure 14). Figures 15a and b show maps of the
void volume fraction for elements with the highest stress triaxiality ratio, i.e.c0, /& =

1.345 at py = 1.0 mm. The map of the void volume fraction in Figure 15a corresponds
to / = 0.94 mm, and accordingly, to a sudden drop in the load-carrying capacity. Fig-
ure 15b presents a map of the void volume fraction after that point was reached. In the
first case, the highest void volume fraction was in the outer part (point OUT), while in
the other case, the increase in voids was more visible in the inner part (point IN). It
could thus be concluded that the rupture would go from the inside to the outside.

Vold Volume Fraction VVE

Fig. 14. Void volume fraction versus displacement curve for a specimen with po = 1.0 mm

Another characteristic phenomenon observed during the numerical simulation was
that the damage growth occurred in a very small volume of material, directly in the
plane of the smallest cross-section near the notch bottom (Figures 15 and 19).

The phenomena described above are particularly strong for elements with a high
stress triaxiality ratio, i.e. o, /& > 1. When ¢, /& <1, that is for elements with p, =

3.5 mm and p, = 7.0 mm, the phenomena were less intensive. The void volume
growth rate was lower for ¢, /& <1 than for o, /& > 1. The phenomenon was re-

flected in the experimental results and the numerical simulations data. The specimens
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with po = 1.0 mm and p, = 1.5 mm were reported to fail much sooner. It is thus clear
that the material failure caused, for instance, by an increase in the number of voids,
will occur sooner if the stress traixiality ratio is high, o /&> 1.

b)
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Fig. 16. Triaxiality stress ratio versus displacement curves for a specimen with py = 1.0 mm

As can be seen, the increase in the void volume fraction affected the load-carrying
capacity and strength of the specimens considerably. This influence was particularly
visible when &, /& > 1. It can be concluded that for elements with o, /5> 1, the

microstructural failure (void growth) was closely related to the changes in the stress
state.

The void volume fraction at the moment of failure ranged between 20 and 45%.
The value of 45% was obtained for elements with py = 1.5 mm at test duration of 13s.
For the other specimens, the value was in the range of 20-29%. The minimum void
volume fraction was approximately 20%. It was possible to determine the criterion of
failure basing on the GTN model. It should be noted that the result refers to one rate of
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deformation. If the load conditions are different, the result may be different, too. It
seems that the influence of the deformation rate on the rate and intensity of void
growth needs to be analysed separately.

a specimen with po = 3.5 mm

+1.700¢-03

Fig. 19. Void volume fraction maps for a specimen with py=3.5 mm, a) /=1.05 mm, b) /= 1.12 mm
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Fig. 21. Triaxiality stress ratio maps for a specimen with po=3.5 mm, a) / = 1.05 mm, b) / = 1.76 mm

Another objective of the study was to evaluate the impact of the stress state on the
load-carrying capacity of elements and the material microdamage. The stress state was
expressed as the stress triaxiality ratio, while the microdamage was defined by the
increase in the void volume fraction. Prior to the rapid decline in the load-carrying
capacity, there was a slight increase in the stress triaxiality ratio o, /& in the inner

part of the elements and a slight decrease of this ratio in the outer. This corresponds to
[ = 0-0.85 mm for elements with py = 1.0 mm and p, = 1.5 mm. When / reached
0.85 mm, there was a significant increase in ¢, /& in the inner part; it rose until
o, /& =3.1at/=0.96 mm for an element with po = 1.0 mm. It is clear that the rapid

decline in the load-carrying capacity and the rate of increase in the void volume frac-
tion were related to the rapid change in the stress state reflected by a sudden increase
in the stress triaxiality ratio in the inner part. In the analysed range, there was a slight
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increase in o, /& in the outer part of the elements. After the rapid decrease in the

load capacity at / > 0.96 mm, there was a decrease in the stress triaxiality ratio in the
inner part until o, /& = 1.4, which corresponded to the initial value of &, /& . Fig-

ures 17a and b show maps of the stress triaxiality ratio o, /& for an element with

po=1.0mmat/=0.90 mm and / = 0.97 mm.
Changes in the stress triaxiality ratio o, /& coinciding with microstructural changes

were observed also in elements with py = 3.5 mm and p, = 7.0 mm; their intensity,
however, was considerably smaller (Figures 20 and 21).

5. Final remarks and conclusions

The paper deals with the results of the load capacity analysis and the growth of mi-
crostructure damage taking the form of voids for elements made of S235JR steel sub-
jected to complex stress states. The modified Gurson—Tvergaard—Needelman (GTN)
model taking account of the material structure was used.

The objective of the study was to determine the standardized material parameters
for S235JR steel by conducting a microstructural analysis and standard tensile strength
tests with their numerical modelling. The parameters were obtained by means of the
modified GTN model taking into account the steel structure.

The modified model was used for the numerical analysis of elements under the action of
complex stress states, whose geometries were different from those of the standardized
specimens. The numerical calculations including the analysis of maximum values and
the criteria of failure for S235JR steel based on the modified GTN model and the de-
velopment of microvoids.

Because of the extensive use of S235JR steel in the building industry in Poland, the
results can be applied to various analyses and expertise with the aim of estimating the
load-carrying capacity and the structural safety of elements.

The following are the conclusions drawn from the analysis results:

— By applying the modified GTN model, which takes into account the real micro-
structural parameters for S235JR steel elements, one is capable of estimating the fail-
ure loads resulting from plastic fracture.

— The tensile strength curves obtained by using the modified GTN model taking
into consideration the real microstructural parameters and the non-linear explicit-type
dynamic analysis were consistent with the experimental results, i.e. the real results, in
contrast with the data obtained by means of the HM model and the static analysis.

— The parameters of the modified GTN model taking account of the real micro-
structural parameters of S235JR steel determined on the basis of the microstructural
analysis, tensile strength tests and numerical analysis, were used to good effect during
the analysis of elements subjected to complex stress states.

— Initially, the void growth was very intensive in the outer part of the specimens.
After the maximum load-carrying capacity was reached, the rate of the void growth
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was higher, especially for elements with a higher stress triaxiality ratio, i.e. o, /G > 1.
When o, /& >1, the increase in the void growth rate corresponded to the rapid fall in

the element load capacity. Once the point was reached, the voids grew in number more
rapidly in the central part of the elements rather than in the outer part. It can be as-
sumed that the failure occurring in the central part is crucial to the load capacity of the
whole element.

— An increase in the void volume fraction is observed in a very small volume of
the material; it occurs in the plane of the smallest cross-section near the notch bottom.

— An increase in the void volume fraction affected the load-carrying capacity and
strength of analysed elements. Effect was more visible for the elements with & /& > 1.

When o, /& > 1, the void growth was attributable to changes in the stress state.

— The specimens with the notch radius p, equal to 1.0 mm or 1.5 mm was re-
ported to fail earlier than the other specimens. It can be assumed that failure caused,
for instance, by an increase in the void growth, will occur more rapidly in elements
with a high stress triaxiality ratio (i.e. o, /5 > 1).

— The minimum void volume fraction of 20% corresponding to the element fail-
ure was determined by applying the modified GTN model, which took into considera-
tion the real microstructural parameters. The value can be treated as a criterion of fail-
ure for the S235JR specimens subjected to complex stress states.

— By analyzing the damage which takes the form of voids, one is able to analyse the
load-carrying capacity, and accordingly, the safety of structural elements. As failure is
expected to occur once the void volume fraction reaches a critical value, it is possible to
apply this procedure to analyse the failure states of structural elements made of S235JR
steel basing on the modified GTN model taking account of the real microstructural
parameters of this material.

— The modified GTN model, which takes account of the real microstructural pa-
rameters of S235JR steel, was used to analyse the growth of voids, and their number
and location in an element. Basing on the results, it was possible to establish the weak
points of the structure, i.e. areas particularly susceptible to loss of load-carrying ca-
pacity. The material structure was reported to be responsible for the load-carrying
capacity of the whole element.
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Analiza no$nosci elementéow pracujacych w zloZonych stanach naprezenia
z uwzglednieniem wplywu uszkodzen miktrostrukturalnych

W artykule przedstawiono wyniki analizy no$nosci elementéw wykonanych ze stali S235JR
pracujacych w ztozonych stanach naprezenia z uwzglgdnieniem wptywu uszkodzen mikro-
strukturalnych. Opracowano zmodyfikowany model Gursona—Tvergaarda—Needelmana (GTN)
dla stali S235JR poprzez wykonanie badan mikrostrukturalnych, przeprowadzenie normowych
prob rozciagania oraz ich modelowane numeryczne. Zmodyfikowany model GTN zastosowano
w analizie numerycznej elementow pracujacych w ztozonych stanach naprgzen. Stwierdzono
zgodno$¢ uzyskanych wynikow w stosunku do rezultatéw badan wytrzymatosciowych. Opisa-
no sposodb prowadzenia obliczen numerycznych wraz z analiza mozliwych do uzyskania wyni-
kow oraz okreslono kryteria zniszczenia stali S235JR w oparciu o zmodyfikowany model GTN
i rozw6j mikrouszkodzen.
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