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ARTICLE

Fitting of mechanical material behaviour of structural

steel for numerical modelling

Development of an optimization algorithm

Numerical simulations are widely used in structural engi-
neering research, and validated models enable the efficient
expansion of datasets without costly additional testing. They
allow the investigation of alternative geometries and load-
ing scenarios beyond those covered by experiments. Their
reliability, however, depends strongly on the accuracy of the
material modelling. In structural steel, elastic behaviour is
well captured by Hooke's law, but the plastic range remains
challenging to describe realistically. Existing hardening mod-
els provide mathematical representations of the plastic
portion of the true stress—strain curve, yet numerous studies
have shown that these models require extensive calibration
to reproduce experimental behaviour satisfactorily. This cali-
bration is typically iterative, time-consuming, and often yields
results that still offer potential for refinement. To address this,
an automated optimization tool has been developed to fit flow
curves directly from uniaxial tensile test data. This article
outlines the fundamentals of material modelling for steel in
numerical simulations and presents the development and val-
idation of the proposed optimization algorithm, which allows
realistic numerical modelling on a scientific level and aligns
with the ongoing standardization efforts in prEN 1993-1-14.

Keywords structural steel; numerical simulations; material characterization;
finite-element simulations; plasticity; optimization

1 Introduction

Nowadays, in steel construction research, numerical simu-
lations performed by finite-element models (FEMs) have
become common practice, e.g., for examining complex
details where analytical approaches are of limited use.
To answer research questions or develop design guide-
lines, expensive experiments are required. Thus, not all
necessary investigations can be conducted experimen-
tally. Therefore, numerical simulations are employed to
extend the dataset. Typically, these simulations are val-
idated against experimental results first to ensure their
accuracy in representing reality. The accuracy of the sim-
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ulations heavily depends on the definition of material
properties.

A lot of internationally published and own conducted
research projects have shown the potential of numerical
simulations that calculate plastic component behaviour.
In [1, 2], for example, numerical simulations were used
to recalculate experimental three-point-bending tests on
high-strength steel beams. With the calibrated FEMs,
extensive parametric studies were conducted to show the
general ability of high-strength steels to form a suffi-
cient rotational capacity for a plastic design. Based on
the experimental results in combination with the numer-
ical results, design recommendations could be derived.
The power of numerical simulations calculating plastic
component behaviour was also shown in [3], where sim-
ulations were used to investigate the burst behaviour of
pressure vessels, or [4], where high-strength steels were
in focus. Also, the correct simulation of plastic material
behaviour due to large cyclic hysteresis has been shown
[5]- The huge number of validations of numerical simula-
tions has also prompted their inclusion in standardization
efforts. In the current revision of the relevant European
standard, a new part, prEN 1993-1-14 [6], will specifically
address the design assisted by FE simulations. To sim-
ulate the material behaviour of steel, elastic and plastic
properties must be incorporated into the simulation mod-
els. While elastic parameters are well defined, establishing
appropriate plastic properties, expressed as flow curves to
model the non-linear material behaviour, presents chal-
lenges. Various hardening models, such as the Hollomon
[7] or Ludwik [8] model, the Ramberg-Osgood [9] rela-
tionship, or other bilinear or multilinear models, such as
those in prEN 1993-1-14 [6], can be used based on stan-
dard material characteristics, e.g., yield or tensile strength.
Nonetheless, numerous research activities, [1, 3, 10], have
demonstrated the necessity of calibrating these hardening
models, e.g., based on round bar tensile tests, for accurate
simulation, often requiring time-consuming calibration
processes.

An automated optimization tool was developed to
improve the results and at the same time reduce the effort
required for the calibration of flow curves. In the follow-
ing, the basic principles on the material behaviour of steel,
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Fig.1  Tensile specimen form B: round specimen with threaded heads [12]

its definition for numerical simulations, the general proce-
dure to derive flow curves, the developed algorithm, and
its validation on three exemplary steels will be presented.
For the validation, laboratory and component scale is
considered.

2 State of art: Material behaviour of steel and
definition for numerical investigations

21 Material behaviour of structural steel under
uniaxial tension

Typically, the stress—strain behaviour of a material is
extracted from uniaxial tensile tests. The most common
standard on tensile tests used in Germany industry is
the DIN ISO 6892-1 [11], which specifies the method
for tensile testing of metallic materials and defines
the mechanical properties which can be determined at
room temperature. The standard DIN 50125 [12] defines
the geometry of metallic specimens. In Fig.1, a tensile
specimen of form B, round bar, is indicated.

As a result, the engineering stress—strain relation can be
extracted using the following equations for calculating the
engineering stress (o cne) and engineering strain (gep,) in
dependence of the initial specimen geometry. Here, the
load F, applied in direction of specimen length axis, is
measured in the test as well as the current gauge length
L. For calculating the engineering stress—strain curve, the
parameters are related to the initial specimen geome-
try, resp. Lo as initial gauge length and Ay as initial
cross-section area.

F
Ueng = ITO (1)
AL L—-1L
= — = 2
Eeng Lo Lo ()

Typical engineering stress—strain curves are indicated in
Fig.2 for a mild steel with (left) and a high-strength steel
without a yield plateau (right).

2 Steel Construction (2026)

The material behaviour must be interpreted with caution
beyond the elastic limit since the specimen experiences
a change from its original parameters [14]. In order to
predict the true behaviour, it is more meaningful to plot
the data in terms of the true stress (o) and true strain
(etrue), Where stress and strain are related to the current
cross-sectional area (A) and current length (L) values of
the specimen during deformation:

Etrue = In (L%) 3)

F
Otrue = Z (4)

At very low strains, the differences between true and
engineering stress—strain curves are very small. Thus, it is
irrelevant whether Young’s modulus is defined in terms of
engineering or true stress strain [15].

In the region with uniform deformation after yielding,
the material flows with negligible change in volume [14].
Therefore, the assumption of volume constancy can be
considered and is described as

Ay- Ly=A-L (5)

Then true and engineering stresses as well as strains can
be related to each other according to Eq. (6) and Eq. (7):

Otrue = Oeng * (1 + Eeng) (6)

true = In (1 + eeng) (7)

The previous relationships described in Eq. (6) and Eq. (7)
are valid until the point where necking begins. As an
example, Fig.3 indicates a comparison of an engineer-
ing and true stress—strain curve and also the point, where
necking begins.

Beyond the maximum load point, the true stress is still
valid to Eq. (6) and the true strain should be determined
based on the current area of the specimen as:

e = In (%) (®)

2.2  Material formulation for FE simulations

To implement the material behaviour of steel, e.g., into
FEM simulations, the behaviour of steel gets split into the
elastic and plastic components.

The elastic behaviour is well described by the Hooke’s law
(Eq.(9)) and is defined as a linear relationship between
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strain ¢ and stress o. The Young’s modulus E defines the
slope.

oc=FE- ¢ )

The elastic deformation is the reversible deformation of a
component subjected to external forces. With the increase
of the external load, the same component can experience
inelastic or permanent deformation, which is known as
plastic deformation. At the point, where the yield strength
fy of the steel is reached, the plastic behaviour begins.

The plasticity theory is concerned with the mathematical
study of stress and strain in plastically deformed solids
with particular reference to metals [17], and it dates back
to 1864 when Tresca identified the behaviour of several
materials in his experimental results. Since then, further
development to establish the laws of plasticity was made
by Saint-Venant, Levy, Haar and von Karman, von Mises,
Hencky, Prandt, Prager, Hill, and Drucker, among oth-
ers [17]. The stress—strain relationship of structural steel

is often described by the Ramberg—Osgood relationship
[9], which is also implemented in prEN 1993-1-14 [6].

The Ramberg—Osgood relationship, Fig.4, is a phe-
nomenological model to describe the non-linear stress—
strain relationship for steels without a yield plateau [9].
The model includes also the elastic part.

The Ramberg—-Osgood equation is

o n oy [ O
e=—=4a-—|—
E E (o)

with ¢ = true strain, o = true stress, £ = Young’s modulus,

oo = initial yield stress, « = constant whereby the yield
offset is defined as follows:

(10)

00

— =0.002 11
- (an

But for numerical simulations, the flow curve is a neces-
sary input parameter. It is defined as only the plastic part
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Fig.5  Typical flow curve for a constant strain rate and temperature

of the true stress—strain relation and starts at 0% plastic
strain g).

2.2.1 Definition: Flow curve

The flow stress is the stress that causes plastic deformation
in a uniaxial stress state and it depends on the material,
strain, strain rate, and temperature [18]. For the specific
case of a tensile test, the plastic part of the true stress—
strain curve that represents the true stress o . variation
with the plastic true strain &, strain rate ¢, and temper-
ature 7 is also known as the flow curve. Fig.5 shows a
typical flow curve.

This concept is associated with plasticity theory and hard-
ening models, such as isotropic and kinematic hardening.
For the case of isotropic hardening, the expansion (or con-
traction) of the yield locus is expressed by the flow curve.
As the material deforms, the hardening level on the flow
curve moves forward with the accumulated plastic strains,
and as a result the yield locus expands isotopically in all
directions, as shown in Fig. 6 [19].

The concept of flow curve is industrially well accepted
in the processes that involve large plastic deformations,
such as metal forming, where it is considered as necessary
for the prediction of forming forces, tool deflection, and
material flow [20]. The description of the flow curve in
the strain hardening regions is frequently done by math-
ematical models [21], physical models [22], or also known
as power laws [23]. The most common hardening models
to define a flow curve for structural steel are Hollomon,
Ludwik, Swift, and Voce, which are given in the following.
All hardening models define a true stress oy in depen-
dence of the plastic strain &, to describe flow curves, as
shown in Fig. 5.

4 Steel Construction (2026)
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Fig.6 Isotropic expansion of the yield locus as a function of hardening [19]

2.2.2 Hollomon Model [7]

The Hollomon model is commonly used to represent the
material true stress—strain behaviour of metallic materials,
such as steel, copper, and alloys [7]:

o = ku (ep)™ (12)

with: ky = strength coefficient, e, = true plastic strain, and
ny = hardening exponent.

2.2.3 Ludwik model [8]

Another well-known empirical description of the flow
stress is done by the Ludwik model [8]:

o =0y +ki(ep)™ (13)

with: oy = yield strength, k; = strength coefficient, and
np, = hardening exponent.

As can be seen from Eq.(12) and Eq.(13), the Ludwik
model only differs from the Hollomon model by an addi-
tional term of o(. For the case of materials with a yield
plateau, the Ludwik equation is adjusted to consider the
length of the yield plateau:

o =0y + kL(Sp] - l‘313~,CL)HL (14)

with: ;1. = true plastic strain at lower yield strain.
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2.2.4 Swift model [24]

The shape of the Swift model is similar to the description
done by Hollomon. In this case, the stress is shifted along
a positive strain axis through a distance equal to the initial
strain gg. This makes the Swift model more appropriate
in the use of processes where a prestrain effect is present,
such as cold forming. The Swift model is represented by
the following equation:

o = ks (8p| — So)ns (15)

with: ks = strength coefficient, ¢y = initial strain, and ng =
hardening exponent.

2.25 Voce model [25]

The Voce model is used for materials where the flow stress
shows non-linearity with the increment of the plastic strain
first, which saturates into a constant value. In this case, the
model is defined as follows:

0 = Ogt + (00 — Oga) - €Xp (_8pl/80) (16)

with: os,¢ = saturation stress, oy = initial yield stress, and
&o = characteristic strain.

For Ludwik and Hollomon models, the initial values for
the coefficients and parameters can be calculated based on
the results of the tensile tests. For Swift and Voce models,
the initial values are based on the literature or manually
defined via a visual comparison.

3 General procedure to determine flow curves based
on experimental small-scale tests

Fig. 7 illustrates a simplified flow chart of the general pro-
cedure for deriving flow curves manually. In general, the
fitting is a phenomenological approach.

The input in the process is the test report according to
DIN ISO 6892-1 [11], where the main mechanical proper-
ties and engineering stress—strain curve are described. The
data are processed and then, by a manual iterative process,
the hardening model considered as the ‘best fit’ is deter-
mined through an inverse method via FE simulations. The
foundation for fitting flow curves based on the results of
uniaxial tensile tests is the hardening models from Sec-
tion2, where, in a first step, an initial calibration is done
manually based on the mechanical properties.

The tensile test is then simulated with FEM, Fig.8,
using the initially calibrated flow curve. After the simu-
lation, the engineering stress—strain curve can be derived
from the FE result. This curve is compared hand-operated

Tensile Test result

(Acc. to DIN EN
ISO 6892-1)

initial calibration
L 4

\ 4

flow curve input

for each hardening model
v

FEM Simulation
of tensile test

Evaluation of
engineering stress-
strain curve from FEM

Comparison of
engineering stress-
strain curve
FEM vs. Tensile Test

update parameters manually

Satisying?

flow curve with
good parameters

Fig.7  Simplified flow chart of manual flow curve fitting

to the experimental engineering stress—strain curve and
if the match is not satisfying, the flow curve parameters
will be updated manually. This is an iterative process until
the match between engineering and numerical stress—
strain curve is satisfying. The procedure represents a
phenomenological approach. The iteration process takes a
lot of manual interaction and time to do several iterations
for different flow curve parameters.

31 The FEM

In the following, the FEM, as modelled in the FE soft-
ware Abaqus, is presented. The specimen was modelled
as a three-dimensional axisymmetric deformable part in
the range of the original gauge length. The geometry is
based on the specimen type used in the experimental test.
In this case, the typically B8x40 (dy = 8 mm, Ly = 40 mm)
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Fig.8 a) Reference specimen, b) FEM using symmetry, and c) deformed FEM

specimen for round tensile tests is considered. To save
computational costs and time, the volume of analysis is
defined with symmetry planes. The load, which is always
displacement driven to provoke necking, is applied in the
length axis of the specimen at a reference point, which is
coupled to a constrained plane. Specimen (a), FEM (b),
and deformed FEM (c) are shown in Fig. 8.

A mesh with hexahedral elements C3D8R with a mesh
size of 0.5 mm for a B8x40 is used. The hardening models
are defined in Abaqus by a user subroutine, which is used
to define the yield surface size and hardening parameters
for isotropic plasticity or combined hardening models.

4 Development of an automatized optimization tool to
fit flow curves

41  Assumptions

411 Nominal Young's modulus

The elastic behaviour is described as a linear function with
a slope which represents the Young’s modulus, Fig.9. A

nominal Young’s modulus of Eyon = 210,000 N/mm? was
assumed.

41.2 Flatyield plateau

If the material has a yield plateau, this could also be imple-
mented to the hardening models used. Here, the yield
plateau was idealized as flat in the engineering stress—

6 Steel Construction (2026)

(b) Reference point (C) O Mises

[N/mm?]
859.565
794.949
730.333
665.717
601.101
536.485
: 471.869
Constrained surface 107282
342,636
278.020
213.404
148.788
—, 84.172

~
o
e
-

strain curve (on the level of the yield strength f, between
ey and ¢,,), Fig. 9. However, in numerical models, the mate-
rial description requires to assign one stress value only
once to one strain value. This is why in the definition of the
flow curve, a linear segment defined by the yield strength
with a very small gradient over the length of the yield
plateau is added.

41.3 Continuity behaviour at strain hardening point

The hardening model, implemented in a user subrou-
tine, has to be continuous with a constant positive slope.

450

fitted
7th order
polynomial

1

flat yield
plateau

(small gradient)

Stress o [MPa]
w
o

linear
325 (o) Idealized
1
i —e— Measured
300 & |
0 2% 4 6 8 10 12

Elongation strain & [%)]

Fig.9  Sample measured stress—strain curve and the assumed idealization [26]
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For the materials that exhibit a yield plateau, the flow
curve is defined by two parts. The first one describes
the yield plateau behaviour, with the assumption of an
ideal flat yield plateau. The second part defines the strain
hardening, which can be defined using a polynomial
function.

The point, where the flow curve switches from yield
plateau to strain hardening, is calculated in the developed
subroutine, so that a continuous definition of the flow
curve is ensured.

4.2 Optimization methods
421 General overview

In the developed algorithm, a data matching is to be per-
formed. Data matching means in this case to compare the
result of the predicted models (FEM with a specific flow
curve) with the actual empirical data (tensile test). There
are various ways to measure the ‘error’ in statistics, a term
for the difference between the ‘real’ and the ‘estimated’
values, mathematically. Most common are sum of squared
error (SSE), mean of squared error (MSE), Chi-square-,
t-, and F-tests [27-30].

Each method has advantages and disadvantages and it
is not universal to claim which one is the best. SSE,
for example, is easy to calculate but is not suitable for
the cases, where different sample groups have inconsis-
tent sample sizes [29]. The Chi-square test requires even
less computational power and provides detailed statisti-
cal information, but is not suitable for a data with large
number of categories [31]. Here, we expect different sizes
of datasets and chose the MSE as the criterion due to its
simplicity and efficiency.

422 MSE

The MSE is defined as follows [27]:

N N a2
SE _ T 0G) =9 () -
N
with: N = sample size, y(x;) = the actual value at ith
sample, and y(x;) = the estimated value at ith sample.

As can be seen from Eq.(17), MSE does not require
special parameters and is a simple mathematical process.
Thus, a low computational cost is expected. Furthermore,
according to Wang and Bovik, MSE is ‘an excellent metric
in the context of optimization’ [32]. Due to its convexity,
symmetry, and differentiability, iterative numerical opti-
mization is a great use case for MSE, where minimizing

the MSE values could play a core role in the optimization
process.

43 General algorithm
431 Overview

The developed algorithm to optimize flow curve fitting is a
phenomenological approach, as shown in Fig. 10. In addi-
tion to the inputs and outputs, the process is characterized
by three main parts:

1. initial calibration,
2. individual FEM optimization, and
3. weighted FEM optimization.

In each step, the four hardening models to define a flow
curve — Hollomon, Ludwik, Voce, and Swift (see before) —
are used. The steps are explained in the following.

The optimization problem for the individual and weighted
optimization can be stated as the minimization of MSE as
follows:

Minimize — ® = MSE (s;, §;) (18)

Subject to the constraints:

Error,,, < Tol, (19)
Error,,, < Tol,, (20)
Error,, < Tol, (21)
with: & = objective function, §; = engineering stress,

simulation, and s; = engineering stress, experiment.

The tolerances values Tol. , , Tole, and Tols, are defined
in the inputs and specify allowed tolerances for character-
istic points of the stress—strain relationship.

The objective function is limited by the relative error in
the mechanical parameters of engineering interest that
can be defined from the engineering stress-strain curve
and flow curve, as indicated as follows.

4.3.1.1 Strain hardening onset constraint

EpleL — épl,eL

Error,,, = (22)

Epl,eL

with: &, sn = true plastic strain at the onset of strain hard-
ening, simulation; e, s, = true plastic strain at the onset of
strain hardening, experiment.

Osh — Osh

Error,, = (23)

Osh

Steel Construction (2026) 1
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Fig. 10  Flow chart of the developed algorithm to optimize flow curve fitting
with: 4.3.1.2 Ultimate tensile strength constraint
o =19 for materials without yield plateau Error,, = Su”Su (24)
s oeL, for materials with yield plateau Su
with: §, = ultimate tensile strength, simulation;

with: 64, = true stress at the onset of strain hardening, sim-
ulation; 65, = true stress at the onset of strain hardening,
experiment.

8 Steel Construction (2026)

sy = ultimate tensile strength, experiment.

After the preparation of the inputs, which has to be done
manually, the algorithm runs automatically through the
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steps. The algorithm is implemented to Isight, an optimiza-
tion software from Dassault Systémes. Here, all steps are
working automatically and the results of the steps were
handed over to the specific steps and calculations. Mul-
tiple python codes and Isight commands work together,
e.g., to automatically create the FEMs for the tensile
tests in Abaqus based on the specimen geometry in the
input.

432 Inputs

The inputs can be divided in two types: tensile test inputs
and numerical inputs.

4.3.2.1 Tensile test inputs

The tensile test inputs are the main inputs and con-
tain all the data that define the engineering stress—strain
curve determined in the tensile test as well as geometric
information on the specimen. Here, also all mechani-
cal properties are listed for the initial calibrations of
Hollomon and Ludwik model.

4.3.2.2 Other numerical inputs

Other numerical inputs, like the fitting range, in which
the data matching is done, or the tolerances for the opti-
mization processes must be defined in advance. These are
relevant parameters for the optimization processes.

4.3.3 Data matching evaluation

The data matching is the central aspect in each of the steps
of the algorithm. Here, for every new set of parameters
for the hardening model, resp. every FE simulation, the
resulting engineering stress—strain curve is compared to
the experimental engineering stress—strain curve. The data
matching algorithm uses MSE to quantify the fit of the
simulation to the experiment.

Tab.1  Weighted hardening models

4.3.4 Step 1: Initial calibration

In the first step, the initial calibration, the initial param-
eters for the hardening models are calculated based on
the inputs, especially the mechanical properties based
on the tensile test. An FEM is created based on the
specimen geometries specified in the inputs. For each
hardening model, an FE simulation is done and the results
were evaluated with data matching. The initial calibra-
tion gives a good overview on which hardening model
represents a good first guess and how big the differ-
ence is between the tensile test and the FE simulation.
The initial flow curve parameters as well as the result-
ing engineering stress—strain curves are handed over to
step 2.

435 Step 2: Individual optimization

The second step is the individual optimization, where
the individual flow curve parameters for each harden-
ing model are getting updated automatically in given
limits (defined in the inputs). After each update pro-
cess, an FE simulation with the updated flow curve is
done. Data matching gives a result, if the new param-
eters have a better fit than the ones before. If the
result is within the termination criteria, the optimiza-
tion for the hardening model is finished. Otherwise, the
optimization algorithm decides which parameter will be
adjusted in which direction, so that another iteration
follows. The results of this step, optimized flow curve
parameters for each hardening model, are handed over to
step 3.

4.3.6 Step 3: Weighted optimization

In addition to the previous described steps, the weighting
sum of two hardening models usually better represents the
flow curve [33]. Thus, in the third step, the optimized flow
curves for each hardening model act as inputs and two
curves get combined with a weighting factor w. The result-
ing six weighted combinations of flow curves are shown in
Tab. 1.

Combined hardening models Equation

Hollomon +Ludwik o=w-ku(ep)™ + (1 —w)(oo + kr(ep)™) (25)
Hollomon +Voce o=w-ku(ep)™ + (1 —w)(ow + (060 — oat) - exp(—&p/€0)) (26)
Hollomon +Swift o=w-ku(ep)™ + (1 —w)(ks(ep — €0)™) 27)
Ludwik +Voce o=w-(00+ki(ep)™) + (1 — w)(0gu + (00 — o) - eXp(—&p/50)) (28)
Ludwik +Swift o=w-(o0+ki(ep)™) + (1 —w)(ks(gp — &0)™) 29)
Voce +Swift o =w- (0sat + (00 — 0sar) - exp(—gp/€0)) + (1 — w)(ks(ep — €0)™) (30)

Steel Construction (2026) 9
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»
|

DA,
""\‘* Curve 1: resulting from flow curve 1
/ Experimental result
AA,

engineering stress o,,,

»

engineering strain g,,,

Fig. 11 Schematic depiction of the area differences AA; and AA; for two
numerically determined stress—strain curves resulting from different flow
curves

The parameters for the flow curves are taken from the
final result of the individual optimization and are set as fix
for this step. Only the weighting factor for each weighted
combination is varied iteratively. After each iteration, sim-
ilar to the individual optimization, a data matching is
performed as well as a check if the criteria are fulfilled,
which decides whether step 3 is finished or a new iteration
is started.

However, some conditions have to be fulfilled to be able to
combine the hardening models successfully. Therefore, the
weighted optimization requires that: at least two harden-
ing models with engineering stress—strain curves (curve 1
and curve 2) have a positive area difference AA; and neg-
ative area AA,, respectively, to the experimental curve, as
shown in Fig. 11.

4.3.7 Output

The outputs of the process contain all the necessary infor-
mation and parameters to define the hardening models
obtained by the initial numerical calibration, individ-
ual FEM optimization, and weighted FEM optimization.
Also, the resulting engineering stress—strain curves and
flow curves are extracted.

5 Numerical validation of the tool

51 Mechanical properties of the investigated steels

To evaluate the process and validate the algorithm, a batch
of three tensile test results for different high-strength

Tab.2 Mechanical properties of investigated steels

1200
! ! —5690QL
1000 ! ! = S700MC
—X65

g

8

Engineering stress [MPa]
[o2)
3

g

o

0 5 10 15 20
Engineering strain [%]

Fig. 12  Engineering stress—strain curves for the investigated steel grades
$6900QL, S700MC, and X65 based on uniaxial tensile tests (B8x40)

steels made from plates (HSS) was strategically selected.
One steel grade, S690QL, has a yield plateau, while the
other two, S7T00MC and pipeline steel X65, have no pro-
nounced yield strength. The fitting range is set for the
whole tensile test (until failure strain). The characteriza-
tion of the main mechanical properties of the investigated
steels is shown in Tab. 2.

The engineering stress—strain curves extracted from B8x40
tensile tests are shown in Fig. 12.

The inputs have been derived for each steel grade and
passed to the fitting tool. The algorithm passed every
step based on the procedure shown in Section4. The
results will be discussed in Sections 5.2-5.5. In the end, a
validation with component tests is done to demonstrate
the transferability from laboratory to component scale,
Section 5.6.

5.2 Initial calibration

The initial parameters for each hardening model have
been derived based on the result of the tensile test. Param-
eters as well as the MSE are shown in Tab. 3. Here, also the
best fit for each steel grade is indicated.

Steel grade  Specimen type E Iy Jen JeL Ju €u Delivery condition

[MPa] [Mpa] [Mpa] [Mpa] [Mpa] [%]
S690QL B8x40 205682 759 772 770 815 7.06 Quenched and tempered
S700MC B8x40 234545 896 - - 1010 4.01 Thermomechanically rolled
X65 B8x40 207832 597 - - 748 591 As-rolled
10 Steel Construction (2026)
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Tab.3  Resulting hardening models of the initial calibration for the three steel grades S690QL, S700MC, and X65

Steel grade Hardening model Equation MSE
S690QL Hollomon?) oy = 1095.3 - (&p)°% 439
Ludwik oL = 789.0 +879.5 - (gp — 0.02)07 13535
Swift osw = 1116.7 - (g, — 0.001)* 1081
Voce ovc = 883.4 4+ (684.1 — 883.4) - exp(—&,/0.05) 3663
S700MC Hollomon - -
Ludwik oL = 899.9 +1319.2 - (,)*%° 78756
Swift) ogw = 1251.4 - (gp — 0.001)"% 2705
Voce oyc = 1028.9 4 (816.7 — 1028.9) - exp(—e&,/0.004) 5254
X65 Hollomon - -
Ludwik oL = 598.6 + 1047.0 - (g, — 0.02)*5 34318
Swift) ogw = 1001.3 - (ep — 0.001)*08 1944
Voce ovc =778.4 4+ (566.4 — 778.4) - exp(—&,/0.01) 18563
Y Best fit.

The results show that some hardening models represent
quite a good fit with the initial calibration, e.g., Hollomon
model for S690QL or the Swift model for ST00MC, Fig. 13.
However, for the steel grades S7T00MC and X65, the ini-
tial calibrations of the hardening models do not fit well.
This was also observed in past studies and justifies the
development of the flow curve optimization algorithm.

53 Individual optimization

In the following, for each hardening model, the optimized
individual parameters derived with the algorithm are pre-
sented. The range of evaluation and optimum values
resulting from this optimization process are summarized
in Tab. 4.

With the individual optimization very good results could
be achieved, seen by MSE. This proves that by the

means of the individual optimized flow curve, a numeri-
cal recalculation of the tension test including the necking
behaviour is possible, Fig. 14.

54 Weighted optimization

In a last step, the weighted optimization was done to
improve the fit between numerical and experimental
result, Fig. 14. The weighting factors are shown in Tab. 5.
With the combined and weighted hardening models, for
some steel grades the fit was improved, Tab. 6.

5.5  Summary of the investigations

The final flow curves after every step of the algorithm, as
well as the ind/icated best fit, which for the investigated

1200 T T 1200

g

800

Engineering stress [MPa]
(o2l
8
Engineering stress [MPa]

—X65_Tensile Test
= X65_Initial Ludwik
——X65_Initial Swift
———X65_Initial Voce

400
= S700MC_Tensile Test
200 |- --| —S700MC_lnitial Ludwik 200
e~ S700MC_Initial Swift
~——— S700MC_Initial Voce
0 0
0 5 10 15 20 0

Engineering strain [%]

10 15 20

Engineering strain [%]

Fig.13  Comparison between experimental engineering stress—strain curve and the FE results for the initial calibration of the hardening models for S700MC (left) and X65

(right)
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Tab.4 Initial and final values of optimization variable in individual optimization process. Steel grades S690QL, S700MC, and X65

Steel grade Optimization variable Min. Value Max. value Initial value Optimized value Difference MSE
optimized/Initial
value
S690QL Hollomon parameter 1: ky 1059.4 1119.4 1095.3 1073.0 2.1% 225
Hollomon parameter 2: ny 0.06 0.1 0.08 0.0784 51%
S700MC Swift parameter 1: kg 1161.4 1281.4 12514 1209.0 3.4% 380
Swift parameter 2: g 0.001 0.007 0.001 0.003 195.2%
Swift parameter 3: ng 0.04 0.06 0.05 0.05 0.6%
X65 Swift parameter 1: kg 881.3 1031.3 1001.3 950.4 52% 197
Swift parameter 2: g 0.001 0.009 0.001 0.001 0%
Swift parameter 3: ng 0.05 0.09 0.08 0.07 13.6%
(a) 1200 (b) 1200
@ 1000 & 1000
o o
H H
» 800 - w800
w (%2}
4 g
- -
2 600 w600
c s
o o
§ 400 9 400
o0 e S690QL_Tensile Test 1) @ S700MC_Tensile Test
S 200 Inital calibration S 200 Inital calibration
——— |ndividual Optimization ——— Individual Optimization
Weighted Optimization Weighted Optimization
0 0
0 5 10 15 20 0 5 10 15 20
Engineering strain [%] Engineering strain [%]
(c) 1200

=
o
o
o

800

400

e X65_Tensile Test
Inital calibration
Individual Optimization
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Engineering stress [MPa]
(o2}
38

200

0 5 10 15 20
Engineering strain [%)]

Fig.14  Comparison of engineering stress—strain curves (best fit for initial calibration, individual, and weighted optimization):a) S690QL, b) S700MC, and c) X65

Tab.5 Initial and final value of optimization variable in the weighted optimization process for steel grades S690QL, S700MC, and X65

Steel grade Hardening Optimization Min. Value Max. value Initial value Optimized Difference optimized/
model variable value Initial value

S690QL Hollomon + weight (w) 0.22 0.36 0.34 0.264 252%
Ludwik

S700MC Ludwik + Voce  weight (w) 0.09 0.15 0.09 0.131 37.1%

X65 Ludwig + Voce  weight (w) 0.18 0.26 0.24 0.23 4.3%

12 Steel Construction (2026)
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Tab.6 Final hardening models for steel grades S690QL, S7T00MC, and X65

F. Eyben, H. Bartsch, M. Feldmann: Fitting of mechanical material behaviour of structural steel for numerical modelling

Steel grade Method Hardening model Equation MSE

S690QL 1) Initial calibration Hollomon model = 1095.3 - (g)*8 439
2) Individual opt. Hollomon model = 1073.0 - (g)*8 225
3) Weighted opt.?) Hollomon + Ludwik o = 02604 +0.74 - 0y, 210

model

S700MC 1) Initial calibration Swift model o = 12514 - (g, — 0.001)%% 2705
2) Individual opt. Swift model o = 1209.0 - (¢, — 0.003)"%5 380
3) Weighted opt.*) Voce + Swift model o = 0130y +0.87 - ogy 255

X65 1) Initial calibration Swift model o = 10013 - (e, — 0.001)"% 1944
2) Individual opt. Swift model o = 950.4 - (g, — 0.001)*7 197
3) Weighted opt.?) Voce + Swift model o = 023 0yc+0.77 ogw 58

Y Best fit.

steels is the weighted optimization, are shown in Tab.6.
The final results for the best fit are shown in Fig. 14.

It can be seen that all four hardening models are rep-
resented in the best fit and it is recommendable to
implement these. The comparison of the experimentally
determined engineering stress—strain curves and the result
from the FE simulation with the final flow curve show a
very good compliance and the necking behaviour could be
modelled correctly. Also, the improvement of the under-
lying flow curves is very high. It is recommended for
future flow curve fittings to use an MSE of around 300 as
criterion for a good fit.

5.6 Validation with component tests

To validate the calibrated flow curves, component tests
using the materials S690QL and S700MC were evalu-
ated and simulated. The specimens represented lapped
splices with M48 bolts of grade 12.9, tested as described in
[34]. An example of the test assembly is shown in Fig. 15,
where the inner plate is intended to fail. Friction between
the plates was excluded using a gap between inner and
outer plates, so the force is fully introduced through
the bolt.

In the numerical model, the specimen was represented
over a defined length, with inductive displacement sen-
sors placed as in the experiment. This ensured that the

Wi LA 3 lfy aa I

Fig.15  Test setup, specimen LV_1.5 made of S690QL

simulated displacements were directly comparable to the
measured values. A refined mesh of 2mm was applied in
the vicinity of the bolt, while a 10 mm mesh was used in
the outer regions to ensure computational efficiency. As
material input, the weighted optimized flow curves from
Tab.6 were applied. Furthermore, a damage model was
implemented to capture specimen failure [34]. This model
did not affect the hardening response, which was entirely
governed by the flow curves.

Fig.16 presents the comparison for a single-bolted
S690QL connection. The simulated force—displacement
response aligns closely with the experimental data, with
the maximum force deviating by less than 2%. The bear-
ing failure mode observed in the experiment is also
reproduced in the simulation.

A similar agreement is obtained for the specimen with two
bolts made of S7T00MC, Fig. 17. Here, the simulated force—
displacement behaviour matches the experiment well,
and the net-section failure mode is correctly captured.
The deviation between the simulated and experimental
bearing load is less than 1%.

Additional examples in [34] further confirm the reliability
of the fitted flow curves. Overall, the component test vali-
dation demonstrates that the calibrated curves provide an
accurate basis for numerical simulations.

6 Discussion

With the developed fitting tool, appropriate flow curves,
which are mathematically defined, can be derived easily
using the developed fitting tool. A validation of experi-
mental tests on laboratory as well as component scale was
done and the tests can be modelled realistically with FE
methods using the derived flow curves. However, there are
limitations and factors to consider when looking at results,

Steel Construction (2026) 13
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Fig.16  Comparison of experimental and simulated force—displacement curves (left) and fracture surfaces (right) for specimen LV_1.5 made of S690QL

especially the limitation by the flow curve definition, scat-
tering of tensile tests, and the mesh-size dependency of FE
results.

6.1 Limitation by the flow curve definition

The use of the four hardening models limits the range of
possible flow curves because of the mathematical defini-
tions. However, the implementation of the third step, the
weighted optimization, allows additional flow curves. The
results, Section 5, have proven that the use of these four
flow curves in addition with the weighted combinations is
sufficient and leads to satisfying results.

6.2  Scattering of tensile tests

In general, steel has inhomogeneous material properties,
e.g., different behaviour over the thickness of a plate (esp.
for thick plates). Also, when tensile tests were conducted,
at least three specimens were tested. The results of these

3500 -
— $700_Experiment

3000 ~— §$700_Simulation

= N
w o
o o
o o

Force [kN]

1000

500

0 10 20 30 40
Displacement [mm)]

three tests may vary, which is why an average engineer-
ing stress—strain curve should be chosen as input for the
optimization algorithm. Verifications with experiments on
component-scale have shown that this is recommendable
to predict the component behaviour very well [34].

6.3 Mesh-size dependency

In numerical simulations, the mesh size can have a cru-
cial effect on the result. Therefore, a mesh-sensitivity
study has to be done in advance. To exemplarily show
the influence of the mesh size, an exemplarily flow curve
was applied on a tensile test simulation, B8 x 40 of the
S690QL, for different mesh sizes from 0.1 to 2 mm, Fig. 18.

It can be seen that a ‘big’ mesh size compared to the
specimen, in this case a mesh size of 2mm, leads to a
change of the resulting yield strength of the specimen as
well as a reduced tensile strength. For smaller mesh sizes,
the influence on the yield strength and tensile strength

Fig.17  Comparison of experimental and simulated force—displacement curves (left) and fracture surfaces (right) for specimen LV_2.7 made of S700MC

14 Steel Construction (2026)
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Fig. 18 Influence of the mesh size on the engineering stress—strain curve

is negligible. The necking behaviour is also influenced
by the mesh size, which can be seen in the scattering
of the curves after reaching the tensile strength. It is
important to keep in mind that the final flow curve, after
using the tool, is related to the mesh size used in the
reference FEM. It is recommended to use a minimum
element number of 1 element/1 mm diameter of a round
bar.

Considering these effects, powerful flow curves can be
derived easily and any stress conditions can be simulated
correctly, e.g., [10] or [34].

7 Conclusions and outlook

The following main conclusions are drawn:

1. Utilizing the developed algorithm, flow curves can
be systematically derived, enabling realistic numerical
modelling of the behaviour of various steels, particu-
larly within the plastic deformation regime, including
necking.

2. The algorithm functions autonomously, resulting in
considerable time savings and yielding optimized flow
curves adhering to mathematical principles.

3. The tool is applicable for different steel grades, includ-
ing high-strength steels, with and without a yield
plateau.
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