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Sören Ehlers �

Helsinki University of Technology, Marine Technology, PL 5300, 02015 TKK, Finland
a r t i c l e i n f o

Article history:

Received 28 May 2009

Received in revised form

31 July 2009

Accepted 7 August 2009
Available online 28 August 2009

Keywords:

True strain and stress relation

Failure strain

Finite element simulations

Plate punching experiments
31/$ - see front matter & 2009 Elsevier Ltd. A

016/j.tws.2009.08.004

esponding author. Tel.: +358 9 4513497; fax:

ail addresses: soeren.ehlers@tkk.fi, soeren.ehl
a b s t r a c t

This paper presents a true strain and stress relation for mild steel that is suitable for the implementation

in finite element models. This true strain and stress relation is obtained from a series of tensile

experiments with specimens of different length-per-breadth ratios. Unlike the engineering strain and

stress relation, the true strain and stress relation is found to be independent of the specimen geometries

tested. The use of optical measurements relates the true strain and stress to the finite element length

because the strain reference length, being a function of the pixel size, is clearly defined. This true strain

and stress relation is used to simulate a plate punching experiment until fracture with the finite

element method. The measured element length-dependent failure strain is implemented as a constant

strain failure criterion and its applicability is attained through the close triaxiality ranges at failure, both

for the tensile and plate simulations.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Non-linear finite element simulations, such as crash analysis,
are increasingly being performed. Such analyses involving steel
deformations are based on an initial selection of the materials true
strain and stress relation, commonly in the form of a power law.
This true strain and stress relation has to consider the local
material behavior including necking and rupture. Thereby a
uniform, respectively true, representation of the material is
obtained, which can be used to discretise different structures
with the finite element method. Whereas the engineering strain
and stress relation is not suitable for this purpose as it is obtained
based on the initial dimensions of a test specimen, and does not
represent the local material behavior until fracture. Furthermore
the element length is selected to enable the structural deforma-
tions to be continuous and to obtain good correspondence with
experimental results if available, see for example Alsos et al. [1],
Huatao and Roehr [2], Isselin et al. [3], Lee et al. [4], Simonsen and
Lauridsen [5], Zhang [6], and Zhang et al. [7].

However, this inconsistent adjustment of the element length
with respect to the chosen true strain and stress relation can lead
to a wrong structural behavior as no element length dependency
of the true strain and stress relation is obtained. This is especially
crucial if the crash analysis simulates fracture. A significant
amount of research is made to describe failure criteria (for
ll rights reserved.
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example by Alsos et al. [8], Peschmann [9], Servis and Samuelides
[10], Scharrer et al. [11], Törnqvist [12]) and to present their
applicability; Alsos et al. [1], Ehlers et al. [13], Peschmann et al.
[14] and Törnqvist and Simonsen [15]. In this paper the term
failure strain denotes the strain value when fracture occurs,
whereas the term failure criterion is used, as the elements fails
once the failure strain is reached. All of the papers above use a
standard, or modified power law fit, to describe the true material
behavior. None of these papers identifies a clear relation between
the true strain and stress relation and the element length. Alsos et
al. [8], Peschmann [9], Scharrer et al. [11] and Törnqvist [12]
describe relations to obtain an element length-dependent failure
strain value, however the basis of their relations is an element
length independent true strain and stress relation.

The true strain and stress relation until failure is traced by
Hoffmann and Vogl [16], Huatao and Roehr [2], Joun et al. [17], Koc
and Stok [18], Ling [19], Mirone [20], and Paik [21], but no
prediction of the failure strain and finite element length
dependency is presented.

Ehlers and Varsta [22] obtained an element length-dependent
true strain and stress relation based on tensile experiments and
verified its applicability for finite element simulations of tensile
specimens. Their results show a better correspondence until
fracture to the experimental curves with varying element length
than a power law based reference method. Furthermore, they
describe the relation between the common engineering and the
true strain and stress measure.

Therefore, this paper will verify the applicability of the true
strain and stress relation and the choice of constant strain failure

www.elsevier.com/locate/tws
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Table 2
Facet size in pixels and strain reference length in mm.

Facet size Strain reference length

10�10 0.88

25�25 2.2

50�50 4.4
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criterion according to Ehlers and Varsta [22] for the finite element
simulation of a plate punching experiment. This plate punching
experiment is carried out with the same mild steel as their tensile
experiments. Details of the plate punching experiment are given
in Ehlers [23]. Moreover, the true strain and stress relation is now
obtained for mild steel from two tensile specimen geometries
with different length-per-breadth ratios (L/B). As a result, this
material relation can be used to refine the finite element mesh in
the area of fracture, or if applicable for the entire model to obtain
consistent results throughout the model.
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Fig. 2. Maximum strain in longitudinal specimen direction.
2. True strain and stress relation based on optical
measurements

Two dog-bone tensile specimen types made from NVA steel,
with different L/B ratios, were tested with three specimens each,
see Table 1 and Fig. A1 in the Appendix. Details of the production
of the specimens are given in Ehlers and Enquist [24] and the
chemical composition of the material is given in Remes [25]. The
choice of rectangular cross-section type tensile specimens arises
from the fact that following plate deformation specimens can be
made from the same NVA steel sheet, whereas a round tensile
specimen would require a thicker steel plate to be made from.
Furthermore, the flat surface of the rectangular cross-section type
specimen enables ideal measurement conditions for the optical
measuring system.

The displacement-controlled experiments were carried out
with a tensile test machine at Växjö University, consisting of a
MTS 322 Test Frame with Load Unit. The room temperature at
testing was 24.0 1C. The optical measuring system ARAMIS 4 M,
produced by Gesellschaft für Optische Messtechnik, was used for
these experiments and are presented by Ehlers and Enquist [24].

The pixel recordings of the optical measuring system are
grouped into facets, see Fig. 1 showing a 10�10 pixel facet as an
example. The discrete dimensions of the facet are used to clearly
identify the strain reference length, and thereby clearly identify
Table 1
Tensile specimen dimensions in mm.

�L/B L B B2 Lc Lr Lm Thickness

8 194.1 24.22 33 48.54 13.8 56.5 4.04

10 300 29.3 40 48.29 15 160 4.03

Fig. 1. 10�10 pixels facet.
the finite element length, see Table 2. To assess the sensitivity of
the element length, respectively facet size, on the true strain and
stress relation, and thereby on the results of the finite element
simulation, a selection of three facet sizes is made in this paper.

2.1. True strain determination

The strains are determined on the basis of facets on the surface
of the specimen. The strain is calculated from the measured and
linearly interpolated elongation of a line element, i.e. strain
reference length, connecting 3 measured 3D points, i.e. facets.
With the selected facet sizes in pixels and with a facet overlap of
10%, the distance between each measured 3D point, respectively
the strain reference length, is given in Table 2. Hence the true
strain eT can be defined by

eT ¼ ln
lþ dl

l

� �
; ð1Þ

where l is strain reference length and dl the change in the length
of l.

Fig. 2 shows the longitudinal strain distribution at the
specimen section located at the point of maximum strain prior
to fracture. The strain localization, in other words the necking
phenomena, is depicted by the sharp strain peak. The strain
reference length determines the maximum strain peak value to be
captured.

For the finite element simulations, the true strain data needs to
be element length-dependent, therefore the finite element length
has to be equal to the strain reference length, see Table 2. This
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Table 3
Experimental failure strain and stress triaxiality from finite element simulations.

Element
length

Failure
strain

Stress triaxiality
(tensile)

Stress triaxiality
(plate)

4.4 mm 0.690 0.541 0.541

2.2 mm 0.891 0.539 0.540

0.88 mm 1.019 0.549 0.551

0.88 mm-solid 1.019 0.543 0.547
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Fig. 3. Measured failure strain versus element length, respectively facet size (note

that the axes are zoomed in).
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allows the simulation of the onset of fracture at the correct strain.
The measured failure strain values are given in Table 3 and plotted
versus the element length, respectively facet size, in Fig. 3.

2.2. True stress determination

Unlike the local strain determination, the true stress cannot be
measured at the strain reference length. Therefore, the local stress
is determined on the basis of the minimum cross-sectional area of
the specimen measured as a function of the facet size. In other
words the cross-sectional area becomes larger with increasing
facet sizes, as the localization is averaged over the extent of the
facet size. The normal stress distribution at the cross-section of
the specimen becomes constant as soon as the cross-section is
subjected entirely to plastic flow, since no shear stresses occur. In
reality this normal stress distribution is changing as soon as
necking occurs, as the specimen encounters stresses in breadth
and thickness direction too. However, in this paper it is assumed
that this normal stress distribution describes the true stress state
in the necking region sufficiently. Hence the force elongating the
specimen and the cross-section at any given instant of the
specimen define the average true local stress on a cross-section
of the specimen by

sT ¼
F

A
: ð2Þ

The cross-section at any given instant is calculated on the basis
of the out-of-plane displacement and breadth reduction obtained
by the optical measurements.
2.3. True strain and stress relation

The average true strain and stress relation for mild steel is
plotted until fracture in Fig. 4. The average relation of the three
specimens tested for each L/B ratio is plotted for each facet size,
respectively element length. The true strain and stress relation is
not influenced by the L/B ratios of the specimens tested. Therefore,
the true strain and stress relation is averaged over the different L/B
ratios, resulting in a single relation per element length. The
engineering strain and stress is plotted also in Fig. 4 for
comparison and to visualize the scatter in stress and strain after
localization occurs. The decreasing stress and failure strain is in
very good correspondence with the increase in facet size; see also
Table 3 and Fig. 3. This averaged and facet size dependent true
strain and stress relation is used as input for the finite element
simulation of the plate punching simulation. Furthermore, Fig. A2
compares the tensile experiments with the numerical simulation
using this averaged true strain and stress relation in terms of force
versus elongation for the different L/B ratios. The numerical
results are obtained as described by Ehlers and Varsta [22].
3. Plate punching experiments

Circular specimens with a radius of 170 mm are made of the
same NVA steel plate as the tensile specimens. The average
thickness of the specimens, measured with a calliper prior to the
destructive experiment, is equal to 4.12 mm. One quarter of the
support structure and the attached specimen is shown in Fig. 5.
The specimens are subjected centrally to a hemi-spherical punch
displacing the plate until fracture occurs within the plate field at
2 mm/min.

The force and displacement values are recorded during the
experiment. The repeatability of the punching experiment is good
as the force versus displacement curves are in a very close range
to each other for the entire experiment, see Fig. A3 in the
Appendix. The occurring force scatter at maximum of 0.64 kN or
0.53% is very small. Therefore, the average force–displacement
curve is plotted in Fig. A3 for a later comparison to the finite
element results. The force–displacement curves show a clear
transition from plate bending towards membrane behavior at a
displacement of 2 mm. Prior to fracture the force does not increase
as plate thinning, respectively the necking phenomena, occurs in a
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Fig. 5. Principle dimensions of plate punching test setup.

Fig. 6. Principle plate specimen mesh orientation.
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Fig. 7. Finite element simulation results for the plate punching experiment using

the element length-dependent strain and stress relation.

S. Ehlers / Thin-Walled Structures 48 (2010) 1–84
circular pattern at the hemi-spherical punch. The circular
necking of the plate leads to a similar fracture pattern for all
specimens, see Fig. A4 in the Appendix. Fracture occurs very
profound causing a large crack in the plate and an immediate drop
in force.

An initial loading and unloading test shows a very small
amount of plastic deformation during the first cycle, vanishing
however after the second cycle is applied. Additionally the bolt
holes in the specimens show no signs of deformation for any
specimen during the destructive test. All tests are performed in
atmospheric conditions with existent room temperature of
19.8 1C. The overall experimental figures are given in Ehlers [23].
4. Finite element simulations of the plate punching
experiment

This chapter utilizes the true strain and stress relation
determine by the optical measurements presented in Fig. 4 with
the failure strain from Table 3 to simulate the plate punching
experiment with the finite element method.

The plate punching experiments are simulated using the
explicit time integration solver LS-DYNA version 971. The choice
of the explicit solver arises from the fact that the proposed true
strain and stress relation should be applicable for crash analysis of
thin-walled structures, such as cars (see Makino [26]), and ship
collision analysis, see Alsos et al. [1] and Ehlers et al. [13]. For
crash analysis involving contact and large shell deformations, the
explicit solver proved to be a robust choice, whereas the implicit
solver may not converge with increasing non-linearities, see
Harewood and McHugh [27]. The structures are modeled using
four nodded quadrilateral Belytschko–Lin–Tsay shell elements.
This one point quadrature shell element uses discrete Mindlin
shell theory to describe displacements and rotations. The
principle mesh of the specimen is shown in Fig. 6, the
rectangular mesh secures the correct element length for all
elements in the fracture region, whereas the radial mesh secures
the best contact in the clamping region. The overall finite element
length is equal to the strain reference length, see Table 2. The
averaged experimentally determined true strain and stress
relations are implemented via Material 24 of LS-DYNA. This
material model follows the von Mises flow rule. Standard LS-
DYNA hourglass and time step control is used.

The initiation and propagation of fracture in the specimens is
modeled in LS-DYNA by deleting the failing elements from the
model. The element fails once the failure strain is reached. The
rigid hemi-spherical punch is subjected to a constant displace-
ment of 100� the experimental speed as no dynamic effects
occur. Additionally, the simulation time remains desirably short.
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Fig. 8. Fracture and deformation of the finite element simulations (shell thickness is displayed) and for one experimental specimen (for the purpose of cutting, the breadth

is reduced to 290 mm).
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The support structure is assumed to be rigid, the top ring is
displaced against the fixed tubular support to compress the plate
specimen to obtain one third of its yield stress and to initiate the
contact forces, see also Fig. 5. The M12 bolts are omitted from
the model, as no bolt hole deformations occurred during the
experiment. LS-DYNA’s automatic surface to surface contact is
used between the punch, the top ring and the plate specimen. For
the contact between the plate specimen and rigid support, a one
way forming contact with nodal projections is used to trace the
rounded edge of the support structure accurately. The element
length of the support structure is half of the plate specimens
element length. A static friction coefficient of 0.3 was used for all
simulations. For details of the modeling and simulation processes
see Ehlers et al. [13,28] and Hallquist [29].

The resulting force–displacement curves of the finite element
simulations are shown in Fig. 7. The initial stiffness of the
experimental setup is described sufficiently. The instant change of
slope, respectively transition from plate bending to a membrane
behavior, is less profound in the finite element simulations;
however sufficiently accurate. Prior to fracture the simulations are
slightly higher in force level. However, the fracture and plate
thinning, respectively the necking phenomena, is captured
accurately by the numerical simulation, see Fig. 8, due to the
element length-dependent strain and stress relation.
5. Stress triaxiality at failure

The finite element simulations are carried out with the finite
element length equal to the strain reference lengths. These
comparative finite element simulations show very good agree-
ment with the recorded force–displacement curves from the plate
punching experiment.

The stress triaxiality at failure needs to be obtained for the
tensile and plate specimens to verify the applicability of the
chosen constant strain failure criterion. Therefore, the stress
triaxiality is calculated from the finite element based principle
stresses according to

T ¼
shydrostatic

seffective
¼

1=3ðs1 þ s2 þ s3Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=3ðs2

1 þ s2
2 þ s2

3Þ

q : ð3Þ

The resulting stress Triaxiality is plotted versus the normalized
specimen displacement for comparison, see Fig. 9. Normalization
of the displacements is done solely for the convenience of plotting
the results from the tensile and plate simulations in one figure.
Dividing the actual displacement value by the maximum



ARTICLE IN PRESS

40

45

50

55

L/B = 10

S. Ehlers / Thin-Walled Structures 48 (2010) 1–86
displacement value at failure does the normalization. The choice
of constant strain failure criterion is justified due to the close
ranges of stress triaxiality at the point of failure, both for the
tensile specimens and for the plate specimens, see also Table 3.
The tensile simulation is carried out with solid elements for
comparison, resulting in the same triaxiality behavior. It is
worthwhile to notice that the triaxiality at failure of the tensile
specimen is approximately equal to the triaxiality of the plate at
failure. Furthermore, the stress triaxiality prior to necking of the
rectangular cross-section type specimen from the experiments
presented in this paper is very similar to the stress triaxiality of a
smooth round bar in tension, see Bai and Wierzbicki [30].
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6. Summary and conclusions

An element length-dependent strain and stress relation for
mild steel is presented until fracture based on tensile experi-
ments. The local strain is identified on the basis of the strain
reference length. The stress is determined independently of the
strain on the basis of the cross-sectional area of the tensile
specimen at any given instant as a function of the facet size. This
determination of the true stress is not entirely correct after
localization occurs, which causes the effective stress to deviate in
the necking region from the longitudinal stress. However, the
good correspondence between the tensile simulation and experi-
mental results until failure indicates that this element size
dependent true strain and stress relation describes the stress
and strain state of the specimen with sufficient accuracy. Plate
punching experiments are carried out to verify the applicability of
the true strain and stress relation obtained from tensile experi-
ments. This verification is achieved by finite element simulations.
These simulations using the strain reference length-dependent
and averaged true strain and stress relation presented in Fig. 4
comply with very good agreement to the average plate punching
experiment. The presented true strain and stress relation predicts
the plate failure sufficiently. With increasing element lengths the
plate responses slightly stiffer prior to fracture, see Fig. 7. With
decreasing element lengths the resulting force–displacement
curve converges towards the experimental curve.

The future work should extend the application of the presented
element length-dependent true strain and stress relation for
larger element lengths, complex structures and different plate
thicknesses.
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Fig. A3. Plate punching experiment force–displacement curves.
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Fig. A1. Principle dimensions of do
Appendix

The appendix of this paper includes detail drawings and figures
of the tensile and plate experiments, see Figs. A1–A4.
g bone-type tensile specimen.
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Fig. A4. Fracture pattern of the plate specimens.
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