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1 Introduction

The purpose of the work is to determine the mechanical material properties of two corroded
steel plates. The geometry of the plates with the nominal sheet thickness is shown in Figure 1.
The nominal sheet thickness was measured after rust removal, and this process is described in
more detail in 2. The mechanical properties of the material were determined using tensile
test specimens cut from the steel plates. Two different tests were performed: (1) a standard
dog bone tensile test (hereinafter referred to as DB - dogbone) and (2) a notched tensile test
specimen with the abbreviation NT (notched tension). The DB specimen was used to determine
the stress-strain curve, while the material model was validated with the NT specimen. The
specimens were laid on the steel plates in a way to obtain the maximum number of test
specimens. The specimens were cut out of the plate at either 0 degrees (abbreviation L in
the name of the specimen) or at an angle of 90 degrees (abbreviation T in the name of the
specimen) to analyze the effect of the material orientation on the steel properties. During the
experiment, the tensile force and the elongation of the specimen were recorded. Furthermore,
in all experiments, a digital measuring system Aramis was used to record a video of the
specimen surface during the experiment. In the analysis phase, the recording was used to
determine the deformations and strains that occur in the specimens.

Figure 1: Corroded steel plates provided by the customer. Two plates are referenced through-
out the report as indicated in the figure.
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2 Experiments

2.1 Manufacturing of specimens

The outline of the cutting schema of the specimens is shown in Figure 2 (A). The specimens
were cut out of the plate perpendicular to the surface of the plate with a band saw, and
the final shape was achieved by milling. Thus, the nominal width of the specimens was the
initial thickness of the steel plates (Figure 2 (B) and (C)). Figure 3 shows photographs of the
specimens. Figure 3 (A) and (C) show the edges of the specimens after cleaning from loose
rust and blue paint. The thickness of the plates (not the specimens) was measured after those
procedures. After cleaning the thickness of Plate 1 was ∼18.5 mm and Plate 2 ∼27 mm.

The thickness of the specimens was chosen based on the recommendations of the standards
for the shape of the deformable part of the DB specimen (length/width/thickness ratio). Thus,
the nominal thickness of the cut specimens was obtained t1 = 6 mm (Plate 1) and t2 = 10
mm (Plate 2). To study the effect of the orientation of the material, the specimens were cut
from the longitudinal (L) and transverse (T) direction of the plate, where the directions are
determined according to the right-hand coordinate system in the center of Figure 2. The goal
was to obtain 6 specimens per direction and specimen type. The entire test matrix is shown in
1. According to the customer’s wishes, not all specimens were tested. These specimens are
marked "Retain" in the Table and handed over to the customer along with the report.

Table 1: Test matrix with metadata.
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Figure 2: Geometry and cutting scheme of the specimens. Plate 1 on the left, plate 2 on the
right.

2.2 Conducting the tests

Since the goal was to determine the static strength properties of the material, the experiments
were carried out at low speeds. The chosen testing speed in table 1 was based on the experience
of the laboratory technicians and literature, e.g [1]. The parameters of the Aramis system used
for the measurement are shown in Table 2. During the experiments, the following information
was recorded. The Instron tensile test machine recorded the tensile force. The corresponding
elongation of the specimen was measured using an extensometer glued to the specimen.
Furthermore, the entire test run was recorded using Aramis Digital Image Correlation system,
which means that pictures were taken of the entire test specimen with a frequency of 15 Hz.
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Figure 3: Cut specimens.

Table 2: Aramis system parameters during the tests

2.3 Test results

For each test, an excel file containing various determined characteristics is obtained. The
most important of this information, such as the material yield stress σ0, the length of the
virtual extensometer L0, the elongation of the virtual extensometer∆L, and the corresponding
measured force F were used to determine the true stress-strain curve.
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3 Analysis

The same methodology was used to determine the material’s true stress-strain curve for both
plates. Therefore, this chapter presents the general principle of the method, which was applied
to both plates.

Initially, the nominal strength properties of the material were found, i.e. an engineering
stress-strain curve of the material (σeng −ϵeng). For this purpose, DB test specimens were used.
The engineering stress σeng was determined as the ratio of the measured force F to the initial
cross-sectional area of the specimen A0.

σeng =
F
A0

. (1)

Engineering strain ϵeng was found using equation

ϵeng =
∆L
L0

, (2)

where ∆L is the elongation of the specimen and L0 = 50 mm is the initial length of the virtual
extensometer. The engineering stress-strain curve primarily describes the properties of the
specimen. To characterize the material itself the true stress-strain curve σT − ϵp is used. Until
necking, this relationship can be determined on the basis of nominal values using the following
equations

σT = σeng(1+ εeng) (3a)
ϵp = log(1+ ϵeng) (3b)

The beginning of the neck formation coincides with the maximum force and the value of the
maximum engineering stress, since when necking occurs, the cross-sectional area begins to
decrease. However, the actual true stress in the material increases. Since it is very difficult to
measure the true cross-sectional area in practice, the equation(2)cannot be used to determine
the true stress. Therefore, the three-step method described in [2] and [3] was used to
determine σT − ϵT .

In the first step a mathematical model is created, which can describe the true stress-strain
relation of the steel. The model is combined from two well-known equations often used to
describe the true stress-strain curve of metals. These are the Voce model and the Swift model:

σT−Voce = σ0 +Q(1− e−C1ϵp) (4a)

σTS wi f t = A
�

ϵp + ϵ0

�n (4b)

where coefficients Q, C1, A,ϵplat and n are variables that need to be specified and ϵ0 is a
parameter that is found as follows

ϵ0 =
�σ0

A

�(1/n)−ϵplat

(5)
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The material is described as a linear combination of these two models as follows:

σT−Voce = (1−α)σT−VOC E +ασT−Swi f t (6)

where α is the weight coefficient, which must be determined. Once the corresponding coeffi-
cients and variables have been found, the material can be described using the equation (6)
and used in LEM simulations.

In Step two of the method, the coefficients of the model are determined through optimization
by minimizing the value Ψ, which characterizes the residual of the measured true stress
(determined by the formula (3a) and the true stress of the model σT−Voce

ψ[α] =
N p
∑

i=1

�

σi
T−Voce−mudel[α]−σ

i
T−Aramis

�2 (7)

where i corresponds to a specific time instance, and Np indicates the number of points that
have been used in the optimization (these are shown in Figure 4(B) with a red marker).

In the third step the material model is validated. Validation is necessary because the optimiza-
tion performed in Step 2 considered the experimentally measured points only up to the neck
formation. At large deformations, the found model may be inaccurate. Numerical simulations
with NT specimens were used for validation. Based on the symmetry of the specimen geometry,
a 1/8 model of the NT specimen was created. The material model found in step 2 is used as
the input material in simulations.

The simulation is carried out under the same conditions as the experiment. As a result of
the simulation, a graph of force and deformation is obtained, which is compared to the
experimentally measured values. If the simulation and test results differ, the material model
does not correspond to reality. Consequently, material model parameters are slightly adjusted
until sufficient similarity between the simulation and the test is achieved. The material model
that leads to good correspondence between simulated and tested force-displacement relation
is given to the customer.

4 Results

The results obtained using the methodology described in Section 3 are shown in Figure 4.
Figure 4 shows the results of Plate 1 on the left and the results of Plate 2 on the right. Figure
4 (A) shows the measurement results and plots of the true stress-strain calculated using the
equation (3). For both plates, the differences between the individual specimens are quite
minimal, but more noticeable in the case of plate 1. The effect of the material orientation on
the stress-strain curves is negligible, meaning that material is assumed to be isotropic. This is
rather common for structural steels.
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The yield stress of Plate 1 is σ0 = 245 MPa and the yield stress of Plate 2 is σ0 = 294 MPa.
These results, along with other specified parameters are compiled in Table 3. Inserting the
given values into the model (equations 4-6), we obtain the stress-strain curves (in black)
shown in Figure 4 (B). These curves have been validated by FEM simulations (NT specimens)
as shown in Figure 4 (C). In simulations a virtual extensometer with a same length as used in
experiments of (30 mm) has been used.

Table 3: Material model properties for both plates.
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Figure 4: A) Engineering stress-strain curves. B) Determined true stress-strain cuves. C)
Validation with an NT specimen.
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Figure 5 (A) shows the von Mises strains measured by Aramis on DB specimens (L-directional)
at the moment before fracture onset. In each specimen the highest von Mises strains are high-
lighted. The Aramis results displayed in image (A), can optionally be plotted later for each de-
formation state using the script /Analyses/Experimental/Surface_strain_at_specific_stage.ipynb.
For illustrative purposes, the script above is used to plot the von Mises equivalent strain in
Figure 5 (B) for the specimen P1_DB_L1 at the same instance as in Figure 5 (A). Thus, the
script enable to either examine or further analyze the deformations later if desired.

Figure 5: (A) von Mises deformations on the surface of the DB specimen before fracture. (B)
Aramis DIC results of test P1_DB_L1 at the same time instance as shown in Figure A.

Figure 6 displays the resulting material curves in comparison with the material curves used in
the seabed contact simulations in LS-DYNA with ferry Estonia. The differences between the
curves are quite large, with the actual material being stronger than the material used in the
simulations. Such a significant difference is also likely to affect the results of the simulations.
Using the measured material curves in the ferry simulations in this report, the extent of the
deformations should decrease compared to the initial simulations. Given the differences in
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curves, it is recommended to repeat the ferry simulations with new material curves.
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Figure 6: Comparison of the material curves.
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APPENDIX 2
The files included with the report are briefly described in the Table 4.

Table 4: Attached files and a brief descritpion of their content.
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