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EXECUTIVE SUMMARY

As part of the STROBE project, investigations were carried out on ductility and
upper shelf toughness requirements for HSS. These requirements are necessary
to ensure an appropriate load-bearing behaviour for plastic design of steel
structures. This report deals with the corresponding design rules according to
Eurocode 3, methods for damage-mechanics based on bearing capacity
analysis, the derivation of corresponding plasticity and damage parameters as
well as the mesh size dependence of local damage-mechanics models.

First, the rules and the background of the design according to Eurocode 3 is
outlined. The different design methods are explained and then the special
features of plastic design with design formulas and the inherent ductility and
toughness requirements are discussed.

Then, fundamentals of damage mechanics analysis in the toughness upper shelf
are explained and the phenomenological damage mechanics approach used
based on the Johnson-Cook model is described.

For the application of this damage mechanics model, plastic material properties
in the form of true stress-strain curves are required. These are usually determined
on the basis of small-scale tests for a specific material. For a generally valid
consideration, parameterized true stress-strain curves were defined for the
investigations presented here on the basis of a database correlated as well as on
the basis of an analytical derivation.

In addition, damage parameters in the form of a damage curve are required for
the numerical investigations. These damage curves are usually determined via
numerous small sample tests as well. In this project, the parameters were also
defined based on a database correlation for comprehensive validity.

Subsequently, the pronounced mesh size dependence of the parameters of local
damage mechanics models is explained and furthermore empirical scaling
factors for calibration in the range of values considered are presented.

In summary, the required model parameters for the application of the damage
mechanics concept could be determined in general terms. This forms the basis
for the numerical analysis of the strength-controlled load-bearing behaviour of
tension components and deformation-controlled load-bearing behaviour of
bending components, which are described in Deliverable 1.2 and Deliverable 2.3.
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1 DESIGN ACCORDING TO EUROCODE 3

1.1 Genera

The design of steel constructions compromises different proofs in the ultimate limit state
(ULS) and the serviceability limit state (SLS). Generally, it needs to be shown that the acting
loads (F) do not exceed the resistance (R) of the component.

Z=E<R (1-1)

To account for a different scattering and probability of occurrence of those values, partial
safety factors are added for the checks at ultimate limit state leading to the load bearing
capacity function, cf. equation (1-2). Thus, actions and resistance are now considered
separately. Therefore, it is called a semi-probabilistic safety concept.

yo B, < (1-2)
M

Within this equation y depends on the type of loading whereas y,, accounts for the material
and failure type. Those resistance functions within the current EUROCODE standards for
structural steel have generally been developed based on simplified engineering models
and compared with the results of experimental investigations. Both the characteristic values
and the safety elements for a theoretical failure probability were derived by comparing the
nominal values of the strength prognosis with the statistical parameters (mean value,
standard deviation) determined from the experimental results, see Figure 1-1.
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Figure 1-1: Distributions of actions E and resistance R

Generally, EUROCODE 3 states three different verification methods for structural steel
components within the ultimate limit state:
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1. Elastic-Elastic: Acting loads are calculated based on the theory of elasticity and
according limit state is defined as the attainment of the yield strength.

2. Elastic-Plastic: Whereas the calculation of the actions is again based on the theory
of elasticity, the permissible limit state is defined as a plastic cross-sectional load-
bearing capacity.

3. Plastic-Plastic: Here, the calculation of the actions considers plastic deformations
using the plastic hinge or respectively yield-zone theory. The limit state is
determined from the plastic load-bearing capacity of the cross-sections and the
system.

However, it must be assumed that in reality plastic strains occur for all verification methods
before the assumed limit state is reached. This can be explained by the fact that these
methods represent a global approach which only accounts for components without
discontinuities. However, on the local scale plastic strains usually occur in the area of
connections, joints or holes before the targeted limit state is reached. Consequently, a
certain plastic material ductility is required, depending on the selected verification method.
The applicability of the verification methods is based on the cross-sectional classification
of the component which takes into consideration the thickness-to-width ratios of the cross-
sectional parts subjected to compressive stress and the nominal yield strength of the
material used.

Moreover, the failure mechanism can be divided into different failure modes, see Table 1-1.
The corresponding fracture stresses depend not only on the respective notch detail, but
also on the temperature dependent material toughness of the component.

The investigations presented in this project are related to the component behaviour of steel
structures in the ultimate limit state on the upper shelf region. Accordingly, further basic
principles of the design concept of EUROCODE 3 are explained in the following. This
concerns the rules of the plastic design within the ultimate limit state design on the upper
shelf domain (section 1.2) and the toughness related steel selection (section 1.3).
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Table 1-1: Failure modes with corresponding fracture stresses [1]
Ductile failure modes treated by design codes Brittle fracture prevented by
based on material strength choice of material
FA
o fracture A\F
| yielding - I
fracture
d o
> >
Mode O Mode 1 Mode 2 Brittle fracture avoided
Excessive Member failure Fracture after by background safety
deformation by instability, yielding, e.g. assessment based on
by yielding, e.g. buckling bolt material toughness
e.g. tension
bar
R 1 R
Re= BB | RBD | ReG)
Ymo Ym1 Ym2
]/MO = 1.0 ]/Ml = 1.1 VMZ = 1.25

1.2  Plastic design within the ULS

As mentioned before, the load bearing capacity functions within current EUROCODE
standards for structural steel have generally been developed based on simplified
engineering models. Those models address the material ductility, which assures strain
redistributions from the elastic to the (partially or fully) plastic state within the ULS, only in
an implicit way. By assuming a sufficient material ductility, large deformations are to be
expected before a complete failure occurs. Furthermore, the load-bearing capacity
functions are based exclusively on the characteristic strength values (yield strength f,,
tensile strength f,) that were determined from the engineering stress-strain curve e.g.
derived from the tensile test according to EN 1SO 6892-1 [2] on cylindrical test specimens
at room temperature. Although, those test specimens have a uniform stress distribution in
their cross-section, the resulting characteristic strength values are applied for many other
cases where stress redistributions in the hardening area occur, see Figure 1-2.
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Figure 1-2: Stress distribution of a round tensile specimen and a centrically holed tensile
specimen [3]

Therefore, especially components with discontinuities require an increased ductile material
behaviour in the form of sufficient toughness properties to achieve the characteristic
strength criteria. To assure the therefore required stress and strain redistribution capacity,
certain threshold values regarding the yield strength ratio, the elongation at tensile strength
and elongation at failure are stated within the EUROCODE 3, see section 1.3. It needs to be
mentioned that those simplified ductility requirements are based only on empirical
considerations and have been derived without considering the requirements of the
execution standards and the assumption of unrealistic crack-like discontinuities in the
material [1]. With regard to sufficient material toughness, the verification rules within
EurocoDE 3 therefore require two aspects:

1. Yielding of the gross-section must occur before failure of the net-section (ductility
condition).

2. If a capacity design according to EN 1998 is conducted, the design value of the
plastic tensile strength N, z; must be smaller than the design value of the tensile

strength of the net cross-section N, p, along the critical fracture line.

In the following, this implicit use of extensive toughness properties is explained on the
example of a centrally perforated plate. The stress state shows a non-uniform distribution
within the elastic range and stress peaks occur at the edges of the holes, cf. Figure 1-2. At
the time of failure, the stresses and associated strains in this area can reach values up to
fu or &,. Therefore, the ultimate limit state design is composed of two verifications:

A-f,
I Npl,Rd - ¥ Y
N; py = min 4 Mo (1-3)
bRd _ 0.9 Aper " fu
LNu,Rd -
VYm2

The verification of net cross-sectional area is based on the assumption that in the total area
of the net cross-section the tensile strength of the material f,, has been reached. Thus, the
material hardening and the associated necessity of local stress-strain redistribution




STROBE

capacities is explicitly taken into account. The pre-factor of “0.9” of the net-section tensile
bearing capacity N, r; of a component is based on previous investigations on tensile tests

on bolted joints and bolts [4] as well as on investigations on tensile tests on large plates
with various crack configurations at room temperature [1]. Therefore, different steel grades
from normal-strength (S235) up to high-strength steels (S890) and different toughness
properties, also referred to as quality levels, have been used. An example of the test results
is shown in Figure 1-3 (a) for tensile specimens with edge-cracked holes for two steels of
grade S355J2 with impact values of KVus =85 J (case b) and KVus =200 J (case a),
accounting for the material toughness.
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Figure 1-3: (@) Comparison of fracture stresses from large scale tests with o ,4¢ure from “stability

strength” and net section yield strength [5], (b) Implicit consideration of the upper-shelf
toughness requirements in EN 1993

Investigating the influence of the toughness-related net cross-sectional behaviour on the
upper shelf on the gross fracture stress, it becomes apparent that (acc. to Figure 1-3):

The theoretical fracture load ofyqcryre = R ' (1 — 2a/W) is only achieved for
uncracked components.

The fracture stress ofrqcrure IS above the net section vyield curve
04y = Re - (1 — 2a/W) for any value 2a/W

The linear “stability strength” f,, cannot be fully reached due to the reduction of the
fracture stress caused by to the lower toughness.

The decrease of the toughness-controlled fracture stress at 2a/W = 0 is the
steeper, the lower the toughness values are.

For these reasons, the characteristic value of the net-section tensile bearing capacity
Nyrx = 0.9 f, - Ape is based on the assumption that either:

1. The material toughness is sufficient to cover o¢4¢yre = 0.9 - f, for any value 2a/W,

cf. Figure 1-3 (b): case a) or
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2. The interaction of material toughness with the magnitude of effective cracks 2a/W
is such that a certain permissible value 2a/W is not exceeded, cf. Figure 1-3 (b):
case b).

In EUROCODE 3, the necessary material toughness for this purpose is not defined by explicit
upper-shelf toughness requirements, but by simplified ductility requirements, which are
further explained in the following section.

1.3 Toughness related material choice

Concerning the material choice, EN 1993-1-10 [6] states several material properties which
should be taken into consideration when selecting a suitable steel quality. Whereas the
required yield strength is determined according to EN 1993-1-1 [7] beforehand, the design
within this part focuses on the selection of a suitable toughness quality. The bearing
capacity of steel is highly dependent on its toughness which itself shows a temperature
dependant behaviour. As a result, different criteria for the lower shelf (brittle behaviour) and
upper shelf (ductile behaviour) are required. The design situations are shown in Figure 1-4.
The points A1 and Bi represents the toughness values at the corresponding temperature.
Az and B2 denote the associated loading situation. Moreover, Az and B3 define the position
of the load in the load-deflection diagram indication the material behaviour (elastic/plastic).

Material toughness
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Figure 1-4: Design situations in the upper-shelf region B and the transition region A of the

toughness temperature diagram [1]
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The design of steel structures according to EUROCODE 3 is based on the assumption of
sufficient material ductility. The actual verification is a combination of two steps:

1. To avoid brittle fracture, EN 1993-1-10 [6] defines toughness properties based on
test results which have been carried out on representative test specimens at low
temperatures (Ai1-A2-Asz). Those requirements are based on fracture mechanics
approaches.

2. In addition to the verification on the lower shelf, next to sufficient toughness
properties, it needs to be assured that the material is in the upper-shelf domain to
avoid a brittle failure at room temperature.

So far, there is no model available describing the toughness property Bi in the upper-shelf
domain, related to the load level B2 and the elastic plastic behaviour at point Bs. For this
reason, EUROCODE 3 defines different criteria for the material choice of steel which should
assure a sufficient ductility in the upper-shelf domain.

The rules given in EN 1993-1-10 [6] do not address the toughness properties in the upper-
shelf region. Therefore, toughness limits in the upper-shelf region have been implicitly
taken into account in the strength rules of several parts of the EUROCODE 3. Generally, EN
1993-1-1 [7] states that the required minimum ductility for steel shall be expressed by the
following terms:

e The ratio f,/f, of the specified minimum ultimate tensile strength f, to the specified
minimum yield strength f,,.

e The elongation at failure, referred to a gauge length of 5.65 ,/A,, where 4, is the
original cross-sectional area.

e The elongation ¢,, where g, corresponds to the ultimate strength f,.

Specific criteria for steel grades up to S460 are given in the national annex of EN 1993-1-
1 [7]. Moreover, EN 1993-1-12 [8], which deals with high strength steel, recommends
additional rules for steel grades above S460 up to S700. Those existing threshold values
are summarized in Table 1-2.

Table 1-2: Ductility Requirements according to EN 1993-1-1 [7] and EN 1993-1-12 [8]
< S460 < S700
EN 1993-1-1 EN 1993-1-12
Yield strength ratio f,,/f, >1.10 >1.05
Elongation at fracture A >215% >210%
Elongation at tensile strength g, 215 f,/E 215 f, /E
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For now, there are no specific values for high strength steel above S700. It is assumed that
a sufficient ductility can be achieved by satisfying the general rules mentioned above.
However, it should be mentioned that those requirements are not mechanically justified but
are only based on empirical values. They are derived from the engineering stress-strain

curve of a round tensile specimen that is characterized by an almost equal stress
distribution in the elastic as well as in the plastic range. The resulting requirements are
therefore limited to specimens under tension with similar geometric properties. The true
stress state due to rearrangement effects in details with disturbed force flow and the
corresponding required material toughness cannot be described sufficiently [1].

1200 hardening =
£ S690
£ w0 |
=z !
y | — S460
| ______—-———_'
@ 600 ! T
= ‘ S235
o /
D 400 ff= T
£ v dF =dcA+dAc
200 dF =0= d:“’ =
0 0,06 0,70 0,45 0,20 0,25 0,30
true strain, -
800 S690
"E 600
£
—
2
o 400
[7)]
o
-
® 200
0 5 10 15 20 25 30 35
strain, %
Figure 1-5: True and engineering stress-

strain curves with indication of
elongation at tensile strength

Moreover, there is no direct relation to the
upper-shelf toughness properties of the
material. Contrarily to the requirements
specified in EN 1993-1-1 [7], the characteristic
properties tend to decrease with increasing
strength properties which makes it particularly
hard for steel grades above S700 to still meet
the requirements. Especially, the criterion
concerning the elongation at tensile strength
&, = 15f,/E should be questioned. According
to the CONSIDERE-criterion, g, results at the
intersection of the true stress-strain curve with
the course of the associated strain hardening.
As Figure 1-5 demonstrates, the elongation at
tensile strength decreases with an increasing
steel grade. As a result, high strength steels
above a certain yield strength are excluded
categorically.
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2 BASICS OF DAMAGE MECHANICS

2.1 General

Whereas the elastic-plastic behaviour of steel components can be sufficiently described by
numerical simulations considering geometric and physical non-linearities as well as
suitable plasticity models, micromechanical processes resulting from shear and cleavage
fracture are not addressed by this method. However, this can be done by implementing a
fracture or damage mechanics model. Thereby, specific failure criteria are defined which
simulate stress conditions leading to a failure of the component. Whereas fracture
mechanics follow a “global approach”, damage mechanics, being a subfield of continuum
mechanics, describe the changes in material properties due to microstructural damage
processes (locally). Therefore, they are called “local approaches” [9]. As a result, damage-
mechanics models have three main advantages compared to the global approach of
fracture mechanics [3]:

1. There is no need for a crack-like initial defect and thus the assumption of an
idealized crack shape and crack size is dispensable. Moreover, the usually complex
implementation of the numerical representation of these inhomogeneities with finite
elements can be avoided.

2. The model and material parameters determined on small specimens are generally
independent of the geometry and consider “constraint” effects. Therefore, they can
be transferred easily to component-like structures. However, it needs to be
mentioned that when simulating component-like structures with FE programs the
mesh size often needs to be increased compared to small scale specimens.
Previous studies have shown that the stress-state dependent damage curve which
is implemented to determine ductile crack initiation exhibits a dependence on the
element size that still needs to be considered.

3. Damage-mechanics models are suitable for the application to structures exposed to
cyclic loading, e.g. structures in regions with seismic risk.

To define a fracture criterion, which indicates material fracture, a suitable upper-shelf model
for a damage-based analysis needs to be chosen. The presented upper-shelf model within
the framework of this research project is based on the description of the locally acting
stress-strain state.
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2.2 Upper-shelf damage models

Generally, damage mechanics models are classified into two main branches based on the
type of damage representation: surface or volume. In the application of metals, the volume-
based damage models have been intensively developed and widely applied to the solution
of practical problems in recent decades. Within this category, damage mechanics models
are differentiated based on the fracture mechanism, namely cleavage or shear fracture.
Therefore, they are suitable to simulate either a failure on the upper shelf or on the lower
shelf. To describe a ductile fracture in the upper-shelf region, the models are classified
further in view of the interaction between damage and plasticity behaviour: uncoupled and
coupled. Uncoupled models usually define the critical loading conditions responsible for
the appearance of either damage or failure without considering the thereby resulting
repercussions on the deformation behaviour. Thus, a possible softening due to ductile
damage is not considered. Coupled models, on the other hand, take into consideration the
effects of damage on the yield surface. Therefore, a damage-based softening can be
simulated [10]. Moreover, two main approaches have been developed to describe a ductile
failure. On one hand, there is a micromechanical approach including “Porous Plastic
Models”. On the other hand, a phenomenological approach can be used based on
“Continuum Damage Mechanics” (CDM) models. CDM-based models attempt to describe
the recorded failure-states as precisely and efficiently as possible with the aid of
mathematical formulations. They consider damage in material stress-strain responses
which include in particular the limit strain criteria that describe a characteristic strain for the
critical state (e.g. damage initiation, crack initiation, failure) as a function of the stress state.
Moreover, the damage evolution is treated in a macroscopic and phenomenological way.
Therefore, the realistic material response is separated into two parts, a part based on
perfect matrix behaviour and a part based on the softening of the matrix induced by
damage. An internal variable D is introduced to phenomenologically quantify the extent of
damage or material degradation [10]. Porous Plastic Models are based on a mechanical
approach to describe the behaviour of voids (nucleation, growth, coalescence).
Subsequently, these observations have been mathematically homogenised to obtain a
general model formulation [11]. Figure 2-1 shows a possible classification of damage
models.

In the presented investigation, a phenomenological model, namely the JOHNSON-COOK-
Modell (JC), is applied to describe the material ductility in the upper-shelf region.
Nevertheless, it should be pointed out that other damage mechanics models (e.g. GURSON-
TVERGAARD-NEEDLEMAN-Model and BAI-WIERzBICKI-Model) exist for strength analysis in the
toughness upper shelf. For a better understanding, the JC model is explained in more detall
below.

10
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Figure 2-1: Classification of damage models acc. to [10]

2.3 Johnson-Cook-model (JC)

Ductile crack initiation in structural steel is typically caused by stress peaks on secondary
particles in the material matrix and is based on the processes of pore formation, growth
and coalescence. RICE and TRACEY [12] showed for the first time that the growth of a
spherical single pore in an elastically perfect plastic continuum is favoured by a high stress
triaxiality and the corresponding equivalent strain. They expressed the rate of cavity growth
of such an idealised spherical pore with a mean pore radius R according to equation (2-1),
where C represents a material constant.

dR
= C - exp(1,5n) - d&, (2-1)

Assuming that the plastic equivalent strain at failure initiation & is inversely proportional to
the rate of cavity growth, HANCock and MACKENZIE [13] showed that & can be described
as an exponential function depending on the stress triaxiality n, replacing the material
constant with the fracture toughness index a, equation (2-2).

& =a- exp(=15-n) (2-2)

11
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Thereby, they derived a so-called damage A
curve for the first time. All n-e-value pairs

=

which lie on or above the damage curve

i
fulfil the underlying failure criterion of "crack § i g
initiation". As Figure 2-2 illustrates, the g ] o
equivalent plastic strain required for ductile EEU - g —°
crack initiation is reduced with an increase ] ©
of the local stress state in form of stress 0,14
triaxiality. To derive the complete course of 0,3-0',5 1:0 1:5 2:5 3',0 3:5=

such a damage curve, tests on small scale stress triaxialityn
specimens with varying geometries need to  Figure 2-2:  Characteristic slope of a damage
be performed in order to obtain different curve with indication of small
heights of the stress triaxiality. sample tests [14]

Experimental investigations in [14] have shown that an adjustment of the scaling factor of
the stress triaxiality is required to achieve a greater compliance with the experimental
results considering the failure prediction. This can be explained by the fact that the criterion
was derived from a single pore and the effects of cavity coalescence and interaction
processes of adjacent pores were not considered. A more general functional approach to
describe the damage curve is given with equation (2-3).

& =a-exp(=b-n)+¢g (2-3)

Based on the findings of RICE and TRACEY [12] and HANcock and MACKENZzIE [13], and
JoHNSON and Cook presented a cumulative damage-fracture model which they have
established based on experimental studies on notched round tensile specimens exposed
to varying strain rates [15], in 1985.

Before the fracture model was set up a strength model [16] was developed expressing the
VON MISES flow stress as shown by equation (2-4):

£
o =[A+ Be™][1 + Clné*][1 — T*™],with &* = = (2-4)
0
with: € equivalent plastic strain
£* dimensionless plastic strain rate for &, =
1s71
T* homologues temperature
AB,C,m,n material constants

12
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The expression in the first set of brackets of equation (2-4) describes the stress as a
function of strain for ¢* = 1.0 and T* = 0. Moreover, the second and third sets of brackets
represent the effects of strain rate and temperature, respectively.

The actual fracture model is based on the strength model and defines the damage
according to equation (2-5). Damage occurs if D reaches the value 1 [15].

As
D= zg_f (2-5)

with:Ae increment of the equivalent plastic strain which occurs
during an integration cycle

¢/ equivalent strain to fracture

To measure material ductility, the equivalent strain to fracture £/is widespread. £/ can now
be expressed by equation (2-6) based on equation (2-5) and the strength model. Therefore,
it is primarily dependent on the triaxiality n, the strain rate £&* and the temperature T* [15].

& = [Dy + Dy - exp(D3 - M)][1 + Dy In &][1 + DsT"] (2-6)

with:D; empirical parameters

w
T

g = [.05 + 3.44e 212 [1 +.002 Iné*] [1 + .61 T*]

-0.2 0 0.2 0.4 0.6 0.8 1.0 1.2

Pressure - stress ratio

Figure 2-3: Fracture strains as functions of stress triaxiality, strain rate and temperature

A graphical representation of the obtained damage curve is shown in Figure 2-3. In order
to obtain the material constants, several tests and numerical simulations need to be
evaluated. The test results point out that the fracture is primarily dependent on the stress
triaxiality whereas the strain rate and temperature do not affect the fracture considerably.

13
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Since the damage behaviour is considered by a post processing analysis which is not
coupled to the plastic behaviour both variants represent an uncoupled damage approach.
Therefore, it has a high efficiency for the numerical prediction of ductile damage and is for
example implemented in the commercial FE program ABAQUS. However, in contrast to the
extended GTN-model, the influence of the third invariant of the stress deviator J; is not
taken into account.

The parametric study carried out within this project is based on the simulation of tensile
test specimens. Therefore, the JOHNSON-CoOK model sufficiently describes the ductile
failure of the components.

14
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3 DEFINITION OF PLASTICITY PARAMETERS

3.1 General on plastic material behaviour

The global approaches of elastic-plastic fracture mechanics as well as the local approaches
of damage mechanics for the prediction of ductile material behaviour require suitable
material models and parameters to adequately represent the non-linear plastic material
behaviour of steel. The plastic material behaviour of steel under monotonous loading
conditions is usually described by a stress-strain curve. In general, standardized uniaxial
tensile tests are performed on round or flat tensile specimens for the experimental
determination. The specimen geometry as well as the boundary conditions of the test and
the evaluation of the results are defined in EN ISO 6892-1 [17]. Within the scope of the
evaluation, the resulting force-displacement curve of the testing machine over the initial
cross section S, and the initial measuring length L, is first converted into an engineering
stress-strain curve o(&). This curve is used to determine various material parameters such
as the upper and lower yield strength R.,/R,,;, or the 0.2 % proof strength R, ,, the tensile
strength R,, with the associated elongation A, and the elongation at failure A. For use in
the area regulated by the building authorities, minimum requirements are defined in the
delivery standard EN 10025 and the design standard EN 1993 for the purpose of the
material qualification.

Plasticity models for materials assumed to behave perfectly isotropic under monotonic
loads usually refer to the uniaxial true stress-strain relationship a,,(¢,,) of the material, also
called true stress-strain curve. During the tensile test, the cross section of the specimen is
reduced by up to 30 % due to the transverse contraction in the area of elongation at tensile
strength and even up to 70 % in the necking [18]. The true stress is thus considerably
higher than the nominal stress of the engineering stress-strain curve. For numerical
calculations, e.g. based on the finite element method (FEM), the force-displacement curves
mentioned above must therefore be related to the actual values of the cross-sectional area
and the actual measuring length.

Based on the condition of volume constancy in the plastic area, it is shown that the true
stress can be calculated until the maximum force is reached via ¢,, = (1 + €). Due to the
multi-axial stress condition in the necking area, a correction function depending on the
diameter of the necking area and the radius of curvature at the narrowest point of the
sample must be considered for the further course [18]. Furthermore, the conversion of the
engineering strain into a true strain can be carried out via ¢, = In(1 + ¢). The validity is
again limited to the area up to the maximum force. Subsequently, the true strain must be
determined in dependence of the smallest cross-sectional area.

15



STROBE

Since the measurement of deformation in the necking area is laborious and therefore often
not given, a mathematical description of the true stress-strain curve is usually used on the
basis of mathematical functions. These functions are adapted to the course up to the
elongation at tensile strength and extrapolated into the subsequent range. A well known
empirical description is the Lubwik power law approach [19]:

oy =0y + kp - &t (3-1)

The plastic material behaviour is approximated using the yield point g, and a potential
approach with the constants k; and n;, whereby the latter parameters have no physical
meaning. A better adaptation to the actual hardening behaviour of the material can usually
be achieved with the HoLLOMON equation [20]:

Oy = ky - ey (3-2)

Compared to the Lubwik equation, the parameter of the yield point g, is omitted. The plastic
behaviour in the area of high strain developments can be depicted very well, but a
pronounced yield plateau, as is the case of low-strength steels, cannot be represented
realistically.

3.2 True stress-strain curves based on experimental results

To derive reference true stress-strain curves for commercially available structural steels,
around 100 material data sets were evaluated in [3] on the basis of the approach according
to HOLLOMON (equation (3-2)). The material data collection comprises strength classes
S235 to S890 with untreated, normalized, thermomechanically treated and quenched and
tempered structural steels. The values determined for the function parameters vary
between 546 and 1344 MPa for ky and between 0.05 and 0.22 for ny. These values also
correspond to information in other literature.

The correlation of the resulting parameters with the associated yield strength R, results in
an approximately linear relationship, whereby the scatter becomes smaller with increasing
strength. The hardening exponent ny decreases with increasing yield strength, whereas
the coefficient ky increases. An evaluation according to the WEeiBULL model leads to
statistically validated regression functions by specifying the failure probability Pr. Simplified
functional relationships listed in Table 3-1 result for the lower bound (P;=0.05), the mean
value (Pr=0.50) and the upper bound (P=0.95).
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Table 3-1: HoLLoMON coefficients for structural steels [3]
i ky [MPa] ny [-]
0.05 0.2932-R, + 535 —0.0984-1073-R, + 0.1188
0.50 0.7206 - R, + 553 —0.1897-1073 - R, + 0.2291
0.95 1.1948 - R, + 573 —0.2744-1073- R, + 0.3314

For the definition of the reference true
stress-strain curves, the plastic stress-
strain curve is divided into the area of the

true
stress-strain curve

‘©
yield plateau and the strain hardening, see < fu‘:;““ | ~
— ~
Figure 3-1. The length of the yield plateau of,— | AN
/2]
Ag; is  specified according to the % i i AR
requirements of the SINTAP procedure [21] | : Stresﬁ‘;?;;‘ﬁ,agm
according to equation (3-3). The | |
| |
subsequent material hardening according l :
. . & €, pl.straing[]
to equation (3-4) is based on the HOLLOMON
Figure 3-1: Definition of reference true stress-

functional approach and includes an
additional term A for adapting the true

stress-strain curves to nominal strength

strain curves for constructional
steel [3]

properties. The required parameters can be taken from Table 3-1. Figure 3-2 exemplarily
shows the resulting curves for typical structural steels using the nominal yield point (R, =
fy) and P;=0.05 (left) as well as Pr=0.50 (right).

Ag; = 0,0375 (1 Re)
a=uq 100

O-W:kH'SWnH‘l'A

WIth: A = —k,, - [In(1 + Ag)]™ + R, - (1+2)

(3-3)

(3-4)
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ey [

Reference true stress-strain curves with Pr = 0.05 as (left) and Ps = 0.50 (right)
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The elongation at tensile strength and thus the calculated tensile strength (R,, or f,,) and
the characteristic calculated yield strength ratio (f,,/f, or R,,/R.y) can be determined from

the CoNsIDERE criterion for the standardized yield curves, c.f. Table 3-2.

Table 3-2: Characteristic values of the standardized true stress-strain curves
fy orresp. Rey [MPal] fu orresp. Ry, [MPa] fulfy orresp. Ryy/Rey [MPa]
5°% 50°% 95°% 5°% 50°% 95°%
235 436 437 458 1.85 1.86 1.95
275 449 462 492 1.63 1.68 1.79
355 476 512 561 1.34 1.44 1.58
460 513 581 661 1.12 1.26 1.44
690 601 758 919 0.87 1.10 1.33
890 690 758 919 0.78 1.07 1.36
960 726 1028 1338 0.76 1.07 1.39

3.3 Approach to determine parametric true stress-strain curves

Investigations with true stress-strain curves based on experimental results only allow an
analysis of the actual state. The comparison with the nominal requirements of the delivery
standards for the material properties and thus also the general ductility criteria of EC3 is
not, or not directly, possible. For this reason, a further method based on the CONSIDERE
criterion was developed, which is suitable for establishing a direct reference to the
characteristic properties of the material [22]. The principle is explained below using the
LubDwiK equation (see eq. (3-1)), but in general it can also be applied to other functional
approaches to describe the true stress-strain curve.

In a first step, the CoNSIDERE condition for the time of the plastic instability in the uniaxial
tensile test is presented:

_ do,
O'w:O'o-l-kL'Svr‘l;L !i:nL'kL'SxL 1:# (3-5)
w

Taking into account the elastic transversal contraction (v,; = 0,3) and the yield strain ¢, =
R./E, o, can be substituted with the yield strength R, of the engineering stress-strain curve,

c.f. equation (3-6).
(1-03-¢)°

%o (3-6)
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Furthermore, the true stress and strain at the maximum force due to the constant volume
in the plastic range can be determined with v,,; ~ 0,5 using the characteristic values of the

tensile strength R,, and the elongation at tensile strength A,:

0, |_ 0, = Rm
v (1-05- ew,u)z (3-7)
£w = Ewu = In(1 + 4,) (3-8)

By transforming and inserting, the two remaining parameters of the Lubwik equation are
obtained via the relationships given below:

_Owu " Ewu

n, = Gwm—0o (3-9)

Owu — Op
k=220

e (819
The true stress-strain curve 900
parameters g,, n;, and k; can 800
thus be determined directly
from the characteristic values 700
of the engineering stress-strain 600
curve R,, R, and A, or + 500
respectively  through  the g 400 A
nominal strength properties f,,
f. and ¢g,. The approach 300
explained can therefore be 200
used for the direct derivation of 100
parametric true stress-strain
curves based on the general 00 005 01 015 0 005 01 015
ductility requirements of EN Epl [] Epl []
1993 or the minimum strength Figure 3-3: True stress-strain curves according to EN 1993
properties of EN 10025. (left) and EN 10025 (right)

Examples of the resulting true

stress-strain curves are shown in Figure 3-3. The corresponding parameters can be found
in Table 3-3. Since EN 10025 does not define any requirement for the elongation at tensile
strength, it was assumed to be 50 % of the elongation at failure. It is shown that the
engineering stress-strain curves resulting from the true stress-strain curves according to
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EurocoDE 3 have an absolutely opposite slope to the actual material behaviour of
conventional structural steels. Low yield strength values therefore lead to a less ductile
behaviour, whereas high strength properties require a pronounced plastic deformation
zone. The true stress-strain curves based on the minimum requirements of the delivery
standard EN 10025 show a much more realistic material behaviour. Analogous to the
CONSIDERE criterion, the deformation capacity for high-strength steels is thus continuously
decreasing.

Table 3-3: Lubwik parameters for true stress-strain curves according to EN 1993 and EN 10025

EN 1993 EN 10025

fulfy &y 0o k, n; R, A, Op k, n;

[-] [%] |[MPa] |[MPa] | [] |[MPa]| [%] |[MPa]|[MPa]| []
S235 1.10 168 | 235.2 | 529 | 0.158 360 12.0 | 235.2 | 3054 | 0.271
S355 1.10 254 | 3554 | 102.4 | 0.222 470 10.0 | 355.4 | 332.2 | 0.303
5460 1.10 3.29 | 460.6 | 158.0 | 0.272 540 8.5 460.6 | 326.6 | 0.379
S550 1.05 3.93 | 550.9 | 226.7 | 0.467 640 8.0 550.9 | 371.6 | 0.377
S690 1.05 493 | 691.4 | 344.1 | 0.528 770 7.0 691.4 | 411.6 | 0.418

One limitation of the approach described above is the neglection of the yield plateau, which
is especially important for low strength steels. For instance, by modifying the Lubwik
function, the yield plateau can also be taken into account through a mathematical
description of the true stress-strain curve:

( % foreg, < Ac¢
1-05 5, w S Mgy,
g, = o 3-11
v ! +ky - (&, — Agyy)™ for e, > Ag,,; (3-11)

(1-05-A4g,,)"

The parameters n;, and k; result for a yield plateau of the length Ae,,,; = In(1 + Ag,;) for the
true stress-strain curve defined in segments as shown below:

Owu " (Ew,u - A‘c"W,l)

np = o~ o _ (3-12)
" (1-05-2¢,,)
0o
Owu — 2
= (1-0.5-2¢,,) (3-13)
L ny
(ew — Asw'l)

An application of the extended approach for the derivation of parametric true stress-strain
curves is prevented by the fact that both EN 1993 and EN 10025 do not define any
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specifications with regard to the yield plateau. Assuming the estimation of the SINTAP
procedure from equation (3-1), in the case of low strength steels the length of the yield
plateau already exceeds the value of elongation at tensile strength according to the general
ductility requirements of EUROCODE 3.

3.4 Determination of parametric true stress-strain curves

Within the framework of this research project, the aim is to investigate parametric true
stress-strain curves covering a wide range of yield strength, ultimate strength, elongation
at tensile strength and yield-plateau. Therefore, a database including 100 information
regarding materials with varying material parameters has been evaluated. With the aid of
statistical methods, corresponding values representing a lower boundary, a mean value
and an upper boundary are derived. In a first step, the elongation at tensile strength (4,)
and the yield strength ratio (R,,,/R.y) are statistically correlated to the yield strength (R.y)
using a three parametric exponential function, see equation (3-14) and (3-15). Based on
the resulting functions, the mean values of 4, and R,,/R.,; can be determined as a function

of Roy.
Ay =Cy-e 2 Rer) 4 (3-14)
with: €, = 0.496 C, = 0.006 C; = 0.031
Ryy/Rey = C; - e~ Ren) 4 (3-15)
with: ¢, = 1.411 C, = 0.003 C; = 0.899

To cover a wide range of material properties a lower boundary curve (5%) and an upper
boundary curve (95%), representing the confidence intervals, are derived additionally with
the aid of statistical methods. The concept used within this research project is based on
the master-curve concept according to WALLIN [23] which records the WEIBULL scattering
as a function of the failure probability P;. Therefore, the parameters A, and R,,/R.y are
subjected to a two parametric WEIBULL-distribution. The corresponding WEIBULL-
parameters can be found in Figure 3-4.
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Figure 3-4: WEIBULL-distribution (a) of the parameter A, and (b) of the parameter R,,,/R.y4

The confidence intervals of A, and R,,/R.y, namely the lower and upper boundary curve,
are determined by assuming the mean correlations as the characteristic lifetime T. The
occurring scattering is recorded depending on the failure probability Pr of the WEIBULL

distribution function, resulting in the following equations:

1 \1p
Ag(Pr) =Ag 0, " Iln (1 — pf>l (3-16)
7

1 3-17

m <1 - Pf)l D

In order to derive the lower and upper boundary the curve it is necessary to determine the
coefficients C;, C, and C; describing these functions accordingly, cf. equation (3-18).

Rm/ReH(Pf) = Rin/Rengz 9, "

1
Cl(Pf) = Ci63.2% ' [ln <1 —1Pf>lb (3-18)

First, the coefficients C,, C, and C; corresponding to the function representing a WEIBULL
specific failure probability of 63.2% are derived. To do so, the resulting values from the
statistical correlation representing a failure probability of 50% are applied to equation
(3-18). Finally, the coefficients describing the function corresponding to a failure probability
of 5% and 95% are derived.

A graphical representation of the correlation functions indicating the corresponding
coefficients C;, C, and C; is given in Figure 3-5. The red lines represent the substitute
criteria stated within the EUROCODE 3 to assure a sufficient ductility on the upper shelf. It is

22



STROBE

obvious that the requirement concerning the elongation at tensile strength shows an
opposite course to the correlation function leading to disadvantage of high strength steel.
At the same time, the minimum value specified for the yield strength ratio for high strength
steel leads to an exclusion for many yield strengths above 600 MPa.

2.2 4 ¢, ¢ G — 0-50 - G 6 G
— = 5% 1.057 0.003 0.674 ‘ﬁ'n — 5% 0.231 0.006 0.031
_E 2.0 = - 50% 1.411 0.003 0.899 E 0.40 1 = - 50% 0.496 0.006 0.073
E':E """ 95% 1.660 0.003 1.058 E" CRE RN 95% 0.797 0.006 0.117
e 1.8 = ,
2 \ @ 0.30 A
I . . @
e 16 { @
S . = N
@ % & (0) 2020 |-
T 1.4 - ' ® >,
£ . ~ . pas N
N 3 K= P e e
312-\ ~ . ® 010 i~ .
':-: . \ - l. ED =~ — o Qp——
S B P, X S ————
1.0 ™ T T | - 0.00 T T T 1
200 400 600 800 1000 200 400 600 800 1000
Yield Strength R, [MPa] Yield strength R, [MPa]
Figure 3-5: Correlation functions with corresponding coefficients resulting from the WEIBULL-

distribution (a) Rm/ Ren t0 Ren, (b) Agto Ren

As it can be seen in Figure 3-5 (a), this procedure leads to a lower bound yield strength
ratio smaller than one for yield strengths of 400 MPa and higher, which is technically not
possible. Therefore, a second correlation using the WEIBULL-distribution is conducted
setting a lower limit of 1.0 for the yield strength ratio (see Figure 3-6).

2.2 4 . G 6 G
| = 5% 0.373 0.005 1.000

320 - — - 50% 2.248 0.005 1.000
@
£ | “+ 95% 6.173 0.005 1.000
£ s
e 1.8 - k
2 \
E L
<16
£~ .
® \
@ 1.4 4 ¥
; b
~
< 12 1 b
S~ .
— — - . tea

e P R
T T T 1

200 400 600 800 1000
Yield Strength R, [MPa]

=
o

Figure 3-6: Correlation function Rm/Ren to Ren of the second approach with corresponding
coefficients resulting from the WEIBULL-distribution
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Regarding the yield-plateau, the evaluation of the database does not allow to establish a
correlation function between the yield strength and the yield plateau. Therefore, the length
of the yield plateau is determined based on the SINTAP-procedure [21]. The resulting
values are 0.0 (LB), 0.025 (MW) and 0.05 (UB) for a lower boundary, a mean value and an
upper boundary respectively.

In a second step, parametric true stress-strain curves are derived using the procedure
based on the equilibrium consideration of the CoNsIDERE-criterion developed in [5]. As
explained in section 3.4, the characteristic values of the engineering stress-strain curve,
namely yield strength R, ultimate strength R,, and elongation at tensile strength A4,, are
required in order to derive the true stress-strain curve. Those values can now be
determined from the correlation functions, (3-14) and (3-15), or the SINTAP-procedure [21].
Within this project four steel grades (S355, S500, S690, S960) are evaluated. In order to
reveal critical combinations of material characteristics, a broad spectrum of true stress-
strain curves is derived by combining the values summarized in Table 3-4.

To obtain a conservative value for the yield strength ratio, the maximum value of both
correlation functions is used. However, further investigations of the second approach show
that the upper boundary curve would lead to unrealistic results due to a high overestimation
of the yield strength ratio, especially for lower steel grades (cf. Figure 3-6 (a)). Therefore,
the upper bound values of the yield strength ratio are derived based on the first correlation
function.

Table 3-4: Material characteristic values for each steel grade corresponding to the lower bound
(LB), mean value (MW) and upper bound (UB)

Yield Strength Ratio Elongation at tensile Yield-plateau
strength
Rm/ReH g AEl
Ag
LB MW uB LB MW uB LB MW uUB

5% 50% 95% 5% 50% 95% 5% 50% 95%
S355 | 1.078 1.439 1.693 | 0.062 0.144 0.231 0.0 0.025 0.05

S500 | 1.037 1.264 1.487 | 0.045 0.105 0.169 | 0.0 0.025 0.05
S690 | 1.015 1.117 1.314 | 0.036 0.084 0.135 0.0 0.025 0.05

S960 | 1.004 1.026 1.181 | 0.032 0.075 0.121 0.0 0.025 0.05

An elongation at tensile strength derived by the lower boundary curve for yield strengths of
400 MPa or higher results in value of 0.05 or smaller, cf. Figure 3-5 (b) or Table 3-4. If
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these lower bound elongations at tensile strength are combined with an upper bound yield-
plateau of 0.05, the yield plateau would exceed the elongation at tensile strength.
Consequently, three true stress-strain curves for high strength steel are technically not
possible. Figure 3-7 shows a graphical representation of the engineering stress-strain
curves by the example of a S690. The resulting parametric stress-strain curves
corresponding to all steel grades can be found in the Annex 1.
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Figure 3-7: Graphical representation of the parametric engineering stress-strain curves
corresponding to ayield strength of 690 MPa having a yield-plateau of (a) 0.0, (b) 0.025
and (c) 0.05
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£ DEFINITION OF DAMAGE PARAMETERS

4.1 Conventional determination of model parameters

As explained above, the characterization of the plastic strength properties of steel under
monotonic loading is generally carried out using true stress-strain curves determined on
simple round bar samples. However, the consideration of material failure, which depends
on the respective toughness properties of the material, must be implemented in the
numerical model e.g. via additional damage-mechanics concepts. Since material properties
and thus the associated material parameters usually vary greatly, the determination of
damage-mechanics model parameters is usually carried out by extensive experimental
small sample investigations of different geometries. The number of tests and the specimens
used depend on the individual requirements of the damage model which is chosen.

For the prediction of ductile material failure based on stress triaxiality dependent damage
models such as the classic GTN model or the damage curve respectively, small samples
with different notches (unnotched and notched round tensile specimens, CT specimens,
etc.) are used. Originally, a series of tests was stopped at different load levels and
microsections were used to determine the level at which crack initiation occurs for the first
time in the form of void coalescence. The corresponding equivalent strain & and stress
triaxiality n must then be determined using numerical simulations. It is therefore a combined
experimental-numerical procedure. As an alternative to the microsections, the occurrence
of the crack initiation is often determined by potential drop measurements, which
significantly reduces the number of tests and thus the total expenditure for the process.

For more complex damage models such as the extended GTN model or the BW model
which, in addition to the stress triaxiality n, e.g. take into account the influence of the third
invariant of the stress deviator J; via the lode angle 6 or the deviatory stress measurement
variable w, additional small sample tests must be carried out. For the decisive range of
positive triaxialities, various notched flat tensile specimens, torsion or shear tests and equi-
biaxial tensile tests can be used. Again, the time of crack initiation can be determined either
by microsections or the potential drop measurement method.

4.2 Determination of damage parameters based on correlation

In order to derive generally valid damage parameters, a data collection of available damage
curves was compiled and an engineering correlation with the material parameters a, b and
€, was carried out:

&) = a-exp(=b-n) + & (4-1)
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As shown, with the yield strength ratio and the upper-shelf toughness, it is possible to
predict generalized damage curves which, especially in the range of low stress triaxialities,
indicate significantly lower plastic limit strains than the corresponding actual damage
curves. Figure 4-1 indicates a scattered linear relationship between the material
parameters a and b of the damage curve. This relationship can be described in good

approximation by a straight line, equation (4-1).

Those data sets determined at round tensile
samples corresponding to a Lode angle
parameter 6 =1 are identified by "open
squares" or "open circles" and an arrow. The
arrow thereby specifies how the parameters a
and b would have to be shifted in order to obtain
lower plastic limit strains in the range of small
triaxialities. An adaptation of the damage curves
to a Lode angle parameter of § =0 would
therefore lead to a reduction of the scatter band,
since corresponding data points would move
closer to the line of best fit.

b =0.549-a + 0.549

waRN

b [-]

| DAR, N (WEZ)
| eTM
[ eQ+T

0Q+T (WEZ)
L, | @ Q+T (PWHT)
0,0 ‘< .‘ : .
0,0 1,0 2,0 3,0 40 5,0
a[]
Figure 4-1: Comparison of parameter a
and b
(4-2)

In a first step, the parameters a, ¢, and with equation (4-2) also indirectly the parameter b
were modified (least square minimization) in such a way that equivalent damage curves
with only minor deviations from the original plastic limit strain resulted in the range of

0.3<7n<2.0.

1. Correlation of parameter a with the yield strength ratio

The increase of a results in plastic limit strains of the damage curve being shifted to
larger values. In the range of small stress triaxialities, this increase (due to the
characteristic of the exponential function) has a relatively stronger effect than in the

range of high stress triaxialities 7.

The parameter @ has an exponential and scattered relationship with the yield
strength ratio R,,,/R.y and can be represented as follows:

— ReH
Acqic = 1000 ¢cq -exp | —c, R +c3
m

with: ¢, = 0.601 ¢, = 5.249 s = 0.859

(4-3)
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The coefficients ¢y, ¢, and c; were determined by a nonlinear regression analysis.
The quality of the mean value correlation is shown in Figure 4-2 a). Not negligible
scatter is evident, which was however to be expected due to the variety of structural
steels.

2. Correlation of parameter b with the yield strength ratio

The parameter b mainly controls the curvature behaviour of the damage curve.
Large values for b lead to more pronounced curved curves and thus to lower plastic
limit strains over the entire stress triaxiality range. For the b-parameter, the same

exponential function approach was used as before, depending on the yield strength
ratio:

Ecalc =1000"-c, - exp (—05 . I::H) + ¢ (4-4)

with: ¢, = 0.329 ¢s = 5.246 s = 1.020

The coefficients c,, cs and ¢, of the correlation function are given by equation (4-4).
Due to the linear dependence on the a-parameter, the scatters are in the same
range as with the correlation of the parameter &, see Figure 4-2 b).
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Figure 4-2: Correlation of parameters a) @ and b) b

3. Correlation of parameter g, with the upper-shelf toughness

With increasing material toughness, the plastic limit strains of the damage curve
increase. This also applies in particular to the upper-shelf toughness KV;.
Corresponding to equation (4-2), this is accompanied by a parallel shift of the
damage curve upwards to more favourable values.
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The following exponential relationship exists between the material parameter &, and
the upper-shelf toughness KV;:

- 1 1
€o.calc = Togo €7 " XP (W cg K Vus) + Co (4-5)
with: c; = 25.119 cg = 0.906 co = —0.025

0.6

The coefficients c;, cg and ¢, of the faranN | 05%
correlation function are given with 0511 ¢mm A
equation (4-5). The scattering of this 04 { *@T /!
. . . oQ+T (WEZ)
pronounced than in the predictions of "?0 , _
the parameters @ and b, see Figure i :
o 0,1 - 5]
4-3. Also, by considering further ' _
material parameters (e.g. the A5- 0,0 A =
. 0 0 50 100 150 200 250 300 350
strain), a more accurate estimation KVus [J]
of £, could not be reached. Figure 4-3: Correlation of parameter g,
4.3 Determination of parametric damage curves

In order to define the time of complete failure at material level for varying toughness
properties parametric damage curves based on the procedure explained in section 4.2 are
derived. As equations (4-3), (4-4) and (4-5) show, the three parameters (a, b, &;) to describe
the damage curve can be expressed as functions of the yield strength ratio R,,,/R.y and
the material toughness KV;s. To address a high variety of material characteristics, six
damage curves covering a range of upper-shelf toughness from 50 J to 300 J are derived
for each yield strength ratio corresponding to the parametric true stress-strain curves
defined in section 3.4. A graphical representation of the resulting damage curves can be
seen in Figure 4-4 on the example of the steel grade S690 for (a) a lower bound yield
strength ratio, (b) a mean yield strength ratio and (c) an upper bound yield strength ratio.
The resulting damage curves corresponding to all steel grades can be found in the Annex
2.
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Figure 4-4: Parametric damage curves corresponding to ayield strength of 690 MPa for (a) a lower

bound yield strength ratio, (b) a mean yield strength ratio and (c) an upper bound yield
strength ratio
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5 MESH SIZE DEPENDANCE

Previous studies investigating the impact of geometric and material model parameters have
shown that the mesh size is the decisive factor for varying results [24]. Generally, it has
been shown that mesh size dependence of the true stress-strain curves determined using
smooth round bar specimens is limited to the range after reaching the maximum load when
first localization effects occur, cf. Figure 5-1. In numerical simulations of components with
discontinuities, e.g. CHT or CNT geometries, this effect only occurs very slightly since the
localizations and the associated strains are considerably lower at the time of the first crack
formation [24]. Therefore, the influence of the mesh size on the true stress-strain curves
will not be further investigated within this project.

30000 - 60000 -

25000 - 50000 -

20000 40000 -

= =
o 15000 2 30000
o $355_1,00mm o $960_1,00mm
E 10000 $355_0,75mm 8 20000 - $960_0,7Smm
~——$355_0,50mm ~——$960_0,50mm
5000 ——5355_0,25mm 10000 - ——5960_0,25mm
0 . . ‘ . , . 0 : : ‘
0 2,5 5 7.5 10 125 15 0 2 4 6 8
Displacement [mm] Displacement [mm]
Figure 5-1: Mesh-size dependency of the engineering stress-strain curves of S355 (left) and a

S960 (right) for round bar specimens [24]

However, the mesh size dependence of the damage model is of greater importance. This
refers in particular to the stress-state dependent damage curve which is implemented to
determine ductile crack initiation. The strain development as well as the stress state show
a dependence on the element size, cf. Figure 5-2. Generally, failure criteria for ductile
fracture defining critical strains are well suited. The reason for this is that the deformation
history in the ductile range can be better resolved by strain than by stress. However, in the
simulation of large, irregularly shaped components, strain localization can occur at cross-
sectional discontinuities, e.g. cracks or holes. As a result, the entire deformation is
concentrated on a small region of this area. In this case, the resulting strain depends on
the element size, as this provides the base length for the strain calculation.
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Figure 5-2: Mesh-size dependency of PEEQ, TRIAX and LODE of a S355 (left) and a S960 (right) of

a CNT specimen with a cross-sectional weakening of d/W = 0.3 [24]
The damage curves applied within this study are expressed by the equivalent plastic strain
as a function of the stress triaxiality. Since the increase of the triaxiality leads to a reduction
of the equivalent plastic strain it can be stated that a decrease of the damage curve is
required for an increasing element size in order to predict the ductile crack initiation at the
same time. Consequently, the derivation of a generally valid damage curve is not possible,
the calibrated course of the damage curve rather always needs to be seen in the context
of the element size.

The implemented damage curves have been derived based on a data set of material
parameters calibrated on small scale specimens with a mesh size of 0.06 mm. Due to the
mesh size dependence, the damage mechanics simulations of component sized
specimens would require complex sub-model calculations to achieve the mesh size of 0.06
mm. In order to conduct a broad parametric study a method is needed which also leads to
good results for the prediction of failure using larger elements. The approach pursued within
the framework of this project is based on the development of scaling factors which will be
applied to the damage curve in order to transfer the failure criterion to rough mesh sizes in
the global model.

In order to account for the steel grade dependence, a scaling factor for each steel grade is
derived in the following. Therefore, the damage curves are calibrated based on the results
of the experiments conducted within the framework of the FOSTA project P1019 [24]. The
aim therein was to derive new, improved strength criteria on the basis of experimental and
numerical results on large tensile specimens. Therefore, large tensile specimen tests have
been conducted on holed and notched geometries with varying net cross-sections.

In a first step, the damage curves are calibrated until the resulting load capacity
corresponds with the experimental results. Therefore, the exact geometries used for the
experiments are simulated using the corresponding true stress-strain curves. For each
steel grade four different net cross-sectional ratios are evaluated according to the
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experiments conducted. The scaling factor applied to the damage curve is adjusted for
each geometry until the load bearing capacity resulting from the simulation (Fp,qx sim)
corresponds to the load bearing capacity of the experiments (Fyqxexp)- The calibration
process is illustrated in Figure 5-3. As expected, the scaling factor increases with an
increasing yield strength. Next to the steel grade dependence, it can be seen that the
scaling factors vary between the different geometries of one steel grade. However, it is not
possible to draw a direct relation between the scaling factor and the net cross-sectional
ratio.
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a £ £
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Figure 5-3: Calibration of the scaling factor for (a) S355, (b) S500, (c) S690 and (c) S960

Due to the variation of the scaling factors between the geometries, the specimens with a
net cross-sectional ratio of 2a/W =0.2and 2a/W = 0.3 are chosen for further
investigations since experimental data is available for those geometries for all steel grades.
Furthermore, geometries with a cross-sectional weakening of 2a/W = 0.2is set as
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reference geometry and the scaling factors are adjusted based on this net cross-sectional
ratio. The scaling factors (SF) resulting from the first calibration and the corresponding
accordance of the load bearing capacity (F,qx sim/Fnax,exp) @€ sSummarized in Table 5-1.

Table 5-1: Accordance of the load bearing capacity (Fmaxsim/Fmax.exp) Of the simulation using the
experimental true stress-strain curves

S355 S500 S690 S960
SF=2.2 SF=8 SF =50 SF =95
CNT_02 99.7% 99.7% 99.7% 99.8%
CNT_03 97.8% 100.4% 99.0% 95.6%

In the following, a verification of the scaling factors is conducted based on simulations using
parametric true stress-strain curves. To do so, parametric true stress-strain curves are
derived based on the procedure explained in section 3.3. The material characteristics of
the experiment are used as input parameters, namely yield strength (R.y), yield strength
ratio (R,/R.y) and elongation at tensile strength (4,). The resulting engineering stress-
strain curves show a very similar course to the ones from the experiment, cf. Figure 5-4.
The only difference to be detected within the course of the engineering stress-strain curves
is in the plastic range. The parametric stress-strain curves have a steeper ascent before
reaching the ultimate strength and a lower descent after the maximum load has been
reached compared to the ones corresponding to the experiment. This difference in the
course of the engineering stress-strain curve results from the derivation procedure which
uses the Lubwik-equation to simulate the true stress-strain curve.

..... S355 experiment
—— 5355_synthetic
----- S500 experiment
5500_synthetic
----- S690 experiment
—— 5690_synthetic
5960 _experiment
5960_synthetic

1200

1000

800

600

Stress [MPa]

400

200

0 0.1 0.2 0.3 0.4
Strain [-]

Figure 5-4: Experimental and parametric engineering stress-strain curves based on experimental
material characteristics
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The evaluation of the simulation shows that the resulting load bearing capacity rises slightly
when parametrically derived true stress-strain curves are used, cf. Table 5-2. This
phenomenon can only be explained by the slightly different course of the parametric true
stress-strain curves which is caused by the derivation procedure. As a result, it can be
concluded that the course of parametric true stress-strain curves generally has a positive
influence on the load bearing behaviour compared to an experimentally derived true stress-
strain curve having the same material characteristics. Especially, the load bearing
capacities of the conventional steel resulting from the simulations using the parametric true
stress-strain curves are now overestimating the real load bearing capacities of the
experimental tests. Since the gradient of the parametric true stress-strain curve is
determined by the derivation procedure and cannot be adapted, the scaling factors are
once again calibrated until the simulations fit the load bearing capacity achieved within the
experiments.

Table 5-2: Accordance of the load bearing capacity (Fmaxsim/Fmaxexp) Of the simulation using the
experimental true stress-strain curves (Exp.) and the parametric true stress-strain
curves derived based on material characteristics of the experiments (Para.)

S355 S500 S690 S960
SF=2.2 SF =8 SF =50 SF =95
EXp. Para. EXp. Para. EXp. Para. EXp. Para.
CNT_02 | 99.7% 102.6% | 99.7% 100.9% | 99.7% 99.9% | 99.8% 99.8%
CNT_03| 97.8% 100.2% |100.4% 101.4% | 99.0% 99.2% | 95.6% 95.5%

The final scaling factors with the corresponding accordance of the load bearing capacity
are summarized in Table 5-3.

Table 5-3: Final scaling factors with corresponding accordance of the load bearing capacity
(Fmax,sim/Fmax,exp)
S355 S500 S690 S960
SF=2.8 SF=18 SF =50 SF =95
CNT_02 99.7% 99.7% 99.9% 99.8%
CNT_03 97.1% 100.2% 99.2% 95.5%

As it can be seen, the value of the scaling factors grows exponentially with relation to the
steel grade. Consequently, the course of the resulting damage curves ranges between

35



STROBE

smaller values for higher steel grades, see Figure 5-5. A graphical representation of all

scaled damage curves can be found in the Annex 3.
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Figure 5-5: Parametric damage curves corresponding to (a) a yield strength of 355 MPa with a

mean yield strength ratio scaled by 2.8 and (b) to a yield strength of 690 MPa with a

mean yield strength ratio scaled by 50
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ANNEX 1 - PARAMETRIC STRESS-STRAIN CURVES
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Al-1: Parametric engineering stress-strain curves for S355 and S500 for different Ag
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ANNEX 2 - PARAMETRIC DAMAGE CURVES
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A2 -1: Parametric damage curves for S355 and S500 for the different f./fy
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ANNEX 3 - SCALED PARAMETRIC DAMAGE CURVES
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A3-1: Scaled damage curves for S355 and S500 for the different f./fy

44



STROBE

S690 S960
0.08 0.05
——501
= £ 0.04
£ 0.06 £
T c
< 2 0.03
%004 g
(=9 (=9
= £ 0.02
@ @
g 5001
S690_LB S960_LB
0.00 0.00
00 05 10 15 20 25 00 05 10 15 20 25
Stress Triaxiality [-] Stress Triaxiality [-]
0.06 | 0.05
—50] —50]
50-05 ——100 Z0.04 ——1001
T 0.04 1501 T 1501
2= ——200) 2 0.03 ——2001
B o003 ——2501 B ——250
[« (=
£ 300 £ 0.02 300
T 0.02 s
g 0.01 g0.01
$690_MW S960_M
0.00 0.00
00 05 10 15 20 25 00 05 10 15 20 25
Stress Triaxiality [-] Stress Triaxiality [-]
0.04 0.04
——50J —50]
- —1001 = —100])
E 0.03 150 E 0.03 150 J
g ——200 2 ——2001
é_L‘é 0.02 ——250) E 0.02 ——250)
= 300 = 300
) £
g g
‘5 0.01 ‘5 0.01
g g
S690_UB S960_UB
0.00 0.00
00 05 10 15 20 25 00 05 10 15 20 25
Stress Triaxiality [-] Stress Triaxiality [-]
A3 - 2: Scaled damage curves for S690 and S960 for the different fu/fy
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