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Abstract

[bookmark: _Hlk33713831]Aged marine structural analysis often relies on simplified corrosion modelling.  Empirical or statistical methods are used to predict a uniform thickness reduction over time.  Although convenient, this approach cannot incorporate the corrosion evolution or the rough surfaces in the damaged area.  This is fundamentally due to the lack of representation of the underlying corrosion mechanisms in service environments.  To better understand how structural response changes based on corrosion under service loads, this paper presents a series of finite element analyses which consider the coupling relationship between the surface mechanical stresses and the resulting change of corrosion rate.  The coupling provide complex corrosion-stress interaction depending on the experimental datasets.  The quantification of this interaction is based on in situ experimental measurements of corrosion kinetics at different stress levels.  The simulations show the stress effect results in the generation of more realistic corrosion patterns on the structural surface, based on a two-bay/two-span large-scale panel model subject to uniaxial compression.  In addition, the incorporation of corrosion experiments allows the modelling of corrosion evolution based on physical observations instead of empirical assumptions.  The irregular surface damage leads to a change in structural buckling mode, and up to 8% reduction in ultimate strength compared to models without considering the stress effect. 
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Requirement for mechano-electrochemical assessment
In ship structural design, corrosion is frequently simplified to make analysis easier.  A uniform thickness reduction is often considered where measurements from ships are used to approximate a standard rate of reduction over time.  This differs from actual corrosion damage which typically exhibits an irregular corrosion depth [1], as illustrated in Fig. 1, where a carbon steel surface typically shows the development of shallow broad pits with bench-like features, when immersed in seawater [2].  The predicted thickness reduction in the literature is mostly derived from statistical datasets collected from ship surveys or field experiments [3, 4] leading to empirical formulations [1, 5-8].  These formulae do not explicitly reflect the effects from operating conditions such as the service load or the environment.  The effectiveness of this simplified approach is largely dependent on the similarity between the service conditions encountered by the structure being examined and the original dataset.  To simulate more realistic corrosion, damage features are included in finite element models as a rough surface instead of a uniform thickness reduction [9-11].  However, these approaches are based on statistical/empirical assumptions and the progression of the corrosion is manually updated. 

One of the key factors influencing marine corrosion is the mechanical stress experienced on the structural surface.  Often termed mechano-electrochemistry, this effect was first recognised in the 1950s [12].  It describes the corrosion mechanisms, where the spatial/temporal structural loading can affect the corrosion rate and vice versa [12-15].  It is generally agreed that stress and strain will increase the surface free energy and hence the corrosion behaviour; this is regardless whether it is a compressive or tensile stress [16, 17].  However, the actual kinetics are highly sensitive to the surface filming condition, which will be affected by the stress level and direction [18].  Despite its prevalence in the corrosion literature, there are limited investigations into the interaction between mechanical stress and corrosion on a structural component, among which the main focus is on simple geometries such as flat plates [13, 19, 20].  However, previous structural analysis shows a clear indication of the importance of studying corrosion on more complex stiffened structures [21].  An initial assessment by the authors into the effect of mechanical loading on corrosion in a stiffened plate was performed under a compressive load which was equivalent to 85% of the yield strength of the material [14, 22].  The results show that the effect of mechanical stress may trigger localised buckling and a change in the failure mode [22].  This is consistent with experimental results showing that different irregular corrosion distributions provide different failure modes [23].  In addition, it was also observed that the incorporation of mechanical stimuli initiated irregular broad-shaped pits, which are similar to those seen in reality [14, 22].  However, the location of corrosion within a structure has a significant effect on its strength capacity [14].  Modelling a single stiffened plate may give pessimistic predictions of ultimate strength and post collapse behaviour when localised damage or corrosion occurs in a specific part of the structure and the stress pattern is dominated by the boundary equations, potentially giving unrealistic thickness reductions and patterns.  Therefore, a large scale stiffened panel model is required to better understand the corrosion evolution and the effect on the structural responses [24]. 

[image: ]
[bookmark: _Ref33523257]Fig. 1. Corrosion in a stiffened structure: (a) from an aged ship ballast tank [25]; (b) idealisation of the corrosion surface profile on a plate surface, typically in centimetres breadth and millimetres depth.

This paper therefore incorporates in situ mechanical-corrosion measurements into a large-scale structural panel subjected to realistic loading conditions to investigate the impact of the mechano-electrochemically induced corrosion on the structural responses.  The coupling relationship between the mechanical stresses and thickness reduction due to corrosion is investigated for different initial plate thicknesses, initial imperfections and corrosion locations.  This coupling is considered by using the two experimental datasets [13, 14] which provide kinetic information for stress states, but the mechanical response is modified by the thickness diminution from the FEA model.  This allows the modelling of corrosion evolution based on physical corrosion measurements and enhances understanding of its effects on the ultimate strength reduction and failure mode changes. 
Modelling of stiffened panels
Intact stiffened panel model definition
To ensure that the boundary conditions in the area of interest are realistic, a two-bay/two-span stiffened panel model was developed, as shown in Fig. 2, with an overall plate size of 9.5 m  17.1 m [26-28].  The dimensions were taken from a typical size a Very Large Crude Carrier (VLCC) ballast tank [29], representing the bottom panel geometry with angle bar stiffeners, with a height (hw) of 300 mm, breadth (bf) of 90 mm, web thickness (tw) of 13 mm and flange thickness (tf) of 17 mm.  Two plate thickness values (tp) were compared, 10 mm and 20 mm.  The analysis was performed using Abaqus 2018, considering nonlinearities induced by both large deformations and material plasticity.  The model was built using four-node quadrilateral shell elements with reduced integration, S4R.  Eleven points of integration were used in the through-thickness direction to better capture the stress distribution through the thickness, especially when the model behaves nonlinearly.  Periodic boundary conditions were used for the panel, assuming that it forms part of a continuous structure.  A full description of these boundary conditions is given in Table 1, which were adapted from [28] and [30], where U is the translation and R is the rotational constraint.  A quasi-static uniaxial compression was applied to the model in the longitudinal direction. 
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[bookmark: _Ref26554920]Fig. 2. The two-bay/two-span stiffened panels geometry [26-28].

A mesh convergence study was performed before considering the corrosion damage.  The model’s ultimate strength became asymptotic with 19,200 elements and a corresponding mesh size of 118.75 mm in the plate, ensuring that there were three elements through the height of the stiffener web and two elements across the width of the flange; this is in line with the minimum requirements specified by Lloyd Register’s Guidance [31].  An explicit dynamic solver was used to enhance convergence [29].  The kinetic energy of the system was evaluated to ensure that the time step and loading rate were sufficiently small to give a quasi-static response.  A total loading time of 10 s and loading rate of 2 mm s–1 were utilised, ensuring that the kinetic energy was always less than 5% of the internal energy and this setting was implemented in all case studies.  The material properties were taken from Refs. [26, 28] with a yield stress, y, of 313.6 MPa; a Young’s modulus, E, of 205.8 GPa; a Poisson’s ratio, , of 0.3 and zero tangent modulus. The material model used in this study is a bi-linear elastic-perfectly plastic model which is commonly used in ultimate strength assessments.

[bookmark: _Ref26555703]Table 1. Description of the periodic boundary conditions
	Boundary (Refer to Fig. 2)
	Description

	AB and CD
	Periodic condition with Ux,AB = Ux,CD, Uy,AB = Uy,CD, Rx,AB = Rx,CD,  Ry,AB = Ry,CD = 0, Rz,AB=Rz,CD and w uniform along AB and CD, coupled with the longitudinal stiffener.

	AD and BC
	Periodic condition with Uy,AD = Uy,BC, Uz,AD = Uz,BC, Rx,AD = Rx,BC, Ry,AD = Ry,BC, Rz,AD = Rz,BC and Ux uniform along AD and BC, coupled with the plate.

	G11G12 and G21G22
	Uy = 0, Rx = 0

	T11T12 and T21T22
	Uy = 0, Rz = 0

	Stiffener web intersection with transverse frames
	Ux uniform with an intersection point on the plate, Rz = 0



Geometrical imperfections are known to have significant effects on the ultimate strength of a modelled structure and its failure mode, and are considered using the method suggested by ISSC 2012 [26] and Tanaka et al. [28].  In this study the initial imperfections were adapted from Tanaka et al. [28] which were originally based on measurements performed on a range of ships.  Table 2 lists equations used to describe the imperfection shapes, where a and b are the length and width of the local plate respectively; B is the length between girders and AVertical, AStiffener and APlate are the maximum amplitudes of the initial imperfections. Specifically, AVertical = AStiffener = 0.001a, and APlate = min[0.12 tp, 6 mm] [28], where the plate slenderness ratio is .  These amplitudes were used with the coefficient Ai from Tanaka et al. [28] for a plate aspect ratio of five to generate the so-called hungry-horse mode initial imperfection, in the positive y-direction in the model.  The stiffener web height hs = tp/2 + hw was measured from the mid-thickness plane of the plate.  In addition, two global initial imperfections (M1 and M2, as shown in Table 2 and Fig. 3) which are symmetric about XY were assessed, which resulted in the top surface of the panel centre being in compression for M1 and tension for M2.  This is to investigate the effect of different loading scenarios on the thickness reduction.  By locating the corrosion area in the centre, M1 will result in a globally compressed corrosion area whereas M2 will lead to a globally tensile corrosion area.

[bookmark: _Ref26555715]Table 2. Initial imperfections adapted from Tanaka et al. [28]
	Initial imperfection
	Expression

	Global initial imperfection / mm
- Type M1
- Type M2
Stiffener sideways initial / mm
Plate initial imperfection / mm
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[bookmark: _Ref29367723]Fig. 3. Global initial imperfections applied to the stiffened panels (9.5 m  11.7 m): (a) M1; (b) M2. (Deformation  50)
Structural model verification
The structural model was verified against the ISSC 2012 benchmark study [26] and Tanaka’s model [28].  Comparison of the ultimate strength was made for the slenderness ratio, , ranging between 1.0 and 3.5 in increments of 0.5, as shown in Fig. 4.  Across the six slenderness ratios, the differences in ultimate compressive strength ranges are between 1.2% and 7.4% when compared to the ISSC benchmark results [26].  The difference is between 0.6% and 5.5% when compared to the Tanaka model [28].  The differences between the model and those of the ISSC and Tanaka’s analysis are therefore small and considered to be primarily associated with different finite element packages, solvers, number of integration points through-thickness and the mesh size. 
[image: ]
[bookmark: _Ref26554932]Fig. 4. Verification of the intact stiffened panel model, comparing ultimate strength values (/y) for various plate slenderness ratios () with an angle bar stiffener (hw = 235 mm, bf = 90 mm, tw = 10 mm, and tf = 15 mm): (a) mean value of ISSC 2012 benchmark models [26]; and (b) Tanaka model [28].
Load definition
The typical service load condition of a VLCC was considered to realistically assess the stress influence on corrosion.  For these double-hull tankers the main loads in the bottom stiffened panels are from still water bending moments and wave-induced bending moments.  This study considers the hogging condition, where the bottom panel is subjected to compressive load.  Hogging condition is well-known become a concern when performing strength assessment of ship bottom panels as this condition produce compressive loads.  The still-water bending moment is defined in Teixeira et al. [32] with a partial safety factor of 0.9 [33] for a VLCC, while the wave-induced bending moment is calculated for a ballast case according to IACS Common Structural Rules (CSR) [3].  Prediction of the combined vertical bending stress with a probability level 1 was carried out as a representation of the average service load during operational conditions.  This value was estimated by linear interpolation from a calculated load probability between 10–2 and 10–8 [3] for long-term prediction [34].  This resulted in a compressive service load of 58 MPa.  The load was then applied statically on the stiffened panels, from which the von Mises stresses were extracted from the structural surface for corrosion analysis.  
Corroded stiffened panels
A corrosion area was defined assuming coating breakdown and loss within this region.  A finer mesh of 30 mm (length of an element) was used for this area, with an example shown in Fig. 5.  A mesh convergence study was performed considering the change in both the surface von Mises stress and corrosion evolution.  A 30 mm mesh size was then selected based on this convergence study, while also considering that the corrosion features observed in reality are in the order of tens of centimetres and that this mesh size was small enough to capture these features.  The finer mesh size in the corroded area was created by introducing a mesh transition until the mesh size was a quarter of the coarse mesh in the intact area.  This provided a smooth transition as advised in the CSR [3]. 
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[bookmark: _Ref26554945]Fig. 5. Mesh refinement for the corroded area, representing corrosion covering the entire middle section of the stiffened panels.

The stress-free corrosion rate was predicted using a nonlinear time-dependent model via a Weibull function [13],

 						 (1)

where is the corrosion rate in mm y–1,  is the long-term corrosion wastage, 2.6 mm,  = 1.075 and  = 12 [13].  The time-dependent corrosion rate model was derived from a long term electrochemical measurement of a Q235B steel coupon immersed in aerated simulated seawater, 3.5% sodium chloride [13].  This is based on the assumption that the alloying/grade has little effect on the corrosion behaviour of carbon steels in seawater.  Carbon steels of different grades have corrosion rates in the same order of magnitude and the corrosion rate will be primarily dependent on the environmental conditions, such as the dissolved oxygen, the ambient temperature and the immersion time [35].  The effect of mechanical stress was represented as a correction factor of the time-dependent model [36].  This stress-influenced corrosion was determined based on corrosion data of the same steel under elastic tensile stress in the same electrolyte [13].  The corrosion rate was normalised by dividing it by the corrosion rate taken from the stress-free condition [22].  This results in the dimensionless function,

,									 (2)

where  is the dimensionless stress factor,  is a coefficient in MPa–1 and σ is the von Mises stress from the element surface, in MPa.  Within the model the equivalent stress concept is used as a scalar to represent a uniaxial stress state by determining a constant, the unit distortion strain energy. This approach is commonly used when assessing the mechano-electrochemical effect in FE applications [19, 37, 38].  Eqn. 2 implies that higher stresses will increase the stress factor and hence the corrosion rate.  However, for different corrosion conditions, for example in an electrolyte with a lower pH and a higher concentration of sodium chloride, the corrosion rate is shown to have a nonlinear relationship with the stress level [18]. 

To assess how the location of corrosion affects the structural capacity, two corrosion simulations were considered, one with the corrosion at the centre of the panel (P1) and one with corrosion located in two-patches of the same size (P2), as shown in Fig. 6.  In addition, corrosion was assumed to occur only on one side of each panel, including the plate, stiffener web and flange, which are shown as the red region in Fig. 5.  This was achieved by offsetting the bottom surface of each shell element as a reference surface to keep the bottom surface flat when the shell thickness changed.  This method has been validated against full-field experiments performed by the authors [37, 39]. 
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[bookmark: _Ref26554964]Fig. 6. Schematic of the corrosion location on the studied stiffened panel: (a) corrosion in the centre (P1); (b) two locations of corrosion (P2).  Both scenarios have an identical corroded surface area (unit length in mm).

The corrosion model was applied with and without the stress factor  for each element in the corroded area,   the resulting 12 case study matrix is defined in Table 3.  Initially, the structure was assumed to be intact and a compressive service load of 58 MPa was applied, from which the surface von Mises stresses were extracted and used to update the stress factor and the corrosion rate.  The individual element thicknesses were adjusted for each year, followed by updating the stress field under the service load.  This process was performed in one-year increments for a total of 20 years.  An ultimate strength analysis was performed at the end of each year to determine the performance of the panel.

[bookmark: _Ref26555726]Table 3. Stiffened panel model test matrix (12 case studies)
	Case
	Plate thickness, tp / mm
	Resulting surface load from initial imperfection
	Corrosion location
	Stress factor
	ID
	Failure mode (see note)

	
	
	
	
	
	
	Intact
	Corroded

	1
	20
	Compression (M1)
	Centre (P1)
	Yes (S)
	T20M1P1S
	A
	B

	2
	
	
	
	No (N)
	T20M1P1N
	A
	B

	3
	10
	Compression (M1)
	Centre (P1)
	Yes (S)
	T10M1P1S
	C
	C

	4
	
	
	
	No (N)
	T10M1P1N
	C
	C

	5
	20
	Tension
(M2)
	Centre (P1)
	Yes (S)
	T20M2P1S
	A
	B

	6
	
	
	
	No (N)
	T20M2P1N
	A
	B

	7
	10
	Tension
(M2)
	Centre (P1)
	Yes (S)
	T10M2P1S
	C
	C

	8
	
	
	
	No (N)
	T10M2P1N
	C
	C

	9
	20
	Compression (M1)
	Two-patch (P2)
	Yes (S)
	T20M1P2S
	A
	B

	10
	
	
	
	No (N)
	T20M1P2N
	A
	B

	11
	10
	Compression (M1)
	Two-patch (P2)
	Yes (S)
	T10M1P2S
	C
	C

	12
	
	
	
	No (N)
	T10M1P2N
	C
	C


Note: A: Overall panel failure mode; B: Overall panel failure mode with stiffener tripping; C: Local plate failure between stiffener.

Effect of the stress on the thickness reduction and ultimate strength
Determination of thickness reduction in the corroded areas
Fig. 7 shows the corrosion thickness reduction scenario for the central location (P1), with M1 initial imperfection resulting in compression loading, and for two plate thicknesses, tp, of 10 mm and 20 mm.  The whisker lines above and below the box plot are the 10th and 90th percentiles and the scatter plot beyond the whiskers are the extreme value outliers which represent significant localised thickness reductions.  Assuming no repair takes place during the service life, the worst-case scenario, the stress-free corrosion model leads to a thickness reduction of just under 2 mm at Year 20, as seen in Fig. 7(a).  However, when the stress effect is considered, the thickness reduction is greater with higher variation from 1 mm in Year 5 to 2.4 mm in Year 20.  Fig. 7(b) shows the difference in thickness reduction between the cases with and without the stress factor, which varies nonlinearly with time and reaches a maximum of 0.3 mm after 20 years.  When reducing the initial plate thickness to 10 mm (Fig. 7(c-d)) and considering the influences of stress on corrosion, the average thickness reduction is similar to the 20 mm plate.  However, the difference in the range of thickness reductions is doubled, from 0.1 mm to 0.2 mm, from the model with 10 mm thick plate to the 20 mm one(Fig. 7(d)).  The results indicate that the surface topography is relatively flat during the first five years; however, a more significant degradation appears with the development of irregular surface, as might be expected for actual corrosion degradation. 
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[bookmark: _Ref26554980]Fig. 7. Thickness reduction for the central corrosion location with and without the stress factor: (a) thickness reduction, tp = 20 mm; (b) thickness reduction difference, tp = 20 mm; (c) thickness reduction, tp = 10 mm; (d) thickness reduction difference, tp = 10 mm.

Fig. 8 provides representative data (tp = 20 mm, Year 15) to better understand the effect of the two corrosion locations (P1 and P2) and global imperfections (M1 and M2) on the thickness reduction.  For the three cases, T20M1P1S, T20M1P2S and T20M2P1S, the mean thickness reduction is approximately 2 mm at Year 15.  This is a similar annual thickness reduction to Fig. 7, showing that the initial imperfection M2 resulted in a minimal difference in thickness reduction.  In addition, the corrosion location (P1 or P2) has a negligible effect on the thickness reduction when considering the stress effect.  
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[bookmark: _Ref31736156]Fig. 8. Thickness reduction distribution of stiffened panels for tp = 20 mm at Year 15.
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[bookmark: _Ref26555031]Fig. 9. Evolution of the corrosion and the corresponding surface von Mises stresses at path A-A’ for panel with corrosion located at the centre, the M1 imperfection and tp = 10 mm (T10M1P1N and T10M1P1S): (a) a comparison of the evolution of the thickness reduction for the panel with and without stress effect[footnoteRef:3], where the dotted black lines show panels boundaries with transverse frames; (b) the shell-elements (with rendering thickness) at the top surface of the plate with stress included at the location indicated by the small blue box for Year 20 in Fig. 9(a),  (shell thickness × 500); (c) the corresponding evolution of the surface von Mises stresses. [3:  A video demonstrating this corrosion evolution is available at: https://youtu.be/wiF3PccO3TI.] 


Corrosion evolution with time
Fig. 9(a) presents the corrosion evolution over 20 years for the central corrosion scenario and a 10 mm initial plate thickness (T10M1P1N and T10M1P1S).  It is evident that an irregular surface is obtained on the panels when the influence of stress is considered for the corrosion process.  The irregularity increases with increasing time from Year 5 to Year 20, with the remaining thickness ranging from 7.52 mm to 7.75 mm after 20 years in service. Fig. 9(b) shows a rendered shell element at the top surface of the plate with corrosion affected by the stress for the location indicated using a blue box at Year 20 in Fig. 9(a).  The surface von Mises stress distribution in the longitudinal direction along path A-A’ is shown in Fig. 9(c) with stress ranging between 45 to 140 MPa.  Stresses increase with time and have a consistent interaction with the thickness reduction in Fig. 9(a).  This study considers the stress concentration affected by the inhomogeneity of the corrosion surface due to the stress-corrosion coupling. Fig. 9(c), at path A-A’, shows that the stress concentration peaks significantly increase through the simulation as a result of the undulated corrosion surface evolution shown in Fig. 9(a) and Fig. 9(b).
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[bookmark: _Ref26555049]Fig. 10. Ultimate strength reduction of stiffened panels for the 12 case studies at year 5, 10, 15 and 20 with and without stress-influenced corrosion: (a) 10 mm initial plate thickness; (b) 20 mm initial plate thickness.  The intact plate condition is at 0 years.
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[bookmark: _Ref31736423]Fig. 11. Load-shortening curves and associated surface equivalent plastic strain at ultimate strength stage with deformation plots, for the intact condition and with corrosion at Year 20 and M1 global imperfection (Deformation  5) : (a) load shortening curves; (b) surface equivalent plastic strain and stiffener tripping deformation for two-patch corrosion (P2) and tp = 20 mm  (T20M1P2S); (c) surface equivalent plastic strain and stiffener tripping deformation for central corrosion (P1) and tp = 20 mm (T20M1P1S); (d) surface equivalent plastic strain and plate failure for two-patch corrosion (P2) and tp = 10 mm (T10M1P2S), (e) surface equivalent plastic strain and plate failure for central corrosion (P1) and tp = 10 mm (T10M1P1S).

Ultimate strength reduction
The ultimate strength reduction is compared with the intact condition at five-year intervals, as seen in Fig. 10.  The effect of stress-induced corrosion influences the ultimate strength, especially for the panel with the thinner plate, tp = 10 mm (Fig. 10(a)).  Corrosion without the stress effect produces a lower ultimate strength reduction, between 1% and 3%, compared to the corrosion model with the stress effect. The maximum strength reduction of 19% is achieved at Year 20 for the M2 imperfection and the central corrosion case (T10M2P1S).  For the two-patch corroded area (P2) the reduction in the ultimate strength is generally smaller than the P1 condition, assuming other parameters are the same.  This effect is more prominent for the panel thickness of 20 mm and is demonstrated through a change in load-shortening curves and the failure modes at Year 20, shown in Fig. 11.  The failure modes for all studied cases are summarised in Table 3. For thicker plate, tp = 20 mm, the failure mode for the intact condition is an overall stiffened panel failure mode which is caused by the high stress concentrations on the stiffeners, represented with the letter A in Table 3. When corrosion occurs stiffener tripping is then induced, represented with the letter B in Table 3. For the stress affected corrosion, both corrosion locations P1 and P2 experience stiffener tripping, as indicated at Points 1 and 2 in Fig. 11.  However, the tripping deformation is more extensive for the central corrosion case (P1), and hence a lower ultimate strength is obtained.  However, the panels with a uniform thickness reduction exhibited less significant stiffener tripping, in particular at Year 15 for corrosion location P1 and at Year 20 for corrosion location P2 as indicated in Fig. 10(a).  In comparison, for the thinner plate, tp = 10 mm, the failure mode is local plate failure between the stiffeners for both the intact and the corroded condition, represented with the letter C in Table 3.  The initial yielding starts from plates below the longitudinal stiffener.  When the corrosion is affected by the stress, the corrosion location, P1 and P2, has little effect on the ultimate strength reduction, shown by the similar locations of points 3 and 4 in Fig. 11, where both conditions result in plate buckling centered in corrosion locations as the primary failure mode. The plates with a uniform reduction exhibited less localised failure at the corrosion locations compared to the cases where stress affected the corrosion, as indicated in Fig. 10(b).
The importance of representative corrosion data
The results above are based on corrosion data reported by Yang et al. [13] for a Q235B steel immersed in an oxygen saturated 3.5% sodium chloride test solution and a tensile stress up to 160 MPa, with the yield strength documented as 336 MPa.  Electrochemical measurements were conducted after a 12 h immersion.  Fig. 12 compares this dataset to an alternative study that used a high strength carbon steel, UNS G10210, and a naturally aerated 3.5% sodium chloride solution and a tensile stress up to yield point, with a yield strength documented as 340 MPa [14].  Both test conditions have used a simplified test solution to simulate the seawater ballast tank environment.  The main differences between the two studies are dissolved oxygen levels, steel strength and the initial immersion time where the corrosion potential was recorded.  The study by Wang et al. [14] initiated tests after a much shorter immersion of 30 mins.  A clear difference in the calculated stress factor can be observed based on the two datasets, with higher corrosion rates obtained for shorter immersion times (red-dashed line in Fig. 12).  Yang et al.’s stress factor increases linearly with applied stress up to a maximum of 160 MPa, while Wang et al.’s stress factor initially increases up to 130 MPa and then linearly decreases as the applied stress level is further increased.  The decrease in the stress factor is due to a decrease in corrosion current density, most likely affected by the combined interaction of the activated metal surface and film formation which limits the anodic dissolution. This interaction leads to a more complex behaviour at higher stress levels.  This indicates that the stress effect is sensitive to the test conditions even if the type of steel and electrolyte are nominally similar.
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[bookmark: _Ref26555085]Fig. 12. Comparison of the calculated stress factor g() obtained from Yang et al. [13] and Wang et al. [14] datasets.

To investigate the stress factor effect on the corrosion and structural behaviour, the T10M2P1S panel is selected since it demonstrates the most significant reduction in ultimate strength for the studies discussed in Section 3.  Under the 58 MPa service load, a greater variation in the surface von Mises stress is obtained using Wang et al.’s corrosion data [14] , 12 MPa to 180 MPa, compared to Yang et al.’s corrosion condition, 40 MPa to 140 MPa, shown in the box plots in Fig. 13(a).  In addition, the maximum stress concentration is more severe when using the corrosion data from Wang et al. [14], with a value of 180 MPa, which is 30% higher than for the stress factor based on Yang et al.’s measurements [13]; this is despite the mean stress values remaining similar in both cases.  The higher maximum stresses are primarily attributed to a larger difference in remaining thickness distributions in corrosion location using Wang et al.’s corrosion dataset, the dashed line in Fig. 12.  This difference in stress factors results in a bigger difference in thickness reductions, as shown in Fig 13(b), where the higher stress factor increases the mean and the maximum values of the thickness reduction.  Using Wang et al.’s corrosion dataset results in a marked decrease in the panel ultimate strength which is 11% at Year 5 and increases to 23% at Year 20, or approximately 8% compared to the stress-free corrosion case at Year 20 (Fig. 14).  In comparison, corrosion modelled using Yang et al.’s dataset [13] leads to an 18% decrease after 20 years in service, which is similar to the models without stress-influenced corrosion (Fig. 14).
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[bookmark: _Ref26555102][bookmark: _Ref26555608]Fig. 13. Comparison of stress and thickness reduction for stress factors based on Yang et al. [13] and Wang et al. [14], M2 imperfection and tp = 10 mm, at Year 20; (a) surface von Mises stresses at a 58 MPa service load and (b) thickness reductions.
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[bookmark: _Ref26555144]Fig. 14. Ultimate strength reduction for Yang et al. [13] and Wang et al. [14] with stress-influenced corrosion and without stress-influenced corrosion.
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[bookmark: _Ref31738287]Fig. 15. Comparison in the equivalent plastic strain at first yielding of central corrosion (P1), tp = 10 mm and 20 mm,  M1 and M2 initial imperfection; (Deformation  10).
Discussion
This study demonstrates that the introduction of a stress factor to the corrosion model creates a non-uniform thickness reduction at the structural surface.  With increasing time, the thickness variation in the corrosion zone increases, due to the interaction between the irregular surface and changes in the stress field subject to the service load.  This highlights the importance of using corrosion evolution modelling based on the fundamental corrosion process.  The irregular corrosion surface features have a detrimental effect on the ultimate strength for panels with the thinner plate thickness, tp = 10 mm.  This behaviour is due to the higher thickness variation obtained in the corroded area, which consequently induces higher stress concentrations.  A previous comparison to experiments shows that shell models can predict stress concentrations with a reasonable level of accuracy [20].  Instead of using a solid model, which would be computationally expensive at this scale of structure, several measures have been considered, including: using appropriate boundary conditions by modelling the corroded area far from the boundary, using S4R shell elements which have hourglass control, assigning 11 integration points through the thickness and using finer meshes at the corrosion location.

The stress-induced corrosion effect is different for the two global imperfections, M1 or M2, which result in compressive loads or tension loads in the surface of the corroded area.  When the central corrosion area of the panel is in compression, M1, the thickness reduction is primarily located on the stiffener flanges in the compression zone, whereas for the M2 global imperfection, the thickness reduction occurs mainly on the plating between the stiffeners.  As shown in Fig. 15(a) and (b), for the 20 mm panels, the M1 imperfection led to stiffener-induced failure and lower ultimate strength.  In comparison, the M2 imperfection resulted in a plate-induced failure mode and a lower ultimate strength reduction.  For 10 mm panels, the failure mode for both M1 and M2 is plate-induced failure, shown in Fig. 15(c) and (d).  Greater ultimate strength loss is related to the case where the thickness reduction is concentrated on the plating (M2). 

The corrosion location, P1 or P2, has a greater effect on the ultimate strength of the 20 mm panel compared to the 10 mm panel, as shown in Fig. 10.  For thicker panels, tp = 20 mm, the ultimate strength reduction for the central corrosion (P1) almost doubled in comparison to the case with two-patches of corrosion (P2).  This behaviour is affected by stiffener tripping behaviour, as illustrated in Fig. 11, where the number of the deformed stiffeners is directly related to the ultimate strength level of the panel.  For thinner panels, tp = 10 mm, the effect of corrosion location, P1 or P2, is less significant.  This behaviour is caused by earlier plate failure with a yield area that spreads across the plate and stiffeners until the ultimate strength is reached.

[image: ]
[bookmark: _Ref26555658]Fig. 16. Comparison of the calculated thickness reductions and seawater ballast tanks survey data of various oil tankers and bulk carriers with different conditions taken with image digitising from Paik et al. [1]; with the stress-influenced corrosion in red and without stress-influenced corrosion in blue; time zero is the time when the corrosion starts.

Comparisons of thickness reduction can also be made with ship inspection data from Paik et al. [1], as shown in Fig. 16.  This confirms that the results lie in a reasonable range and give potentially realistic thickness reduction predictions under these conditions.  The inspection dataset consists of 1937 measurements from bottom and side plates within oil tanker and bulk carrier seawater ballast tanks, which would have been exposed to a broad range of temperature, pollutant and coating conditions from more than a hundred ships [1, 40].  The data from repaired structural members were not included in this dataset [1].  The corrosion rate used in the current study lies above the mean values of the inspection dataset.  However, the results are within the 95% confidence level and follow the same trend as time increases.  This indicates that the severe corrosion damage from the inspection data could be due to stress raisers or concentrations.  Nonetheless, this needs to be confirmed by accurate information of the stress distribution, temperature profile and coating conditions, which are rarely available in large quantities in the public literature.  In addition, it demonstrates the requirement for further experiments and modelling in this area to ensure that the link between the mechanical stresses and thickness reduction is accurate. 
Conclusions
Currently, corrosion modelling is often simplified in structural analysis to allow for rapid design.  However, this necessitates that these models do not incorporate a true mechano-electrochemical response, where the stress in the structural component affects the corrosion rate and vice versa.  The corrosion-stress coupling provide complex interaction for both mechanical response and thickness reduction depending on the experimental datasets [13, 14].  This investigation provides a range of case studies using a more realistic representation of the corrosion development over time, to determine the effect of corrosion-stress interactions on the strength capacity of marine structures.   A typical size two-bay/two-span stiffened panels (9.5 m  11.7 m) of a ship ballast tank bottom panel is selected and modelled incorporating the interaction between mechanical stresses and the thickness reduction, which is compared to a traditional uniform thickness reduction.  This results in the following findings: 

· when the stress-effect is included there is a distinct change in the corrosion pattern, which has a more realistic form seen in service; 
· appropriate incorporation of the electrochemical data enables the modelling of corrosion evolution within the structural analysis based on real physical observations; 
· variation in stress concentrations leads to an irregular corroded surface that alters the structural failure mode; 
· up to 23% loss in ultimate strength, or 8% compared to the assumption of a uniform thickness reduction, is obtained at the end of service life, representing the worst-case scenario. This value is highly dependent on the corrosion data used in the model and requires further investigation.  

[bookmark: _Hlk48654491]There are areas of improvement including the incorporation of a more accurate corrosion model through calibration either with intensive small scale stress-corrosion lab test or costly large scale stress-corrosion experiments, using solid element in structural FEA models, and direct comparisons with field observations.  These will be explored in the authors’ future work.
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