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Ductile fracture of low carbon structural steel (S235JR) at low initial stress triaxiality has
been predicted using a method based on the Stress Modified Critical Strain (SMCS) crite-
rion and the Gurson-Tvergaard-Needleman (GTN) material model. The influence of micro-
defects on the material strength has been taken into account. The investigations, including
tensile tests, have been conducted for standard cylindrical unnotched tensile specimens at
low triaxial stresses. An advanced finite element method has been used to determine several
SMCS model parameters.
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1. Introduction

Assessment of the load-carrying capacity of structural elements that are damaged or overloaded
is a common problem encountered in engineering practice. In either case, if the capacity of
elements is exceeded, the structure, especially when made of steel, is no longer safe. In extreme
cases, the structure may operate in a pre-failure state, leading finally to a catastrophe. The load-
-carrying capacity analysis becomes more complicated when structural elements are plastically
deformed or otherwise damaged. Risk assessment is absolutely necessary for structures showing
signs of failure, i.e., visible deformations or cracks.

A thorough analysis of the load-carrying capacity of structural elements made of steel in a
pre-failure condition is definitely difficult, mainly because of the high complexity of the problem.
Some structural elements are able to operate without failure even though they are beyond the
elastic limit. In such a case, we cannot apply methods based on the classic strength hypotheses;
we can only use assumptions and methods of the theory of plasticity.

Serious engineering problems may also be attributable to cracks. Cracks affect the load-
-carrying capacity of single elements, and consequently, the entire structure. It can be difficult
to assess stresses around a crack and determine their influence on the load-carrying capacity of
an element and on the real fracture toughness of the material, i.e., steel. The knowledge of the
type of fracture is crucial. When brittle or plastic fracture occurs, we can use the classic methods
of fracture mechanics. In the case of transition or elastic-plastic fracture, however, we may find
it highly problematic to correctly assess the fracture toughness. Other important problems that
should be analyzed by structural engineers are the influence of defects of structural elements on
the stability of whole structures as well as the influence of defects of welds on the load-carrying
capacity of welded connections.

Even though many procedures have been developed and fracture mechanics provides some
well-defined criteria, the analysis of the load-carrying capacity of an element containing a crack
is likely to be affected by various parameters, the choice of which is no longer obvious. It is
essential to consider the criteria for the application of linear and nonlinear fracture mechanics.
They are dependent on the size and shape of the plastic zone, which can be measured using many
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acceptable methods. In the case of full plasticity, accurate assessment of the fracture toughness
can be difficult because of the problems with measurement of the critical value of the J-integral.
Other material constants can also be used for the analysis in a fairly wide range (minimum, mean
or probable values), and they may significantly affect the results. Hence the need to systematize
and unify the methodology for assessing the strength and safety of mechanical systems and
building structures.

Many components used in construction are made of steel. Crack initiation in steel is related
to the material microstructure, thus, ductile fracture is a basic mechanism of the failure. Micro-
-cracks occur as a result of micro-defects (voids) present in the material structure nucleating
on inclusions and second-phase particles in the material matrix. The nucleation, growth and
coalescence of voids are the consecutive steps in the micro-damage evolution. The void growth
is responsible for the development of localized plastic deformations, being the most important
stage leading to material failure.

Ductile fracture has been analyzed by many researchers, but many problems are still neces-
sary to solve. For instance, experimental methods are used to analyze the coalescence of voids.
To find out more about ductile fracture, we need to carry out more extensive research and deve-
lop more effective methods for determining the load-carrying capacity and predicting the failure
time.

Today, one of the methods used for predicting ductile fracture as a function of multi-axial
stresses and strains in the plastic range is the Stress Modified Critical Strain (SMCS) model.
The model seems to be a very useful method from the practical point of view in comparison
with the conventional fracture toughness methods. To determine the ductility of a material,
the SMCS model uses quantitative results, whereas in a traditional Charpy impact test, for
example, assessment is made on the basis of qualitative data. The SMCS model may be used
also in analyses of structural elements with no visible cracks, when there is no crack tip yielding.
Engineers applying this model deal with multi-axial, especially triaxial, stresses, and strains in
the plastic range. In traditional methods, analysis is based on the maximum plastic strains.

The SMCS method combines experimental testing with numerical analysis, with the latter
being particularly important here. Selecting the best model to assess the failure of a given metal
material is the most significant decision that a structural engineer needs to make.

Phenomena connected with ductile fracture may be analyzed and simulated using damage
material models, taking into account the influence of microstrucural defects on the material
strength. One of the first damage material models to take into consideration the relationship
between the particular stages of failure and the strength of material was the Gurson material
model (1977) developed for porous media. In the Gurson yield function, being a modified form of
the Huber-Mises-Hencky hypothesis, the strength of a material is affected by an increase in the
void volume fraction. The original Gurson model has undergone various modifications. The main
ones were proposed by Tvergaard (1981), Tvergaard and Needleman (1984), and Needleman
and Tvergaard (1984). The resulting Gurson-Tvergaard-Needleman (GTN) material model is
now one of the basic damage models recommended for use in analysis of ductile fracture. The
GTN material model may be helpful in modelling and simulating the stresses and strains during
material failure, as they are parameters that are necessary to determine the failure criteria based
on the other models, such as the SMCS model.

In this study, ductile fracture in structural steel was predicted by means of a method that
is a combination of the SMCS and GTN models. The mechanisms of ductile crack initiation
were modelled using the spatial distributions of stresses and strains at the microscale. Although
this approach focuses on fracture behaviour, which is a particularly complex issue, the model
is anticipated to become a useful tool for solving various engineering problems. It is important
that ductile fracture should be analyzed by referring to the microstructural aspects and that
failure in the particular steel elements should be predicted on the basis of quantitative data.
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Much of the previous research on the SMCS method has focused on mechanical engineering
applications and on steels that are not common in construction. This study has been conducted
for low-carbon S235JR steel, which is a basic steel used in the construction industry in Poland
and other European countries. S235JR steel is applied to produce a number of structural ele-
ments, especially for construction applications. To predict and prevent failures and collapses of
steel structures in construction, engineers need reliable methods for predicting failure processes
in the material and the element under load conditions. It is thus vital to develop failure criteria
for structural steels used in construction, including S235JR steel.

This paper analyzes the applicability of the SMCS model to engineering problems with regard
to S235JR steel. The study has been conducted for cylindrical unnotched specimens at low initial
stress triaxiality o,,/0. = 1/3, where o, and o, denote the hydrostatic stress and the effective
stress, respectively. The investigations have been partially based on the results presented by
Kossakowski (2012a,b). They involved performing a microstructural analysis, tensile tests and
an advanced finite element analysis by means of the GTN model. The fundamental purpose of
the study, however, is to determine the SMCS criterion at low initial stress triaxiality for S235JR
steel.

2. The SMCS model and the length scale parameter

The SMCS model is one of the methods used for the assessment of material failure based on the
relationship between the spatial plastic strain and the stress state at failure. The fundamental
assumptions of the SMCS model were prepared by McClintock (1968) and Rice and Tracey
(1969), who focused on the void growth phenomenon leading to the material failure. They
noticed that the void growth is due to changes in the strain and stress state, defined by two
key parameters, the effective strain €' and the stress triaxiality ¢,,/0.. The SMCS model and
method were further improved by Hancock and Mackenzie (1976), Hancock and Brown (1983),
Johnson and Cook (1985), Marino et al. (1985), Panontin and Sheppard (1995), Bandstra et al.
(2004), Benzerga et al. (2004), Kanvinde and Deierlein (2004, 2006) and Chi et al. (2006).

As mentioned before, ductile fracture is a complex phenomenon, dependent on many factors
such as anisotropy of the void distribution, spacing and shape, void nucleation, changes and
evolution in void shapes, void-to-void interactions, primary void nucleation and the nucleation
and growth of secondary voids. As the models of these phenomena are too complex and advanced
to use in common engineering practice, it is necessary to propose a simple and accurate method
to simulate ductile fracture to use in engineering assessments.

Assuming that ductile fracture is largely dependent on void growth, and that void nucleation
does not affect the ductile fracture process significantly, the void coalescence may be modelled
and defined by the critical void ratio only, neglecting the void-to-void interactions or void loca-
lization. The void growth phenomenon has been analyzed by many researchers, including Berg
(1962), Rice and Tracey (1969), McClintock (1968), Thomason (1968), and Brown and Embury
(1973).

According to the SMCS model applied in this study, prediction of ductile failure requires
considering the relationship between stress triaxiality and plastic strain only. From these assump-
tions, it is clear that we can apply the SMCS failure criterion to low carbon steels, commonly
used in the construction industry. Ductile crack initiation in these steels is mainly due to the
growth and coalescence of voids responsible for the development of localized plastic deformations.

The SMCS fracture criterion enables us to evaluate the initiation of ductile fracture depen-
ding on the stress and strain, defined by multi-axial stresses and plastic strains. The relationship
between instantaneous stresses and strains at fracture initiation can be used to determine the
critical plastic strain agl, being a critical parameter, as a function of stress triaxiality o,,/oe.
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According to the SMCS model, the critical plastic strain e is calculated as

3o

l m

el = aex (———) 2.1
0 P(~55. (2.1)
where « is the toughness parameter, o,, — hydrostatic stress, o, — effective stress.

The toughness parameter « is a constant for the material tested, generally determined thro-
ugh experiments. This parameter is established by combining the experimental and numerical
methods. The time to failure is calculated from the results of the strength test, while the critical
plastic strain e?! is obtained through numerical simulations of the stress and strain state at
failure. The toughness parameter « can be calculated as follows

ept
o= # (2.2)
exp(~3%)

During the numerical simulations performed by means of the material damage models, several
problems have been encountered. When ductile fracture was simulated with a finite element
method, i.e., in the nonlinear range, the mesh-size effects revealed the softening of the final
part of the strength curve. This phenomenon is strictly connected with the fracture processes
occurring at the micro-scale.

According to the fracture criterion, two conditions must be satisfied to initiate a crack. The
critical stress and the plastic strain must be exceeded over the critical volume of the material,
which, in a two-dimensional analysis, is defined by the characteristic length [.. Thus, the SMCS
fracture criterion can be written as

Pl > ol over r >l (2.3)

where P! is the plastic strain, 51031 — critical plastic strain, r — length, [. — characteristic length.

Fracture condition (2.3) is shown schematically in Fig. 1, where the region of high stress and
plastic strain is presented. The fundamental parameter is the difference between the effective
strain eP! and the critical plastic strain e?!, marked by contours to indicate the subsequent
loading steps in the region near the crack tip.
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Fig. 1. Predicting ductile crack initiation defined by the characteristic length I. (based on Kanvinde
and Deierlein, 2006)

Crack formation is predicted for a progressively increasing distance until the fracture criterion
is satisfied over the characteristic length [.. The first loading step when the fracture criterion is
satisfied over the characteristic length [. corresponding to fracture initiation is presented as a
solid line.
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As can be seen, the characteristic length [. is a basic parameter determining the crack
initiation process, which is particularly important in numerical simulations of ductile fracture.
The characteristic length [. defines the proper mesh size in the region prone to crack initiation
and, accordingly, failure. The parameter is vital in the modelling of regions with high stress-strain
gradients, for instance, the area near the crack tip. The SMCS fracture criterion is satisfied when
the size of the finite elements is exceeded over the critical volume of the material, represented
in two dimensions by the characteristic length [.. Summing up, the mesh size should be at
least equal to the characteristic length [.. The theory and methods used to determine the
characteristic length [. are presented further in the paper.

3. The GTN material model

As mentioned before, the Gurson material model for porous media is one of the material damage
models that take into account the influence of microstrucural defects on the material strength.
The Gurson yield criterion replaced the Huber-Mises-Hencky yield criterion. It is assumed that
the proportion of voids in the plastic potential function is dependent on the void volume frac-
tion f, defining the influence of microfailure (pores, voids) on the material strength.

According to the GTN model, failure loads related to ductile fracture can be determined by
analyzing some microstructural parameters and plastic properties of the material. As shown in
many studies conducted for alloys and structural steels, the GTN model provides good agreement
between the predictions and the experimental data. To numerically model the load limit for any
element subjected to any load, we need to apply an appropriate procedure and take the effects
of micro-failure into account. The parameters of the material microstructure can be determined
by analyzing the actual data rather than matching the parameters to the tensile test results.
Accordingly, the load-carrying capacity can be calculated numerically by analyzing the stress
state, changes in the microstructure and, finally, the safety reserves of the particular elements.

The GTN yield criterion modified by Tvergaard (1981), Tvergaard and Needleman (1984)
and Needleman and Tvergaard (1984) is written as

(02 B 30m w2y
@ = (25) +2mf cosh(—a g n) = (1+4f%) =0 (3.1)
where o, is the effective stress, oy — yield stress, o,, — hydrostatic stress, f* — modified void

volume fraction, ¢; — Tvergaard’s parameters.
As can be seen, the material porosity is dependent on the modified void volume fraction f*

f for f< fe

=9 r.+ u(f —fe) for f.<f<fr (3.2)
_ fF_fc
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where f. is the critical void volume fraction, fr — void volume fraction at final fracture

gt yd -
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An increase in the void volume fraction f is defined by the following relationship

f = fg?" + fnucl = (1 - f)épl I+ fN exp l_ E(M>21 églm (3'3)
SN
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where fgr denotes the void growth rate, fnucl — void nucleation rate, fy — volume fraction
of void nucleating particles, sy — standard deviation of nucleation strain, é” — plastic strain
rate tensor, I — second-order unit tensor, ey — mean strain for void nucleation, P! — effective
strain, L — effective strain rate.

The GTN material model is an advanced material damage model with many parameters.
Nevertheless, it is commonly used in various areas of engineering to simulate the load-carrying
capacity and failure of structures. The GTN material model is recommended for use by some
European standards (e.g. PN-EN 1993-1-10 (2007)) and related publications (Sedlacek et al.,
2008) to analyze pre-failure behaviour of buildings and other structures.

In this study, the GTN model has been used for determining the distributions of strains and
stress triaxility necessary to obtain the SMCS criterion for S235JR steel.

4. The SMCS criterion for S235JR. steel at low initial stress triaxiality

This analysis has been conducted for elements made of S235JR steel under triaxial stresses.
The SMCS criterion is defined in subsequent steps. The investigations include a microstructural
analysis, tensile tests, and numerical simulations.

4.1. The microstructural analysis

S235JR is a general purpose non-alloy structural steel used for welded, load-carrying, and
dynamically loaded structures. It is a lower grade steel with large amounts of impurities. The
maximum content of elements in [%] is: C = 0.14, Mn = 0.54, Si = 0.17, P = 0.016, S = 0.026,
Cu=0.29, Cr =0.12, Ni = 0.12, Mo = 0.03, V = 0.002 and N = 0.01. The basic microstructural
parameters of S235JR steel determined through experimental testing are porosity and charac-
teristic length. The steel has a ferritic-perlitic structure with a large number of non-metallic
inclusions. The initial porosity has been determined on the basis of the initial void volume
fraction, fo = 0.0017 = 0.17 % (Kossakowski, 2010).

Fig. 2. Fracture areas with the characteristic length [,

The characteristic length [. in the fracture area after standard tensile tests has been esta-
blished using the microstructural images. It is important to note that the determination of the
characteristic length is subjective. The methods used for this purpose include those discussed by
Panontin and Sheppard (1995), Chi et al. (2006) and Rousselier (1987). In this study, the Han-
cock and Mackenzie (1976) method has been applied. The fractograph in Fig. 2 shows fracture
initiation being a result of the coalescence of two or more voids forming from inclusion colonies.
The characteristic length /. has been determined as the length of a dimple formed as a result of
void coalescence. On average, the characteristic length was [. ~ 250 um (Kossakowski, 2012a).
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4.2. The GTN material model parameters for S235JR steel

Experimental and numerical methods have been combined to determine the GTN material
model parameters for S235JR steel, as described by Kossakowski (2010, 2012a,b). First, standard
tensile tests have been performed according to PN-EN 10002-1 (2004) using specimens with a
circular cross-section (the nominal diameter, d = 10 mm, the initial length, Iy = 50 mm, and the
initial cross-sectional area, Sy = 78.5mm?). The testing has been conducted with a 322 MTS
testing machine, which has a capacity of 100 kN and is equipped with a hydraulic drive able
to control an increase in displacements. The measurements involved registering values of load
and strain in the central part of the specimens using an extesometer with a gauge length of
35mm. The sample size is n = 8 specimens. The strength properties obtained for S235JR steel
for the significance level of 0.05 are as follows: the yield stress Rpo = 318.3 4+ 2.59 MPa with
standard deviation s = 3.73 MPa, the tensile strength R,, = 457.4 + 4.91 MPa with standard
deviation s = 7.09 MPa, and the percentage elongation A; = 33.9 + 1.47% with standard
deviation s = 2.13% (Kossakowski, 2012a,b). The modulus of elasticity is E = 205 GPa.

The values of the normal stress ¢ and the longitudinal strain e have been used to develop
the elastic-plastic material model for S235JRS steel, as reported by Kossakowski (2012a). Taking
into consideration the full response of S235JR steel in the plastic range (visible material softening
and hardening), Kossakowski (2012a) wrote the approximation function o(e) as

J f <
— or o<o
B 0
€1 —¢&0
€ = (0 —o00) + €0 for o9g<o <o (4.1)
01— 00
o o /N
g0+ o (—) for o >0
E \og

where ¢ is the strain, g9 — yield strain, e; — initial hardening strain, o — stress, oy — yield stress,
o1 — initial hardening stress, og; — initial stress at the beginning of the nonlinear part of the
approximation curve, E — modulus of elasticity, N — strain-hardening exponent.

The strength response of S235JR steel described by model (4.1) has been used to determine
the GTN model parameters. First, the fundamental GTN parameter, initial porosity defined by
the void volume fraction, has been determined through microstructural analysis as fo = 0.0017.

Like in the work by Faleskog et al. (1998), Tvergaard’s parameters have been established on
the basis of the strength properties obtained experimentally. The values of Tvergaard’s para-
meters are: ¢; = 1.91, go = 0.79 and g3 = 3.65 for Rpo/FE = 0.00155 and the strain-hardening
exponent N = (0.195.

The other parameters of the GTN model have been determined by combining the experi-
mental and numerical methods, as described by Kossakowski (2010, 2012a,b). The results of the
tensile tests have been modelled numerically using a program based on the Finite Element Me-
thod, Abaqus Explicit version 6.10. The GTN material model parameters have been established
numerically on the basis of the o(g) curves obtained experimentally. The values of the GTN
parameters have been changed iteratively within certain limits using the optimization criterion
based on the convergence of the o(g) strength curves obtained numerically and experimentally.
All the GTN material model parameters for S235JR, steel are summarized in Table 1.

Table 1. Microstructural parameters of the GTN model for S235JR steel (Kossakowski, 2012a)

| fo [ el el a | @ | as [en]| Sn | sv |
| 0.0017 | 0.06 | 0.667 | 1.91 [ 0.79 | 3.65 | 0.3 | 0.04 | 0.05 |
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4.3. The SMCS criterion for S235JR steel at low initial stress traxiality

The analysis of the SMCS criterion for S235JR steel at low initial stress triaxiality has been
determined using the results of the tensile tests obtained for unnotched specimens with a circular
cross-section. The minimum initial stress triaxiality o,,/c. is 1/3. The key parameters of the
SMCS model, i.e., the critical strain and stress triaxiality, have been determined by using the
strength curves obtained during experiments with the spatial stress-strain distributions at failure
modelled numerically by means of the GTN material model.

The force-elongation F'(I) curves obtained experimentally and numerically are shown in
Fig. 3. The time to failure is the fundamental parameter required to establish the spatial stress-
-strain distributions.

F(l) experiment
-o= F({) FEM simulation

0TI TS 1 5 6 7 8 9 10 1 12 13
Elongation [ [mm)]

Fig. 3. Force-elongation F'(I) curves obtained during the experiments and numerical simulations for
S235JR steel at low initial stress triaxiality

The stress-strain state has been determined by numerically simulating the tensile test results
using the Abaqus Explicit version 6.10, a program based on the Finite Element Method. The
main idea is to couple the SMCS and GTN models to predict fracture in the structural steel on
the basis of the failure criterion (2.3). The distributions of stress and strain at material failure
have been identified numerically using the GTN material model, which enabled us to determine
the SMCS failure criterion for S235JR steel at low initial stress triaxiality.

In the numerical simulations, axially symmetrical elements, representing specimens with a
circular cross-section, have been subjected to static tension with strain increasing at a rate
of 1072571, The modelling has been performed on 1/4 specimens because of the specimen
symmetry. For this approach, it is possible to block horizontal displacements along the specimen
axis (left edge of the model) and vertical displacements in the crack tip region (lower edge of
the model), as shown in Fig. 4.

Crack formation is initiated by producing a sharp notch (R = 0.05mm) at the bottom of the
numerical model, in the middle of the gauge length. The process zone has been modelled using
microstructural length scales suitable for S235JR steel. The dimensions of the finite elements
localized near the crack plane are D x D/2, where D corresponds to the characteristic length
lc = 250 pm (Fig. 4). There are 120 finite elements in the failure zone and 484 finite elements in
the other regions. The number of nodes was 670. The GTN material model developed for porous
media has been adapted to suit the whole numerical model using the parameters provided in
Table 1.

The effect of the FEM mesh density has been analyzed for an approach in which the size
of the FEM mesh corresponds to the distance between primary voids in the material structure.
The FEM model has been constructed in the same way as the fundamental FEM model based
on the 250 x 250 yum mesh in the fracture zone. In the model analyzed here, the size of the
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N DxD=250x250m

Fig. 4. Geometry of the numerical models used for the simulations

FEM mesh has been established on the basis of the average distance between primary voids,
which is 100 pm (Kossakowski, 2012a). The size of the mesh in the failure zone is 100 x 100 pm.
The values of and the relationships between the stress triaxiality ratio o,,/0. and the effective
strain P! in the failure plane are almost identical as those observed in the fundamental model
based on a 250 pym mesh. It is important to note that there is no considerable difference between
the toughness parameter o for an FEM mesh with a greater density and that obtained for a
250 x 250 um mesh in the failure zone, because it is only 2.7% lower. It can be concluded that
the density of the FEM mesh with finite elements ranging 100-250 pm in the failure zone has
no significant effect. Taking account of this and good convergence of the results of tensile test
simulations with a mesh based on the length scale [., i.e. a 250 x 250 yum mesh in the failure
zone, we assume that this mesh size is fundamental. The results presented below concern the
approach with the 250 x 250 ym FEM mesh density in the failure zone.

Failure has been identified numerically on the basis of the force-elongation curves shown
in Fig. 3, taking into consideration the time to failure observed during the experiments. The
corresponding stress-strain state has been determined using the GTN material model, i.e., by
analyzing the influence of the micro-defects on the material strength. Figure 5 shows the di-
stributions of the effective strain ?! and the stress triaxiality o,,/0. determined at a load
corresponding to that at the fracture initiation.

As can be seen from Fig. 5, the most intensive distributions of the effective strain ! and
the stress triaxiality o,,/c. at failure are observed in the central part of the elements, along
the axis of symmetry. This region is the most prone to crack initiation. Therefore, the critical
stress-strain distributions in this region have been used to determine the SMCS failure criterion
for S235JR steel. The critical SMCS parameters have been based on the stress triaxiality o,,/c.
and effective strain e?! curves determined at fracture initiation at the nodes of the finite elements
along the line from the centre of the cross-section of the fracture region up to the side, as shown
in Fig. 6.

It can be seen that the stress triaxiality changes significantly along the line going from the
centre of the minimum cross-section to the side. At the central point, o,,/0. = 1.123, while at
the end o0y,/0. = 0.318. The effective strain distribution is similar, but the differences at the
central and end points are smaller. At the central point, the effective strain 5€l was 0.997, while
at the end P! was 0.760.
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Fig. 6. Stress triaxiality o,,/0. and the effective strain B! curves

The distributions and the critical values in the region prone to crack initiation and failure
have been determined as the critical plastic strain, 6@” = 0.997, and the corresponding stress
triaxiality, oy,,/0. = 1.123. According to formula (2.2), the toughness parameter « has been

calculated as
el
o (-4%2)
The value of the toughness parameter, a = 5.374, may be treated as the material constant for
S235JR steel at low initial stress triaxiality, o,,/0. = 1/3, in the static range. The method and

the criterion presented above can be applied to solve practical engineering problems. According
to the SMCS criterion, the failure of S235JR. steel can be predicted using the following condition

= 5.374 (4.2)

o =

3om
el > Pl = 5.374 eXp(—§0—) (4.3)

Oe¢

It should be noted that the SMCS criterion, (4.3), may be applied also to steel grades with
metallurgical content and strength properties comparable with those of S235JR steel in the case

of low initial stress triaxiality.
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5. Conclusions

The SMCS model applied to predict ductile fracture in steels seems superior to both the co-
nventional fracture toughness methods and the more sophisticated assessment techniques. The
SMCS model, based on the distributions of multi-axial, especially triaxial, stresses and plastic
strains can also be used to analyze the behaviour of structural elements with no visible cracks,
or no crack tip yielding. The model and the failure criterion seem well-suited for a wide range of
engineering problems, especially the prediction of failure and the assessment of the load-carrying
capacity of structures.

The conclusions can be summarized as follows:

e The SMCS criterion is an easy and universal tool to deal with various engineering problems
related to the strength and load-carrying capacity of steel structural elements. It can be
used to predict ductile crack initiation when cracks are not visible, when there is no crack
tip yielding, in the case of large-scale yielding and in flaw-free geometries.

e By combining the SMCS criterion with the GTN model, we can determine the stress-strain
state at failure. When the strength of a material is analyzed, the influence of micro-defects
needs to be taken into account.

e The toughness parameter for S235JR steel is: a = 5.374. This value can be treated as the
material constant to be used in the fracture condition when the material is under static
triaxial stress. The SMCS criterion is defined as e” > &Pl = 5.374 exp[—30,,/(20.)].

e This failure criterion can be used for steel grades with metallurgical content and strength
properties comparable with those of S235JR. steel when under triaxial stress. The results
can be used to solve a variety of engineering problems related to the load-carrying capacity
and safety of structural elements made of steel grades typically used in the construction
industry in Poland and other EU countries.
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