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Abstract

This study investigates the mechanical properties of specimens made of normal strength steel
subjected to lower marine immersed corrosion degradation levels (below 25 %). The specimens were
corroded in laboratory conditions, and only natural factors were controlled to raise the corrosion rate
(reaching the level of 1 mm/year). Three different thicknesses of plates made of normal strength of
shipbuilding steel are investigated (between 5 mm and 8 mm). The standard tensile tests are
performed for estimating the stress-strain behaviour of corroded specimens. Non-corroded specimens
were tested to establish the initial mechanical properties and uncertainty level as a reference. Further,
the corroded specimens were tested too. Based on that, the changes in mechanical properties (i.e.
yield stress, Young modulus, ultimate tensile stress and total elongation) were analysed. It was found,
that for degradation level reaching 25%, approx. 10% reduction of yield stress was observed. A new
parameter, defining the area reduction, was established as more closely related to the mechanical
properties deterioration than the commonly used a mean degradation level. The bilinear stress-strain
model of corroded steel plates was proposed for the fitness-for-purpose analyses in the structural

integrity assessment.
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1 Introduction

Ships and offshore structures operating at sea are subjected to a highly corrosive environment. The
non-uniform corrosion degradation is a factor that can significantly affect the load-carrying capacity of
different structural members [1-4], mainly due to cross-sectional area reduction and decrease of
mechanical properties. One can identify the most common types of corrosion, like pitting and general
corrosion [5]. The examples of these two corrosion types that could be found in ship structures are
distinguished in industrial guidelines, such as [6], where examples of real corroded structures are
presented (see Figure 1). Pitting corrosion is a very localised degradation phenomena that results in
the creation of small holes in the metal. On the other hand, general corrosion is spread within the
entire surface, but degradation level is non-uniform within the structural components. These two types

of corrosion need to be treated separately in terms of modelling and analysis.

Figure 1. The comparison between general (left) and pitting corrosion (right) [6].

The corrosion causes not only general thickness loss but also a reduction of mechanical properties.
This, in consequence, could result in a collapse of various structural components or even entire
structure. Thus, the investigation of this phenomenon is of crucial importance from the safety point of
view. Recently, more studies related to that problem were performed. When dealing with ship
structures, most important are flat specimens, taken from thin-walled structural elements. One of the
first attempts to investigate the mechanical properties of corroded steel specimens with different
corrosion severity were made by Garbatov et al. [7]. In this case, the typical coupon specimens were
taken from a corroded box girder [8], which was corroded in seawater with the additional electric
current applied. The corrosion degradation level of specimens was very high in that case and varied
between 25% up to 75%. It was found that all mechanical properties were reduced, i.e. yield strength,
Young’s modulus, ultimate tensile stress and total elongation. The observed reduction of yield stress
was around 15% for degradation level of 50%, and mean thickness after corrosion was taken as the

reference to calculate the mechanical properties.
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The mechanical properties of corroded flat-bar specimens subjected to atmospheric corrosion were
investigated too. Samples taken from truss corroded in natural atmospheric conditions with different
thicknesses were tested in [9], showing significant mechanical properties reduction. In this case, the
corrosion degradation level varied between 17% and 34%. For 25% of degradation level, the observed
reduction of yield stress was around 14%. However, in this case, the maximum residual thickness was

considered as the reference value for the calculation of mechanical properties.

Very thin specimens of 1 mm subjected to atmospheric corrosion were tested in [10], and the observed
reduction of mechanical properties reached the level of 70%, for the degradation level of 40%. Also in
this case, maximum residual thickness after corrosion was taken as the reference value.
Atmospherically corroded specimens with lower values of corrosion degradation were tested in [11],
showing that above 15% of degradation level, there is an evident decrease of mechanical properties.
Some other works related to the mechanical properties of steel elements subjected to atmospheric

corrosion may be found in [12-15].

The tensile testing of corroded specimens was also performed regarding circular bars. The stress-strain
behaviour of corroded circular bars was investigated by Kashani et al. [16], and the degradation level
was up to 20%. The concrete elements with bars were corroded in salt water with the application of
electric current. The observed reduction of yield strength was up to 30%, and the total elongation was
reduced up to 80%. In the study of Zhan et al. [17], the 267 naturally and artificially corroded specimens
have been tested, showing the significant deterioration of mechanical properties and shortening or
even disappearing yield plateau. Other works related to the mechanical properties of corroded bars

may be found in [18-22], leading to similar conclusions.

Based on the listed works, the reduction of mechanical properties of flat-bar specimens as well as bars
with the corrosion development was evident. Further, it could be concluded that the reduction of
mechanical properties has been observed for both severely degreded specimens and lower corrosion
degradation levels related to the steel structures in operation. However, it can be noted that the
reduction of mechanical properties is different for different studies. Thus, more experimental work is
needed to establish more general relationships accounting for type of corrosion considered. In

addition, different reduction levels were obtained for flat-bar specimens and for bars.

It was also found, that the reduction of mechanical properties is mainly caused by the local non-
uniformities of the surfaces of the corroded specimens [23-26]. For ideally uniformly corroded
specimens, the reduction of mechanical properties will be not visible, supported by the experimental
results presented in [27]. The specimens after cleaning showed higher mechanical properties than the

corroded non-cleaned ones. Additionally, when the FE analysis was performed, taking into account
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only non-uniformities in corroded surfaces [28,29], the results were similar to those obtained

experimentally.

In the marine environment and especially for ship structures, general corrosion with local non-
uniformities is the most common, and this phenomenon cannot be neglected, and in this respect,
mathematical models showing the loss of mechanical properties as a function of corrosion
development need to be developed. Some models based on the limited experimental data exist for
corroded bars [30—32]. In case of flat-bar specimens, most of studies deals with atmospheric corrosion
[9-13]. Only the study performed by Garbatov et al. [7] could be noticed in the case of marine
immersed corrosion. However, in this case and most of other studies, the corrosion was accelerated
by the application of electric current. It has been shown in [33] that when specimens are corroded with
the DC power input source application, the corrosion morphology will be different from those obtained
in natural conditions. Higher non-uniformity in thickness distribution is observed for naturally corroded

specimens.

The presented work extends analyses of the mechanical properties of steel specimens subjected to
immersed marine corrosion degradation for a lower corroded level of steel specimens. The previous
research was mainly devoted to the specimens subjected to atmospheric corrosion, whereas studies
related to marine immersed corrosion are lacking. The limited works related to marine immersed
corrosion were focused on rather higher levels of degradation. Furtherly, the corrosion was fastened
by the application of electric current. In the present study, the specimens were corroded in laboratory
conditions by the acceleration of only natural factors. The detailed information regarding corrosion
tests could be found in [34]. Nevertheless, the main features are briefly outlined in the text. Three
different groups of thicknesses and different corrosion degradation levels were examined. Based on
the tensile test results, the changes in mechanical properties depending on the lower corrosion
degradation level were analysed. The bilinear stress-strain model of lower corroded steel plates is

proposed for the fitness-for-purpose analyses in the structural integrity assessment.

2 Experimental set-up and corrosion testing

The three different thicknesses of plates made of normal shipbuilding strength steel of $S235 (which is
also used in other branches of technology under different symbols) were the objective of the current
study, namely 5 mm, 6 mm and 8 mm thicknesses. Although corrosion resistant steels are available,
due to their high price, the typical constructional steel is commonly used. The chemical composition
of steel, as provided by the manufacturer, is presented in Table 1. Although the plates were made from
one batch of the steel, the hot-rolling process caused a slight difference in the chemical composition

of plates with different thicknesses. Standard coupon specimens (fabricated according to the ISO norm
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[35]) from each thickness of standard size (see Figure 2) were taken from different places of steel
sheets (1.25 m x 2.5 m) and analysed. In each thickness, six or seven specimens were used to obtain
the mechanical properties in an intact state, whereas ten samples were subjected to the accelerated
marine immersed corrosion degradation. In case of intact plates, a such number of specimens provided
a minimum reliable database regarding the mean values of mechanical properties and their scatter. In
case of corroded specimens, such number leads to an examination of changes in mechanical properties

with the corrosion development with the low difference between subsequent degradation levels.

Table 1. Chemical composition of tested steel specimens.

Thickness [mm] Fe[%] C[%] Si[%] Mn[%] S[%] P[%] Cu[%] AlI[%] NI[%]

5 99.2 0.1 001 0.48 0.013 0.025 0.04 0.03  0.004
6 99.1 0.12 0.03 0.51 0.011 0.015 0.06 0.03  0.004
8 99.0 013 0.024 067 0012 0.023 0.026 0.03 0.004

250

110

N I /

| s g

|

| TN\

&
50

Figure 2. Dimensions of standard coupon specimens [mm].

The corrosion test set-up has been already presented in [36], and the results of corrosion tests have

been widely discussed in [34]. Thus, only main information regarding corrosion testing is provided.

The coupon specimens were corroded in a 900-litre tank made from glass reinforced plastic laminate,
together with larger-sized stiffened plates. The corrosion testing set-up is presented in Figure 3,
showing the small-scale specimens placed on the supporting structure. The corrosion rate was
increased by the aeration pump (2) (oxygen content increase), heaters (3) (temperature increase) and
circulation pumps (4). The salinity level was set equal to 35 ppm by mixing freshwater with natural sea
salt. The governing parameters were initially assumed: 35°C, 300% oxygen content concerning

supersaturation conditions, and a water speed of 0.03 m/s. The corrosion rate estimated initially was
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equal to 0.736 mm/year [36]. The corrosion testing tends to provide a specific level of degradation
within initially assumed time frames, where the governing factors were constant. Corrosion testing
could also possibly account for natural temperature or water velocity fluctuations. This could be done
by setting the temperature controller and circulation pumps controller for specific function that will
change the factors within time. However, in present study, factors were assumed to be constant. The
total duration of the corrosion test was 428 days. Additional circulation pumps have been applied to
increase the water velocity due to the lower oxygen level than initially assumed (around 200%). The
mean corrosion rates were 0.649 mm/year, 1.009 mm/year and 1.025 mm/year for 5 mm, 6 mm and

8 mm specimens, respectively [34].

Figure 3. Corrosion test set-up [34] (1- linear diffuser, 2 — aeration pump, 3 - heaters, 4 — circulation

pumps) (left) and corrosion tank with placed specimens (right).

The target levels of corrosion degradation, that were aimed to achieve during the design of set-up
were: 3%, 6%, 8%, 10%, 12%, 14%, 16%, 18%, 20%, 21%, which respect the operational level of
corroded steel plates before they are replaced at 25% degradation in structures in operation. Due to
an increasing level of uncertainty in the severe corrosion degradation, the intervals of the degradation
level were smaller for severely corroded specimens. The final corrosion degradation levels, obtained
from mass measurements, are presented in Table 2. Additionally, the corrosion surface’s statistical
descriptors are obtained based on the information gathered from the scanning of the specimens, as
described in [34], including maximum and minimum thickness, minimum cross-sectional area and
standard deviations of corrosion diminutions. Notably, a significant level of surface non-uniformity was

observed (see Figure 4, bottom).

Both surfaces of the specimens were scanned separately. In some cases, the standard deviation of the

corrosion depth measured in one side of the specimen reached the level of 0.84 mm. Before
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measurements, the specimens were cleaned. The scanning provided information about the surface
non-uniformities (only one surface could be scanned at a time), whereas degradation level was
obtained based on mass measurements. The example of the corroded specimen after cleaning, during

scanning, is presented in Figure 4.

Figure 4. Example of the specimen during scanning (top) and example of reproduced surface

(bottom).

It needs to be highlighted that actual degradation levels were slightly different from those assumed
initially. There were two reasons for that. Firstly, the specimens were cleaned after corrosion
degradation. The actual mass was somewhat lower than that measured directly after testing. Secondly,
for strength evaluation, only corrosion characteristics of specimens without mounting parts are

relevant. Thus, based on the scanning results, the degradation level of the gauge part was determined.

In most cases, the differences were not exceeding 2 % of degree-of-degradation (DoD), concerning
the degradation level for the whole specimen. The DoD level is considered as the percentage of the
initial mass of the specimen due to corrosion degradation. Thus, it is the mean level of corrosion

degradation of each specimen. The DoD will depend on the time of corrosion degradation, which could
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be noticed in [34]. However, for strength testing, the DoD level is the most important. The final
degradation levels for each thickness are presented in Table 2. The mechanical properties were
determined according to mean thickness after corrosion degradation, i.e. accounting for degradation
levels shown in Table 2. Determining mechanical properties concerning the mean value of thickness is
practical since it can be obtained by ultrasonic measurements periodically performed in ships and
offshore structures. Based on the mean thickness reduction, the DoD and changes in mechanical
properties may be estimated. Further, as DoD increase, the level of surface non-uniformity also
increase. Thus, DoD accounts for non-uniformity in corroded surfaces implicitly, but is more practical

to be determined in operating structure.

Table 2. Degradation levels of specimens, considering gauge section only.

Degradation level in ascending order for subsequent specimens [%]

Thickness [mm]

No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 No.9 No.10
5 3.2 5.9 7.4 8.0 13.1 154 154 155 16 24.3
6 2.2 6.3 6.8 9.6 123 141 147 166 17.6 21.3
8 1.7 4 123 138 141 148 156 169 184 28.4

The standard Zwick-Roell Z400 machine with a step electric engine was used to conduct the tensile
test and estimate the elasticity modulus, where a mechanical extensometer was adopted (see Figure
5). The tests were performed following the ISO standard for tensile testing [35] of flat coupons, and
the loading was displacement-driven. The strain rate was 0.00025 mm/mm/s up to the moment, where
the yield point has been reached. Above the yield point, the strain rate was 0.002 mm/mm/s. The

distance between heads was 170 mm.
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Figure 5. Testing machine (left) and mounted specimen with installed extensometer (right).

Stress-strain behaviour of intact specimens
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Six to seven intact specimens of each thickness were tested before corrosion degradation to identify

the initial mechanical properties. The obtained engineering stress-strain curves are presented in Figure
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Figure 6. Stress-strain curves for 5 mm, 6 mm and 8 mm intact specimens.
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The summary of performed tensile tests is presented in Table 3. In the case of elastic modulus, very
similar results in different thicknesses were obtained. However, for both yield stress and ultimate
tensile stress, the values are different for each thickness. The yield stress has been considered the
lower yield point. The elastic modulus was calculated as the mean inclination of the stress-strain curve
in the region between 20 % and 80 % of the yield stress. Notably, the yield stress value is higher than
the normative value of 235 MPa for that steel grade. The 5 mm and 6 mm specimens presented similar
total elongation, whereas 8 mm specimens were of the lower ductility. It could also be noted that some
features typical for the material type rather than thickness are similar, i.e. evident yield plateau and
stress-strain relationship after the beginning of yielding. Further, the mechanical properties are
subjected to a significant level of uncertainty. The highest uncertainty is observed for a 5 mm plate in
the yield stress, and the Coefficient of Variation is 4.5 %. In general, the level of uncertainty oscillates

between 3 % and 4.5 % of CoV for different properties.

Table 3. Tensile tests for intact specimens.

Young's Ultimate Total
Thickness Yield stress
Parameter modulus tensile stress elongation
[mm] R, [MPa]
E [GPa] R,, [MPa] 6 [-]
Mean 197.42 272.25 389.19 0.266
5 Standard Deviation 10.43 12.31 9.15 0.01
Coefficient of Variation [-] 0.053 0.045 0.024 0.027
Mean 196.38 284.36 410.30 0.260
6 Standard Deviation 7.57 12.57 12.66 0.01
Coefficient of Variation [-] 0.039 0.044 0.031 0.034
Mean 199.08 360.61 465.15 0.219
8 Standard Deviation 6.84 11.83 12.55 0.01
Coefficient of Variation [-] 0.034 0.033 0.027 0.041

4  Stress-strain behaviour of corroded specimens

After cleaning and measuring the corroded specimens, there were subjected to tensile testing. As a
result, the stress-strain relationship for each specimen has been obtained, and all testing parameters
have been registered. The stresses were calculated regarding the mean thickness value, estimated

based on the degradation level, as reported in Table 2.
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The stress-strain relationships for 5 mm specimens for different DoD were presented in Figure 7.
Additionally, the reference stress-strain curve, for DoD = 0% was added, which was taken from tests
of intact specimens. The curve that resulted in the highest value of yield stress from several specimens
was considered in this case. This graph shows evident degradation of mechanical properties, including
the yield stress, ultimate tensile stress, and total elongation. Further, the yield plateau is smaller with
corrosion development and even disappearing for severely corroded specimens than intact specimens

(see Figure 6).

450
400
= = ~
350 >
1
300 — —DoD=0%
T DoD=3.2%
s 20 ——DoD=5.92%
% 200 DoD=7.44 %
= DoD=8.0 %
150 ——DoD=13.08%
——DoD=15.38 %
100 — DoD=154%
DoD=15.5 %
50 — DoD=15.98%
0 —DoD=24.32%
0 0.05 0.1 0.15 0.2 0.25 0.3

Strain [-]

Figure 7. Stress-strain relationships for 5 mm specimens subjected to corrosion degradation

Similar observations could be captured for other groups of thicknesses. The stress-strain relationships
for 6 mm specimens are presented in Figure 8, whereas for the 8 mm specimens are shown in Figure
9. The most evident differences in changes in the yield stress could be noticed in Figure 9 for the 8 mm
specimens. In the 6 mm specimens, those changes are smaller (see also Table 4). Nevertheless, a lack
of the yield plateau for severely corroded specimens and a significant drop of total elongation is purely

visible in both cases.
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Figure 8. Stress-strain relationships for 6 mm specimens subjected to corrosion degradation
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Figure 9. Stress-strain relationships for 8 mm specimens subjected to corrosion degradation

The detailed results are presented in Table 4. From the beginning, a large scatter of mechanical
properties is observed. There are two sources of this phenomenon. Firstly, significant scatter was
observed for the intact specimens of mechanical properties (see Table 3). Secondly, since the corrosion
process introduces a stochastic origin, the mechanical properties are dependent on those, resulting in
additional scatter. Thus, to observe the relation between DoD and mechanical properties, there were
grouped by similar degradation levels, i.e., group 1 (between 0 % and 8 % of DoD), group 2 (between
8 % and 16 % of DoD) and group 3 (above 16 % of DoD). Additionally, one point from 5 mm thickness

was excluded from further analysis due to the very high yield stress and ultimate tensile stress values,
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256  into groups is presented in Table 4 regarding each thickness.
257
258
259
260
261
262
263
264

265  Table 4. Detailed results of mechanical properties for corroded specimens.

Thickness [mm] DoD [%] E [Gpa] Re [Mpa] Rm [Mpa] Elongation [-] Group

3.2 234.8 278.1 404.0 0.234
5.9 208.0 253.2 377.0 0.163 1
7.4 219.9 273.1 397.5 0.175
8.0 202.1 300.0 413.3 0.227 excluded
13.1 238.0 247.9 373.6 0.127

> 154 236.9 271.7 389.8 0.134
154 256.6 283.6 410.3 0.185 ?
15.5 2211 232.7 356.9 0.148
16.0 235.5 273.8 400.0 0.228
24.3 187.1 238.0 336.6 0.099 >
2.2 192.9 281.3 413.5 0.229
6.3 200.8 286.1 414.5 0.195 1
6.8 203.0 273.5 393.4 0.150
9.6 211.9 270.0 392.8 0.112

° 12.3 242.1 278.3 390.1 0.123
141 202.4 249.7 371.5 0.106 ?
14.7 247.4 281.0 405.3 0.151
16.6 214.7 255.1 367.9 0.113 3
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17.6 258.6 271.3 387.7 0.119

21.3 208.5 264.3 388.6 0.148

1.7 221 343.8 469.5 0.161

4.0 2341 344.5 467 0.146 '

12.3 226.3 307 410.8 0.083

13.8 215.6 310.2 417.2 0.118

141 220.6 344.8 462.1 0.144 2
° 14.8 226.1 335.3 443.1 0.098

15.6 187.5 299.9 418.6 0.088

16.9 219 334.5 438.4 0.14

18.4 222.7 303.2 423.2 0.084 3

28.4 204.5 258.4 385.8 0.069

To investigate the changes in mechanical properties with the progress of corrosion degradation, the
results for each thickness are plotted as a function of the Degree of Degradation. For each group, the
mean value of both DoD and respective mechanical properties is calculated. Thus, the points in graphs
are not representing the values for particular specimens but mean values for different groups of
degradation levels (groups 1, 2 and 3), as presented in Table 4. Additionally, the error bars showing
the standard deviation of each group are presented. The corrosion dependent mechanical properties
for 5 mm specimens were presented in Figure 10. The mechanical properties for DoD = 0 % are
considered as the mean value from tensile tests performed for intact specimens and there are reported

in Table 3 for each thickness separately.

Further, the regressions are found, considering that for DoD = 0%, the values are known and equal
to initial values. As outlined in the last part of the text, the results of Young’s modulus were inaccurate

and thus, no regressions were established. This methodology is adopted similarly for other thicknesses.

The evident reduction of mechanical properties is observed. In the case of yield stress and ultimate
tensile stress, the linear regressions are plotted. There were found to have the highest correlation for
different thicknesses. For total elongation, the exponential regression was found to represent its
changes with corrosion development. Although a similar correlation factor is found for the linear
regression, this will result in negative values of that parameter for higher values of DoD. In the case of
exponential regression, the value will always be positive and tend to be near-zero value for DoD =
100 %. The observed correlation factors for the yield stress is very high, whereas lower values were

obtained for ultimate tensile stress and total elongation.
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However, there was found no correlation between Young’s modulus and degradation level. Very high
elastic modulus values were obtained for some mean corrosion depths, significantly exceeding its
value for intact specimens, even considering uncertainty level (see Figure 10). Thus, such values
obtained experimentally should be considered false. The same observation is obtained for other

thicknesses, i.e. 6 mm (Figure 11) and 8 mm (Figure 12).

There are several possible reasons for such a situation. In the case of the yield stress, ultimate stress
and total elongation, these characteristics somehow represent the entire specimen’s behaviour.
However, in Young’s modulus, the strain is measured via an extensometer between two points near
the specimen’s middle. In the prismatic specimen, this is purely valid, whereas, in the case of a
corroded specimen, this does not show the entire specimen’s behaviour. As reported by corrosion
scans, there are cases with areas of a higher thickness in the middle of the specimen, which will lead
to relatively low strains when the mean thickness is considered a reference. Notably, the places of
failure of the specimens were, in most cases, away from the middle (see Figure 13). Thus, the obtained
Young’s modulus for the corroded specimens cannot be considered. The elastic modulus could be

considered a constant for the whole DoD range and equal to the one obtained for intact specimens.

300.0 420.0
Re =-0.8439 x DoD + 272.3 [MPa] 'E
RZ=0.993 s ]
w 280.0 [ [ % 395.0 |
o wn
= l g [ I
w [ “
© 260.0 l 2 3700
5 2
o 4‘:‘
= o
= 240.0 w 345.0
E Rm = -0.739 x DoD + 389.2 [MPa]
5 R2=0.673
220.0 320.0
0.0 5.0 10.0 15.0 200 25.0 0.0 5.0 100 15.0 200 25.0
Degree of Degradation [%] Degree of Degradation [%]
260.0 0.300
E _ 0.250 ¢
o 235.0 -
w } § 0.200
= =
b= ]
T 210.0 %" 0.150 +
E Lo
L
.‘é a5 + *_E 0.100 § = 0.266 x e 0031 x DoD ]
= - = 2 _
2 0.050 R™=0.691
160.0 0.000
0.0 5.0 10.0 15.0 20.0 25.0 0.0 5.0 10.0 15.0 20.0 25.0
Degree of Degradation [%] Degree of Degradation [%]

Figure 10. Mechanical properties as a function of DoD, 5 mm specimens.

The changes in mechanical properties for 6 mm specimens are presented in Figure 11. It is noted that
there was observed a similar reduction of the yield stress, whereas ultimate tensile stress degraded
faster in comparison to 5 mm specimens. It is noted that very high correlation factors were obtained

for each mechanical property (except for elastic modulus).
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Figure 11. Mechanical properties as a function of DoD, 6 mm specimens.

The corrosion-dependent mechanical properties for the 8 mm specimens are presented in Figure 12.
Notably, the observed reduction of mechanical properties is significantly higher than other
thicknesses, regardless of the higher initial values of the yield stress and ultimate tensile stress (see

Table 3). Similarly to 6 mm specimens, very high correlation factors has been observed.
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Figure 12. Mechanical properties as a function of DoD, 8 mm specimens.
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It could also be noted that lower correlation coefficient values have been observed in the case of 5
mm plates (Figure 10). It could be concluded that the lower correlation for 5 mm plates was caused by
relatively high uncertainty of both material properties and corrosion characteristics. Notably, for 8 mm
plates, a higher decrease of material properties has been observed, which dominated the observed

scatter of the results.

By comparing the presented results with other available data, it is noted, that with comparison to
marine immersed corrosion accelerated with the application of electric current [7], higher reduction
of yield stress was observed. In the case of the present study, for DoD = 25%, the yield stress was
reduced by approximately 10%. In the case of [7], a 15% reduction was noted for DoD = 50%. When
compared with naturally atmospherically corroded specimens [9], the observed reduction for DoD =
25% was similar to the present study. However, the maximum residual thickness was considered as

the reference to calculate the mechanical properties.

Figure 13 shows examples of failure modes of tested specimens. It could be noticed that the failure
mode is different in comparison to typically observed for intact specimens. In most cases, the cross-
section, where the breaking line is followed, is related to the position, where the minimum cross-
sectional area along the gauging part is located [29]. Further, the breaking line is non-straight and
inclined in most cases, which is not the case of intact specimens, where a straight line is usually noted

perpendicular to the loading direction.

Figure 13. The examples of tested specimens with a thickness of 5 mm (top), 6 mm (mid) and 8 mm

(bot).
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Different studies noted that the vyield stress’s degradation level is most probably related to the
minimum cross-sectional area obtained along with the specimen. Therefore, to verify that, the
normalised yield stress (yield stress of corroded specimen divided by the mean yield stress of intact
specimen) is compared with the normalised reduction factor of minimal cross-sectional area. In this
case, the results for single specimens are investigated since the area reduction is related to any
particular specimen. However, since the material properties are estimated based on the cross-
sectional area, which is associated with the mean value thickness of the corroded specimen, the

normalised reduction factor of cross-sectional area is proposed as follows:

o A (1-T55) ~ Awin o
DoD
40 (1~ 50)

where A is the initial cross-section area of non-corroded specimen and A,,;, is the minimum cross-

sectional area.

The proposed factor informs how much the minimum cross-sectional area is smaller concerning the
mean cross-sectional area. In other words, factor shows the percentage difference between minimum
cross-sectional area and cross-sectional area, if corrosion will cause the uniform reduction of thickness.
The bigger the AR factor is, the smaller the cross-sectional area is as a percentage of the mean cross-
sectional area of the corroded specimen. Figure 14 (left) shows the results from different thicknesses
collated and the relation between the yield stress and reduction factor. A similar statistical analysis, as
in the case of Figures 10 to 12 was adopted herein. Thus, the experimental points were grouped within

similar AR factors levels, and each group’s standard deviation is presented in the graph.
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Figure 14. Relation between normalised yield stress and cross-sectional area reduction factor (left)
and between normalised yield stress and DoD (right).

It is noted that a good correlation between these two parameters is observed. Except for several
points, the observed scatter is in the order of yield stress uncertainty. Although a similar correlation

between the reduction factor and yield stress was achieved compared to DoD and yield stress (see
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Figure 14 - right), the scatter for particular groups is significantly smaller. The linear correlation was
the most suitable for both cases presented in Figure 14, resulting in the highest correlation coefficient.
This indicates that not always the degradation level is the most appropriate parameter that informs
about the state of a corroded structure. A similar correlation was found between area reduction factor
and normalised ultimate tensile strength and normalised total elongation, respectively (see Figure 15).
In the case of ultimate tensile strength, the linear correlation resulted in the highest correlation factor,
whereas, the exponential regression was most appropriate for a total elongation. Similarly to the yield
stress, the area reduction factor is more related to the corrosion-dependent material properties than
the Degree of Degradation level. The correlations between DoD and normalised ultimate tensile stress
and total elongation were 0.59 and 0.71, respectively (see Figure 16). Similarly to yield stress, the single
data points are significantly less scattered with comparison to the regressions based on DoD (see

Figure 16).

11

=
]

=
o
a
[

- [
e ! [ [ # W [ — 0.8 |
| T

T =)
<5 g
750,95 J I T 1 306 I 1 T

g £ T L
ES 0.9 P .l[( bOB 0.4 i ’J
<5 ==
0.85 | RMeoroged\RMg =-0.568 x AR + 1 H 0.2 Bearraned\By = €55 XAR
R?=0.81 ' R*=0.82
0.8 0
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
AR [-] AR [-]

Figure 15. Relation between cross-sectional area reduction factor and normalised ultimate tensile

strength (left) and normalised total elongation (right).

Although AR factor seems to be more suitable to predict the degradation of material properties, its
determination requires very detailed surface recognition. Thus, for engineering applications, DoD is
more convenient, estimated based on simple thickness measurements. Additionally, by grouping the

results, the compensation of uncertainty related to area reduction may be obtained.

Based on the presented results, one could draw the hypothesis that the thicker plate is, the higher
reduction of mechanical properties is observed. However, it will be somewhat premature to make
conclusions, and more investigations will be needed at this staged. Especially, there were no significant
differences in reduction levels in the case of 5 mm and 6 mm specimens, and only 8 mm specimens
presented a higher level of mechanical properties decrease. It could result from slightly different
corrosion characteristics obtained for a diverse group of thicknesses. It was found that the area
reduction factor was the main reason for the deterioration of material properties. This factor was

slightly higher for the 8 mm specimens than others, and thus, the material properties were also lower.
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5 Stress-strain model for fitness-for-purpose analyses

Since the mechanical properties themselves are subjected to relatively high scatter, it is reasonable to
consider changes in mechanical properties obtained from various initial thicknesses. This will increase
the total number of experimental points and derive some constitutive laws regardless of the

specimen’s initial thickness, which could be helpful to fitness-for-purpose analyses.

Since different initial mechanical properties were obtained for different thicknesses, the relative values
of mechanical properties with the corrosion degradation progress are estimated. Thus, for a particular
DoD, the observed value of the parameter is divided by its value in a non-corroded state. Young’s

modulus is assumed to be constant within the whole DoD range.

Figure 16 presents the collected results obtained from the tested specimens (considering results for
groups), and the regression relationships have been derived, leading to general constitutive laws.
Similarly to previous relationships (Figures 10-12), the linear regression led to the highest regression
coefficients for yield and ultimate tensile stresses. In the case of total elongation, both linear regression
and exponential one resulted in a similar regression coefficient. However, the exponential was chosen
to avoid negative values of the total elongation for higher values of the degradation level, similarly as

in Figures 10-12.
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Figure 16. Normalised mechanical properties in function of DoD.
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The standard deviation is calculated since any particular point is scattered from the assumed
regression relationship. The variation for a specific point is calculated as a difference between the
experimental and predicted values by the regression model. In Young’s modulus, the standard

deviation is calculated based on the tests carried out for the intact specimens (see Table 3).

The standard deviation results are as follows (Young’s modulus — Eq. 2, Yield stress — Eq. 3, Ultimate

tensile stress — Eq. 4, Total elongation — Eq. 5):

Estper = 0.0402 E4[GPa] (2)
Resipey = 0.0556 Rey [MPal 3)
Rmgipey, = 0.0431 Rm,, [MPa] 4)
8stpev = 0.145 8¢ [—] (5)

The presented parameters could be used for the reliability analysis of ship structural components

subjected to corrosion degradation, e.g. [37,38].

Further, for a different type of FE analysis, usually, the bilinear stress-strain model is used. It needs to
be noted that a true stress-strain relationship should be used instead of an engineering one. According
to [39], the true stress-strain relationship from the start of yielding up to the moment where the

maximum load is reached could be determined via the following equation:
o=Ke" (6)
where n is the strain hardening exponent, K is the strength coefficient and g, is the plastic strain.

To identify the parameters K and n, the log-log plot of the relationship from Eq. 6 could be established,
leading to the linear relationship and fitted to the experimental data from all specimens. The stress-
strain relationship in the logarithmic scale will be the linear relationship followed by the equation y =

ax + b, where a is equal to n and b is the logarithm of K.

Further, to identify the failure strain in a bilinear model, the modulus of toughness could be useful,

given by the equation:

&f
Uy = _[ ode (7)
0

which represents the energy that is needed to break the specimen.

The values of K, n and U; were identified for each specimen. However, since different initial material

properties were observed for different thicknesses, the normalised parameters were introduced,
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except the strain hardening parameter. The strength coefficient is divided by the initial yield stress of
considered thickness, and the modulus of toughness is divided by the multiplication of yield stress and
total elongation value. The relationships between degradation level and normalised parameters are

presented in Figure 17.

23 0.21
22 W - = u 0.19 ® 5
21 u® ® - v7e e o0 ® o ., o ©
2| s % * %% o
=, FSEST ull® = 015 o @ ! .
g - mm g B . =013 G o
€18 n 0 c T
17 mg 0.11
16 0.09
1.5 0.07 ]
14 n 0.05
0.00 500 1000 1500 2000 2500  30.00 0.00 500 10.00 1500 20.00 2500 30.00
DoD [%)] DoD [%]

16
14 U\(Reg'6p) = 1.1345e:0.042xDaD
’ R2=0.5713

= 1 " A A

B3 s

g g: A A “A. _ “‘A =

= A Y o

> 04 :%AAA e
0.2

0
0.00 5.00 10.00 15.00  20.00 25.00 30.00

DoD [%]

Figure 17. Relationships between normalised parameters of stress-strain relationships and

degradation level.

The regression analysis was performed and different functions were studied for all variables. For the
normalised strength the R? value is not exceeding 0.02, and in the case of the strain hardening
parameter, the regression coefficient was 0.2 for the polynomial regression. It could be concluded that
there is no correlation between these variables and DoD. Thus, the mean values of K/Re, = 1.958
and n = 0.154 are considered. In the case of modulus of toughness, the non-linear regressions were
found to result in highest R? values — namely, the polynomial and exponential ones. However, the
polynomial function presented a local minimum for DoD equal to 30%, and the modulus of toughness
will increase after crossing that value. This will be non-concise with the physical representation of the
phenomena. Thus, the exponential equation has been found for the normalised modulus of toughness,

as given in Figure 17.

Based on the information provided in both Figures 16 and 17, the bilinear stress-strain relationships

dependent on corrosion level are defined as follows (considering DoD up to 25 %):
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where ¢, is defined in that the area under the bilinear stress-strain relationship is equal to the modulus

of toughness for the particular degradation level.
Conclusions

The presented study investigated the mechanical properties of corroded steel subjected to immersed
marine corrosion degradation. It was found that even for a lower degradation level (below 25%), with
comparison to previously conducted studies (e.g. [7]), the mechanical properties of mild steel could
have significantly deteriorated. This is highly important since such levels of degradation are typically
allowed in the operating ship and offshore structures. By comparing the presented results with other
available data, it was found that marine immersed corrosion brings the higher decrease of mechanical
properties. Notably, not only strength characteristics were deteriorated, but deformability (i.e. total
elongation) was significantly reduced (even below 15%). This could cause problems in crashworthiness

of structures, e.g. in ship collision problems.

The presented results were subjected to significant scatter caused by the variability in mechanical
properties of intact specimens (due to inconsistencies in chemistries, processing temperatures, cooling
patterns, the strip thickness and numerous other factors [40]) and corrosion degradation. Thus, the
specimens of similar degradation levels were grouped for the analysis. In addition, the non-uniformity
of the corroded surfaces caused problems in the estimation of the elastic modulus. Particularly, the
typical mechanical extensometer that measures the elongation between two points was found to be
impractical. More advanced techniques, e.g. optical extensometer or Digital Image Correlation
equipment, seems to be needed for future studies to investigate the relationship between stress
distribution within specimen and degradation level. Further, the microstructure of corroded specimens
could be studied via X-ray micro tomography and adopted in FE model of corroded specimens. This

will allow to understand the relation between stresses and microstructure of corroded specimens.

It was found that although degradation level is easy to be measured in operating structure, it is not
that related to changes of mechanical properties with comparison to other parameters. Specifically,
the normalised area reduction factor, related to minimum cross-sectional area, was more correlated
with the drop of mechanical properties due to corrosion. However, this will require detail surface

recognition of corroded elements, with the use, e.g. 3-D scanning techniques or photogrammetry
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measurements. This will require high working effort. Thus, future studies should look for other
governing parameters, particularly easily measured in a real structure or better diagnostic techniques

allowing to gather more information regarding corroded elements in less amount of time.

As the primary outcome of a presented analysis, the bilinear stress-strain relationships of corroded
steel were proposed together with uncertainty factors regarding the values of mechanical properties.
Such relationships can be used for fitness-for-purpose analyses in the structural integrity assessment
of corroded structures (including ships, offshore structures and onshore harbour facilities). For
example, this could be adopted in FE analysis of corroded structural elements, where degradation level
will be estimated based on the thickness measurements, and material will be modelled based on the
proposed relationships. However, in present study, thickness range between 5 mm up to 8 mm study
was investigated. The relationships for other thicknesses need to be studied in future, since higher

thicknesses are often used in marine structures.
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