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ABSTRACT
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Structure Interaction (FSI) research groups

Thesis for the degree of Doctor of Philosophy

Ultimate Strength and Mechano-Electrochemical Investigations of Steel
Marine Structures subject to Corrosion

Yikun Wang

It is well known that ageing steel marine structures are susceptible to corrosion in its all
manifestations. The most critical areas are cargo and ballast tanks of merchant ships.
However, due to the regulations such as the Performance Standard for Protective
Coatings, which requires a 15-year target life of coating in ballast tanks, plus the cathodic
protection systems, the internal structures within cargo holds have become more
problematic but poorly studied. In the underdeck area and bottom plating, the structures
are not normally fully protected. Also, the complex structural arrangement may place
difficulties in inspection and repair. In extreme cases, it has been reported that the
corrosion rate in these areas could be 5 to 7 times higher than a normal value, and has
led to catastrophic structural failures. Currently, the classification societies apply both
visual and gauging methods for corrosion inspection during ship surveys. However, it is
time consuming especially for large vessels and is highly experience dependent.
Therefore, to improve the survey efficiency, facilitate economical maintenance decisions,
and even extend the structural life, it is essential to investigate the ultimate strength of
such aged and corroded steel structures. Based on the identification of existing corrosion
issues in cargo tanks of oil tankers and bulk carriers and the state-of-art of corroded
marine structural strength assessments, a nonlinear finite element method was adopted to
investigate the influences of pitting and grooving corrosion on the structural integrity. Two
full-field experimental techniques were used for a complete validation of the numerical
models. Based on the repair conditions provided by classification societies, the numerical
results showed that 25% locally corroded area of a plate (800 mm x 800 mm x 15 mm)
with 3.75 mm remaining thickness may reduce the ultimate strength by up to 20%
compared to a uniformly corroded plate. The weld-induced grooving corrosion of a width
of 59 mm and a remaining thickness of 3.75 mm would cause up to 26% strength capacity

reduction for a stiffened plate (4750 mm x 950 mm x 15 mm). Moreover, it was shown



that the corrosion depth had a greater influence on structural performance compared to
corrosion area for the same volume/material loss. By combining mechano-electrochemical
protocols with the stress and strain results obtained from the modelling, it enables
predictions of the ‘hot spot’ locations of mechanically-induced corrosion acceleration.
Results showed that the anodic current density inside grooving corrosion damage (24 mm
in width and 3.75 mm in depth) was 7 times greater vis-a-vis the unstressed condition for
the stiffened plate at its ultimate strength state. The results, which are closely related to
the industrial corrosion inspection and repair requirement, will not only benefit the shipping
industry, but are also applicable to a whole range of marine structures (offshore platforms
and steel bridges).



Table of Contents

Table Of CONTENTS .o [
LiST OFf TADIES ettt nnnne %
TSy a0 A 11 LU =SSR vii
DECLARATION OF AUTHORSHIP ....uuiiiiiiiiiiiiiiiiiiiiiiiiiiiiniieiniinnissnenesnssssnnssensnneeeeneennnnes XiX
ACKNOWIEAGEMENTS .oiiiiii e e e e et s e e e e e e e e aar e e eeaes XXI
N0 g T=T o K= L U= XXiii
Chapter 1 INtrOAUCTION ..uuuii e e et e e e e e e ee e 1
A = 7 Vo] o 01U o o IR 1
1.2 AIMS and ODJECHIVES ... e e 3
Chapter 2 LiteratUre FEVIEW ....cciieeieiiie e et e et e e e e e e e e ettt a e e e e e e e e eannen s 5
2.1 Corrosion in the marine enVirONMENT ........coovviiiiiiiii e 5
2.1.1  CorroSion ClasSIfICALION.........uuuuuuuuuriiiiiiiiiieiiiiiiieeaeieeeeeeaeae e reenennennes 5
2.1.2  CorroSion CONfIQUIALION. ......uuuuuueeiiieiiiiiiiiietiieiiieeaeeieneeeneee e rnennennnnnnnnes 9
Y2205 RS TR @ T ¢ {0 1< To ] o N o] =T [ o 1o o R 11
2.1.3.1  CoOrroSion databaSE .........eeeiiiiiiiiiiiiiie e 11
2.1.3.2 Corrosion prediction MOdelS ... 12
2.1.3.3  Influencing factors ... 18

2.2 Ultimate strength of corroded StrUCtUIES ........uceeiiieiiiiiiiiieee e, 23
221 [0 F= 1o g =T ] ¢= | 23
2.2.1.1  Material Properties......cccooe e e 24
2.2.1.2 Geometrical properties and initial imperfections...........cccccccevvvvcciieee e, 26
2.2.1.3  Weld-induced residual StrESS .........uuuiiiieiiiiiiiiiieie s e e err e e s 28
2.2.1.4  BouNdary CONAILIONS ......coiuiiieiiiiie ettt ettt e e e 31

222 Investigation method — eXpPeriments ..........ooovveeeiieeeeeeeeeeee e, 31
2.2.3 Investigation method — numerical modelling ..........cooovevieeieii, 33
2.2.3.1  GENEIAl COMOSION .....ueteieeete e e s e ettt et e e e s s st areeaeeessanssteaeeeaeeessansstaaereeeeeseannnseaneees 34

WA B o |11 0 To ot ¢ {0 1< (o] o ST PEUTTR PR 36

2.3 Mechano-eleCtroChemIStIY ... 41
231 Influence Of elastiC SIESS ........coeiiii e 41
2.3.2 Influence of plastic deformation ... 43

2.4 Ship survey criteria, inspection and maintenanCe ..........cccccevvvvvveevevieeeeeeennn. 47
P St R O T 1] [o [N 1= o= od 1T o PSSR 48



2.4.2 Design, thickness diminution and maintenance.............ccccceeeeeeeeeeeeevvvvnnnnnn. 49

P2 T o 1 o o 11 1] [0 o =P 52
Chapter 3 MethodolOgY .....coooiieeeeee e 59
700 R N\ (o ] 1 T a L= = g e 59
3.2  Experimental teChNiqUe — TSA ..ot 62
3.3  Experimental techNique = DIC .........ciiiiiiiiici e 64
3.4 Mechano-electrochemical analySiS.......cccceuuiiiiiiiii i 68
Chapter 4 Validation of nonlinear FEA............cooii i 71
4.1 Eigenvalue buckling analySiS.......cccceiiiiiiiiiiiiiiiin e 71
O R S 1= | = [T g 1Y o £ PP 72
4.1.2  Solid-shell and solid elemMEeNtS ..........ooeiviiiiii e e 75
41.3 SUMIMBIY .ttt e e et e e e e e e et e e e e et r e e e e e e e ennnnnaneeeeeas 80

4.2 Replicated nonlinear MOAEIS.........uuiiiiiiiiiiiiice e 81
4.2.1 [ = L= 0 0 o (=] PP 81
4.2.2  Plate-stiffener combination models...........ccccoeeeeiiiien 84
4.2.3  Two-bay/two-span stiffened panel model ...........ccccoceeeei i, 87
4.2.4  Validation of the residual stress application method .............ccccccceeeeii, 89

R T @70 ] o o 11 =] Lo o = 90
Chapter 5 Numerical investigation of plate models ..., 91
5.1 Localised pit diStriDUtioN STUAY ........uuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiieiieeeeeeee e 91
5.2 Bench-shape pit diStribution StUAY.............euvuiimiiiiiiiiiiiiiiiiiiieeees 97
5.3 Localised rough Surface StUAY..........uuuuuumummmmmmmiiiiiiiiiiiiiiiiiiiiiieeiineeeeeeeneneennns 100
L B 11T o U 1] o] o ISR 104
ST T O o o Tod [V =3 Vo o = PP 113
Chapter 6 Experimental investigatioNS ...........oii i 115
6.1  TSA XPEIMENTS i e e e e e e e e e eeeaans 115

L A B LG =5 q o =] 41 1 1= o | USSR 124
LR T I =T o B =1 o] o USSR 134
L o T o o 11 1] [0 USSR 137
Chapter 7 Numerical investigation of stiffened plate models ..............ccviinnnnn. 139
7.1 Model CONSIIUCTION oo e 139
7.2 Test matrixX iNTOrMatioN ... ...coii e e 142
7.3 RESUIIS e 143

7.3.1 Influence of corrosion location and initial column type deflection
[t LS ) T PP U TP PPPPPPPPRPPR 144



7.3.2 Influence of initial plate deflection and initial column type deflection

(e L5 1 T 146
7.3.3 Influence of weld method and initial column type deflection (PIF/SIF)....... 148
7.3.4  Influence of weld-induced residual StreSSEeS............uuuuurriiiiimiiiiiiiiiiiiiiiiiinns 149
7.3.5 Influence of weld connection imperfection (root opening) ..............ccccceuee. 151
A B 1Yol U =11 Lo ] o RO PP PP PPPPPPPPP 153
7.4.1  Structural response during the loading procedure..............ccccvvvvrinnninnnnnnns 153
7.4.2  Ultimate strength redUCtioN .............uuuimiiiiiiiiiiiiiiiii e 155
7.4.3  EmPIrical fOrmuUIAS ............uuummmmiiiiiiiiiiiii e 159
4% T O o o Tod [T =3 o o K= S PP 162

Chapter 8 Mechano-electrochemical modelling of corroded steel structures ....163

8.1 ProbDIEM o 163
8.2 RESUILS e 164
8.2.1  Plate models with pitting COrrosion features..............ccccuuvmmmimieiiiiinniniinnnnns 164
8.2.2  Stiffened plate models with grooving corrosion features ............ccccceee..... 168

S TR T I = o U 11 0] o 173
S o T o o 11 1] o o 3 176
Chapter 9 Conclusions and recommendations for future work .............ccovvvennn. 179
S IR0 R o o o 1W 1] o o 3 179
9.2 Recommendations for future Work........ccccccvvviiiiiiiiiiii 184
9.2.1  Mechanical performance analysSiS...........ccccceeeiiieeiiiiiiiiiice e 184
9.2.2  Mechano-electrochemical analysis ..........ccccceeiiiieiiiiiiiiii e, 185
LiSt Of REIEIENCES .. .t e et e e e e e e e et e e e e e e eeenenes 187
APPENAICES .ttt e e et e e e e e et et a e e e e e aaas 199
Al. Matieral compostion for ship grade steels .........ooiiiiiii i, 199
A2. Kirchhoff plate theory and Mindlin-Reissner plate theory.......................... 199
A2.1 Hypotheses and differential equations.............ccccccvvvviiiiiiiiiiiiiiiee 200
A2.2 GOVEIMNING EQUALIONS .....vetiieeiiiiiiiiiiieeaieeeeeesessesesessssasessesssssseeeeeesseneseneenennes 203
A2.3 Boundary CONAitiONS ..........cooviiiiiiiiiiii 206
A2.4 Critical BUCKIING 1080........uuuiiiiiiiiiiiiiiiiiiiiiiii i eeeeeeeeeenae 206

A3, Plate MOAEIS ... e e 208
A4. Initial deflections of DIC SPECIMENS......ouuuiiiii e 218
A5.  Stiffened plate MOAEIS .........uuiiiiiiiiii e 222
A6. Scanning Kelvin probe force microscopy (SKPFM) measurements.......... 223






List of tables

Table 2.1.
Table 2.2.
Table 2.3.
Table 2.4.
Table 2.5.
Table 2.6.
Table 2.7.
Table 2.8.
Table 2.9.

Table 2.10.
Table 2.11.

Table 2.12
Table 2.13

Table 2.14.

Table 2.16.
Table 2.17.
Table 2.18.
Table 2.19.

Table 3.1.
Table 4.1.
Table 4.2.
Table 4.3.
Table 4.4.
Table 4.5.
Table 4.6.
Table 4.7.
Table 5.1.
Table 5.2.
Table 7.1.
Table 7.2.

Typical corrosion rates of ship steel StruCtures...........cccccvvvvvvviiiiiiiiiieiiiiiieee, 11
Corrosion data sets for bulk Carriers. ... 12
Corrosion data sets for Oil tankers..........cooooiioeii 12
Parameters for Garbatov et al.’s model ... 15
Characteristic corrosion patterns in bulk carriers..........ccccceeeeeeeee 21
Summary of the material models used for numerical analysis ....................... 25
Summary of the frequently used maximum initial deflections ......................... 28
Numerical analysis of general corrosion of steel plates..........cccccceeeeiiiiiniiinnn, 35
Numerical analysis of pitting corrosion of steel plates (1) .........ccccceeeveeeeniiinnnn, 38
Numerical analysis of pitting corrosion of steel plates (2) .........ccceeeeveeeeiiinnn, 39
Numerical analysis of pitting corrosion of steel plates (3) ........ccccceeeveeieiiinnn, 40
. A summary of typical studied material for elastic stress effect..................... 43
. A summary of studied material for plastic strain effect..............cccccovvveeennnl. 47
Coating and rust rating for ballast tanks of all ship types except oil tankers [26]
........................................................................................................................ 48
Coating and rust rating for ballast tanks of oil tankers and chemical carriers
........................................................................................................................ 48
Maximum thickness diminution of individual plates and stiffeners [154]........ 51
Maximum thickness diminutions of structural members [11].........cccccccvvennnns 51
Summary of the experimental analySes.............cccooviiiii, 55
Summary of the numerical analysis.............cccoii i, 56
Setting details for the Newton-Raphson solver...........oooovii, 61
Key properties of Grade 070M20 steel plate ............covvieiiieiiiiiiiiiiiiie e 72
Analytical solution of the buckling 10ad ... 72
Boundary conditions check — shell (element size: 3 mm X3 mm)................... 74
Boundary conditions check — SOLSH190...........uuuuuiuiuiiiiiiiiiiiiiiiiiiiiiiiieieninenn. 77
Input properties of Paik et al.’s Models...............uuuiiiiiiiiiiiiiiiiiiis 82
Model properties used iN Ref. [85]........uuuuuuuuiuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeees 85
Model properties used iN Ref. [L121]........uuuuuuuuimiiiiiiiiiiiiiiiiiiiiiieiiieieeeeneeennnennenes 88
Basic properties of the plate Model ..............uviiiiiiiiiiiiiiiiiiis 91
SUIMACE TOUGNNESS ... 102
Model properties used for the stiffened plate model .............ccccccceeeiiieieninnn, 141
Initial deflection amplitudes for welding type initial deflection [85]................. 142



Table 7.3. Summary of the failure mode (buckling-mode initial deflection; scale factor =

10; RS: reSIdUAI SITESSES) ..evviiiuiiiiieeeiiieeiiie e e e e e et e e e e e e e e et s s e e e e e e e aat e e aeaaeeennnes 156
Table 7.4. Summary of the failure mode (weld-induced initial deflection; scale factor = 10;
RS: reSIAUAI SITESSES) ... ciiiiieiiiii it e et e et e e e e e e e e e et a s e e e e e e e e aatta e e aaeaaeeesnnes 157
Table A1.1. Composition of Ship grade StEEIS............uuuiiriiiiiiiiiiiiiiiiiiieenes 199

vi



List of figures

Figure 1.1. Corrosion on the under deck plate surface of a crude oil tanker [3]................. 2
Figure 1.2. Grooving corrosion observed on a stiffened panel inside a ballast tank [4]
(typical height of the stiffener: 138 mm t0 580 MM)............uuuiiiiiiiiiiiiiiiiiis 2
Figure 2.1. Schematic of grooving and edge corrosion on the cross-section of a stiffened
PIAEE. .ttt 1ttt 111t 8
Figure 2.2. Imperfections on the butt welds of a ship grade steel plate: (a) welded plate
sample; (b) three-dimensional surface profilometry (scan area: 5.7 mm x 4.3 mm);
(C) profile AloNg LINE A=Al ... e e 8
Figure 2.3. Sketch of the development of the bench-shape broad pits [21]...........ccevveeenn. 9
Figure 2.4. Surface profilometry of bench-shape broad pits on the inner bottom plating of
an aged bulk carrier: (a) two-dimensional top view; (b) three-dimensional view of a
pit along the direction of the arrow in (a). Scan area: 6 mm x4 mm. ...................... 10

Figure 2.5. Pitting area (left) and the cross section view (right) on a web plate of a hold

frame in a bulk carrier [33] (scan area: 500 mm x 700 MM)........ccccovvrviiiiiereeeeeeeennns 10
Figure 2.6. The Paik and Thayamballi model [48]. .......ccccooeriiiiiiiiiiii e, 13
Figure 2.7. The Guedes Soares and Garbatov model [52]. ........ccoeeeviiiiiiiiiiiiiiiee e, 14
Figure 2.8. The Qin and Cui MOdel [S56]. ..........uuuuuummmiiiiiiiiiiiiiiiiiiiiiii e 16
Figure 2.9. The Melchers Model [67].........uuuuuuummuiiiiiiiiiiiiiiiiiiii e 17

Figure 2.10. Experimental corrosion rates for coal and iron ore exposure (particle size

varies from 0 to 2360 ym) [71], where MWHC is the maximum water holding

CAPACITY. .ttt 22
Figure 2.11. A schematic of the stress-strain relationship of a steel plate [85]. ............... 24
Figure 2.12. Material models used for strength analysis [86].................uuvuviiuiiiiiiiiiiininnnns 25
Figure 2.13. Typical plated-structure (grillage) in a ship hull. ...........ccccooiiiiiiiiiiiiiis 27

Figure 2.14. Examples of weld-induced residual stresses on plate between stiffeners
between two welds (b is the width of the plate): (a) mild steel [119]; (b) high tensile
LS (ST 110220 29
Figure 2.15. Idealised weld-induced residual stress distribution..............cccccooeeviiiniennnnnn. 30
Figure 2.16. Compression test specimens with (a) through-thickness damage [7] and (b)
non-through-thickness damage [17].....cceieeeiiiiiii e 32
Figure 2.17. Electrochemical and mechanical heterogeneity of steel weld joint: (a) surface
potential change and residual stress distribution across a butt weld [126]; (b) local

Volta potential across a butt weld [L45]......cooeiiiiiii e 46

Vii



Figure 2.18. Replica of scattered (left) and localised (right) coating failure scale diagrams

at various DOP VAlUES [26]. ...uvuuiiieeieiieiiiiis ettt e e et e e 49
Figure 2.19. Corrosion addition and wastage allowance [32]..........cccevvviiieeiieeeeceeeiiiinnnn. 50
Figure 2.20. General procedure of corrosion prediction in the literature...............c.......... 54
Figure 3.1. Flow chart of FEA ProCedure. .........ooouiiiiiii e 61
Figure 3.2. CCD process of a single light point. .............ccccooiiiiiiiiiiiiis 63
Figure 3.3. TSA experimental set-up (all dimensions are in Mm). ...........cccccceememiennnnnnns 64
Figure 3.4. Pattern matching of DIC technique [172]. .........ccccooiimmmmmmminiiiiiiiiiiiiiinees 65

Figure 3.5. 3D DIC experimental set-up: (a) specimen and rigs; (b) a 3D camera system
including two Sigma 105 mm lenses and two 5 MP 12 bit monochromatic LaVision

E-lIt€ CCD CABMEIAS. ... eutttttetititiiiiieeeeeeeeaeeeeeeeeeeee e ae e see bbb ssbsessesbsennnnnes 68
Figure 4.1. Buckling mode shapes: (a) the 1% (m=1, n=1); (b) the 2" (m=2, n=1); (c) the
R (L e T 1 1 OO 72

Figure 4.2. Boundary conditions for shell elements (UX, UY, UZ: zero translation in x-, y-

and z-directions; ROTX, ROTY: zero rotation about x- and y-axis; sf: surface load).

............................................................................................................................... 73
Figure 4.3. Effect of element size: (a) SHELL63; (b) SHELL181 (RI: reduced integration;
Fl: full integration); (C) SHELL28L. ......c.coovmiiiiii e 75

Figure 4.4. Boundary conditions for solid elements: (all) = all nodes through thickness;
(mid) = nodes at mid-thickness (UX, UY, UZ: zero translation in x-, y- and z-
directions; sf: surface 10ad)...........ooouiiiiii i 76

Figure 4.5. Examples of different number of elements through thickness: (a) two elements;
(D) TOUN BIEMENLS. ....eee e e e e e e et e e 77

Figure 4.6. Effects of the number of elements and integration strategy (SOLID185 (2)=2:
FI with enhanced strain formulation; SOLID186 (2)=0: RI; SOLID186 (2)=1: default

=) TR 78
Figure 4.7. Effects of the element size on the plate surface (SOLID185 (2)=2: FI with
enhanced strain formulation; SOLID186 (2)=0: RI). .........uuuuuuuiiimmiiiiiiiiiiiiiiiiiiinininnns 79
Figure 4.8. Effects of the element size with cubic brick elements..............cccccviiiiiiinninnns 80
Figure 4.9. Replicated Paik et al.’s model with various DOPs: (a) DOP=4.9%; (b)
DOP=9.6%; (c) DOP=15.9%); (d) DOP=23.8%; (€) DOP=33.2%. .......cceeeverrrrrurrre.. 83
Figure 4.10. Compressive stress-strain relationships: (a) replicated models; (b) models in
Ref. [7]Varying DOP. ... e e e e e 84
Figure 4.11. Compressive stress-strain relationships: (a) replicated models; (b) models in
Ref. [7] varying pit depth. ... 84

Figure 4.12. Plate-stiffener combination models reported in Ref. [85]: (a) model locations

and loading direction; (b) cross-section of a stiffener. ..........ccccccoeiiii e 85

viii



Figure 4.13. Meshed 0ne-bay SPM...........uiiiiiiiiiicie e e e 86

Figure 4.14. Compressive stress-strain relationships: (a) replicated models; (b) models in

Ref. [85] With hy, = 150 MM, oo e 86
Figure 4.15. Compressive stress strain relationships: (a) replicated models; (b) models in
Ref. [85] With hy, = 210 MM. oo e 87
Figure 4.16. Meshed two-bay/two-span model reported in Ref. [121].........ccccccvviiiinnnnnne 88
Figure 4.17. Compressive stress-strain relationships: (a) replicated models; (b) models in
= 16122 P EEPRR P 89
Figure 4.18. Residual stress distribution on a rectangular plate model from Ref. [180]
(STFESS IN IMPA). ...t 89

Figure 4.19. Compressive stress strain relationships: (a) replicated models; (b) models in
Ref. [180] (nominal stress = stress / g,; E: Young’'s modulus)................ccocveenennnee. 90
Figure 5.1. Studied corrosion patterns with compressive load in the x-direction: (a)
corrosion at the corner (Ic); (b) corrosion in the middle (m); (c) random pitting (r); (d)
corrosion at the unloaded edge (D). .....oovviiiiiii e 92
Figure 5.2. Meshing convergence study for numerical modelling (UZax = maximum
lateral deflection at ultimate strength state / mm; wy = maximum initial deflection /
0] 10 TSSO 92
Figure 5.3. Nominal compressive stress-strain relationships (DOP = 5%; pit depth =
0.25t, and 0.5tg) (Ic: corrosion at the corner; m: corrosion in the middle; r: random
pitting; b: corrosion at the unloaded edge; E: Young’s modulus of the material). ....93
Figure 5.4. Nominal compressive stress-strain relationships (DOP = 15%; pit depth =
0.25t, and 0.5tg) (Ic: corrosion at the corner; m: corrosion in the middle; r: random
pitting; b: corrosion at the unloaded edge; E: Young’s modulus of the material). ....94
Figure 5.5: (a) Normalised ultimate strength and (b) lateral deflection reductions (DOP =
5%) (Ic: corrosion at the corner; m: corrosion in the middle; r: random pitting; b:
corrosion at the unloaded EAGE). ........uuuuuuuuuiiiiiiiiiiiiiib e 95
Figure 5.6: (a) Normalised ultimate strength and (b) lateral deflection reductions (DOP =
15%) (Ic: corrosion at the corner; m: corrosion in the middle; r: random pitting; b:
corrosion at the unloaded EAGE). ........uuuuuuuuuiiiiiiiiiiiiii e 95
Figure 5.7: Normalised ultimate strength reductions versus volume loss (%) (Ic: corrosion
at the corner; m: corrosion in the middle; r: random pitting; b: corrosion at the
011 o= To =To =T (o =) RSP 96
Figure 5.8: Schematic of a bench-shape pit Cross-section. ...........ccooveeiiiiiiiiiiiiii e 97
Figure 5.9: Nominal compressive stress-strain relationships for bench-shape pits (DOP =

15%; volume loss = 3.75%; t; = 7 mm) (Ic: corrosion at the corner; m: corrosion in



the middle; b: corrosion at the unloaded edge; E: Young’s modulus of the material).

Figure 5.10: Nominal compressive stress-strain relationships for bench-shape pits (DOP
= 25%; volume loss = 6.25%; t; = 7 mm) (Ic: corrosion at the corner; m: corrosion in

the middle; b: corrosion at the unloaded edge; E: Young’s modulus of the material).

............................................................................................................................... 98
Figure 5.11: Normalised ultimate strength reduction for bench-shape pit study (DOP =
15%; r; = (1/2) rp): (a) corrosion at the corner; (b) corrosion in the middle; (c)
corrosion at the unloaded €Age. ............uuuuiumiiiiiiii 100
Figure 5.12: Random surface configurations: (a) RMS =1 mm, CL = 10 mm; (b) RMS =1
mm, CL = 50 mm (area: 800 mm X 800 MIM). .......uuurmmmmmmmmieeiiiieiniieiiinenneenneeieeen. 101
Figure 5.13: Two examples of a rough surface inside a pit (DOP = 15%, pit depth = 0.5ty):
(8 RMS =1.5mm, CL =10 mm; (b) RMS =1.5mm, CL =50 MM.........cccccuvrrnnnn 102
Figure 5.14. Stress-strain relationships for models with 15% DOP, flat and rough surfaces.
............................................................................................................................. 103
Figure 5.15. Ultimate strength reductions compared to idealised corrosion pattern (RMS =
Imm,1.5mmand 2 mm; CL=10mmand 50 Mmm)...........cccermmrriiiinneeeeereenniinnnnn. 103
Figure 5.16: Stress concentration factor change versus outer pit aspect ratio (edge
corrosion; DOP = 15%0; 11 = (L/2)10). ceeuuuiiiiii e e e e 105
Figure 5.17: Stress concentration factor change versus inner pit aspect ratio (edge
corrosion; DOP = 15%0; 11 = (L/2)10). ceeeuuiiiiei it 106
Figure 5.18: (a) Outer and (b) inner pit aspect ratio change versus volume loss (edge
corrosion; DOP = 15%; r; = (1/2)r,; shaded area: aspect ratio range)................... 106
Figure 5.19: Stress concentration factor change versus outer pit aspect ratio for all ry
values (edge corrosion; DOP = 15%0). ......cccouvviiiiiiiiiiiiiiiiiiieeeeeee 107
Figure 5.20: Stress concentration factor change versus inner pit aspect ratio for all ry
values (edge corrosion; DOP = 159%0). .......ccouvviiiiiiiiiiiiiiiiiieeeeeeeeeee 107
Figure 5.21: First principal plastic strain evolution for a plate with random pitting (DOP =
15%, Pit EPLIN = 0.580). +evvrrrrrrriiieiiriiiiiiiiiiiieeeiebebbebibe bbb annee 108
Figure 5.22: First principal plastic strain evolution for a plate with bench-shape pit (DOP =
15%, r1 = (1/2)rp, t; = 3. 75 mmand t; = 8.75 MM)..covevviiiiiiieeeieeeee e 109

Figure 5.23: Von Mises stress distribution at ultimate strength stage (DOP = 15%): (a) flat
surface in the corroded area; (b) rough surface in the corroded area (RMS = 1.5 mm,
(O I K0 1 111 1) PRSP PRRTT 110

Figure 5.24: Von Mises stress distribution in elastic regime when compressive stress =
163 MPa (DOP = 15%): (a) flat surface in the corroded area; (b) rough surface in the
corroded area (RMS = 1.5 mm, CL = 10 MM).......uuummmmmmmiiiiiiiiiiiiiiiiiieiinnnennnneenneenes 111

X



Figure 5.25: First principal plastic strain distributions at ultimate strength stage (RMS =
1.5 mm): (a) DOP = 5%, CL = 10 mm; (b) DOP = 15%, CL = 10 mm; (c) DOP = 5%,

CL=50mm; (d) DOP = 15%, CL =50 MM...cc..ccoiiiiiiiiiiiii e eeeeeeriie e e 112
Figure 5.26: First principal plastic strain evolution for a plate with a rough surface (DOP =
15%, RMS = 1.5 mmand CL = 10 MM). ...ouuuiiiiieeeiiieieee e 113

Figure 6.1. Schematic of TSA test specimens (all dimensions are in mm): (a) corrosion at
the corner (Ic); (b) corrosion in the middle (m); (c) random pitting (r); (d) corrosion at
the unloaded edge (b); (e) bench-shape_Ic; (f) bench-shape_m; (g) bench-shape_b;
(h) specimen with random pits and thickness reductions. ...............cccccvvviieeiinnne 116

Figure 6.2. Front surface of principal stress from (a) TSA and (b) FEA for Specimen (a)
With COIroSIioN at the COMEN........iveiiiiee e e e e e e eaeees 117

Figure 6.3. Front surface of principal stress from (a) TSA and (b) FEA for Specimen (b)
with corrosion inthe MIddIe. ............ueiiii i e 117

Figure 6.4. Front surface of principal stress from (a) TSA and (b) FEA for Specimen (c)
WIth random PItlING........ouuuiii e e e e e e e e e e eaaees 118

Figure 6.5. Front surface of principal stress from (a) TSA and (b) FEA for Specimen (d)
with corrosion at the unloaded EAgE. .......cooiiviiiiiiii e 118

Figure 6.6. Front surface of principal stress from (a) TSA and (b) FEA for Specimen (e)
with bench-shape corrosion at the COrner. ........cccovii i, 119

Figure 6.7. Front surface of principal stress from (a) TSA and (b) FEA for Specimen (f)
with bench-shape corrosion in the middle. ........cccooiiiiiiiiiii e, 119

Figure 6.8. Front surface of principal stress from (a) TSA and (b) FEA for Specimen (g)
with bench-shape corrosion at the unloaded edge. ..........ccccoeiiiiiiiiiiiiiiiin e, 120

Figure 6.9. Back surface of principal stress from (a) TSA and (b) FEA for Specimen (h)
with random pits and thickness reductions.............ccccccvviiiiiiiie 120

Figure 6.10. TSA and FEA data at (a) y; and (b) y» in Figure 6.2 for corrosion at the

COINET (SPECIMEN (@) ..ttt 121
Figure 6.11. TSA and FEA data at (a) ys and (b) y,4 in Figure 6.3 for corrosion in the
middle (SPeCIMEN (10)). ...uuuiieiiiiiiiiiiiiie ittt 121
Figure 6.12. TSA and FEA data at (a) ys and (b) ys in Figure 6.4 for random pitting
(SIPECIMEN (€)) . vttt 122
Figure 6.13. TSA and FEA data at (a) y; and (b) yg in Figure 6.5 for corrosion on the
unloaded edge (SPECIMEN (d)) - rrruuiie e e e 122
Figure 6.14. TSA and FEA data at (a) ys and (b) y;o in Figure 6.6 for bench-shape
corrosion at the corner (SPECIMEN (€)).....uuuuuuuumuriiiiiiiiiiiiiiiiiiieiieie e 123
Figure 6.15. TSA and FEA data at (a) y;; and (b) yi, in Figure 6.7 for bench-shape
corrosion in the middle (Specimen (). ..o 123

Xi



Figure 6.16. TSA and FEA data at (a) yi3 and (b) yi14 in Figure 6.8 for bench-shape
corrosion on the unloaded edge (SPecimen (9)). ..uuvceerieeeriieeiiiieee e 124
Figure 6.17. Load-strain relationships obtained from DIC and FEA for specimen with
COITOSION AL TNE COMMEBI .. .uuuttiiiiiiiiiiiitii bbb bsasebbnnnes 125
Figure 6.18. Load-strain relationships obtained from DIC and FEA for specimen with
COrrosion iN the MIAAIE. ......oeuee e 125
Figure 6.19. Load-strain relationships obtained from DIC and FEA for specimen with
random PIttiNg COIMOSION. ......uuuetuitiiiiieieeiieeeeeeeeeeeebeee bbb eebae e ssesennennnnnnnne 126
Figure 6.20. Load-strain relationships obtained from DIC and FEA for specimen with
corrosion on the unloaded Edge. .............uuuuiiiiiiiiiiiii 126
Figure 6.21. Front surface of out-of-plane deformation maps from (a) DIC and (b) FEA for
specimen with corrosion at the corner at ultimate strength state........................... 127
Figure 6.22. Front surface of strain in y-direction maps from (a) DIC and (b) FEA for
specimen with corrosion at the corner at ultimate strength state........................... 127
Figure 6.23. Front surface of out-of-plane deformation maps from (a) DIC and (b) FEA for
specimen with corrosion in the middle at ultimate strength state. ......................... 128
Figure 6.24. Front surface of strain in y-direction maps from (a) DIC and (b) FEA for
specimen with corrosion in the middle at ultimate strength state. ......................... 128
Figure 6.25. Front surface of out-of-plane deformation maps from (a) DIC and (b) FEA for
specimen with random pitting at ultimate strength state.................oooivviiiieennenn. 129
Figure 6.26. Front surface of strain in y-direction maps from (a) DIC and (b) FEA for
specimen with random pitting at ultimate strength state.............c...oooviviiiieenneenn, 129
Figure 6.27. Front surface of out-of-plane deformation maps from (a) DIC and (b) FEA for
specimen with corrosion on the unloaded edge at ultimate strength state. ........... 130
Figure 6.28. Front surface of strain in y-direction maps from (a) DIC and (b) FEA for
specimen with corrosion on the unloaded edge at ultimate strength state. ........... 130
Figure 6.29. Front surface of out-of-plane deformation maps from (a) DIC and (b) FEA for
specimen with corrosion at the corner when external load = 60 kN in the post-
COIlAPSE FEOION. ...ttt 131
Figure 6.30. Front surface of strain in y-direction maps from (a) DIC and (b) FEA for
specimen with corrosion at the corner when external load = 60 kN in the post-
COIlAPSE FROION. ...ttt 131
Figure 6.31. Front surface of out-of-plane deformation maps from (a) DIC and (b) FEA for
specimen with corrosion in the middle when external load = 63 kN in the post-

(00| F=T 01T €= | (o] o RSP 132

Xii



Figure 6.32. Front surface of strain in y-direction maps from (a) DIC and (b) FEA for
specimen with corrosion in the middle when external load = 63 kN in the post-
(00| F=T 0= TN (=T [T o TSR 132

Figure 6.33. Front surface of out-of-plane deformation maps from (a) DIC and (b) FEA for

specimen with random pitting when external load = 70 kN in the post-collapse region.

Figure 6.34. Front surface of strain in y-direction maps from (a) DIC and (b) FEA for
specimen with random pitting when external load = 70 kN in the post-collapse region.

Figure 6.35. Front surface of out-of-plane deformation maps from (a) DIC and (b) FEA for
specimen with corrosion on the unloaded edge when external load = 60 kN in the
POSE-COlIAPSE TEGION. ...ttt snnnnennes 134

Figure 6.36. Front surface of strain in y-direction maps from (a) DIC and (b) FEA for
specimen with corrosion on the unloaded edge when external load = 60 kN in the
[oTo R et ole] | F=T o Fs= TN (=T [ o] PR 134

Figure 6.37. Schematic of a specimen and the rigs (dimension of the specimen: 110 mm
e O I 0 0 (e 3 1 1] o ) PSR 136

Figure 6.38. Front surface of deformation in y-direction maps from (a) DIC and (b) FEA
for specimen with corrosion in the middle at ultimate strength state...................... 137

Figure 7.1. The stiffened plate model of interest and the cross-section of the stiffener with
grooving corrosion features (dimensions refer to Table 7.1): (a) model location; (b)
cross-section of the model; (c) cross-section of grooving corrosion and fillet weld
connections; (d) modified weld connection (x: shared nodes). ............cceevvvveninnnnnn. 140

Figure 7.2. Weld methods in the test matrix (black area: weld; shaded area: corrosion): (a)
continuous weld; (b) intermittent weld with indication of corrosion locations. ........ 143

Figure 7.3. lllustration of root opening for a T-joint with fillet welds. ..............ccccccvvininne 143

Figure 7.4. Nominal load shortening curves for corrosion on the (a) plate and (b) stiffener
(b: buckling-mode initial deflection; E: Young’s modulus of the material). ............. 145

Figure 7.5. Ultimate strength reduction versus volume loss for models without residual
stresses for buckling-mode initial deflection and continuous weld (b: buckling-mode
INIETAL AEFIECTION). ...ttt 146

Figure 7.6. Nominal load shortening curves with von Mises stress distributions for (a) PIF
and (b) SIF (scaling factor = 10; b: buckling-mode initial deflection; w: weld-induced
iNitial defleCtioN). .......eee e e 148

Figure 7.7. Ultimate strength reduction versus volume loss for models without residual
stresses for two types of initial deflection and continuous weld (b: buckling-mode

initial deflection; w: weld-induced initial deflection)...............ccciiiii i, 148

Xiii



Figure 7.8. Ultimate strength reduction versus volume loss for models without residual
stresses for two types of initial deflection and two types of weld (b: buckling-mode
initial deflection; w: weld-induced initial deflection). .............cccvvviiiieiiiiceniieiiin, 149
Figure 7.9. Comparison in ultimate strength reduction versus volume loss for models with
and without residual stresses (b: buckling-mode initial deflection; w: weld-induced
initial deflection; RS: residual StreSSES). ....uuuuiiiiii i 150
Figure 7.10. Comparison of nominal load shortening curves when corrosion on the plate
and stiffener (b: buckling-mode initial deflection; w: weld-induced initial deflection;
RO: root opening; E: Young’s modulus of the material). ..............cccccoiiiiiiiiiiinnnns 151
Figure 7.11. Von Mises stress distributions on a cross-section (at 1/3 length) of the
stiffened plate model when external load = 1.92%a, (corrosion on plate 25%h,,,
0.25ty; PIF; buckling-mode initial deflection): (a) perfect weld connection; (b) welds
WIth TOOT OPEINING. i 152
Figure 7.12. Von Mises stress distributions on a cross-section (at 1/3 length) of the
stiffened plate model when external load = 6.57%a0, (corrosion on plate 25%h,,,
0.25ty; PIF; buckling-mode initial deflection): (a) perfect weld connection; (b) welds
WIth FOOL OPENING. ... e et e e e e e e e e e et a e e e eaaeeannes 153
Figure 7.13. First principal plastic strain distributions on a cross-section (at 1/3 length) of
the stiffened plate model when external load = 6.57%a0, (corrosion on plate 25%h,,,
0.25t; PIF; buckling-mode initial deflection): (a) perfect weld connection; (b) welds
WIth FOOL OPENING. ... e e e e e e e e e et e e e e e aaeeanees 153
Figure 7.14. Von Mises stress distributions on a cross-section (at 1/3 length) of the
stiffened plate model (corrosion on plate 15%h,,, 0.5ty; PIF; buckling-mode initial
deflection): (a) external load = 11.43%0,; (b) external load = 41.47%ai. .............. 154
Figure 7.15. Example of von Mises stress distribution of stiffened plate model with
intermittent weld and corrosion on stiffener. ...........oooieeiii i 159
Figure 7.16. Comparison between present results and empirical formulas (b: buckling-
mode deflection; w: weld-induced deflection; RS: residual stresses). ................... 161
Figure 7.17. Comparison of the ultimate strength formulas for a stiffened plate under
uniaxial compression (b: buckling-mode initial deflection; w: weld-induced initial
deflection; RS: residual SIrESSES). ..vvuuuuruiiiieeeiieeeieie e e e e e 161
Figure 8.1. Localised pit distributions on a steel plate model of 800 mm x 800 mm x 15
mm: (a) random pitting (with pit radii varying between 10 mm and 30 mm); (b) a
single large corrosion feature in the plate middle (170 mm radius). ..........c........... 164
Figure 8.2. The cross section of the stiffened plate model with grooving corrosion features
on the stiffener (dimensions refer to Table 7.1), Lines P;-P;’ to W,-W,’ are locations

(0 I a1 = (o1 (11 || £ TR 164

Xiv



Figure 8.3. Distribution of anodic current density increment ratio i,/i,o for a plate with
random pitting corrosion (DOP = 15%, pit depth = 0.2ty): (a) at 43%a0, top view; (b)
at 65%o0, top view; (c) at 43%a0, pit cross-section; (d) at 65%a0y pit cross-section
(scale bars indicate i./i;o ratio). Modelled using an initial plate defection as detailed
in Table 5.1. Loading direction is in x-direction. For an activation controlled corrosion
process and temperature: 60°C. .........cooiiiiiiiiiiii e e 165

Figure 8.4. Results along line x = 400 mm for the plate model with a large corrosion
feature in the middle at ultimate strength stage (DOP = 15%): (a) hydrostatic
pressure; (b) equivalent plastic strain; (c) anodic current density increment ratio. For
an activation controlled corrosion process and temperature: 60°C.............ccc.eee.... 166

Figure 8.5. Anodic current density increment ratio along line x = 400 mm for plate model
with a large corrosion feature in the middle at different load substeps (DOP = 15%)
(Sub: substep number): (a) pit depth = 0.25t; (b) pit depth = 0.5t,. For an activation
controlled corrosion process and temperature: 60°C. .............euvuuimiiimiiiiiiiiiiiiniennn. 167

Figure 8.6. Anodic current density increment ratio along line x = 400 mm for plate model
with a large corrosion feature in the middle and various DOPs (pit depth = 0.25t,).
For an activation controlled corrosion process and temperature: 60°C. ................ 167

Figure 8.7. An intact stiffened plate with residual stresses in the longitudinal direction: (a)
anodic current density increment ratio distribution; (b) longitudinal residual stress
and total anodic potential change (summation of elastic and plastic effects) along
line A-A’ (from weld boundary to plate edge). For an activation controlled corrosion
process and temMPErature: BO°C. ... .. .uuuuuueeeueeiieiiiiieieiieeereeereeeeeeeerenee e 168

Figure 8.8. Anodic current density increment ratio at different load substeps for a stiffened
plate model with grooving corrosion on the stiffener (wg. = 15%h,,; t,c = 0.75t,,). The
initial deflection is detailed in Table 7.1. For an activation controlled corrosion
process and teMPErature: BO°C. .........uuuuuuerreeeieiriiereeeeeeeeeaeaneeeereneareeerreeaeeeeeeeaneeeae 169

Figure 8.9. Lines P;-P;’ and P,-P,’ of a stiffened plate model with grooving corrosion on
the stiffener (wy = 10%h,,; tyc = 0.75, 0.5 and 0.25t,): (a) hydrostatic pressure; (b)
equivalent plastic strain; (c) anodic current density increment ratio. The dashed lines
indicate the location of the stiffener. For an activation controlled corrosion process
and temperature: B0°C. .. .. oo e 170

Figure 8.10. Line W;-W/’ of a stiffened plate model with grooving corrosion (grey area) on
the stiffener (wy. = 10%h,,; tyc = 0.75, 0.5 and 0.25t,,): (a) hydrostatic pressure; (b)
equivalent plastic strain; (c) anodic current density increment ratio. For an activation

controlled corrosion process and temperature: 60°C. ............oovvviiiiiiieeeeereiiiinn. 171

XV



Figure 8.11. Line W,-W,’ of a stiffened plate model with grooving corrosion (grey area) on
the stiffener (wy = 10%h,,; toc = 0.75, 0.5 and 0.25t,): (a) hydrostatic pressure; (b)
equivalent plastic strain; (c) anodic current density increment ratio. For an activation
controlled corrosion process and temperature: 60°C. ..............uuummmmmiimmiiinimeiniininnns 172

Figure 8.12. Anodic current density increment ratio distributions on a cross-section (at 1/3
length) of the stiffened plate model when external load = 1.92%a, (corrosion on
plate 25%h,,, 0.25t,; PIF; buckling-mode initial deflection): (a) perfect weld
connection; (b) weld with root OPENING. .......uuuiuiiiiiiiiiii e 173

Figure 8.13. Equivalent plastic strain at the mid-section of a stiffened plate model with
grooving corrosion at the ultimate strength stage: (a) 0.75t,, and (b) 0.25t,,. For an

activation control corrosion process and temperature: 60°C...........cccoovvvviiieeeeennnn. 176

Figure A2.1. Sketch of a plate being simply supported along four edges and subject to
uniaxial compressiVe [0ad. ..........cceiii i 200
Figure A2.2. Distribution of force/moment and stress (in blue) components. ................ 203
Figure A2.3. Schematic of the middle surface of a plate under equilibrium condition. ... 204
Figure A3.1. Nominal compressive stress-strain relationships (DOP = 2%; pit depth =
0.25t, and 0.5tg) (Ic: corrosion at the corner; m: corrosion in the middle; r: random
pitting; b: corrosion at the unloaded edge; E: Young’s modulus of the material). .. 208
Figure A3.2. Nominal compressive stress-strain relationships (DOP = 2%; pit depth =
0.33ty and 0.75tg) (Ic: corrosion at the corner; m: corrosion in the middle; r: random
pitting; b: corrosion at the unloaded edge; E: Young’s modulus of the material). .. 209
Figure A3.3. Nominal compressive stress-strain relationships (DOP = 5%; pit depth =
0.33ty and 0.75tg) (Ic: corrosion at the corner; m: corrosion in the middle; r: random
pitting; b: corrosion at the unloaded edge; E: Young’s modulus of the material). .. 209
Figure A3.4. Nominal compressive stress-strain relationships (DOP = 10%; pit depth =
0.25t, and 0.5ty) (Ic: corrosion at the corner; m: corrosion in the middle; r: random
pitting; b: corrosion at the unloaded edge; E: Young’s modulus of the material). .. 210
Figure A3.5. Nominal compressive stress-strain relationships (DOP = 10%; pit depth =
0.33ty and 0.75ty) (Ic: corrosion at the corner; m: corrosion in the middle; r: random
pitting; b: corrosion at the unloaded edge; E: Young’s modulus of the material). .. 210
Figure A3.6. Nominal compressive stress-strain relationships (DOP = 15%; pit depth =
0.33ty and 0.75ty) (Ic: corrosion at the corner; m: corrosion in the middle; r: random

pitting; b: corrosion at the unloaded edge; E: Young’s modulus of the material). .. 211

XVi



Figure A3.7. Nominal compressive stress-strain relationships (DOP = 25%; pit depth =
0.25t, and 0.5tg) (Ic: corrosion at the corner; m: corrosion in the middle; r: random
pitting; b: corrosion at the unloaded edge; E: Young’s modulus of the material). ..211

Figure A3.8. Nominal compressive stress-strain relationships (DOP = 25%; pit depth =
0.33tg and 0.75tg) (Ic: corrosion at the corner; m: corrosion in the middle; r: random
pitting; b: corrosion at the unloaded edge; E: Young’s modulus of the material). ..212

Figure A3.9. Normalised ultimate strength and lateral deflection reductions (DOP = 2%)
(Ic: corrosion at the corner; m: corrosion in the middle; r: random pitting; b: corrosion
at the unloaded €AJE). .......uuiiiiiiiiiiii e 212

Figure A3.10. Normalised ultimate strength and lateral deflection reductions (DOP = 10%)
(Ic: corrosion at the corner; m: corrosion in the middle; r: random pitting; b: corrosion
at the UNIoAdEd EAJE). ... ..uuiiiiiiiiiiiiii e 213

Figure A3.11. Normalised ultimate strength and lateral deflection reductions (DOP = 25%)
(Ic: corrosion at the corner; m: corrosion in the middle; r: random pitting; b: corrosion
at the unloaded AgE). ......cooviiiiiiii e 213

Figure A3.12: Normalised ultimate strength reduction for bench-shape pit study (DOP =
15%; r; = (1/3) r,): (a) corrosion at the corner; (b) corrosion in the middle; (c)
corrosion at the unloaded €dge. .........ooveuiiiiii i 214

Figure A3.13: Normalised ultimate strength reduction for bench-shape pit study (DOP =
15%; r; = (2/3) r,): (a) corrosion at the corner; (b) corrosion in the middle; (c)
corrosion at the unloaded edge. .........oooveiiiiiii i 215

Figure A3.14: Normalised ultimate strength reduction for bench-shape pit study (DOP =
25%; r; = (1/3) ry): (a) corrosion at the corner; (b) corrosion in the middle; (c)
corrosion at the unloaded EAQE. ...........uuuuuuuiiiiiiiiiiiiiii e 216

Figure A3.15: Normalised ultimate strength reduction for bench-shape pit study (DOP =
25%; r; = (1/2) r,): (a) corrosion at the corner; (b) corrosion in the middle; (c)
corrosion at the unloaded EAgE. ...........uuuuuiuuiuiiiiiiiiiii e 217

Figure A3.16: Normalised ultimate strength reduction for bench-shape pit study (DOP =
25%; r, = (2/3) r,): (a) corrosion at the corner; (b) corrosion in the middle; (c)
corrosion at the unloaded EAgE. ............uuuuuiiiiiiuiiiiiiiiii e 218

Figure A4.1. Initial deflections measured at discrete locations using Faro Arm: (a)
corrosion at the corner; (b) corrosion in the middle; (c) random pitting; (d) corrosion
at the unloaded EAQE. .......u i e 219

Figure A4.2. Initial deflections surface fitted using polynomial functions: (a) corrosion at
the corner; (b) corrosion in the middle; (c) random pitting; (d) corrosion at the

(0T g1 o= Yo [=To =T o = 0N SR 221

XVii



Figure A5.1: Comparison of nominal load shortening curves for shell and solid models
with and without corrosion on the plate...........eeiii i 222
Figure A5.2: Comparison of nominal load shortening curves when corrosion on the
stiffener: (b: buckling-mode initial deflection; w: weld-induced initial deflection; RO:
root opening; E: Young’'s modulus of the material). ..............ccccciiiiii e, 223
Figure A6.1: Butt welded ship grade steel plate: Samples 1 to 5 in yellow frames are for
the SKPFM test (25 mm X 25 MM X 6 MM). ....coooiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeee 224
Figure A6.2: SKPFM measurements across a butt-welded steel plate (Samples 1 to 4).

XViii



DECLARATION OF AUTHORSHIP

[, Yikun Wang

declare that this thesis entitled:

Ultimate Strength and Mechano-Electrochemical Investigations of Steel

Marine Structures subject to Corrosion

and the work presented in it are my own and has been generated by me as the result of

my own original research.
| confirm that:

1. This work was done wholly or mainly while in candidature for a research degree at
this University;

2. Where any part of this thesis has previously been submitted for a degree or any other
qualification at this University or any other institution, this has been clearly stated,;

3. Where | have consulted the published work of others, this is always clearly attributed;

4. Where | have quoted from the work of others, the source is always given. With the
exception of such quotations, this thesis is entirely my own work;
| have acknowledged all main sources of help;

6. Where the thesis is based on work done by myself jointly with others, | have made
clear exactly what was done by others and what | have contributed myself;

7. Parts of this work have been published as:

(1) Wang, Y., Wharton, J.A. and Shenoi, R.A. (2014) Ultimate strength analysis of
aged steel-plated structures exposed to marine corrosion damage: A review,
Corrosion Science, 86: 42-60 (doi: 10. 1016/j.corsci.2014.04.043).

(2) Wang, Y., Wharton, J.A. and Shenoi, R.A. (2014) Influence of localised pit
distribution and bench-shape pits on the ultimate compressive strength of steel
plating for shipping, CORROSION, 70: 915-927
(doi:http://dx.doi.org/10.5006/1223).

XiX


http://dx.doi.org/10.5006/1223

(3) Wang, Y., Wharton, J.A. and Shenoi, R.A. (2014) Ultimate strength assessment
of steel stiffened plate structures with grooving corrosion damage, Engineering
Structures, 94: 29-42 (doi: 10.1016/j.engstruct.2015.02.028).

(4) Wang, Y., Wharton, J.A. and Shenoi, R.A. (2014) Ultimate strength and
mechanoelectrochemical modelling of corroded steel structural members,
Corrosion Science (Submitted).

(5) Sultana, S., Wang, Y., Sobey, A.J., Wharton, J.A. and Shenoi, R.A. (2014)
Influence of corrosion on the ultimate collapse strength of steel plates and
stiffened panels, Engineering Structures (Submitted).

(6) Wang, Y., Wharton, J.A. and Shenoi, R.A. (2014) The influence of localised pit
distribution and bench-shape pits on the ultimate compressive strength of ship
platings, Poster, University of Southampton Engineering and the Environment
Theme Conference, Southampton, UK.

(7) Wang, Y., Wharton, J.A. and Shenoi, R.A. (2014) The influence of localised pit
distribution and bench-shape pits on the ultimate compressive strength of ship
plating for shipping, in Proceedings of NACE (National Assaociation of Corrosion
Engineers) CORROSION 2014 Conference and Expo, San Antonio, US.

(8) Wang, Y., Wharton, J.A. and Shenoi, R.A. (2013) The influence of localised pit
distribution and bench-shape pits on the ultimate compressive strength of ship
platings, Poster, Postgraduate Conference, Southampton, UK.

(9) Wang, Y., Wharton, J.A. and Shenoi, R.A. (2013) The influence of localised pit
distribution on the ultimate strength of ship structural members, in Proceedings of
4™ International Conference on Integrity, Reliability & Failure, Funchal, Portugal.

(10) Wang, Y., Wharton, J.A. and Shenoi, R.A. (2013) Influence of ultimate strength
on aged and corroded ships, Poster, FSIRG Away Day, Southampton, UK.

Signed: ......

Date: ...... 19" Dec 2014............

XX



Acknowledgements

The author would like to thank Dr Julian Wharton and Prof. Ajit Shenoi at the University of
Southampton, without whose support and time this project would not have been possible.
The author would also like to thank Dr Brian Mellor for his critical comments and advice at
the nine-month and transfer viva, which helped progress the research in the best direction.
Thanks also go to Dr James Underwood and Dr Mamadou Bah for their suggestions (or
indeed a piece of coding) on the FEA modelling from scratch. The author would like to
thank Wei Wang, Dr Andy Robinson, Dr Tim Woolman, Haibin Zhu, Dr Dan Bull, Dr
Jurgita Zekonyte and the Engineering Development and Manufacturing Centre team at the
University of Southampton for the training, advice and manufacture for the experimental

work.

The author would also like to thank her parents for being finantially but more importantly
mentally supportive throughout this research, for cheering her progress and consoling her
demorilasation. Thanks are also due to Benjamin Paget-Woods, Yang He, Binyan He,
Rong Jiang, Martin Evens, Richard Critchley, Feifei Zhang, Pawee Kucita and Le Zhong

for the parties and laughters, which enriched the three-year research life.

Last but not least the author would like to acknowledge the University of Southampton and
Lloyd’s Register Foundation Univeristy Technology Centre (LRF UTC) for their
sponsorship; as well as the meeting with David Howarth and Richard Dawson in the

Lloyd’s Register.

XXi



XXii



Nomenclatures

8]

A(pTotal
Ape
A(pp

Structural aspect ratio

Coefficient describing of mobile dislocation density dependence on strain (10°
and 10') / cm™

Coefficient of thermal expansion / K™
Slenderness ratio

Plastic shearing strain

Macro plastic strain

Strain in x-direction

Shear correction factor
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Chapter 1  Introduction

1.1 Background

Ever since the Roman philosopher Pliny (AD 23-79) tried to explain the rust on iron
weaponry metaphysically, corrosion has been considered to be financially costly, a waste
of natural resources and life-threatening. Marine platforms (ships and offshore structures)
and steel bridges are at higher risk of corrosion, particularly after 15 to 20 years in service.
Apart from the aggressive environment (temperature fluctuation, service stress, relative
humidity, seawater et cetra), the cargoes on-board ships, including iron ore, coal and
crude oil can also be corrosive. Catastrophic incidents such as Erika in 1999 [1] and
Castor in 2000 [2] have highlighted the on-going corrosion issues.

For shipping alone, in 2011 the total cost of corrosion over the world is estimated to be
$7.5 billion y™ for new construction and $5.4 billion y™ for repair and maintenance [3]. The
primary areas of corrosion occurrence aboard steel-based ships are ballast water tanks,
cargo holds, external hulls, machinery, piping systems and super structures, among which
the ballast tanks and the cargo holds in oil tankers and bulk carriers are found to be the
most susceptible to corrosion damage. Due to the increase in the size and complexity of
modern marine structures, the use of high-tensile steels and the ballast water exchange
practices, difficulties have been established in the coating application/maintenance,
corrosion inspection and material coupling. As a result, localised corrosion has become
the dominant corrosion type. For the Castor failure [2], it was reported that in the ullage
space (under deck area), localised ‘super-rust’ was observed with the corrosion rate being
5 to 7 times higher than the normal value (0.1 mm y™) (Figure 1.1); 65% of the deck
plating and longitudinals were corroded away. In addition, severe corrosion may be found
in the heat-affected zone (HAZ) along welds. In 2008, a 5 m vertical crack was found on
the side of a 26-year-old bulk carrier, resulting in severe leakage (300 m® h™ water
ingress) [4]. The probable cause of this incident was reported to be the grooving corrosion
at the joint of the stiffener and the plate (Figure 1.2), which had been left unattended over
years and ultimately led to a crack to propagate. Severe localised corrosion attack has
also been observed on the bearing stiffeners of steel bridges [5]. Since corrosion can lead
to material degradation, crack initiation/propagation, brittle fracture and unstable failure [6],
the structural integrity can be reduced considerably. The finite element analysis (FEA)
conducted by Paik et al. [7] showed that 30% area of through-thickness pits would reduce

the ultimate strength of a steel plate (800 mm x 800 mm x 15 mm) by up to 50%.
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Figure 1.1. Corrosion on the under deck plate surface of a crude oil tanker [3].
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Figure 1.2. Grooving corrosion observed on a stiffened panel inside a ballast tank [4]
(typical height of the stiffener: 138 mm to 580 mm).

Due to the ever-increasing concerns about the safety at sea, more regulatory agencies
are involved in the design, operation and maintenance of marine structures [8].
Specifically, classification societies, which are led by the International Association of
Classification Societies (IACS), establish regulations. Flag states are responsible to
enforce the regulations by carrying out periodic surveys to guarantee that a vessel is in a
well maintained condition. Also, the International Maritime Organisation (IMO) plays an
important role aiming to enhance the efficiency of safety improvement at an international
level. The Enhanced Survey Programme was developed as a set of guidelines particularly
for inspections of bulk carriers and oil tankers. Organisations such as the Tanker Structure
Cooperative Forum (TSCF) issued by IACS were established at an industrial level for

general cargo ships and bulk carriers.



The design of ship scantlings are required to contain a certain corrosion allowance for the
potential corrosion wastage. The value of the corrosion allowance varies depending on
the vessel type and the structural location, and may not be reduced due to the presence
of a coating. Classification societies have regulated the corrosion waste allowances
together with repair methods. The Common Structural Rules (CSR) require that the
strength of local structural members is assessed using the required net thickness and to
deduct half the corrosion addition for assessing the hull girder ultimate strength. This
approach, termed ‘net scantling approach’, is aiming to ensure that the structures meet
the minimum strength requirement. However, the assessment criteria are somewhat
different for every classification society. Also, the CSR is currently only applied for olil
tankers and bulk carriers. In terms of corrosion protection systems, regular surveys may
be required in association with visual inspections (guided by coating failure diagrams) and
ultrasonic thickness measurements when the coating is not considered to be in a
satisfactory condition. At present, the typical requirement is a five-point pattern (five
thickness measurements per m?) per plating during a survey [9]. Regardless of any
inspection errors, the density of readings could lead to thousands of measurements for a

ship hull (internal and external) and hence it is a highly time-consuming process.

Therefore, to improve the survey efficiency, facilitate economical maintenance decisions,
and even extend the structural life, it is becoming essential to investigate the ultimate
strength (strength capacity) of such aged and corroded steel structures based on a

comprehensive understanding of the corrosion mechanisms in marine environment.

1.2 Aims and objectives

This research aims to explore the interactions between mechanical and electrochemical
performances of thin-walled steel structures subject to corrosion damage in marine

environments.

In order to achieve the research aim, the following objectives have been developed:

(1) Undertake a comprehensive literature review including: marine corrosion
mechanisms; corrosion prediction; methods to assess the corrosion-induced
strength degradation; mechano-electrochemical performance on a metallic surface
and classification society regulations for corrosion inspection/repair;

(2) Conduct a systematic validation of the nonlinear FEA modelling technique via

eigenvalue buckling analysis and replication of models from the literature;
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(3) Utilisation of full-field experimental methods to examine the elastic and plastic
stress/strain on the surface of steel samples with idealised corrosion features;
(4) Develop a nonlinear finite element model to assess the mechanical behaviour
(stress/strain concentrations and ultimate strength) of local steel structures (plate
and stiffened plate). The studied parameters are as follows:
(a) Pitting and grooving corrosion features;
(b) Initial deflections;
(c) Weld-induced residual stresses;
(d) Weld connection imperfections (root opening).
(5) Develop a numerical method based on analytical formulas for a multi-component
stress condition to predict corrosion acceleration ‘hot spots’ induced by mechanical
stress and deformation, as well as to quantify the corrosion rate increment.



Chapter 2  Literature review

2.1 Corrosion in the marine environment

2.1.1 Corrosion classification

Corrosion is defined as the degradation of a metal by an electrochemical reaction with its
surrounding environment [10]. There are a number of corrosion types. Specifically, within
the maritime engineering, DNV (Det Norske Veritas) suggests that corrosion may be

divided into the following four types [11]:

General corrosion: the degradation is uniformly distributed on the surface of a metal.

The corrosion mechanisms of carbon steels in marine environments have been
extensively studied and discussed in Refs. [10,12,13]. General corrosion may be found in
the ullage space in cargo oil holds due to the volatile gas diffused from the crude oil [3]. It
is currently required to maintain an oxygen level below 5% to avoid combustion of
hydrocarbons [3]. However, other corrosive gas such as SO3;, SO, and CO, are not
required to be controlled. Once a condensation film or dew is formed on the deck plate as
a result of temperature fluctuations, the corrosive gas can dissolve in this water layer and
create an acidic environment to corrode steel. Moreover, H,S from the oil may also be a
source of hydrogen ions and react with iron to form sulphide compounds, which will further
react with oxygen to generate iron oxides and sulphur. Corrosion product as a
combination of rust and sulphur may detach from the plating and expose a fresh steel

surface, which could lead to further accelerated corrosion.

The lower stools of a bulk carrier may also be prone to general corrosion, since they are
normally left uncoated [14]. According to Ref. [14], the detection of FeOOH and iron
sulphate compounds indicated the presence of chloride and sulphate anions, which were
believed to be from the coal cargoes. The overall cathodic reaction was determined by the
pH level of the moisture within the cargo holds. The pH value is dependent on the relative
rates of the supply of pyrite (FeS,) and carbonates (mainly CaCO3) from the coal [15].
Compared to coal, iron ore is usually transported in a dry state and the only corrosive
element is sulphur but in a minor concentration (normally less than 0.1%) [16]. However,

corrosion can occur if the structural surface is wetted, for instance from cleaning



operations. The resulting contact between the steel surface and iron ore particles may

lead to differential aeration zones and form distinct anodic and cathodic regions.

Pitting corrosion: randomly distributed corrosion area (tens of millimetres in diameter)

with localised material degradation.

In ships, pitting is usually in association with a protective coating breakdown [17],
ineffective cathodic protection systems, or bacterial activity under anaerobic conditions.
Particularly, the bacterial corrosion or microbiologically-induced corrosion (MIC) was first
observed by Southwell et al. [18] based on a 16-year immersion test of steels in the
Panama Canal. For an anaerobic environment and sufficient nutrients (including iron,
organic carbon and nitrogen) in the rust after a period of immersion, sulphate ions may be
reduced to sulphide ions during the metabolism of anaerobic bacteria (90% being
sulphate-reducing bacteria (SRB)). The metabolites (typically hydrogen sulphide) can be
very aggressive to most metals including iron/steel, and may lower the pH to 2 [19] in the
ambient environment. It is believed that there are also interactions between SRB and
other bacteria, which provide nutrients and maintain the cycling of sulphur [20]. The SRB
activities were also observed in the very early stage of immersion due to the development
of localised anaerobic conditions in quickly colonised biofilms [21]. However, the influence
on steel is negligible [21].

Pitting corrosion is more likely to occur on the bottom plating of cargo oil tanks and
horizontal surfaces in ballast tanks [22,23]. A layer of water (condensate or from the oil
production process) is normally found at the bottom of cargo oil tanks. The quantity of this
water layer may be up to 20% of the total tank volume, and can be highly corrosive.
Although the bottom plates may be covered in a thin layer of oil which can behave as a
protective coating, severe localised corrosion will occur once this layer is thinned or
damaged. However, according to Ref. [3], it is the MIC that dominates the corrosion
process in these areas. Condensate water with low oxygen levels and various chemical
nutrients provides an ideal anaerobic condition for bacteria to proliferate. In addition, the
warm oil and heating facilities (typically 44°C to 66°C for oil transfer operation) also
contribute to the bacterial corrosion, since it has been found that temperature between
20°C and 50°C is the optimum condition for SRB metabolisms [22]. Conversely, a three-
year study conducted by Katoh et al. [24] showed that the pH inside pits ranged from 2 to
4, which was too low for MIC to occur. However, they failed to provide an explanation of

the pitting mechanism.



In terms of the horizontal surfaces with a protective organic coating (commonly a coal tar
epoxy) in a ballast tank, blisters may occur when moisture and oxygen penetrate through
the film or soluble materials leach out from the coating. Water and contamination will
accumulate at the interface of the coating and steel, and force the polymeric film to form
either a neutral or alkaline blister. When neutral blistering occurs, a differential aeration
cell at the interface [25] may be established, resulting in localised corrosion underneath.
An alkaline blister is formed when cations such as Na* accumulate at the interface and
react with hydroxyl ions (OH") in the cathodic area. In this case, pits are unlikely to form in
this region due to the highly alkaline blister fluid, unless the blisters are mechanically
damaged [26].

Grooving corrosion

Grooving corrosion (also referred to as preferential weld line corrosion, knife-line or
trench-like corrosion), is a selective and rapid damage along a weld joint (Figure 2.1) [11]
and [27]. This effect is from time to time referred to as “necking”. It may be caused by the
galvanic current generated due to the difference of the metallographic structure between
the welds, HAZ and the base metal. Also, coating of the welds is generally less effective.
Figure 2.2 shows the 3D surface of a butt-welded steel plate. The weld imperfections
(spatter) subsequently mean a thickness fluctuation of an applied protective coating, and
hence exacerbate corrosion [28]. In addition, the increased deformation of a corroded
stiffener may cause coating break-off. Grooving corrosion was also observed on the weld
[27]. Manganese sulphide (MnS) inclusions were reported to develop preferentially in the
weld due to the rapid heating and cooling for carbon steel [27]. The surrounding sulphide-
enriched portion was anodic to MnS and induced grooving corrosion [27]. During welding,
the base metal is likely to expand and be restrained by the adjacent metal. On cooling,
local shrinkage will induce high residual tensile stresses. Further discussion specifically
addressing this mechanical stress effects on grooving corrosion will be reviewed in
Section 2.3. It can be seen that welding will introduce a number of variables to the
corrosion mechanism. However, little literature has been found related to the weld-

induced or residual-stress-induced corrosion process of ship structures.
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Figure 2.1. Schematic of grooving and edge corrosion on the cross-section of a stiffened
plate.
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Figure 2.2. Imperfections on the butt welds of a ship grade steel plate: (a) welded plate
sample; (b) three-dimensional surface profilometry (scan area: 5.7 mm x 4.3 mm); (c) profile
along Line A-A’.



Edge corrosion

Edge corrosion is normally found at the free end of stiffeners and around cut outs (Figure
2.1). The complex structural geometry may result in a thinner coating, which makes these

regions more vulnerable to corrosion.

2.1.2 Corrosion configuration

In recent strength assessments considering corrosion attack [29-31], researchers have
found that the random distribution of thickness diminution over the structural surface may
markedly reduce its strength compared to that of the hypothetically uniformly corroded
structures. Thus, a localised corrosion pattern is considered significant for a more

accurate strength capacity estimate.

In 2007, a series of corrosion morphologies on mild steel coupons were published [21].
The coupons were immersed in sub-tropical coastal seawater for up to 36 months. The
most interesting finding was the development of bench-shape broad pits due to the SRB
activities in long-term immersion (Figure 2.3). Such corrosion damage was also found on
the inner bottom plating of a 15 to 16 years old bulk carrier (Figure 2.4), where broad pits

with vertical walls can be readily observed.

(A) Early (B) Smaller pits grow (C) Pits grow further (D) Pits grow to form benches
micro-pits and join horizontally horizontally and vertically as they join at edges

Figure 2.3. Sketch of the development of the bench-shape broad pits [21].

The corrosion configuration is also largely dependent on the coating condition. According
to TSCF [32], tank bottom structures with a zinc coating showed patches of scaly areas
with only minimal thickness loss, while for coal tar epoxy coated tanks, deep conical pits
were observed within limited areas. For coal tar epoxy coated hold frames of bulk carriers,
Nakai et al. [33] reported that conical pits appeared initially, followed by a general damage
of the surrounding regions. The ratio of pit diameter to depth ranged from 8 to 10 with the
maximum diameter observed being 50 mm. Figure 2.5 shows the pitted area (black shade)
on a web plate with the cross-sectional view of the pits. Due to the complexity of the

marine environment and the different corrosion protection systems, it is increasingly



challenging to identify and even to simplify the most common corrosion pattern for a steel

structure.

-400 3 1

-1400 -

Figure 2.4. Surface profilometry of bench-shape broad pits on the inner bottom plating of
an aged bulk carrier: (a) two-dimensional top view; (b) three-dimensional view of a pit along
the direction of the arrow in (a). Scan area: 6 mm x 4 mm.

Figure 2.5. Pitting area (left) and the cross section view (right) on a web plate of a hold
frame in a bulk carrier [33] (scan area: 500 mm x 700 mm).
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2.1.3 Corrosion prediction

Either at the early design stage or under the operation/maintenance condition, it is
essential to predict the potential corrosion damage for a safer scantling design and an
adequate protection system. The parameter, corrosion rate (mm y ™), defined as the
material degradation with time, has therefore been extensively examined on marine
structures. Typical corrosion rates of steel structures in a ship hull are listed in Table 2.1
[3,34,35]. It can be seen that the corrosion rate may vary over a wide range, indicating
high variance in the corrosion processes. In this section corrosion prediction models
based on either collected data or first principles will be summarised and critically

assessed, along with a summary of influencing factors.

Table 2.1. Typical corrosion rates of ship steel structures

Conditions Corrosion rate /mm y~"

Immersed steel specimens in seawater 0.05-0.20
Ballast tank 0.046 - 0.289
Crude oil tank 0.08-0.21

Ullage space in cargo oil tanks 0.24 - 5.00
Uncoated bottom plate in cargo oil tanks 2.00 - 3.00

Main frames in bulk carriers 0.30

Coated tank bottom Up to 9.00

2.1.3.1 Corrosion database

Due to the difficulties in extrapolating laboratory data to a large structure/time scale,
corrosion measurements collected from a ship survey is of great importance and more
practical to help predict the corrosion damage. However, only a limited number of
corrosion data sets are currently available in the published literature, mainly from bulk
carriers (Table 2.2) and oil tankers (Table 2.3). Paik and Kim published a set of corrosion
measurements from ballast tanks of ships aged 11 to 27 years old [36] but without
indicating the presence of a coating. In addition, the corrosion data for double-hull oil
tanker is lacking, thus leading to errors in attempting to predict corrosion of this vessel

type using data from single-hull tankers, which have been phased out since the 1990s.
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Table 2.2. Corrosion data sets for bulk carriers

Year 1998 [37] 2003 [38] 2004 [39] 2008 [40]
Number of vessels 44 109 5 3
Ship size 6095 — 138655 38000 DWT 25000 DWT
DWT
Years in service 26 26 25 25
Thick
ickness 7503 12446 2098 1404
measurements
Notes Include repaired Deck plates Deck plates
members

*: total number of measurements for all vessels per study.

Table 2.3. Corrosion data sets for oil tankers

Year 1992 [32] 2001 [41] 2003 [42] 2005 [43]
Ship type Single-hull Single-hull Single-hull Single-hull
Number of vessels 52 197 230 140
Ship size >150000DWT 100 -400 m 168 -401m
Years in service 25 23 12 - 26 12 - 26, 32
;he'gzﬂf;; e’ >250000 33820 110082
Not include
Notes scraped ships or
the presence of
coating

*: total number of measurements for all vessels per study.

2.1.3.2 Corrosion prediction models

From the various corrosion mechanisms and the scattered measurement readings, it
seems insufficient to assume a constant corrosion rate as ships age. Thus, a variety of
empirical/mathematical models have been proposed. Initially, a linear relationship of

corrosion wastage with time was explored by Southwell et al. [18]:
d(t) = 0.076 + 0.038t (2.1)

where d(t) is the mean value of the thickness reduction (mm) and ¢ is the time (y).

Subsequently, a bilinear model was introduced in 1995 by Melchers [34]:

d(t) = { 0.09¢t 0 <t<1.46 years (2.2)
0.76 + 0.038t 1.46 <t < 16 years

However, both the linear and bilinear models tend to overestimate the corrosion wastage
at the initial stage of exposure [34] and [44], probably due to the exclusion of coating

effects. Thus, a modified nonlinear model was proposed [34]:
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d(t) = 0.084¢0823 (2.3)

In 1987, Ohyagi [45] reported values of 0.1 mm y™ for the mean corrosion rate and 0.34
mm y* for the maximum rate based on measurements from 519 different ships. Mateus
and Witz [46] compared Ohyagi’'s model with Melchers’ experimental data and found that
the actual thickness reduction could be three times more severe than the values from
steel specimens. This substantial difference may be due to the anaerobic attack and the

iron oxide layer break-off induced by enhanced lateral deflections.

More recently in 1998, Paik and co-workers [37,47] proposed a linear probabilistic model
which was later modified [48] by separating the corrosion process into three successive
stages: (1) no corrosion: 0 to Ty; (2) transition between coating durability and corrosion
initiation: T, to (T, + T); (3) general corrosion. For the third stage, it was suggested that
three types of corrosion rate would exist: the convex type (gradual build-up of rust layer
will prevent metal from further corrosion); the concave type (likely to happen under
dynamically load exposing fresh areas to corrosion); the linear type (rust layer are
continually removed due to abrasion or wear). The schematic of the model is illustrated in

Figure 2.6.

Coating Progress of
durability ~ Transition  corrosion

Corrosion depth / mm

\ 4

0 T To + T
0 0 t Structural age / y

Figure 2.6. The Paik and Thayamballi model [48].

In the Paik and Thayamballi model, the coating duration was estimated using a lognormal
distribution [48-50]. Regarding the transition period for bulk carriers, Yamamoto and
Ikegami [50] suggested three values for bulk carriers: T; = 3 y for deep tank bulkheads; T
= 2 y for watertight bulkheads and T; = 1.5 y for stools. The corrosion rate is no longer

constant:
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d(t) = Ci(t =Ty — T (2.4)

where C;, C, were obtained based on collected corrosion data. Previous studies have
indicated that C, may be in the range of 0.3 to 1.5 [34,50], and C, = 1.0 or 0.33 could be
taken as the usual value at the design stage [47,48]. A Weibull density function was
adopted to evaluate C; [51]. An example of the model fitting to a set of corrosion
measurements on outer bottom plates of bulk carriers can be found in Ref. [48]. However,
the actual measruemnts are much more scattered and the maximum corrosion depth
could be 4 times higher than the predicted one. Moreoer, it is unrealistic to assume that no
corrosion damage occurs during the transition period. Also, it may not be straightforward

to determine the starting point of general corrosion period.

In 1999, Guedes Soares and Garbatov [44] proposed a model (Equation 2.5) which also
includes no corrosion and transition periods. However, they believed that the corrosion

would gradually come to a halt at a depth of d,, due to corrosion product accumulation.
Any disturbance, or indeed removal, of this oxide layer could lead to a re-initiation of the

corrosion process. Figure 2.7 shows the corrosion wastage with time.

d(t) = d., [1 - exp (- =2 (2.5)

Ti

where d, is the long-term thickness reduction (mm), T, is the coating life (y) and T; is the

transition time (y).

N
>

do

Corrosion depth / mm

Yy
0 Structural age / y

Figure 2.7. The Guedes Soares and Garbatov model [52].
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In 2007, Garbatov et al. [52] fitted the Guedes Soares and Garbatov model to a set of
corrosion data of cargo tank deck plating of oil tankers provided by the American Bureau
of Shipping (ABS). In 2008, this model was used to fit two data sets collected from bulk
carrier deck plates [40]. The values of Ty, T; and d,, for different corrosion data sets are
summarised in Table 2.4. The corrosion rate in cargo tanks was higher compared to
ballast tanks. Also, the coating duration in bulk carriers is generally longer than oil tankers.
The transition time for bulk carriers is significantly shorter than that for oil tankers. The
standard deviation of the model fitting ranged from 0.2 to 1 mm in general. Nevertheless,
fewer data points were used in comparison to Ref. [48]. Ivanov et al. [53] verified the
model in Ref. [44] and described the transition period as a linear relation of the thickness
reduction with time. However, it is difficult to distinguish the transition period from the third

period.

Table 2.4. Parameters for Garbatov et al.’s model

Structural location Toly T !y d,, /I mm

[44] 15-155 4-5 5

tD{;tlt(kerpslates of ballast tanks in oil 10.54 1754 185
[52]

Deck plates of cargo tanks in oil tankers 11.49 11.23 1.91

Hatch cover plates of bulk carriers 15.05 3.27 0.99
[40] Deck plates of bulk carriers 13-1335 48-551 145-221

Platgs between hatch covers of bulk 13.56 43 198

carriers

Considering that the corrosion mechanism may be very different for short-term exposure
compared to long-term, a long-term prediction of corrosion wastage was proposed in Refs.
[6,54,55] by adding a weighting factor, which represents the relative duration of different
short-term intervals. However, this long-term corrosion model was not further validated

due to the lack of suitable measurements.

Qin and Cui [56-58] proposed a more flexible model for marine corrosion of mild steels
using a Weibull function (Equation 2.6). Unlike the corrosion process described in Ref. [37]
or [44], they believed that after the no corrosion period (0 - T,), corrosion would accelerate
(T, - To) until general corrosion initiated, and then decelerate (T, - T;,) over the service life
(Figure 2.8). The model can be transformed to the previously published models by
applying different parameter values. However, it was fitted to a hypothetical corrosion data

set instead of real measurements, which makes it difficult to determine its reliability.
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_ B
o) = do, {1 —exp [— (t nTSt) ]} (2.6)

where d,, 5, n and T, can be determined by the corrosion data.

ATy To-Ta Tp-Ty

Corrosion depth / mm

A 3
>

0 Structural age / y

Figure 2.8. The Qin and Cui model [56].

Unlike the empirical models discussed above, which are based purely on corrosion
measurements, an alternative multi-phase corrosion model for mild steel at sea immersion
conditions has been developed and refined by Melchers and co-workers since 1999,
based on a series of in situ coupon experiments [12,34,59-66]. They argued that short-
term laboratory data would be misleading for estimating the long-term corrosion loss.
According to Melchers, the long-term corrosion process can be separated into five phases
(shown in Figure 2.9):

Phase 0: corrosion controlled by complex interactions between bacterial

colonisation and electrochemical processes; do not affect the long-term corrosion

behaviour;

Phase 1: kinetic conditions, where the corrosion rate is controlled by diffusion of

oxygen under the concentration gradient adjacent to the metal surface (r is the

corrosion rate (mm y™));

Phase 2: oxygen diffusion controlled period, where corrosion rate declines as the

oxygen diffusion is gradually impeded by the built-up of corrosion product (t, is the

changeover time from oxidation to anaerobic condition (y));

Phase 3: SRB growth due to the formation of micro-niches in the corrosion deposit

layers, especially close to the metal surface (r; is the accelerated corrosion rate

(mmy™);
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Phase 4: corrosion rate controlled by the nutrient supply and the rate of loss of

corrosion deposits due to mechanical damage.

For the first time a bacterial effect was incorporated in a corrosion prediction model. Via
calibration to the collected field experimental data, this model is believed to be able to
describe multiple corrosion situations, including mild and low alloy steels in seawater
immersion, tidal zone, coastal/inland atmospheric exposure and soil, as well as pitting of
stainless steels [20]. Specifically, for ballast and de-ballast operations during a ship
voyage, Gudze and Melchers [64] conducted a series of experiments by attaching
coupons to the internal surfaces of the ballast tank operations and stated that the model
could accurately represent the corrosion loss in ballast tanks. However, in spite of the
uncoated condition, the effects of stress and orientation were not appropriately simulated.
The coupons were attached to a PVC test pod, which was suspended between the
internal stiffeners. As such, the stress state of the coupons cannot reflect the actual
condition experienced by internal hull structures. Also, this model has not been checked

against actual corrosion data provided by ship surveys.
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Figure 2.9. The Melchers model [67].

Recently in 2012, an empirical model (Equation 2.7) was reported in Ref. [36], which is
based on corrosion measurements collected from ballast tanks of ships aged between 11
to 27 years old. A Weibull function was used to estimate the corrosion depth (pit depth)

with time t / y.

d(t) = %(%)H exp [— (é)a] 2.7)

where a = 0.002t3 — 0.0994t2 + 1.5604t — 6.0025, § = 0.0004t3 — 0.0248t? + 0.4793t —

2.3812. By fitting to the same data set as presented in Ref. [48], the standard devisation
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was below 1 mm [36]. However, the database used in this study does not indicate the
coating condition, for which the authors assumed that the coating life was zero. Due to the
requirement for a fully coated condition in ballast tanks by classification societies since
2006 [68], a consideration of coating life is necessary for estimation of corrosion damage

at such locations. Also, a validation against other data sets is lacking.

A comparison of the relative performance of the Guedes Soares and Garbatov model
(Figure 2.7) and Melchers model (Figure 2.9) was reported in Ref. [69], especially for
Phases 3 and 4. The discrepancy increases to 20% between these two models at the
long-term corrosion condition. Moreover, it was stated that compared to the Melchers
model, which is based on corrosion mechanisms and coupon tests, the Guedes Soares
and Garbatov model was more versatile for a wider range of ship type, age and structural

locations.

2.1.3.3 Influencing factors

For marine structures, Loseth et al. [70] reported that the corrosion rate would be affected
by a host of factors, including material composition, coating, cathodic protection,
percentage of time in ballast, relative humidity, frequency of tank washing, temperature,
clean or dirty ballast, cargo composition, speed, trade route and composition of inert gas.
In addition, salinity, marine fouling, water velocity, mechanical abrasion, local structural
flexibility, repair methods, structural location/orientation may also affect the corrosion
process [37,48,71-73].

Steel composition

Regarding the influence of the composition and fabrication of ship grade steels on the
corrosion rate, it was reported [74,75] that under charge transfer control or even oxygen
diffusion control (provided that the diffusion barrier layer remains essentially unchanged),
the corrosion rate was unlikely to be affected by the steel composition for common
situation for natural sea water. Subsequently, Wang et al. [76] conducted a series of
corrosion tests on mild steel, manganese steel and chromium steel in the marine
immersion environment and found that carbon, sulphur, manganese and chromium
contents in steels may affect the corrosion behaviour. However, to date, the
measurements used for corrosion prediction do not specify the constructural materials.
Moreover, the corrosion addition values are not determined according to different steel

compositions. Therefore, the steel composition is consididered to have minor long-term
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effect on the corrosion performance of marine structures [77]. The compaositions of

frequently used ship grade steels are listed in Table A1.1 in Appendix 1.

Environmental factors

Due to the complexity of the marine environment, it was considered to be important to
modify the corrosion prediction models with various environmental factors, some of which
have already been repeatedly studied [34,54,67,78,79], including temperature, dissolved

oxygen, salinity, pH and water velocity.

The temperature is highly dependent on the trade route. In open seawater, the corrosion
rate increases with increasing temperature [80]. If the dissolved oxygen level remains
constant, the corrosion rate of low-carbon steel will approximately double for every 30°C
rise [81]. Melchers [67] categorised seawater into moderate temperature and low
temperature. For moderate condition, it was observed that the corrosion rate was higher in
warmer months. In low temperature seawater (Arctic condition), corrosion tends to
increase when the temperature is lower than 5 — 10°C [82]. However, it is not clearly
explained the underlying reason for such corrosion rate change. The influence of
temperature is in fact a complex interplay with the oxygen concentration, the diffusion
coefficient of oxygen and salinity [77]. Plus, changes in the value and properties of
corrosion products may also contribute to the abnormal increase in the corrosion rate at
low temperature. A linear relationship between the corrosion rate and the temperature

(< 80°C) was proposed in Ref. [75]. Apart from its influence on corrosion kinetics and
oxygen diffusion, temperature will also affect the bacteria activity. Based on field
observations, Melchers and Jeffrey [83] reported that warm surface seawater could lead
to higher corrosion loss compared to cold deep water due to the higher metabolism of
bacteria. The amount of dissolved oxygen is a function of a series of variables such as
temperature, water movement, plant photosynthesis and bacteria activities [75]. In very
gquiescent waters the corrosion rate can be limited [67]. When oxygen and temperature
vary together, as in the actual sea, the oxygen effect tends to be dominant. Reduced
oxygen concentration would lead to lower corrosion loss and corrosion rate [83]. Guedes
Soares et al. [54] suggested that the oxygen concentration was the major governing factor
for corrosion at sea. Linear relationships between dissolved oxygen and the corrosion rate
were reported in Refs [67,75]. The salt content in open seawater is normally in the range
of 33%o to 38%0, where S %o denotes the weight of dry salts in grams contained in 1000 g
of seawater (parts per thousand) [75]. The effect of salinity was reported to be of only

marginal importance for corrosion of steels under short-term immersion in seawater
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[74,82]. However, greater salinity changes could be found in coastal and brackish areas,
which may substantially affect the corrosion rate [80]. It is generally agreed that the
surface pH of seawater lies between 8.1 and 8.3 [59,75]. As the depth increases, the pH
value may drop due to the decomposition of organisms [59]. Enhanced temperature,
pressure and plant photosynthesis may also lead to a change of pH [67,75]. When natural
seawater is considered, pH seems to no longer affect the corrosion of carbon steel [80].
Therefore, Guedes Soares et al. [75] assumed that there was no influence from pH
between 4 to 10, while Wang et al. [76] reported that the maximum pitting corrosion loss
was proportional to pH. In terms of water velocity, many studies have revealed that higher
water velocity will lead to an increase in corrosion rate of carbon steel [60,75,84].

Operational factors

Apart from the environmental factors, ship structure corrosion will also be influenced by
various operational parameters, such as the corrosion protection condition, percentage of

time in ballast, cargo content, tank cleaning and structural orientation.

The efficiency and duration of coating typically depends on the coating type, application
details, maintenance and locations. Normally, the thickness of a coating in ships ranges
from 200 pum to 500 um [35]. IMO groups the coating system as types I, Il and lll, where
the corresponding expected duration is 5, 10 and 15 years, respectively. The coating
selection is primarily economical orientated. For instance, for ballast tanks and double-
side-skin spaces of bulk carriers, 15 years is the recommended target life according to
IMO PSPC (Performance Standard for Protective Coatings). In reality, Loseth et al. [70]
state that a coal tar epoxy coating life is normally between 8 to 13 years for oil tankers,
and 5 years for bulk carriers. Paik et al. [42] used the corrosion data collected from single-
hull oil tankers and FPSOs (floating production storage and offloading) and found that the
typical coating life was 7.5 years. Wang et al. [43] assumed that the coating life was 5
years in their deck plating analysis of oil tankers. Guo et al. [85] believed that the coating
would break down locally when a ship was between 2 to 10 years old. Generally, coating
failures start at welds, cut-outs and exposed edges of plating, however, the actual coating
life varies significantly. Also, there is little agreement on how to accurately predict coating

degradation and the interactions between the influencing factors.

For bulk carriers, due to their long operation period and corrosivity of cargoes, the
structural integrity is of great concern. However, sophisticated investigations in the

corrosion behaviour are limited [14,37,71]. Corrosion in bulk carriers is highly related to
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the on-board cargoes. Paik et al. [37] stated that a bulk carrier typically spent around 40%
of the service life carrying coal, 35% carrying iron ore and 20% carrying grain. Cargo coal
contains sulphur, high humidity (sometimes at high temperature) and is considered to be
the greatest threat to the structures and weld joints in cargo holds. Also, Paik et al. [37]
found that the corrosion rate of inner bottom plating was considerably high probably due
to the mechanical damage during the loading and unloading of the cargoes. The high
corrosion rate of the side shells was thought to be a result of high humidity and/or high
temperature of the cargo. Nakai et al. [17] observed that, for a 14-year-old bulk carrier,
accelerated corrosion occurred at the lower and middle parts of the coal tar epoxy coated
hold frames. A mean corrosion rate of 0.3 mm y* was recorded at the lower end of the
main frames especially towards the hopper tank [22]. In Refs. [14,71], Gardiner and
Melchers analysed the characteristic corrosion patterns in cargo holds. The key points are
summarised in Table 2.5 based on structural locations.

Table 2.5. Characteristic corrosion patterns in bulk carriers

No Locations Corrosion Corrosion type Corrosion rate
Protective
System
1 Tank top Upper surface is General corrosion on the Constant general corrosion;
plating uncoated; under upper surface; coating break- coating failure depends on the
surface is coated down on the under surface cargo change frequency
(indentation and plate dishing)
2 Sideshell Coated Localised corrosion High at the lower bracket
frames connection
3 Lower stools Uncoated or short  Uniformly distributed with thick Decreases over time
life coating (2.05 rust layer
years [51])
4 Corrugated Coated Corrosion on lower plating is Vary with vertical position
bulkhead more severe
plating
5 Ballast tanks Coated Localised coating break-down  Higher in top side tank than

double-bottom ballast tank;
also depend on the corrosion
protection system and tank
status

Laboratory tests of mild steel were conducted to investigate the effects of cargo particle

size and moisture content on the corrosion rate [15]. It was found that decreasing particle
size would increase the corrosion rate, with the maximum corrosion rate at 60% to 80%
MWHC (maximum water holding capacity). Also, shipboard experiments [15] in the lower
region of a cargo hold in a bulk carrier showed that the mean corrosion rate was 0.1 mm
y ' and the standard deviation was 0.014 mm y. Typical trends of corrosion rate with the
MWHC are shown in Figure 2.10.
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Figure 2.10. Experimental corrosion rates for coal and iron ore exposure (particle size
varies from 0 to 2360 pm) [71], where MWHC is the maximum water holding capacity.

It can be seen that when the moisture level is low, the low corrosion rates probably
indicate that the underlying steel are fully aerated, which means that the corrosion rate is
limited by the electrical conductivity. As the moisture increases, the conductivity also
increases, resulting in a higher corrosion rate. With further increase in moisture, the
oxygen diffusion becomes limited and restricts the cathodic reaction kinetics, which leads
to a reduction in the corrosion rate. Other operational parameters were also investigated
in Ref. [14] including cargo and ballast ratio, trade route, coal corrosivity and frequency of
cargo changes. However, the study of influence of the moisture content and particle size
under acidic moisture condition is lacking in the published literature. Moreover, there has

been no formulated correction factor proposed for these influences.

Together with the bulk carrier, the oil tanker is the other ship type with regulated corrosion
additions by CSR due to its highly corrosive environment and the severe impact on human
life and the marine organisms once structural failure occurs. The causes of corrosion in oil
cargo holds can be the various chemical components contained in the oil, high
temperature environment, tank wash, loading/unloading frequency and voyage duration,
among which the chemical components, temperature and tank wash have been
considered to be the major threats and widely studied in the literature. In the cargo oil
tanks, H,S, CO,, O,, S, Na" and CI” are frequently found in high concentrations. Apart
from the basic corrosion mechanisms described in Section 2.1.1, the presence of sulphur
on the steel surface under oil coat will significantly accelerate corrosion [24]. According to
Ref. [3], for cargo oil tanks, the heating facilities and the warm crude oil will raise the
temperature of the bottom plates and hence accelerate the corrosion rate due to the
enhanced bacterial activities. Excessive washing will remove the oil ‘coating’, which could

have as high a corrosion resistance as a coal tar epoxy coating [24]. This operation may
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expose bare steel to the corrosive environment [3]. After tank wash, there could be a
certain amount of water remaining at the tank bottom, which may also contribute to bottom

plating corrosion [6].

2.2 Ultimate strength of corroded structures

2.2.1 Fundamentals

Unlike the conventional allowable stress design, the limit state design has gradually
become dominant in structural design. According to Paik and Thayamballi [86] a limit state
is defined as a condition for which a particular structural member or an entire structure
fails to perform the function that is expected. Ultimate limit state (ULS) is typically the
collapse of a structure because of a loss of stiffness and strength; attainment of the
maximum resistance due to gross yielding or fracture and instability in part of the structure
due to buckling and plastic collapse of adjacent structural members. In metallic structures,
especially ductile steel structures, local yielding along with a reduced stiffness will occur
as the external loading increases. With further increases in the external load, the ultimate
strength will be reached after a degree of yielding. Figure 2.11 illustrates the stress-strain
relationships of different kinds of steel plates under compressive loading [86]:
Perfect thin plate: for an ideal thin plate without any initial imperfections
(geometrical deflection and/or weld-induced stresses), elastic buckling is expected;
Perfect thick plate: instead of elastic buckling, elasto-plastic bucking is typical for
thick perfect plates, due to their high elastic buckling strength. Under this condition,
ultimate strength will be reached simultaneously with gross yielding;
Imperfect plate: for plates taking into account the initial imperfections, the elastic
buckling phenomenon may not exist. Plates start to deform at the onset of the

external loading.
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Figure 2.11. A schematic of the stress-strain relationship of a steel plate [86].

Traditional ULS design simply estimates the elastic buckling strength corrected by a
plasticity factor. Critical buckling strength o, is given by the well-known Jonson-Ostenfeld

formula [86] to address the elastic and elastic-plastic buckling problem:

Ocr = ( Og og < 0.50% (2.8)

O <1 - _) O > 0.50'1::

where o, is the elastic buckling stress in MPa; o = oy, under compressive loading and

Of = ay/\/§ under shear loading (oy is yield stress of the material). However, based on

nonlinear FEA results, Paik & Thayamballi [86] reported that .. given by Equation 2.8
might be greater than the real ultimate strength for thick and perforated plates. In spite of
the effects of the initial imperfections, the thickness variation due to corrosion implies a
necessity to assess the maximum load-carrying capacity (ultimate strength) to rationalise
the structural design/maintenance rather than the elastic buckling approach with the
plasticity correction. Consequently, the ultimate strength analysis of aged and corroded

ships has gained increasing attention.

2.2.1.1 Material properties

Three types of material models (Figure 2.12) are often considered in the strength analysis
of carbon steel structures [87], specifically aiming to simplify the problem without losing

much accuracy.
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Figure 2.12. Material models used for strength analysis [87].

It is argued that although the strain hardening effect (tangent modulus E;) would lead to a
higher ultimate strength value, this increase is fairly marginal for plates under compressive
loading [86,90,91]. In addition, the failure mode will not change [92]. Conversely, in 2011,
Khedmati et al. [93] reported that E; had a slight effect on the ultimate compressive
strength of thin plates, while affecting thick plates significantly. However, Rahbar-Raniji
[29,94] studied both models (a) and (b) with a conclusion that the tangent modulus had
little effect on the strength reduction due to corrosion. Thus, the material model (a),
termed elastic-perfectly-plastic model, has been considered sufficient for a conservative
compressive strength study, and was generally used in the previous numerical analysis.
Table 2.6 summarises the material models used for numerical strength analysis for
damaged structures in the literature. It can be seen that most studies ignored the tangent
modulus for compressive strength assessment. For tensile and bending strength, the
actual stress-strain curves are more readily used since there is often experimental work

involved to provide the material properties.

Table 2.6. Summary of the material models used for numerical analysis

Model (a) Model (b) Model (c) - measured
- [71, [17], [48], [29], [95], [96], | [29], [93], [91], [94],
Cosr?rzrfstsh"’e [97], [94], [98], [99], [100], | [105], [106], [107], [46]
g [101], [102], [103] and [104] [108] and [109]

Tensile

strength - - [49] and [110]
Shear strength [111] and [112] -

Bending

strength - [107], [113] and [114] [110]

Apart from the strain hardening effect, effort has also been made to investigate the
influence of yield strength on the strength reduction. Ok et al. [88] summarised that the

frequently used grades of steel for ship structures are mild steel with a yield strength g, of

235 MPa and high-tensile steel with yield strengths o, of 315 MPa (AH32, DH32, EH32)
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and 355 MPa (AH36, DH36, EH36). In addition to the traditional steel grades, a newly
developed steel termed Corrosion Resistant Steel with a typical yield stress of 432 MPa
has been accepted by IMO [89] specifically for bottom plating of cargo oil tanks. When a
corroded plate is under compression, Mateus and Witz [46] stated that the yield strength
significantly affected the initial plate stiffness and the out-of-plane displacement at the

collapse point.

2.2.1.2 Geometrical properties and initial imperfections

A ship hull is normally composed of a number of plated-structures (Figure 2.13), which
consist of three types of structures members: (i) plate panels (plating, stiffened panel and
corrugated plate); (ii) small support members (stiffener, beam and column); (iii) main
support members (girder) [86]. Plates can be considered as the basic element, and are
predominantly subject to in-plane loads (tension and/or compression). The support
members are designed to withstand lateral loads, shear and bending. Plates and plate-
stiffener combinations are frequently used for corrosion effect analysis. The simplicity of
these structural models has enabled researchers to concentrate on the influence of the
corrosion damage. The main geometrical parameters, including the plate aspect ratio (a),

plate slenderness ratio (8) and column slenderness ratio (1) are defined as follows:

a
a=5 (2.9)
b [oy
a 0,
=— Ey (2.11)

where a, b and ¢, are length, width and original thickness of the plate respectively, oy is

the yield strength, E is Young’s modulus and r = \/I/_A is the radius of gyration, where [ is
the moment of inertia and A is the cross-sectional area as the sum of the plate and
stiffener(s). Hughes and Paik [116] categorised plates as follows: slender plates (8 > 2.6),
intermediate plates (1 < 8 < 2.6) and sturdy plates (8 < 1). For ship hull and offshore
structures, g typically ranges from 1.5 to 3.5 [86]. The stress-strain relationship, ultimate
strength and the failure mode of an intact plated structure are largely dependent on the

slenderness ratio when compression is the predominant loading [44,115].
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Figure 2.13. Typical plated-structure (grillage) in a ship hull.

The geometric properties have been widely studied for corroded structural members. The
influence of the aspect ratio was reported to be significant [93,106,108]. Conversely,
Rahbar-Raniji [29,94] and Paik et al. [7] stated that the aspect ratio had little effect on the
strength reduction. g is believed by many researchers to be a dominant parameter for the
reduction of compressive ultimate strength [29,93,94,97,106,108], while Huang et al. [95],
Ok et al. [88,117] and Paik et al. [111] argued that the effects on the compressive and
shear strength reduction were negligible. The contradictory conclusions are mainly drawn
from numerical studies, implying the underlying uncertainties of the numerical modelling

approach as well as the complex interactions amongst the various chosen parameters.

In addition to the basic geometric properties, due to the limitations of fabrication,
geometric distortions should be considered in the strength analysis. The distortion
shape/amplitude can be determined experimentally, however, to simplify the problem, the

initial deflection is usually assumed to follow a Fourier function [116]:

< . mmnx  my
Plate: wy = wopim Z AgmSin——sin— (2.12)

a b

m=1
M
mnrU
Column-type: wy. = Wyem z Agmsin (2.13)
m=1
M
. . z mnrU
Stiffener sideways: wys = Wosm 3 — z ApmSin (2.14)
Wom=1
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where a and b are the length and width of a plate. wy,im, woem and wygy, are the
maximum initial deflections for each imperfection type. Ay, is the normalised deflection

amplitude. m indicates the corresponding half-wave numbers in the x direction,

determined as the minimum integer satisfying a/b < \/m U is the position along
the length of the stiffener. z is the vertical position and h,, is the height of the web plate.
Different values have been assigned by researchers and classification societies for the
maximum initial deflection, as summarised in Table 2.7. The value of M is normally taken
as 1, but can also be determined based on the “thin-horse” mode, which is a sum of
several sinusoidal components. Ueda & Yao [118] reported that M = 21 withm =1, 3, 5....
Subsequently, an idealised thin-horse mode was proposed by Yao et al. (1992) with

M = 11 with A, given for different deflection shapes [86].

The geometric imperfection is normally taken into account for numerical studies for
compressive and bending strength reduction due to corrosion damage. It has a significant
influence especially on the compression strength, since that the ultimate strength could be
substantially reduced due to the premature buckling. The difference in compressive
ultimate strength of stiffened panels with wqpy, of 0.025p%t and 0.35%t was found to be

12.5% in Dunbar et al.’s study [100].

Table 2.7. Summary of the frequently used maximum initial deflections

[115] [119] CSR DNV
Slight: 0.02552¢,
Average: 0.15%t, b/200 b/200
Severe: 0.35%t,

Slight: 0.00025 a
A>02 - Average: 0.0008 a
Severe: 0.002 a

Slight: 0.00025 a
Woem A>04 - Average: 0.0012 a 0.0015a 0.001a
Severe: 0.0038 a
Slight: 0.00025 a
A>0.6 - Average: 0.0015 a
Severe: 0.0046 a

Wosm - - 0.0015a 0.001a
Notes: t,, is the thickness of stiffener web. g < 3: k=0.12; g > 3: k = 0.15.

tw < to: kB?ty,

w
Opim tw > to! kB2,

2.2.1.3Weld-induced residual stress

Apart from the geometric imperfection, residual stresses are inevitable due to cutting and
welding of steel panels. In the HAZ after welding, locally shrinkage and residual tensile

stresses (up to the yield stress) are generated in these areas, while in adjacent areas
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residual compressive stresses will occur. Examples of measured weld-induced residual

stresses on mild steel and high tensile steel are shown in Figure 2.14.
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Figure 2.14. Examples of weld-induced residual stresses on plate between stiffeners
between two welds (b is the width of the plate): (a) mild steel [120]; (b) high tensile steel
[121].
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Figure 2.15. Idealised weld-induced residual stress distribution.

To simplify the problem, an idealised residual stress distribution is widely used (Figure
2.15). Assuming b is the width of a plate, the residual stresses and b; are given as follows
[86,119]:

Op = Oy (2.15)
orc = ( —0.050y Slight level (2.16)
—0.150y Average level
—0.30y Severe level

The actual distribution could be much more complex when fabricating large structures or
more than one weld pass is used at the joint [122]. In terms of corrosion effect studies,
only Refs. [100,104] applied the residual stresses for stiffened panel and plate models,
respectively. Corrosion features were located in areas with either compressive or tensile
residual stress. Dunbar et al. [100] concluded that corrosion in the tensile region mainly
reduced the post-collapse strength and would enhance buckling when corrosion occurs in
the compression region. Tamagawa and Kim [104] reported that the ultimate strength
would be further reduced by residual stresses regardless of the corrosion severity. But the
reduction diminished when the corrosion damage became significant. Neverthless, the
weld effect has been ignored in most cases. Researchers argued that the residual
stresses were not as important, since the corrosion feature was the primary concern [7].
Moreover, Nakai et al. [107] studied the residual stresses on an intact plate and concluded
that their effect could be neglected. Another reason for not considering the residual
stresses is the shakedown effect. As a ship ages, the structural members experience
constant loading and unloading, and due to the plasticity of the materials the residual

stresses will decrease. Paik and Thayamballi [86] suggested that a reduced tensile
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residual stress (e.g., 80% oy) could be used to address such issues. However, there has

been no published data that considers both the shakedown and corrosion effects.

2.2.1.4Boundary conditions

The boundary conditions for either experiments or modelling are primarily dependent on
the location of the structural members of interest. For a continuous plated structure
(Figure 2.13), the stiffeners may or may not be treated as properly designed, which will
lead to idealised boundary conditions such as simply supported and clamped [86].
Different boundary conditions could essentially lead to a different failure mode and
ultimate strength. For uniaxial compression or edge shear condition, the ultimate strength
of a plate can be increased by up to 18% (especially for thin plates) by keeping the
unloaded edges straight [46,86]. Strong support members (longitudinal and transverse
girders) are normally assumed to remain in plane with high bending rigidity. In general,
almost all published research on corroded plates and stiffened panels under axial
compression or shear loading has applied a simply supported boundary condition.
However, hardly any studies use exactly the same method to achieve such constraint.

Indeed, more often, the boundary conditions were not clearly stated.

2.2.2 Investigation method — experiments

Although time consuming, costly and limited in test matrix and conditions, experimental
methods for assessing the progressive collapse behaviour of structures are always vital,
particularly for validation of numerical modelling and understanding the failure mode of
new structural designs [123]. Artificial/idealised corrosion patterns were frequently applied
to the samples to control the studied parameters. The stress-strain relationship (load-
shortening curve) was normally monitored by placing strain gauges at discrete locations
on the sample surface. To better measure the average strain change of an irregular cross-

section, vision sensor system was also adopted in Ahmmad and Sumi’s tests [49].

Compression tests were carried out by Paik et al. [7] and Nakai et al. [17]: Paik et al.
applied compressive loading on welded box-type plated structures (Figure 2.16 (a)) with
regularly distributed artificial pits (through-thickness). Nakai et al.’s tests (Figure 2.16 (b))
were performed on web plates clamped along both the loading edges. Paik et al. tested
two degrees of pitting (DOP, ratio of damaged area to entire area), and showed that with

about 10% DOP the plate’s ultimate strength was decreased by 20%. In Nakai et al.’s
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experiments, regularly distributed artificial pits (non-through-thickness) were milled on a
web plate, varying DOP and locations. The ultimate strength obtained was less than or
equal to that of a uniformly corroded specimen. The plate with pits concentrating at both
ends had a lower ultimate strength compared to pits at the centre. Moreover, the strength
values of both cases were lower than that of plate with pits periodically scattered over the

surface.

Figure 2.16. Compression test specimens with (a) through-thickness damage [7] and (b)
non-through-thickness damage [17].

Tensile experiments are more frequently documented in the literature for corroded
specimens. Three sets of tests were conducted by Nakai et al. [17,107], Sumi et al.
[49,110] and Appuhamy et al. [99,124] based on the standard tensile test procedure.
Specimens with actual or idealised corrosion damage were involved in all three tests. The
studies by Nakai et al. and Sumi et al. focused on ship structures while Appuhamy et al.
investigated corroded steel bridges. The results showed that the nominal tensile strength
and elongation were decreased by corrosion. Pitting would further reduce the tensile
strength compared to a uniform thickness reduction. The fracture area corresponded to
either a minimum thickness point or a minimum average thickness cross-section. It was
interesting to find that orderly distributed pits with fixed diameter could simulate random
pitting when the average pit diameter was the same. However, it is not clear why the
tensile strength values of minor and moderate corrosion specimens (ratio of minimum
thickness to original thickness = 0.5 to 1.0) are higher than that of the corrosion-free
specimen in Appuhamy et al.’s work. Also, Nakai et al. [107] concluded that tensile
strength is more vulnerable to pitting corrosion compared to compressive and bending
strength while Sumi et al. suggested that Paik et al.’s empirical formula [7] for
compression reduction could be applicable for tensile strength of plates with either conical
or ellipsoidal pits, which indicated little difference of corrosion effects was found on plate’s

tensile and compressive strength.
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Bending tests were also performed for ultimate strength analysis not only on plate
elements but also on stiffened plate (plate stiffener combination) models. In Refs.
[113,114], three-point and four-point bending tests were carried out with artificial corrosion
features on the web plates. It was found that the buckling mode was lateral-distortion
under four-point bending and local face buckling under three-point bending. Pitting had
little effect on the lateral-distortional buckling strength and could be treated as uniform
corrosion with the same average thickness loss. The four-point bending tests conducted
on plate elements [110] showed little difference in bending strength between pitted plates
under tension and compression. The bending strength reduction is higher due to pitting
compared to compressive/tensile/shear strength, which contradicts Nakai et al.’s findings
[107].

2.2.3 Investigation method — numerical modelling

The experiments summarised above were all followed by numerical studies under a
similar test condition. However, due to the large size and complexity of ship structures,
numerical methods, nonlinear FEA in particular, have become more commonly used
within various commercial software, such as ANSYS, DNV PULS (Panel Ultimate Limit
State), ALPS/ULSAP, MSC/MARC and ABAQUS. In 2008, Paik et al. [125,126] published
a series of papers assessing the applicability of some candidate software for intact plated-
structures. They concluded that compared to the more refined software such as ANSYS,
both DNV PULS and ALPS/ULSAP were computationally efficient and accurate enough

for ultimate strength assessment of unstiffened and stiffened panels.

For FEA modelling, convergence difficulties may be encountered due to errors including
wrong input data, inappropriate element type, poor element shape/size (free mesh or
mapped mesh), wrong boundary/loading conditions and inappropriate calculation strategy.
Also, different commercial programmes may generate different outputs even under the
same test condition, due to a lack of understanding of the implemented element behaviour
and settings. Thus, a comprehensive validation is always essential for the reliability of
numerical methods. In this section, numerical studies in the literature will be reviewed
focusing on various corrosion features, software, element selection, presence of validation

and key findings.
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2.2.3.1 General corrosion

General corrosion has been extensively studied in the literature. Methods to simulate
general corrosion vary from uniformly reducing the plate thickness to complex rough
surfaces, since that the uniform corrosion pattern is generally agreed not to be able to
reflect the local plastic hinges (deformation of a section where plastic bending occurs) due
to surface unevenness and may underestimate the strength reduction [30,31,46,109]. A
summary of the general corrosion modelling is shown in Table 2.8. The main findings are
as follows:

(1) Under compressive loading, with the same corrosion-induced volume loss
(corrosion wastage), a random surface will lead to a lower ultimate strength value
(up to 10%) compared to uniform corrosion [46,109], while Teixeira et al. [31] and
Rahbar-Ranji [29,94] argued that the strength value of random corrosion could be
higher than or equal to that of uniform corrosion for small corrosion damage;

(2) Corrosion on one side of the plate may further lower the ultimate compressive
strength than that for both-side corrosion [106];

(3) A rough surface feature will further distablise the structure in its post-ultimate
strength region [108];

(4) For tensile strength, minimum remaining thickness and minimum cross-sectional
area are the dominant parameters while the volume loss dominates the
compressive ultimate strength;

(5) Apart from a direct scan of a corroded plate surface, various mathematical
functions have been applied to generate a rough surface in the models. However,
further discussion is needed to justify the practical meaning of the random surface
realisations;

(6) Both shell and solid elements (will be discussed in detail in Chapter 4) have been
used to model rough surfaces. However, the modelling methods are not always
clearly stated. Together with a lack of validation for compressive loading condition,
the conclusions drawn in the literature remain debatable;

(7) Weld-induced residual stresses have not been considered;

(8) Various corrosion prediction models (Section 2.1.3.2) have been adopted to inform
the average thickness degradation with time. As a result, the strength reduction

change with time is largely dependent on the corrosion prediction models.
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Table 2.8. Numerical analysis of general corrosion of steel plates

Year 1998 2010 2010-2011 2012 2010-2012 2013 2008, 2013
[46] [49] [98] [99] [102] [29] [94] [93] [106] [108] [109] [30] [31]
Square plate Rectangular plate Rectangular plate with Rectangular plate and
Structural | with four edges ith h h d Plate with four edges iffened | with f Rectangular plate with four Square plate with four
model simply with two short two short edges simply supported stiffened panel with four edges simply supported edges simply supported
supported edges clamped clamped edges simply supported
Loading ggr;?;:glssion Uniaxial tension Uniaxial tension Uniaxial compression Uniaxial compression Uniaxial compression Uniaxial compression
Software ABAQUS LS-DYNA LUSAS ANSYS ANSYS ANSYS ANSYS
~ Initial X | My mnx _ my % mnx | my X Ty nx . Ty
imperfecti | 0.18%tsin—sin— No No 0.18%t sin——sin— ZAOm sin——sin— 0.18%t sin—sin— 0.15%t sin—sin—
ons a b a b - a b a b a b
Element 8-node quadratic  8-node brick 8-node solid ;
type plate element element hexahedral element SHELL181 SHELL181 SHELL181 Shell and solid elements
Corrosion | Ohvagi's model Yamamoto & ;%E:{?gé?fgﬁlekizrggs Garbatov et al.’s model [52] Garbatov et al.’s model
yag Ikegami’s model No . Ohyagi’s model [45] — deck plates of ballast [52] — bottom plates of bulk
model [45] plates of ballast tanks in "
[50] . tanks carriers
bulk carriers
Quasi-random Scan of actual Scan of actual Power spectrum (both- One-side and both-side Hexahedron type (both-side ~ One-side numerical
thickness model  corrosion pattern corrosion pattern side symmetrical) symmetrical symmetrical) generation
(one-side) -> CAD - 40% (both-side) e
scale (both-side) $
f DOP=100%a 17years i
General ¥
corrosion
realisation —% Han e e o
X
Intact plate Corroded plate Corroded plate against  Intact plate against Intact plate against
Validation | against against P 9 p 9 P 9 No No

experiments

experiments

experiments

empirical formulas

experiments
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2.2.3.2 Pitting corrosion

Due to the increasingly stringent requirements by classification societies for the use of
protective coatings, pitting corrosion is more frequently observed during ship surveys.
Acting as potential stress raisers, localised pits can be detrimental to the structural
strength. Therefore, a large number of numerical studies have been carried out on pitting
corrosion by varying DOP, pit depth, shape, size, distribution and location. Table 2.9 to
Table 2.11 summarise the modelling studies of strength reduction due to pitting corrosion.
It can be seen that the corrosion effect have been studied mainly on plate elements under
compression, tension, shear or bending. The localised corrosion pattern is either
rectangular area or circular pits with various shapes (cylindrical, conical, semi-sphere or
ellipsoidal). Parameters such as aspect ratio and slenderness ratio have also been
considered together with the corrosion damage. Key observations are listed below:

(1) Coating: all structural members were modelled as uncoated. However, the
corrosion locations are often not supported by in situ observations;

(2) Aspect ratio and slenderness ratio: Paik et al. [7] suggested that the effects of
plate aspect ratio and slenderness ratio on ultimate strength reduction could be
neglected. Jiang and Guedes Soares [96,97,101] believed that the aspect ratio
could be negligible when the DOP was unchanged, but slenderness ratio governed
the failure mode. Khedmati et al. [L06] concluded that the effects of aspect ratio
and slenderness ratio were different, but cannot be overlooked:;

(3) Initial imperfections: various shapes of geometric imperfections have been
applied, however, with limited work considering weld-induced residual stresses;

(4) Pitting morphology: pit shape is thought to be an essential parameter in Refs.
[17,33,107] and hence should be carefully modelled according to the location of
the structural members, while Paik et al. [7] and Huang et al. [95] stated that the pit
shape would have negligible effect on the strength reduction and could be simply
treated as cylindrical;

(5) Governing parameters: different governing parameters for the corrosion-induced
strength reduction under different loading conditions. Particularly, for compressive
loading, volume loss [88,95-97,100,101,105,109,117], DOP [103,107] or the
smallest cross-sectional area [7] was thought to be dominant. For tensile loading, it
is generally concluded that the smallest cross-sectional area was the dominant
parameter [49,110]. DOP was thought to be controlling for shear strength
reduction [111], while the equivalent thickness or the smallest cross-sectional area

[110] was the most important for bending strength [113,114]. However, the
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conclusions vary depending on the selection of studied parameters and the
interactions between them;

(6) Validation: experimental validation of the modelling is lacking especially for
compression and shear conditions. The comparisons between shell and solid
elements may not be adequate as an effective validation since the constitutive
equations imbedded in FEA are the same for different element types.

Overall, investigations into general corrosion using numerical methods have recently
gained greater emphasis due to improved computational capabilities. However, regardless
of the feasibility of the numerous simulated rough surfaces to represent a naturally
corroded surface, the corrosion protection requirements have shifted the situation from
general to localised corrosion, thus indicating that greater attention is needed on the
localised corrosion effects. Indeed, since 2002 pitting corrosion investigations have been
a major portion in the strength reduction assessments. Researchers have attempted to
simplify the pitting areas to facilitate a parametric analysis and reduce the computational
costs. However, depending on how the actual pitting patterns are interpreted (either
distributed over the structural surface or a more localised area), there has not really been
a significant advancement in the simulation technique until 2013, when the coalescence of
individual pits was modelled by Silva et al. [109]. Compression (uniaxial and biaxial) has
been the most interested test condition for both general corrosion [29-
31,46,93,94,106,108,109] and pitting corrosion [7,48,88,93,95-97,100,101,103-
105,107,109,117]. In terms of the conclusions, the differences in the parameter selection
and loading conditions could lead to inconsistent findings. Researchers tend to specify a
limited number of variables aiming to focus on the most important ones such as the
slenderness ratio, DOP and the volume loss. Unfortunately, the lack of appropriately
reported validation remains a major issue for numerical analysis, which has affected the

reliability and crucially in some instances the validity of the key findings.
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Table 2.9. Numerical analysis of pitting corrosion of steel plates (1)

Year 2002 2002 2003 2004 2004 2004
[105] [48] [7] [111] [113] [100]
Structural Square/rectangular plate; Rectangular plate; simply Square/rectangular plate; Square/rectangular plate; Plate-stiffener Square plate and plate-
model simply supported supported simply supported simply supported stiffener; simply supported
Loading Uniaxial compression Uniaxial compression Uniaxial compression Shear stresses 3- and 4-point bending Uniaxial compression
Software ALGOR ANSYS ANSYS ANSYS MSC/MARC NISA/VAST
Initial Wy = a/l()()() Wplateo = 3 mm
imperfectio | 2 0.1p2t sin % sin ™ 0.182t sin 2% sin ™ 0.18%¢ sin X sin x Wtiffenero = 1.1mm;
ns a b a b a b 6 = 0, sin— Welding residual stress for
a plate-stiffener
Elteyrggnt 4-node shell element ? SHELL181 ? 4-node thick shell element Quadrilateral shell element
Studied Aspect ratio, DOP, pit DOP, pit depth, corrosion Aspect ratio, DOP, pit Aspect ratio, DOP, B, pit DOP, pit depth, corrosion Volume loss
variables depth, corrosion location location depth, pit distribution depth location
ne-side rectangular pits ne-side rectangular pits ne-side cylindrical pits ne-side cylindrical pits ne-side and both-side ne-side square pit in the
O d t | t O d t I t O de cylindrical pit One-side cylindrical O d d both-sid e} d tin th
= : o1 pugcomson g (symmetrical) conical pits centre of the plate;
I T =L 30000 | it m I | [] Both-side rectangular pit on
@ I iooooo0 _ ] face plate of the plate-
- e i0ooo00 - - : LI stiffener
O o S i ! ] O e
| 0TS s amas
Pitting L e
corrosion T [l [ T
realisation i ; S— R
N0 degeeatp R R R R e
[coooocooooonooooo S EEEERREEREEEEaNEEEES
0000000 0O0DoooOol;s 0500000000000 00 000000
cooboooooonoooo|: 0000556600 00500509000000
QoO00D00000D000n0 = - -
=L e — 1
Plates with artificial Plate-stiffener with artificial Eli\sig(s:tbaur?akll)l/rt}gasltgrﬂ?ttign
Validation No No damage against No damage against agd intact plate-stiffener
experiments experiments against exgeriments
Governing Smallest cross-sectional :
parameter Volume loss area DOP Average thickness loss Volume loss
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Table 2.10. Numerical analysis of pitting corrosion of steel plates (2)

Year 2006 2006 2007 2009 2009, 2012 2010
[107] [114] [88] [117] [103] [96] [97] [101] [104]
Structural Square plate; simply . Square plate; simply Square/rectangular plate; Square/rectangular plate; Square plate; simply
Stiffened panel . .
model supported supported simply supported simply supported supported
. Uniaxial compression + . . o . - . Uniaxial/biaxial o .
Loading bending 4-point bending Uniaxial compression Uniaxial compression compression Uniaxial compression
Software MSC/MARC MSC/MARC ANSYS ANSYS ANSYS ?
e X 3
_ Initial _mx _my mx | my . mx | my Comnx | my . ommx | my (a/150)sin—sin—y
imperfectio | 0.01¢sin—sin— 0.01t,, sin—sin— 0.18%t sin—sin— 0.18%t sin——sin— 0.005b sin——sin— a b
a b a b a b a b a b . .
ns Welding residual stresses
E'fy";g“t 4-node thick shell element  4-node thick shell element  SHELL181 SOLID95 SHELL93, SHELL181 8-node solid element
. - Aspect ratio, 3, DOP, pit Corrosion location (tension
S“.Jd'ed DOP, pit diameter, stress Pit location and distribution B, pit location, pit size Aspect ratio, DOP, depth, pit diameter, stress or compression region), pit
variables gradient :
ratio depth, plate length
Both-side (symmetrical and  One-side and both-side One-side rectangular pits Both-side cylindrical pits One-side and both-side One-side square pit
non-symmetrical) conical (symmetrical) conical pits (symmetrical) circular pits L0320, 40mm o LEIN b,
pits on web plate I
e g ([ M
00000000 00000000 T Warsa
1=8lcccooooo 1802000000
00000000 ©00e o0 o
0co000000 00000000
00000000 Qo0000 Q)
Pitting i=8 1=8
COI’!’OSI_On X o
realisation )
o
o
(o}
a OO b
T T L L DL L L LT
OO IO XN I X XXX XX )
(b) Ad-4 10 Ad-6
validation Co_mpared with 8-node Plat_e with art|f|0|al damage No No No No
solid element against experiments
Governing . . . 5
parameter DOP, equivalent thickness Average thickness loss B, volume loss DOP B, volume loss ?
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Table 2.11. Numerical analysis of pitting corrosion of steel plates (3)

Year 2010 2010-2011 2011 2011 2012 2013
[95] [49] [110] [93] [110] [112] [109]
Structural Square plate; simply Rectangular plate; clamped Rectangular plate; simply Rectangular plate Rectangular plate; simply Square plate; simply
model supported supported supported supported
Loading Biaxial compression Uniaxial tension Uniaxial compression 4-point bending Elastic shear stress Uniaxial compression
Software ANSYS LS-DYNA ANSYS LS-DYNA ANSYS ANSYS
Initial e
A . ) ) 34 . mnx 1wy . mnx 1wy . nx Ty
imperfectio | 0.0582tsin—sin—— No 0.18%t sin——sin— No 0.18%t sin——sin— 0.18%t sin—sin—
ns a b a b a b a b
Element . .
type Shell element 8-node brick element SHELL181 8-node brick element SHELL63 SHELL181
. Pit shape, pit depth, pit . . . .
Studied Lo . Pit shape, size and Aspect ratio, 3, pit depth, . .
variables dlstnbutlon,_ B, stress ratio, distribution DOP Aspect ratio, DOP, B Aspect ratio, g, DOP Volume loss
stress gradient
Cylindrical, semi-sphere Conical and ellipsoidal pits One-side conical pits One-side and both-side Both-side (symmetrical) One-side ellipsoidal pits
and conical pits S T OO ‘ ellipsoidal pits rectangular pits with a .
‘ m\?ﬁ ! 020" opo T rough surface
L | @ N e
4 U \_/"(J ) 5 NG ——h:iqg‘\’ y
oleroli|e000 porson BERE | ]
Py e—— N b o
Pitting ’ A
corrosion )
realisation T
7
I Compared with solid Plate with artificial damage  Intact plate against Plate with artificial damage . . .
Validation element against experiments experiments against experiments Against analytical solution No
Governing Smallest cross-sectional . Smallest cross-sectional
parameter Volume loss area B, aspect ratio area Volume loss Volume loss
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2.3 Mechano-electrochemistry

The combined influence of mechanical and chemical/electrochemical effects (which is
often termed mechano-chemical or chemo-mechanical changes in physico-mechanical
properties and the deformation of the solid) have been studied since the beginning of the
19th century [127]. Previous studies have focused on stress corrosion cracking [128,129],
corrosion fatigue [130] and hydrogen-induced cracking [131-133]. However, there is yet to
be an agreement on the synergistic effect of elastic stress and electrochemical process. In
addition, various theories have been proposed to explain the influence of plastic strain on
corrosion enhancement, which is largely dependent on the studied materials and the test
environment. In this section the mechano-electrochemical analysis will be reviewed
focusing on the elastic stress and plastic deformation effects from the viewpoint of
thermodynamics.

2.3.1 Influence of elastic stress

An early study carried out by Despic et al. [131] in 1968 established that during corrosion,
only the rate of hydrogen evolution was affected by tensile elastic stress. The chemical
potential of hydrogen was believed to decrease under stress, which lowered the activation
energy barrier for hydrogen-metal discharge and hence enhanced the cathodic reaction.
Conversely, Gutman concluded that both tensile and compressive elastic stress would
equally and directly affect the anodic reaction by increasing the surface chemical potential
and decreasing the equilibrium potential [127]. The promoted cathodic reaction was
reported to be due to the localisation of anodic area and increased cathodic area during
loading [127]. Movachan et al. argued that the compressive stress would cause even
higher corrosion damage in the elastic region [134]. Zhang et al. reported that the elastic
load would only affect the anodic polarisation [135]. Moreover, a cyclic tensile stress
caused more serious corrosion compared to unstressed and statically stressed low carbon
low alloy steels, since the load increased the surface activity, lowered the reaction energy

and led to a more porous corrosion product film.

Theoretically, when considering a point within a solid as an infinitely small cube, the
macroscopic stress state (Cauchy stress tensor) can be expressed as a combination of
the hydrostatic pressure/stress and deviatoric stress [136]. When a solid surface is

elastically stressed, Gutman [127] reported that the chemical potential of an atom of a
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solid would be increased by the spherical part of the macroscopic stress tensor, i.e., the
hydrostatic pressure, and hence leading to increases in macroscopic chemical potential in
the solid surface, regardless of the stress sign. The introduced mechanochemical
behaviour will result in a mechano-electrochemical response and a decrease in the

equilibrium potential Ag, [127]:

Um Vm
zF

Age = — (2.17)

where Ag, is the change in equilibrium potential (V), respectively. oy, is the absolute value
of the spherical stress in the solid phase (MPa), V,, is the molar volume (m® mol™), z is the
number of electrons within the partial electrochemical reaction and F is the Faraday’s
constant (96485 C mol™). When considering metal dissolution, only the anodic current
density is directly affected by the mechano-electrochemical action [127]:

O-m Vm
RT

iy = i,0€Xp (2.18)
where i, is the anodic current density of a non-stressed electrode (A m™); R is the ideal
gas constant (8.314 J mol™ K™) and T is the temperature (K). Qiao and Mao [137] also

proposed a theoretical expression of elastic stress effect on the anodic current density,

which was modified by also considering the volume change [138]:

3(1 = 2v) 0 Vi
ERT

(2.19)

i, = ijpexp

where E is the Young’s modulus and v is the Poisson’s ratio. However, principal stresses
01, 0, and o3 were used to calculate the hydrostatic stress, which inappropriately include
the shear stresses for the volume dilation. Moreover, there is a lack of validation against

experimental measurements.

From the literature it was found that the influence of elastic stress may vary significantly
but is limited in magnitude. For example, both experiments and theoretical estimate have
indicated that for carbon steel with a yield stress of 450 MPa under uniaxial elastic
bending (420 MPa), the ratio of stress and unstressed equilibrium potential is around 1.8
[127], with Ag, of approximately 15 mV (Equation 2.17). In addition to the stress sign
(tensile/compressive), the discrepancy could be due to the differences in sample

microstructure, preparation, corrosion mechanism and application of the elastic stress.
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Table 2.12 summarises typical materials and solutions used in the abovementioned

studies. In fact, the observed mechano-electrochemical performance is likely to be a

combination of the surface physical property change, microstructural heterogeneity and

the deformation of oxide film induced by the external loading. When a passive film is

present, the load may also alter the surface film state and the adsorption of the surface

active elements [127]. It is difficult to individualise the influence of each parameter.

Table 2.12. A summary of typical studied material for elastic stress effect

Year Ref. Material Solution
1968 [131] Armoiron; 0.1IN H,SOy;
Copper (99.95% Cu); 0.1N H,SO,4 + 0.1 CuSOQy;
Nickel (99.97% Ni); 0.1N H,SOy;
Molybdenum (99.9% Mo). 1IN KOH
1994 [127] Carbon steels; 30% HCI;
Martensitic steel; 20% H,S0, (+ 30 g L™" NaCl);
Aluminium 3% NaCl + 0.1% H,0, and 1N NaCl + 1% HCI
1995 [137] 310 austenitic stainless steel  Boiling LiCl
2009 [138] X60 pipeline steel NS4 solution (0.122 g L™ KCI, 0.483 g L™
NaHCOs, 0.181 g L™ CaCl,, 0.131 g L™
MgSO.)
2013 [135] Bainitic steel, 3.5 wt.% NacCl,
Dual phase steel 3.5 wt.% NaCl
2.3.2 Influence of plastic deformation

Investigations of plastic deformation effects have been carried out by applying external

loading, cold work or welding, which leads to direct and/or residual plastic strain. For

external loading, it has been generally agreed that the plastic strain will significantly

enhance corrosion by directly influencing the anodic reaction [129,131,134,138-141] while
the hydrogen evolution was reported to increase as well [133,138]. Despic et al. [131]
observed that a negative corrosion potential ship by up to 30 times, with a marked
increase in the anodic current density at the onset of the tensile plastic strain and reached
an asymptotic value gradually. However, Lu et al. observed a very limited effect of plastic
deformation on metal dissolution [132]. The anodic current density due to tensile plastic
deformation was found to increase to a value and then decrease regardless of the surface
film condition [139,140]. A tensile strain was found to be more effective than compressive
strain [141]. Conversely, the tensile and compressive plastic strain was reported to have
the same effect on electrochemical properties [127,138], since different types of plastic
deformation are all realised as micro-shears within the crystalline microstructure [127].

More recently, due to the increase in the computational capability, research of mechano-
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electrochemistry has been achieved numerically with implementation of Gutman’s
formulas [127] to provide more detailed information on the corrosion enhancement
[142,143]. However, the validation of the numerical work was not clearly presented. Also,
the multi-component stress condition needs to be appropriately addressed.

The plastic strain effects are mainly related to the dislocations on the solid surface. When
slip planes occur during plastic deformation, the formed steps or planar dislocation pile-
ups will produce new charged double layers, increasing the surface roughness and
creating edges, for which the metal dissolution increases [131,141]. The increase in the
dislocation density would lead to sites with more active electrons [138,141]. The
heterogeneity of dislocations was reported to be the major contribution to the mechano-
electrochemical effect compared to uniformly distributed dislocations [132] and [138].
Moreover, for metals with high index slip planes, the binding energy of the surface atoms
tends to be lower and hence more active for corrosion process [131]. At a later stage, the
active planes that dissolve initially become stable, which results in an asymptotic value
[131], while the decreased current density was explained as the dislocation cross-slip and
partial annihilation that destroyed the planar pile-ups during the dynamic recovery stage
[139,140]. The increased hydrogen adsorption is due to the increase in the crystalline
imperfections caused by plastic deformation [138].

The theoretical formulas proposed in Ref. [131] were validated against experimental data.
However, the parameters such as integral double layer capacity, roughness factor and
current density corresponding to high-index plane dissolutions were not clearly reported. A
local change in the equilibrium potential induced by plastic deformation Ag,, is given in Ref.

[127] as follows:

nATR

 @kNpoxzF (2.20)

A(pp =

where n is the number of dislocations in planar pile-ups; @ is equal between 10° and 10*
cm?; k is the Boltzmann constant for a system of particles representing unit dislocations
and N,y is the maximum possible dislocation density. By assuming n < 10, @ = 10™* cm™,
Nmax = 10" cm™ for iron at At = 190 MPa, Ap,, was estimated to be -73 mV [127]. The
consideration of plastic strain was also expressed by the volume expansion AV}, due to

microvoids [132]:
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where g, is the plastic strain, & is the fracture strain and I7p,max is the maximum volume
change of plastically deformed metal. The change in the internal energy AU, and entropy

AS,, due to the plastic strain is:
AU, + AS, = Ve (2.22)

where e, is the density of stored plastic strain energy. Therefore the anodic current

density change can be expressed as:

3 Vmép 7

i = iaoexp< : max + Vmep) (2.23)

However, the hydrostatic pressure is related to the volume change of the solid, and it is
the distortion of the solid that is associated with plastic deformation [136]. Also, Equation
2.21 is based on an empirical approximation for aluminium alloy 6061. Evidence of
appropriate validation was not systematically shown in Ref. [132], and it is unclear
whether or not the parameters from aluminium alloy can be directly applied for other

materials.

By cold working, the effect of oxide film stability can be largely eliminated. An early study
by Migai et al. in 1971 [133] reported that cold working, similar to uniaxial
tension/compression, led to an altered microstructure of steel KH18N10T (formation of a
phase) and hence an increase in the corrosion rate. The increased current density at an
early stage of cold rolling and a decreased value in the dynamic recovery stage of the
hardening process corroborated the observations under external loading [144]. However,
according to the theoretical study in Refs. [132,138], a compressive plastic strain would
cause corrosion deceleration. Their experiment showed a reduction in the corrosion
current density with increased cold working, which was considered to relate to the
presence of CO; in the surrounding environment [132]. Although the slip-out of
dislocations beneath the surface over time (ageing effect) will reduce the number of active

sites [138], the interaction between cold working and CO, was not fully examined.

In terms of welded specimens, electrochemically more negative potentials have been

detected in the vicinity of the weld boundary using either a micro-capillary probe in an
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electrolyte or a Kelvin probe [127,145,146], as shown in Figure 2.17. The relatively high
potential on the weld bead was reported to be induced by a thick oxide film [146] as well
as a lower reisudal stress in compreson to the base metal [127]. Areas with lower
potentials will preferentially act as anodes, which could induce grooving or knife-line
corrosion. Although the electrochemical heterogeneity is introduced by the welding
material and in particular welding materials, after annealing, levelling of potential on the
weld and base metal was observed [139], indicating that there are interactions between

the electrochemical performance and the stress state.

Potential change A® / mV
Residual stress ¢/ MPa

60 L L L L L L L L 50
0 2 4 6 8 10 12 14 16 18

Distance from weld centre / mm

(@) (b)

Figure 2.17. Electrochemical and mechanical heterogeneity of steel weld joint: (a) surface
potential change and residual stress distribution across a butt weld [127]; (b) local Volta
potential across a butt weld [146].

It can be seen that great effort has been made to investigate the interaction between
plastic strain and the electrochemical properties of a solid surface. However, various
parameters have been considered to be controlling the process, such as dislocation
density, high-index slip plane, change in microstructures and microvoid-induced volume
change. The studied materials and test solutions in the literature are summarised in Table
2.13. In addition, the presence of a weld introduces extra heterogeneity in the
microstructure at the HAZ. On the other hand, research has shown that dislocations would
increase the oxygen adsorption and hence facilitate the formation of oxide layer [147,148],
which could potentially retard the corrosion process. Further investigation is needed
based not only on the fundamental thermodynamics but also on the interpretation and
transformation from micro-stress/strain of a single crystal to macro-stress/strain of a

metallic structural surface.
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Table 2.13. A summary of studied material for plastic strain effect

Year Ref. Material Solution
1968 [131] Armo iron; 0.1N H,SOy;
Copper (99.95% Cu); 0.1N H,S0O4 + 0.1 CuSOy;
Nickel (99.97% Ni); 0.1N H,S0Oy;
Molybdenum (99.9% Mo). 1IN KOH
1971 [133] Stainless steel KH18N10T 5% H,SO,
1994 [127] Low carbon steel; 7N H,SOy;
Stainless steel (18Cr-8Ni); Boiling MgCly;
Molybdenum (99.9% Mo); 1IN HNOg;
Copper; 10% H,SOy;
Aluminium; H,S + HCI;
X52 pipeline steel 0.9N H,S0O,
1996 [139] 316L stainless steel; 0.1IN Na,SO, + 5% H,SO,
2002 [140] Mg alloys (AM60 and AZ91D) NaCl + Mg(OH),
2006 [129] AA2024-T3 1M NaCl
2007 [144] Stainless steels (AISI 304 0.5M NacCl
and AlSI 430)
2009 [138] X60 pipeline steel NS4 solution (0.122 g L™ KCI, 0.483 g L™
NaHCOs, 0.181 g L™ CaCl,, 0.131 g L™
MgSO,)
2011 [147] Nickel (99.999% Ni) 40% H,S0,
2012 [142] X100 pipeline steel 0.483 g L™  NaHCO,, 0.122 g L™ KCl,
0.181 g L™ CaCl, and 0.131 g L™* MgSO,
2013 [132] API X70 steel 0.483 g L~ NaHCOg3, 0.122 g L™ KCl,

0.181 g L™ CaCl, and 0.131 g L™* MgSO,

2.4 Ship survey criteria, inspection and maintenance

Ship surveys generally consist of Annual Surveys (AS), Intermediate Surveys (IS) and
Special Surveys (SS) [26]. An AS, which typically lasts for one or two days, is conducted
every year to check the condition of external hull structures and piping surfaces. An SS,
which takes one or two weeks, is carried out every five years. Vessels are dry-docked and
all structures are examined in detail. Whilst an IS, lasting normally three or four days,
takes place at the mid-point between the AS and SS, involving the same inspection areas
as in the AS plus ballast tanks and cargo tanks. During an SS, General Visual Inspections
(GVI) and Close Visual Inspections (CVI) are included to assess coating condition and
material degradation. Ultrasonic thickness measurement (gauging), in conjunction with
GVI and CVI, provides gquantitative information of the corrosion condition of ship structures.
The thickness measurement is also included especially for ships of more than ten years in

service.
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A set of parameters such as the average thickness, maximum pit depth and pit intensity
are required by the classification societies during a corrosion inspection [149,150]. The
accuracy of the corrosion prediction and strength assessment are affected directly by the
quality of the collected corrosion data. However, the underlying uncertainties, including
instrument error, remaining rust and human error, can all contribute to the large scatter of
the data. Teixeira and Guedes Soares [30,151] carried out a study on the inspection
quality on corroded ship plates and found that the accuracy of different measurement
pattern of the plate thickness was different. For certain purposes, such as to measure a
highly localised corrosion field, an appropriate measurement pattern needs to be adopted

to increase the accuracy.

2.4.1 Coating inspection

Recently, the application of coating in ballast tanks and double-side-skin spaces in bulk
carriers are required by IMO PSPC [68] to reach its target life of 15 years. The application
of IMO PSPC is mandatory according to IACS CSR for oil tankers of 150 m in length and
above, and bulk carriers of 90 m in length and above. IACS requires the protective coating
in ballast tanks of all types of ships except oil tankers to maintain in at least a ‘Fair’
condition. A ‘Good’ condition is required for oil tankers and chemical carriers. The rating
conditions are listed in Table 2.14 [26] and Table 2.15 [152].

Table 2.14. Coating and rust rating for ballast tanks of all ship types except oil tankers [26]

Rating/condition  Good Fair Poor
Spot rusting Minor <20%
Edges and welds Local break down
Hard scale >10%
General breakdown >20%

Table 2.15. Coating and rust rating for ballast tanks of oil tankers and chemical carriers

[152]
Rating/condition Good Fair Poor
Breakdown of coating or area rusted <5% 5%-20% >20%
Area of hard rust scale <10% >10%

Local breakdown on edge or weld lines <20% 20% -50% >50%
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To facilitate the coating condition inspection, various coating failure scale diagrams have
been produced by the classification societies, for example Figure 2.18 from ABS [26].
Providing that material degradation often occurs at the areas where coating fails, the

diagrams may be seen as rationally simplified corrosion features on local structures.
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Figure 2.18. Replica of scattered (left) and localised (right) coating failure scale diagrams at
various DOP values [26].

2.4.2 Design, thickness diminution and maintenance

In addition to applying a protective coating, the design of ship scantlings are required to
contain a certain allowance for corrosion wastage, including the corrosion addition (Figure
2.19). The value of the corrosion addition varies depending on the vessel type and
structural locations, and is not reduced due to the presence of coating, since the coating

will eventually breakdown and it is not always possible to recoat in time.
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Figure 2.19. Corrosion addition and wastage allowance [32].

The corrosion wastage allowance is normally expressed as a percentage of as-built
scantlings. The values of general trading ships are in the range of 15% - 25% for local
structural members. Substantial corrosion with wastage of more than 75% of the
allowance needs to be recorded by classification societies [8]. Based on an extensive
collection of investigation (e.g., [38,42,86,153]), CSR established the corrosion addition
for different structural locations. However, such rules are only applied for bulk carriers and
oil tankers [154].

Classification societies have issued different maximum allowable thickness diminutions, in
association with the ultrasonic thickness measurements during ship surveys, to determine
the repair time point. Typical values from Lloyd’s Register (LR) and DNV are summarised
below.

For general corrosion, LR [155] categorises ships into three groups: (1) oil tankers,

chemical tankers, dry bulk cargo ships, combination carriers and liquefied gas ships with a
length L = 90 m; (2) all remaining ship types not included in (1) with a length L = 90 m; (3)
all ship types having a length L < 90 m. The maximum permissible diminution of individual

plates and stiffeners are listed in Table 2.16.

DNV [11] simply divides vessels into two groups: vessels with a length L <100 mor L >
100 m. For the former group, the allowable diminution of plate thickness is generally up to
20% and 25% for the hull envelope. However, the plating thickness should also be no less
than 0.9 x (5.5 + 0.02L) for the deck and 0.9 x (5.0 + 0.04L) for the side/bottom. When
vessels are longer than 100 m, the allowable thickness diminutions for structural members
within 0.4L amidships are listed in Table 2.17. In terms of repairs, CSR states that repair
is needed when the remaining corrosion addition is about 0.5 mm [156]. According to
IACS, areas found with inacceptable thickness diminution are normally repaired with

inserted material of the same grade and scantlings as original.
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Table 2.16. Maximum thickness diminution of individual plates and stiffeners [155]

Structural member Category (1) Category (2) & (3)
Hull envelope: plates, shell and deck plating 20% 30%
Hull envelope: transverse section 20% 30%

Longitudinal structures: deck and shell
longitudinal stiffeners, longitudinal bulkhead

lating and stiffeners, inner bottom platin Plating 20% Plating 30%
piating ' ; 1 plaling Stiffeners 30% Stiffeners 25%
and stiffeners, hopper sloping plating and
stiffeners.

Transverse structural members in cargo 20% 250

oil and ballast tanks

Plating 30%
Stiffeners and
corrugated bulkhead
plating 25%

Plating 25%
Stiffeners and corrugated
bulkhead plating 25%

Ballast tanks and oil tanks transverse
bulkheads

Cargo hold transverse frames and end

0, 0,
brackets 20% 25%

Table 2.17. Maximum thickness diminutions of structural members [11]

Structural member: longitudinal Thickness diminution
Plating 20%
Stiffeners 25%
Girders and stringers 20%

Side and longitudinal bulkhead between Plating 20%
0.15Dy and 0.85Dy; from bottom Stiffeners 25%
Plating 20%
Stiffeners 25%
Girders and stringers 20%

Strength members within 0.15Dy* from
deck and bottom

Other longitudinal structure between
0.15Dy and 0.85Dy; from bottom

Structural member: transverse

Plating 20%
Stiffeners 25%

Plating 25%
Transverse bulkheads Plain bulkhead 25%
Corrugated bulkhead plating 20%

Deck plating between hatches

Frames/Stiffeners 25%

*Dy: moulded depth

Regarding pitting corrosion, the LR Guidance Information for steel ships states [157]:

(1) Shallow pitting less than 0.33t,, where t, is the original thickness of structural
members, may be repaired by filling with a suitable epoxy compound,

(2) Isolated deep pits greater than 0.33t, may be repaired by welding, provided the
thickness of material left at the bottom of the pit exceeds 6 mm;

(3) Where the pitting intensity is found to be extensive (above 25% of the surface area)
in association with deep pits (over 50% of the original thickness), or where the
thickness of material left at the bottom of the pit is less than 6 mm, the affected

plating should be cropped and renewed.
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DNV [11] gives the maximum allowable thickness diminution: 0.4t, when the pitting area
is less than 20%, provided the remaining thickness is no less than 6 mm. For the following
condition, repair is necessary:

(1) Widely scattered pitting (less than 5%) and the remaining thickness in pitted area
is no less than 6 mm, the use of either a plastic compound filler or welding may be
applied;

(2) For larger pitting areas, plates and stiffeners may be renewed by inserts.

For groove and edge corrosion, within the HAZ, repairs are required when corrosion is
beyond 20% on the weld line [152]. According to LR [155], when grooving corrosion is
greater than 15% of one side of the web plate, thickness measurements need to be taken.
The minimum acceptable remaining thickness in any groove is:
(1) 0.75t, for grooving in the cargo hold side frame webs and flanges;
(2) 0.70¢t, for grooving in the side shell, hopper tank and topside tank plating attached
to the cargo hold side frame, over a width up to 30 mm from each side of it.
The maximum acceptable breadth of groove given by DNV [11] is 15% of the web height,
but no more than 100 mm with the remaining allowable thickness in the grooved area
being 0.7t,, but no less than 6 mm. The acceptable extent of corrosion at the free edge of
longitudinals, according to DNV [11], is defined as:
(1) The overall height of the corroded area is less than 25% of the stiffener web height;
(2) The edge thickness is no less than 0.33ty;
(3) The remaining thickness in the corroded area is above the minimum allowable
thickness for general corrosion.

Re-welding and renewal by inserts are required by DNV for grooving and edge corrosion.

2.5 Conclusions

From the literature review it can be seen that a good prediction of the strength capacity of
steel structures is largely dependent on the accuracy of the corrosion prediction, including
the corrosion pattern, location and rate. The general procedure adopted in the literature to
predict corrosion is identified in Figure 2.20, based on which the main conclusions are
summarised as follows:
(1) While the general corrosion mechanisms for steel have been systematically
explored, the application of corrosion protection systems, welding and stress
conditions of ships structures have presented uncertainties in terms of the

localised corrosion. For example, the influence of environmentally assisted
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cracking and microbial effects. More detailed investigation of the corrosion
mechanisms is needed, specifically concentrating on localised corrosion with
regard to the diverse range of coated internal tank structures;

(2) Corrosion data sets provided by ship surveys show large scatter patterns
predominantly due to the complex environmental and operational conditions, or
indeed any associated human and gauging errors, which are not normally noted in
the survey reports. Also, complete data sets are rarely available in the public
domain, and even if present are often limited to ship types (i.e., there is sparse
information for double-hull tankers);

(3) There is a debate concerning whether a corrosion prediction model should rely on
mechanistic principles or actual measurments collected from ship surveys. For the
former (Melchers’ model), the coating effect is excluded. As such, steel coupons
may not be able to represent the corrosion behaviour of ship structures at larger
scales or under stress. Moreover, no validation against survey data has been
conducted, which lowers its practicability. Whereas in the latter, the quality of the
model is entirely dependent on the corrosion data for which it may lose the
adaptability to represent wide range of structures;

(4) The influencing factor (environmental and operational) is the most debatable
aspect in corrosion predictions. To date, mathematical expressions of the
corrosion rate have been corrected for environmental factors including
temperature, dissolved oxygen, salinity and water velocity. However, it is not
always easy to determine the parameters in these functions. The effect of the
coating, as an operational factor, has been considered in some models, but at a
rather empirical level. The corrosion mechanism of coated steels is not yet fully
understood. Mathematical relations between chemical components and the
corrosion rate for oil tanks have been proposed. However, the influence of the
other operational factors can only be considered qualitatively. Factors such as the
stress and strain experienced by the structural members, structural orientation,
tank wash, ballast frequency, cleanliness of ballast water, and trade route have not
been studied in detail, not to mention the correlations among them. It is worth
thinking about the significance of the corrosion rate correction, and which
parameter(s) has/have the most influence and cannot be ignored.

(5) The overall quality of a corrosion prediction model can be determined from two key
aspects: (i) researchers seek models which are able to fully reflect the physical
phenomenon by considering a number of variables and uncertainties; (ii) from an
industry perspective where a corrosion model should be capable of predicting

corrosion loss as accurately as possible given the fewest conditions. Thus, it is
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essential to not only have a better understanding of the degradation mechanisms
but also associate it with industries (ship design, survey, inspection and repair)

effectively.
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Figure 2.20. General procedure of corrosion prediction in the literature.

The strength capacity analysis of steel structures subject to corrosion damage has been
reviewed covering both experimental and numerical methods. The experimental work is
summarised in Table 2.18 and shows that tension and bending are the most frequently
tested conditions. However, experiments are only able to provide the stress-strain
relationship at discrete locations on specimens from strain gauges, with no information of
the stress/strain distributions on an irregular surface. This research has proposed two
novel full-field experimental techniques for steel plate specimens with damaged surface
under uniaxial compression (shaded section in Table 2.18).
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Table 2.18. Summary of the experimental analyses

General corrosion Localised corrosion
Plate element Plate-stiffener Plate element Plate-stiffener
Compressive
test - - [7][17]*
. [49]* [99]* [110] [17]* [49] [99]* [107]
Tensile test [124]* [110] [124]*
Shear test - - -
Bending test [110] [113] [110] [113] [114]

*: samples with an actual corroded surface.

Table 2.19 outlines the numerical studies, where the nonlinear FEA is the preferential
approach. Considerable effort has been made to assess the ultimate strength degradation
induced by corrosion for both local structural members and global structural systems.
However, to date, the effects of microbiological attack and stress-induced corrosion
degradation which are often considered to be important mechanisms at an extended time
scale have not been effectively incorporated. Also, the localised corrosion morphology has
not been closely related to actual observations either from experiments or a ship survey.
Welding effects including the residual stresses and grooving corrosion are routinely
ignored. Uniaxial loading condition has been frequently used in modelling studies.
However, the structural strength response to corrosion under combined loading has not
been fully investigated. Most importantly, the numerical techniques vary significantly in
detail, for example, iteration algorithm, element feature (type, size, aspect ratio) and
boundary conditions. As models with greater complexity are being developed, the
modelling techniques, which may significantly influence the result accuracy, were often
not systematically reported and validated. Therefore, this research has first explored the
modelling technique in detail, followed by simulation of localised corrosion (including
microbial effect) informed by the coating failure diagram (Figure 2.18) and repair rules
issued by classification societies. The weld-induced grooving corrosion was then studied
on a plate-stiffener combination model with both geometric and welding imperfections
(shaded sections in Table 2.19). The modelling studies have not only assessed the
ultimate strength reduction related to corrosion, but also examined the stress

concentrations and plastic strain distributions in detail.
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Table 2.19. Summary of the numerical analysis

Plate element Plate-stiffener
Initial Initial
No Initial deflection + Initial deflection +
imperfection deflection residual deflection residual
stresses stresses
[7]* [48] [88]
No use of [93] [95] [96]
corrosion N [97] [101] N "
= orediction [105] [110] [103] [107] [104] [113]* [114] [100]
@ g’ model [109] [111]
£ £ [112] [117]
© Use of
® corrosion
2 o [49]* [110]* - - - -
I prediction
[&]
o model
-
Grooving - - - - -
[88] [112] i i
Edge [105] [117] [100]
Actual corrosion [49]* [98]* i i i
= S pattern [99]* [102]*
5 'g Mathematical [29] [30] [31]
G £ surface [46] [93] [94]
O o . - - [108] -
o determined by [106] [108]
corrosion model [109]

*: with experimental validations.

The mechano-chemistry theory provides greater insights into the material degradation
scenario — synergistic effect of mechanical and chemical/electrochemical properties of a
solid surface. To explore the fundamental changes in a stressed surface from the
thermodynamic perspective, the phenomenon of environmentally assisted cracking has
not been included in the review. Even though, the influence of elastic stress and plastic
strain vary significantly owing to the selection of test materials/solutions and loading
conditions. The former is directly associated with microstructural heterogeneity and the
oxide film formation while the latter introduces complications in stress state, deformation
of oxide layers and may alter the microstructures. The mechano-electrochemical
performance of a metal surface can be sensitive to different factors and it is difficult to
determine the individual influence. Also, there is yet an agreement on the quantification of
such influences, for example, plastic strain. Theoretical methods have been proposed
together with empirical estimations. However, most validations of such protocols are
unclearly stated. A better understanding of the mechano-electrochemical mechanism is no
doubtfully very beneficial to accurately estimate the enhanced corrosion rate or reduced
corrosion potential, and hence to lead to more targeted corrosion inspections and
optimised maintenance schedules. The mechano-eletrochemical formulas have been
imbedded in the modelling work in this research to generate a map of corrosion

acceleration locations and quantify the increased corrosion rate.
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Although a regular ship survey is required by classification societies, the inspection
frequency and locations are largely based on the previous experience. Further effort is
essential to clearly identify the extent of corrosion damage, check the strength capacity
(ultimate strength) of the corroded members, and most importantly predict the ‘hot spot’
locations of corrosion acceleration especially for the internal structures within ships, which

are often failed to be maintained properly by the owners/operators [92].

Overall, there is an increasing necessity to seek new insights between the state-of-the-art
and the practical aspects of structural assessment [122], and determine the partial safety

factor associated with the uncertainties of corrosion.
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Chapter 3 Methodology

As discussed in Chapter 1 and the end of Chapter 2, this research will focus on the
mechanical and mechano-electrochemical performance of local thin-walled steel
structures subject to corrosion damage. Nonlinear FEA was adopted as a primary tool to
conduct the strength assessment. Experimental techniques including thermoelastic stress
analysis (TSA) and digital image correlation (DIC) were also used to provide full-field
measurements of surface stress/strain distributions as a validation of the models as well
as a physical measurement of stress concentration and deformation. In addition, a
numerical methodology was developed to estimate the mechano-electrochemical
properties based on the FEA results, aiming to predict corrosion acceleration at ‘hot spot’
locations induced by mechanical stress and deformation and to quantify the increased

corrosion rate.

3.1 Nonlinear FEA

A static analysis was performed in ANSYS 14.0 [158] using ANSYS parametric design
language (APDL). Large deflection option was used to achieve the geometric nonlinearity,
while bilinear isotropic hardening option was adopted for the material nonlinearity. Bilinear
isotropic hardening material model uses the von Mises yield criteria coupled with an
isotropic work hardening assumption and is preferred for large strain analysis [158]. The
Full Newton-Raphson solver was used to calculate the plasticity during the loading
process. Automatic time stepping and line search were activated to help achieve the
convergence. The convergence values (tolerance) for both displacement and force were
set to be 5% (mm and N). A typical procedure of the nonlinear FEA is outlined in Figure
3.1 with detailed settings given in Table 3.1. Since this study has focused on the buckling
collapse of structures, instabilities were observed for some situations due to a large
displacement for a small load increment, resulting in converging difficulties. To tackle this
issue, an artificial damper element was introduced in each node based on an energy
dissipation ratio, which ranges from 0 to 1. A high ratio could result in a better
convergence, in expense of a stiffer structure and hence may affect the accuracy.
Throughout the numerical studies, the energy dissipation ratio was kept to be around
0.01%, which is below the suggested 1% in Ref. [158].

For thin-walled structures, shell and solid elements are frequently used depending on the

complexity of the structural geometry and the degree of details required from the results.
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The behaviour and selection of the element types will be explored in detail in Section 4.1.
Initial geometric imperfections were applied based on the frequently observed deflection
shapes for all models as well as to initiate the buckling phenomenon. The application of
the initial deflection was achieved by assigning the desired values as displacement
loading for every node. After solving the constrained model, only the nodal locations
(geometry) were updated and the degrees of freedom (DOFs) were cleaned up. Residual
stresses can be introduced by performing a thermal FEA to simulate the welding
procedure with a series of temperature-dependent thermal/mechanical properties of steel,
a certain welding condition (current, voltage, heating time, speed, et cetera) and using
element birth/death to represent the welding material. However, the magnitude of the
residual stresses and deformation will entirely depend on the material properties and the
welding condition used. Besides, the benchmark study reported in Ref. [92] shows both
the thermal FEA and a representative residual stress matrix as introduced in Section
2.2.1.3 result in similar residual stress profile and stress-strain behaviour. Therefore, it
was decided to explicitly prescribe representative residual stresses to the structure by
keeping the initial deflection unchanged. Based on the stress equations (Equations 2.15
and 2.16) a stress matrix was formed consisting of stress records for every integration
point in every element depending on the location of the element centroid. After the
application of the initial deflection, the initial stress matrix was read and solved with all
DOFs constrained in order to obtain the reaction force records for all elements. Next, the
constraints needed to be cleared up and replaced with the real boundary conditions,
followed by a calculation producer with two load steps. The initial stress matrix and the
reaction force matrix needed to be read again in the first step to achieve the initial stress
application with negligible additional deformation (x10° mm). The external load was then
added at the second step as an elastic-plastic analysis. It needs to be noted that the
element size and number are essential for the residual stress application since the
tensile/compressive area is judged by the element centroids. A coarse mesh especially at
the HAZ boundary (change in the stress sign) will lead to an unbalanced internal stress
and hence a false result. Once the nonlinear FEA was completed, the stress/strain values
of the plates were derived for each substep in order to determine the load shortening or

stress-strain curves and the ultimate strength.
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Figure 3.1. Flow chart of FEA procedure.

Table 3.1. Setting details for the Newton-Raphson solver

Options APDL
Automatic time stepping AUTOTS,ON
Substep number = 500 NSUBST,500
Write results for every substeps OUTRES,ALL,ALL
Line search LNSRCH,ON
Full Newton-Raphson NROPT,FULL,,ON
Maximum iteration number =500 NEQIT,500
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3.2 Experimental techniqgue — TSA

Based on the thermoelasticity theory, which was established in 1853 by Lord Kelvin [159],
TSA is a well-established non-contacting technique, and is able to provide a full-field
measurement of principal stresses over the specimen surface [160]. It has been widely
used for structural analysis [160-163] to assess stress concentration and propagation
around crack tips, manufacturing defects and development of fatigue damage. TSA
technique is based on three assumptions [160]:

(1) The material behaviour is linearly elastic;

(2) The relevant material properties such as Young’s modulus are not temperature

dependent;
(3) The temperature change in the material is under an adiabatic condition.

For the isotropic material used in the experiments, the TSA technique is based on a first-
order relationship between the principal stress (g, and o,) change and the temperature

change, using the following expression [164]:

AT = - A6, + 0) (3.1)
= oC, o, + 0y .
where ar is the coefficient of thermal expansion, p is the density of the material, C,, is the
specific heat at a constant pressure, T is the absolute temperature of the specimen
surface and A(o; + a,) is the sum of the principal surface stresses. The expression

ar/(pCp) is referred as the thermoelastic constant of the material and is often denoted by

K. Therefore, Equation 3.1 can be simplified as:

To calibrate and process the thermoelastic signals, the constant K can be determined
experimentally from a standard uniaxial tensile test on a calibration specimen. Knowing
the cross-sectional area and applied tensile load, o; can be obtained and hence the K
value. Once K is known, the TSA data can be transformed to give a full-field stress

contour plot.

A cyclic loading is necessary to ensure an adiabatic thermal condition, under which the
surface temperature change associated with the stress change can be monitored by an

infrared detector. Most infrared detectors implement a charge-coupled device (CCD) to

62



obtain the digital signal which is proportional to the illumination intensity. Figure 3.2
illustrates the procedure of a single point of light being converted to a digital signal. To
achieve the full-field measurement, it is necessary to use a CCD array consisting of
multiple squares of semi-conductor material. Therefore multiple points of light intensity
can be detected, and hence a full-field map. The resulting digital signals are then
processed into either temperature or phase data. Particularly, the number of pixels within
the CCD array and the image frequency/capture rate are the two most important
parameters to determine the TSA image resolution. A certain degree of noise always

exists in CCD arrays but can be reduced when CCD is cooled.

Semi-conductor Digital

material P tioned converter
Received light —~ Voltage — Digital signal

Figure 3.2. CCD process of a single light point.

TSA requires a uniformly high emissivity over the specimen surface for which the radiant
energy can be measured quantitatively. For metallic materials, a thin layer of matt black
paint needs to be applied on the tested area to standardise the emissivity. A higher
emissivity will generate a more accurate signal especially when the temperature change is
small. Any variation of the emissivity across the specimen surface could lead to non-
stress-related temperature changes [165]. In addition, a surface finish of poor quality may
result in a too reflective surface and a radiation from ambient sources other than the
specimen. The loading frequency and the painting thickness have no direct effect on the
temperature results. However, the frequency should be sufficiently high to ensure minimal
heat loss to the ambient environment. If the frequency is too high, there will be
insufficiently heat flow through the coating to maintain the temperature change, while an
overly thick coating could act as a thermal insulator and result in temperature attenuation.
Therefore, to achieve a result of high accuracy, the loading frequency and coating
thickness were applied based on a previous comprehensive TSA study for steel

specimens [165].

Since the mechanical behaviour in the elastic regime is less dependent of the load
direction (tensile/compressive), a servo-hydraulic test machine (Instron 8802) was used in
this study to provide a sinusoidal cyclic tensile loading (20 + 15 kN at 10 Hz) and hence
the adiabatic thermal condition The temperature change was captured by an infrared

detector with a 320 x 256 pixel field of view at 383 Hz. The detector is calibrated annually
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therefore the error in the temperature data could be neglected compared to the system
noise. The inbuilt 27 mm lens was used in the tests at a distance of 150 mm. Steel rigs
were designed for TSA specimens to transform the load from the test machine to a
uniform stress along the specimen edges by using three M8 bolts on each side. In order to
maintain a uniaxial loading direction, two lubricated (copper grease) free-rolling pins were
adopted to connect the rigs and the test machine jaws. The experimental set-up is shown
in Figure 3.3. Matt black paint with a thickness of 10 to 25 ym was applied over the

specimen surface. Software Altair was used to process the data.
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Figure 3.3. TSA experimental set-up (all dimensions are in mm).

3.3 Experimental technique — DIC

DIC enables a full-field measurement of deformation and displacement and has been
successfully utilised in monitoring crack propagations [166-168] and large plastic
deformation of various materials [169,170]. The concept is to evaluate the object
deformation by tracking deformation of a random pattern in an image (Figure 3.4). Each
pixel within an image has a gray value. Generally, it is impossible to identify one pixel in
the reference image and in the deformed image, since the same gray value can be found
for a significant number of other pixels. To overcome the correspondence problem
uniquely during a deformation, DIC applies a stochastic speckle pattern to provide

information of a small aperture (subset or interrogation cell) for pattern matching on the
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specimen surface. The speckle pattern is typically achieved using black paint spatter on a
white paint or vice versa, so that each subset would be statistically different from any
other ones [171]. The motion estimation method is based on minimising the squared
difference in gray values, namely a summation of squares deviation. The correlation

function is expressed as [172]:

N/2

C(m,nu,v) = Z [Gm+u+in+v+j)—F@m+in+j))? (3.3)
i,j=—N/2

where m and n denote the pixel location in the reference image; u and v represent the
displacements of the subset centre from the reference (undeformed) image to the
deformed image; N is the size of the subset; G and F are the gray value matrices of
deformed and reference images, respectively. Detailed information of DIC can be found in
Ref. [172].
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Figure 3.4. Pattern matching of DIC technique [173].

The calculation of the correlation between subsets in the reference image and the
deformed image can be carried out using various algorithms such as the least squares
matching (LSM), Bayesian probability methods and fast Fourier transform. For the current
study LaVision DaVis 8.1.0 correlation software was adopted to employ a LSM algorithm
and iteratively approximate the deformation [173]. The iteration starts from the selected
seeding point(s) and the analysed region grows with the existing information being used
as a predictor for a possible match. Once identifying all subsets in the deformed image,
the displacement data can be converted to Lagrangian strain tensor or engineering strain
for the area of interest. Once the surface deformations are obtained, DaVis uses a central

difference scheme to compute the strain values [173]. For instance, at any location (m,n),
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strain in x-direction &, (m, n) is evaluated numerically using the displacement vectors to

the left V,(m — 1,n) and right V,(im + 1,n) (or top and bottom for y-direction):

ex(m,n) = [Ve(m + 1,n) =V, (m,n) + Ve (m,n) =V, (m —1,n)]/2g (3.4)

where g is the grid spacing determined as g = Subset size/[100/(100 — Overlap)] with
overlap in percentage. When assessing the edge of the grid, a simple forward differencing
is used instead whereby the strain is calculated using the difference between immediate
neighbouring displacement vectors. As described above, a single CCD camera is
sufficient to capture in-plane displacements. However, it cannot distinguish uniform strain
from uniform out-of-plane displacement [166]. By using a two-camera stereo set-up, the
calibration process helps build a ‘working volume’ and informs the positions of the two

cameras relative to each other [174] to calculate the out-of-plane deformation.

The experimental considerations for DIC include the surface preparation, the brightness
and post-processing settings [174]. In order to capture the physical movement of the
specimen and enhance contrast, a surface preparation of a random speckle pattern (black
speckles on white or vice versa) is of vital importance. The speckle size needs to be
increased as the field becomes large. The optimum size for the speckles is a few pixels
across. Smaller speckles may lead to a loss in the pattern contrast while less information
is obtained using overly large speckles [166]. A detailed analysis of the speckle pattern
quality can be found in Ref. [175]. The illumination and contrast condition need to be
checked before recording to avoid saturation. In post-processing, the precision of the
displacement measurements and the spacial resolution are largely dependent on the
subset size and the number of pixels within the image [168]. Since every single subset
represents the average displacement values of all features included, it should be large
enough (minimum 2 x 2 to 4 x 4 pixels®) to incorporate sufficient information for the
system to recognise in the next image. Thus, a larger subset results in a higher precision
in the displacement/strain results but with compromising the spatial resolution and the
computing time. In general, maximising the number of pixels in one subset and the
number of subsets for the whole image should be well balanced. For LSM algorithm used
in this software, seeding points are needed as starting points to determine the deformation.
Ideally, seeding points should be located in the viewing area where minimal movement is
expected [173]. However, within each region the subset match may not be calculated
robustly, resulting in some regions not analysed. Therefore, the definition of multiple

seeding points may be necessary to enlarge the analysis area.
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In this study, the servo-hydraulic test machine Instron 8032 was used to provide a quasi-
static uniaxial compressive loading by displacement control (1 mm min™). The weight of
the specimen and the rigs was balanced out prior to external load. Prior to the buckling
tests, the initial deflections of all specimens were measured using an Aberlink 3D Faro
Arm at discrete locations (Figure A4.1 in Appendix 4). To facilitate the modelling process
for comparison, surface fittings were performed to obtain a polynomial function (Figure
A4.2 in Appendix 4), based on which the nodal location was updated to generate a plate
model with real deflection. The 3D DIC system was adopted to capture the out-of-plane
deformation due to buckling failure. Two 5 MP 12 bit monochromatic LaVision E-lite CCD
cameras were used with two Sigma 105 lenses (Figure 3.5 (b)). The cameras were
positioned with the viewing directions 30° relative to each other in front of the specimen. A
floodlight was used to enhance the illumination. The deformation was recorded at a
frequency of 1 Hz, including the load and displacement provided by the Instron machine.
Steel rigs were designed specifically for such thin plate compressive tests, as shown in
Figure 3.5 (a), where the two lubricated pillars were press fit at the bottom and free slide
at the top, aiming to achieve a uniform in-plane compressive stress. For specimen surface
finish, black paint with white speckles was applied. The average speckle size was five

pixels across and the spatial resolution was 24.4 pixels mm™.
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Figure 3.5. 3D DIC experimental set-up: (a) specimen and rigs; (b) a 3D camera system
including two Sigma 105 mm lenses and two 5 MP 12 bit monochromatic LaVision E-lite
CCD cameras.

3.4 Mechano-electrochemical analysis

The mechano-electrochemical analysis was carried out numerically based on Gutman’s
methods introduced in Section 2.3 and the FEA results. Based on Gutman’s theory [127],
when a solid surface is elastically stressed, the spherical part of the macroscopic stress
tensor (hydrostatic pressure) will increase the macroscopic chemical potential in the
surface and increase the corrosion kinetics (Equations 2.17 and 2.18). When further
increases in the load occur, a local change in the equilibrium potential induced by plastic
deformation is given as Equation 2.20. The plastic deformation is realised as micro shear
strain Ay and the increase in the dislocation density AN (cm™) with hardening stress At
(MPa) is [127];

nAt
AN = NO (expm - 1) (35)
max
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where N, is the dislocation density (cm™) at At = 0 (approximately 10° cm [127]). n is
the number of dislocation in planar pile-ups; @ is equal between 10° and 10* cm™; k is
the Boltzmann constant for a system of particles representing unit dislocations (J K™ cm)
and T is the temperature (K). Thus, the macro plastic strain can be expressed as [127]:

Ae

_ ﬂ _ NO( nAt 1) (3.6)

v\ TPaN T

where v is the orientation-dependent factor (which is equal to 0.45 for tensile condition
[127]). If a steel structure is loaded until it reaches its ultimate strength with plasticity
occurring to a certain extent and left under stress, the overall increase in the equilibrium
potential of the structure surface should be the summation of the elastic and plastic effects.
By taking into account Equations 3.5 and 3.6, the overall enhanced anodic current density
is [127]:

O0mVm nAt ) omVm (Ae 1) (3.7)
& ’

la = ia‘)eXp( RT 1 kN, 1) = 20®XP
where g, represents the onset of plastic strain. From Equation 3.7 it can be seen that the
contribution of mechanical property to the potential or current change should consist of the
spherical part of the applied stress and the plastic strain. By substituting V,, = 7.09 x 107

m? mol™ for iron and & = oy/E, the ratio of the local anodic current density of a stressed

structure to the unstressed condition can be estimated. It needs to be emphasised that
when a solid is experiencing a multi-component elastic-plastic stress state due to an out-
of-plane deformation, Ae cannot be taken as the axial plastic strain even though the
external loading is uniaxial. Since the von Mises criterion was used to judge the onset of
yielding, the plastic strain will only be developed when the equivalent (von Mises) stress is
equal to the yielding stress of the material. The concept of equivalent stress/strain is used
as a scalar value to simplify the stress state to the uniaxial condition by keeping the unit
distortion strain energy the same. Therefore, As was treated as the equivalent plastic
strain for this study. It was assumed that the initial structural surface was anodic and the
structural members were located in a cargo oil tank, where the average temperature was
set to be 60°C. The corrosion process was activation controlled due to the very low
oxygen level (below 5%) [3]. The influence of a polymeric coating was not considered
here. When the plate was loaded up to the ultimate strength stage, both the hydrostatic

stress g, and the equivalent plastic strain As were readily obtained for every element from
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the numerical models. Utilising Equation 3.7, the anodic current density increment ratio

(iy/i,0) can be calculated.
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Chapter 4 Validation of nonlinear FEA

To gain familiarity and confidence with the nonlinear FEA method, this chapter details the
numerical validation conducted for thin-walled structure simulation. The validation consists
of two parts: (1) eigenvalue buckling analysis, which was used to inform the behaviour of
various element types commonly used for thin-wall structure analysis; (2) replicated
models of local structural members including plates, stiffened plates (plate-stiffener
combinations) and a stiffened panel. The application of initial imperfections (deflection and

weld-induced residual stresses) was also taken into account.

4.1 Eigenvalue buckling analysis

Elastic buckling behaviour, in which the buckling stress is below the yield stress or the
proportional limit of the material, has been extensively studied and documented for thin
plates [176-179]. Since the material and geometric nonlinearities and initial imperfections
are ignored during the analysis, the eigenvalue buckling load is normally utilised for
structural design with a correction factor considering the plasticity behaviour (Equation 2.8)
[86]. Although it has been agreed that the ultimate strength is more of a consistent basis
for an economical structural design [86], due to the loading similarity with the future
nonlinear corrosion models, simple calculation procedure and fast processing time, a
series of eigenvalue buckling analysis has been conducted to assess the feasibility of the
selection of the element type, element shape/size and boundary condition. The values of
the critical loading and the maximum deflection derived from FEA were compared with
analytical solutions, which were based on two plate theories, namely classical thin plate
theory (Kirchhoff plate theory) and first order shear deformation plate theory (Mindlin-
Reissner plate theory). Detailed descriptions of the two theories can be found in Appendix
2. To compensate the actual parabolic transverse shear strain distribution through the
thickness, a shear correction factor k? = 5/6 [180] was used in the Mindlin-Reissner

theory.

A square steel plate (Grade 070M20) with dimensions of 90 mm x 90 mm x 3 mm (used
for TSA/DIC experiments later on) was taken as an example for modelling. Key properties
of the sample plate are listed in Table 4.1. Regarding the element type, shell elements
SHELL63, SHELL181 and SHELL281 were assessed initially as predominant element
types for thin-walled structural analysis. Solid-shell (SOLSH190) and 3D solid elements
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(SOLID185 and SOLID186) were also considered in order to fully define the geometry of a
corroded surface.

Table 4.1. Key properties of Grade 070M20 steel plate

Properties Values
Dimensions /mm 90 x 90 x 3
E/Pa 2.05 x 10"
G/ Pa 7.23 x 10"
v 0.3
plkgm™ 7870
D/Pam® 464.84

K? 5/6

Critical buckling loads were derived for both Kirchhoff and Mindlin plates using Equations
46 and 49 in Appendix 2. The first three buckling modes (m = 1,2 and 3; n = 1) were

studied (Table 4.2). The mode shapes are shown in Figure 4.1.

Table 4.2. Analytical solution of the buckling load

Buckling mode T, kirchhotf) Ter (Mindlin)

m n / kN / kN

1 1 203.90 201.38
2 1 318.59 312.47
3 1 566.39 547.33

@) (b) (©)

Figure 4.1. Buckling mode shapes: (a) the 1°' (m=1, n=1); (b) the 2"* (m=2, n=1); (c) the 3"
(m=3, n=1).

4.1.1 Shell elements

In ANSYS, 4-node shell element SHELL63 is based on the thin plate theory (Kirchhoff
plate theory) neglecting the effect of shear deflection through thickness. It has six DOFs at

each node (translations in x-, y- and z-directions and rotations about the nodal x-, y- and
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z-axes). However, SHELLG63 is often found not to be able to provide accurate results along
plate edges, for plate openings and other kinds of defects. Consequently, based on the
thick plate theory (Mindlin plate theory), SHELL181 has been widely used for plate
strength analysis considering corrosion damage [88,93,96,97,111,117]. Similarly,
SHELL181 also has four nodes with six DOFs at each node. Stress and strain results are
provided at mid-thickness of the element. Key option KEYOPT(1) = 2 could be used to
evaluate stresses and strains on exterior surfaces. Reduced integration (RI) (KEYOPT(3)
= 0) is the default option especially for nonlinear applications. However, full integration (FI)
with incompatible modes (KEYOPT(3) = 2) is recommended due to its high accuracy even
with relatively coarse mesh [158]. Even so, when mapped mesh or quadrilateral-shaped
elements are difficult to adopt for irregular geometric patterns, SHELL181 tends to give
poor accuracy regardless of the element size. Therefore, a higher version of shell element
SHELL281 with eight nodes and six DOFs was also considered. The triangle-shaped
element (six nodes) of SHELL281 was used primarily as a free mesh for the corrosion
modelling. Simply supported boundary condition was assigned for the models with six

constraining methods tested (Figure 4.2) as frequently used in the literature.

y

UX ¥ RoOTY UY Y uz uy X uyz Uy

uy uz uy ROTY
ROTY

Figure 4.2. Boundary conditions for shell elements (UX, UY, UZ: zero translation in x-, y-
and z-directions; ROTX, ROTY: zero rotation about x- and y-axis; sf: surface load).

Boundary conditions BCs (1) to (3) and (4) to (6) were studied first for both SHELL63 and
SHELL181/SHELL281, respectively, using quadrilateral-shaped element with the same
element size (3 mm x 3 mm). It was found that SHELL63 gave the similar results under
BCs (1) to (3), so did SHELL181 and SHELL281 under BCs (4) to (6). The errors

73



calculated according to Equation 4.1 are listed in Table 4.3. It can be seen that the
boundary conditions used for the modelling correspond well with the theoretical condition.

Tcr(analytical) - Tcr(numerical)

Error (%) =

x 100 (4.1)
Tcr(analytical)

Table 4.3. Boundary conditions check — shell (element size: 3 mm x3 mm)

Bucklin

mode g Ter kirchhoff) Ter(sueLLes)  EMOr  TerMindling  Ter sueLLisyy  Error  Ter(sueLizsyy — Error
m n / kN / kN [ % / kN / kN ! % / kN | %
1 1 203.90 203.77 0.06 201.38 203.04 -0.83 202.63 -0.62
2 1 318.59 318.21 0.12 312.47 315.37 -0.93 313.69 -0.39
3 1 566.39 565.45 0.17 547.33 556.67 -1.71 549.24 -0.35

Using the boundary conditions described above, the effect of the element size is shown in
Figure 4.3. Both Fl and RI were considered for SHELL181. It can be seen that the
accuracy of these three shell elements decreases when increasing the element size. In
general, SHELL63 tends to provide lower load values compared to the analytical solution
while SHELL181 and SHELL281 led to higher estimates, indicating that the modelling
results lie in between Kirchhoff and Mindlin solutions. Moreover, the accuracy for higher
buckling modes is lower. Particularly, the result of the 3" buckling mode given by
SHELL181 shows a rather high error (up to 14%) when a coarse mesh (large element size)
is used. It is believed that for the 2" and the 3" buckling modes, more complex mode
shapes are generated (Figure 4.1), and the change of the deflection over the plate surface
is difficult to be fully described using large element size. In terms of the integration
strategy, FI with incompatible modes (KEYOPT(3) = 2) gives slightly better estimates
compared to Rl (KEYOPT(3) = 0), especially when the element size is increased. The
number of integration points through element thickness does not affect the accuracy.
Using triangle-shaped elements, SHELL281 gives better prediction compared to
SHELL181 in general.
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Figure 4.3. Effect of element size: (a) SHELL®63; (b) SHELL181 (RI: reduced integration; FI:
full integration); (c) SHELL281.

4.1.2 Solid-shell and solid elements

Compared to classical shell elements, which represent the mid-surface of a thin structure
with plane stress assumptions, the 3D 8-node solid-shell element SOLSH190 in theory
has a better ability to simulate the geometry of a more complex structure and gives more
accurate predictions. It has three DOFs (translations in the nodal x-, y- and z-directions)
at each node. The Mindlin plate theory is implemented. For a single layer, two integration
points are used through the thickness by default. Enhanced transverse shear strains can
be activated (KEYOPT(2) = 1) leading to quadratic transverse shear strain distributions
through thickness. The SOLSH190 results were compared with the analytical solution
using the Mindlin theory. The solid element SOLID185 has also been used for 3D
modelling. Similar to SOLSH190, it is also an 8-node element with three translation DOFs
at each node. SOLID186, defined by 20 nodes and exhibiting quadratic displacement
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behaviour, is the higher-order version of SOLID185. Although it is generally considered
that solid elements could provide the most accurate prediction, two numerical problems,
namely shear locking and hourglassing, could lead to faulty results. Shear locking
particularly refers to an overly stiff response (edges are unable to curve) of first order brick
element, such as SOLID185. The RI or the second order solid element (SOLID186) is
normally used to overcome such problem. However using RI may suffer the so-called
hourglassing problem, by making the element excessively flexible. The number of
elements through thickness is predominantly related to this problem. In this section, key
settings (boundary condition, number of elements through thickness, integration strategy
and size/shape of the element) will be explored to give a better understanding of the

behaviour of the abovementioned element types for the future corrosion modelling.

Since more than one element can be defined through thickness, new constraining
methods need to be applied to achieve the simply support condition. SOLSH190 was
used to test the constraining methods, which are illustrated in Figure 4.4 with two

elements through thickness and the element size on surfaces being 3 mm x 3 mm.

Uz (all) UZ (all) Uz (all)
P ! P !
of |t - | BEACACUN [ @ sr  UZ@l)
—>! BC (7 ! 1 He—
Uz (all) i iuz (all) UX (all) i E'UZ @l UX (all)
y M i 2 | y
Ux @l * uzqr UY (@l X Uzl uv @ X uz@ny UY ()
uY (all) Uy (all)
UZ (mid) UZ (all) Uz (all)
mEEmEmmm————— 1 mEEmEmmm————— 1 mEEmEmmm————— 1
i i i i i i
sf | i sf uz (! il sr Uz (@il il sr
—> BC (10) Ife— . BC(11) Ife— i BC(12) Ife—
UZ (mid) i o i uz  UX (mld)i a i 0z @l (m'd)i 02 i uZ (all)
2 i] (mid) 2 i v 4 i
UX (mid) * UZ (mid)  UY (mid) " xyz (all) UY (mid) X Uz(all) UY (mid)
Uy (mid) Uy (mid)

Figure 4.4. Boundary conditions for solid elements: (all) = all nodes through thickness; (mid)
=nodes at mid-thickness (UX, UY, UZ: zero translation in x-, y- and z-directions; sf: surface
load).

Results derived from Equation 4.1 are listed in Table 4.4, from which it can be seen that

BCs (7), (11) and (12) give the best predictions. However, BCs (11) and (12) can only be

used when the number of elements through thickness is even.
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Table 4.4. Boundary conditions check — SOLSH190

Buckling mode T

cr Mindlin) lerBez)y EMOr  Tergesy Error  Tegeey Error

m n / kN / kN /% / kN 1 % / kN 1 %
1 1 203.90 200.24 0.56 313.71 -55.78 243.77 -21.05
2 1 318.59 314.38 -0.61 457.89 -46.54 422.47 -35.20
3 1 566.39 561.99 -2.68 741.74 -3552 721.37 -31.80
Buckling mode T winainy TerBcaoy EMOr Terpeany EMor  Teepeazy Error
m n / kN / kN !/ % / kN [ % / kN [ %
1 1 203.90 199.68 0.84 200.15 0.61 200.13 0.62
2 1 318.59 313.76 -0.41 314.37 -0.61 314.39 -0.61
3 1 566.39 561.09 -251 562.13 -2.70 562.17 -2.71

The effect of the number of elements through thickness (examples in Figure 4.5) and the
integration strategy are shown in Figure 4.6 using BCs (7) and (11). During the test it was
found that Rl and the default FI could lead to high errors for SOLID185 due to the shear

locking and hourglassing problems. Therefore, only FI with enhanced strain formulation

(KEYOPT(2) = 2) was shown here for SOLID185. The critical loads of the first buckling

mode are plotted. The element size on the surfaces was set to be 3 mm x 3 mm, which

leads to good results using SHELL181.

@

Figure 4.5. Examples of different number of elements through thickness: (a) two elements;

(b) four elements.
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Figure 4.6. Effects of the number of elements and integration strategy (SOLID185 (2)=2: FlI
with enhanced strain formulation; SOLID186 (2)=0: RI; SOLID186 (2)=1: default FI).

Figure 4.6 shows that SOLSH190 gives the best results compared with solid elements.
With mid-nodes in the elements, SOLID186 is more accurate than SOLID185. For the two
solid elements, little difference was found between BCs (7) and (11). Similar tests were
also carried out using BC (12) with the same accuracy generated as BC (11). The effect of
the number of elements through thickness is limited for SOLSH190 and SOLID185, but
greater for SOLID186 when using RI. Single layer is not recommended for solid elements.
When Fl is activated for SOLID186, it tends to overpredict the buckling load compared to
the analytical solution. Since the buckling load should be lower than the analytical solution
derived based on plane stress assumptions, as a conservative result, Rl will be used for

SOLID186. Overall, most cases have led to an acceptable error (within 3%) [95].

The effect of the element size on the plate surface was also studied using two elements
through thickness for all element types. Boundary conditions BCs (7) and (11) were
adopted. Figure 4.7 shows the error change with element size for the 1% buckling mode.
The results indicate that SOLSH190 gave the closest predictions even with a coarse mesh
on the surface and, interestingly, a finer mesh of the 8-node element (SOLID185) was
more accurate and less computationally expensive than a coarser quadratic mesh of the
20-node element (SOLID186) with a comparable number of nodes. Likewise, BCs (7) and

(11) provided similar results.
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Figure 4.7. Effects of the element size on the plate surface (SOLID185 (2)=2: FI with
enhanced strain formulation; SOLID186 (2)=0: RI).

A good mesh should be tailored to the physics of the problem, i.e., fine in the direction of
rapidly changing gradients and relatively coarse in the direction with less changed fields.
However, the element shape testing provided by Ref. [158] states that the best possible
quadrilateral aspect ratio is 1. Since a brick element is made of six quadrilateral faces, it is
worth exploring the solid element behaviour when keeping the aspect ratio of each
quadrilateral face equal to 1 (a cube). Figure 4.8 shows the errors with the number of
elements through thickness. BC (7) was used for this study. Results show that even when
keeping a good aspect ratio for every element, one element through thickness is still not
able to provide acceptable accuracy. For two and three elements through thickness, the
accuracy is no better than that with the fixed element size 3 mm x 3 mm in Figure 4.6.
However, predictions from SOLID186 with FI become more conservative, albeit at the
expense of much higher computational time. Therefore, mesh for the future corrosion
modelling should firstly guarantee to be fine enough in the direction of high change in
stress and strain, while keeping the aspect ratio close to 1 without significant reduction in
computational efficiency.
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Figure 4.8. Effects of the element size with cubic brick elements.

4.1.3 Summary

Based on the eigenvalue buckling analysis, the key findings are as follows:
Shell elements:

(1) BCs (1) to (3) in Figure 4.2 were found to be suitable as a simply supported
boundary condition for SHELL63 while BCs (4) to (6) are feasible for
SHELL181/281;

(2) The accuracy of shell elements decreases when increasing the element size;

(3) SHELLS63 tends to provide lower load values compared to the analytical solution
while SHELL181 leads to higher values;

(4) For SHELL181, FI with incompatible modes (KEYOPT(3) = 2) yields better
accuracy compared to RI, especially for a coarse mesh;

(5) Using triangle-shaped elements, SHELL281 gives better prediction compared to
SHELL181;

(6) The number of integration points through element thickness does not affect the
accuracy.

Solid-shell and solid elements:

(1) BCs (7), (11) and (12) in Figure 4.4 all provide good results with similar accuracy
for SOLSH190, SOLID185/186. However, BC (11) and (12) can only be used
when the number of elements through thickness is even;

(2) Only FI with enhanced strain formulation (KEYOPT(2) = 2) can provide sufficient
accuracy for SOLID185; conversely, Rl (KEYOPT(2) = 0) is recommended for
SOLID186;
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(3) The effect of number of elements though thickness is limited for SOLSH190 and
SOLID185, compared to SOLID186 with RI;

(4) A finer mesh of SOLID185 was more accurate and less computationally expensive
than a more coarse quadratic mesh (SOLID186) with a comparable number of
nodes;

(5) At least two elements through thickness are needed for solid elements;

(6) Mesh should firstly guarantee to be fine enough in the direction of high change in
stress/strain, and keep the aspect ratio close to 1 without significant reduction in

computational efficiency.

4.2 Replicated nonlinear models

The eigenvalue buckling analysis has provided insight of the element selection and basic
settings. However, further validation is necessary for the nonlinear FEA technique outlined
in Section 3.1. Due to a lack of analytical solution for nonlinear problems, three sets of
numerical models (experimentally validated and benchmark studies) from the literature
were replicated. In addition, the application of weld-induced residual stresses was also
validated. Element SHELL181 was adopted primarily based on the investigation in Section
4.1.

42.1 Plate models

Modelling of a square steel plate with and without pitting corrosion was carried out and
compared with Paik et al.’s work [7]. The plate was simply supported along four edges
with uniaxial in-plane compressive stress (controlling displacement) applied on two sides
and two unloaded edges kept straight. Cylindrical pits were uniformly distributed over the
upper surface varying the DOP and pit depth. The geometric and material properties are
listed in Table 4.5. For computational simplicity, 1/4 scale was used when constructing the

models, as shown in Figure 4.9. FI with incompatible modes was used for SHELL181.
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Table 4.5. Input properties of Paik et al.’s models

Model Properties Values
Dimensions a X b Xty /mm 800 x 800 x 15
E/GPa 205.8
o, | MPa 352.8
v 0.3
E; 0
s . L mx | Ty
Initial imperfection w = 0.15%¢, sin—sin—~
Pit diameter / mm 40
Pit depth 0.25t,, 0.5¢t,, 0.75¢t, and ¢,
DOP 4.9%, 9.6%, 15.9%, 23.8% and 33.2%

The average compressive stress and strain were calculated for every load substep and
plotted in Figure 4.10 and Figure 4.11, varying DOP and pit depth, respectively. It can be
seen that the replicated model shows a very good agreement with Paik et al.’s results.
The difference could be from the selection of the element type and the application of
constraint/load, which are not clearly stated in the paper. Moreover, for one-side pitting
corrosion, Paik et al. set the elastic modulus to be zero at pitting regions, while the
replicated model used the section command of shell elements to set different thickness

values.
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Figure 4.9. Replicated Paik et al.’s model with various DOPs: (a) DOP
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Figure 4.10. Compressive stress-strain relationships: (a) replicated models; (b) models in
Ref. [7] varying DOP.
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Figure 4.11. Compressive stress-strain relationships: (a) replicated models; (b) models in
Ref. [7] varying pit depth.

4.2.2 Plate-stiffener combination models

To gain confidence in modelling plate-stiffener combinations, including the application of
initial deflections, boundary and loading conditions, three models were replicated, i.e., a
one-bay stiffened panel model (SPM), a two-bay plate-stiffener combination (PSC) and a

two-bay SPM [86]. Figure 4.12 illustrates the location and geometric information of each
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model and the loading condition. Model details are listed in Table 4.6. An example of the
mesh is shown in Figure 4.13. Simply supported boundary conditions were applied along
the four edges of each model with a uniaxial compressive load applied by controlling the
displacement. The transverse frames were not included in the present model, however
with the out-of-plane displacement constrained along the frame locations.

One-bay SPM

Two-bay PSC

(@) (b)

Figure 4.12. Plate-stiffener combination models reported in Ref. [86]: (a) model locations
and loading direction; (b) cross-section of a stiffener.

Table 4.6. Model properties used in Ref. [86]

Model Properties Values

a/mm 2640

b/mm 900

to/ mm 21

hy Xty / mm 150 x 12 and 210 x 12
b x t; / mm 100 x 15

E / GPa (both plate and stiffener) 205.8
o, / MPa (both plate and stiffener)  352.8

v (both plate and stiffener) 0.3
E; (both plate and stiffener) 0
o . 3
Plate initial deflection / mm Wpy = 0.058%t, sinﬂsin%
a
R . L mx | Ty
Column-type initial deflection /mm w, = 0.0025a sin—sin—-
zZ X
Sideways initial deflection / mm W = 0.0025ah—sin7
W
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Figure 4.13. Meshed one-bay SPM.

Validation was achieved by comparing the stress-strain relationships for each model with
two stiffener heights and two failure modes, namely plate-induced failure (PIF) and
stiffener-induced failure (SIF). Comparison results in Figure 4.14 and Figure 4.15 show
good agreement between the referenced plate-stiffener combination models and the
replicated ones in both elastic and plastic regimes, indicating the feasibility of the adopted
nonlinear FEA procedure for modelling various plate-stiffener combination models. The
minor variations in results of two-bay models could be caused by the differences in the

symmetric boundary conditions, which are not mentioned in the literature.

300 300

@
h, =150 mm 2
250 250 g
@
®
200 r = 200
g :
2150 | 2 150 -
@ —1-baySPMSIF|| £ @
g ——— 1-bay SPM PIF @ (@ FEA model with one-bay SPM-SIF
& 100 2-bay PSC SIF 100 @ FEA model with one-bay SPM-PIF
-bay @ FEA modet with two-bay SPM-SIF
—— 2-bay PSC PIF @ FEA model with two-bay SPM-PIF
o zbay SPMSIF| ] & FEA modetwih ey PSC.PIF
model with two-bay PSC-
. 2-bay SPM PIF . @ Theoretical model with one-bay PSC
e — T " L "1 - 1
0 04 0.8 1.2 1.6 2 24 0.0 0.4 0.8 1.2 1.6 2.0 24
Strain (x10-3) Strain (x1079)
(@) (b)

Figure 4.14. Compressive stress-strain relationships: (a) replicated models; (b) models in
Ref. [86] with h,, = 150 mm.
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Figure 4.15. Compressive stress strain relationships: (a) replicated models; (b) models in
Ref. [86] with h,, =210 mm.

4.2.3 Two-bay/two-span stiffened panel model

To incorporate the column-type initial deflection, as well as the interactions between plate
and transverse/longitudinal girders, a stiffened panel reported as a benchmark model of
the deck panel of a VLCC (very large crude carrier) [122] has also been replicated. The
model consists of two bays and two spans with each panel containing eight stiffeners with
a tee bar cross section. Model properties are listed in Table 4.7 (the parameters are as
previously defined in Figure 4.12 (b)). The meshed model is shown in Figure 4.16.

By applying a simply supported boundary condition and uniaxial compressive load along
the longitudinal direction, good correlations between the replicated and published stress-
strain relationships were obtained (Figure 4.17), indicating that the nonlinear FEA

procedure, boundary/loading conditions and the mesh were applied appropriately.

87



Table 4.7. Model properties used in Ref. [122]

Model Properties Values
a/mm 4750
b/mm 950
to/ mm 15
hy Xty / mm 580 x 15
b x t; / mm 150 x 20
E / GPa (both plate and stiffener) 205.8
o, / MPa (both plate and stiffener) 313.6
v (both plate and stiffener) 0.3
E; (both plate and stiffener) 0
L . _ 5nx  my
Plate initial deflection / mm wp = 0.18%t, sin——sin—~

Column-type initial deflection / mm
(B / mm: width between two longitudinal girders)

Sideways initial deflection / mm

L
w. = 0.0015a sm;smg

= 0.0015q — sin =
wg = 0. ahwsma

Figure 4.16. Meshed two-bay/two-span model reported in Ref. [122].
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Figure 4.17. Compressive stress-strain relationships: (a) replicated models; (b) models in

Ref. [122].

4.2.4 Validation of the residual stress application method

The method to explicitly apply weld-induced residual stresses to a structure (Section 3.1)

was validated against Paik and Sohn’s modelling of a rectangular steel plate [181]. The

plate dimension is 5700 mm x 945 mm x 21 mm with four edges simply supported and

uniaxial compressive load applied longitudinally. The plate is made of high tensile steel
with E = 205.8 GPa, g, = 315 MPa and v = 0.3. The initial deflection is in a form of

wy, = (b/200)sin(6mx/a) sin(my/b). Three levels of compressive residual stresses

(Equation 2.16) were applied in the longitudinal direction. Figure 4.18 illustrates the
residual stress distribution.

Figure 4.18. Residual stress distribution on a rectangular plate model from Ref. [181]

(stress in MPa).

Figure 4.19 is the comparison of the compressive stress-strain results. The transverse

residual stresses are not included due to the consideration of the external loading being
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predominantly longitudinal. A good correlation has been obtained using SHELL181
indicating the adopted method is appropriate for the residual stress application. The
method was also adapted for solid models (SOLID185) to test its feasibility. From the
results it can be seen that there is minor difference between the shell and solid elements
in both pre- and post-ultimate strength regimes.
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I‘ _-‘i ------ With residual stress in both x and y directions
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Figure 4.19. Compressive stress strain relationships: (a) replicated models; (b) models in
Ref. [181] (nominal stress = stress / oy; E: Young’s modulus).

4.3 Conclusions

This chapter has firstly detailed the behaviour of various shell and solid elements
frequently used for thin-walled structures. Greater insights were gained into the
constraining method for a simply supported boundary condition, selection of element type,
element size and element shape, number of elements through thickness, and integration
strategies, in order to minimise technical errors for future analysis. Regarding the
nonlinear FEA considering both geometric and material nonlinearities, validation was
carried out by replicating a series of localised steel structural members published in the
literature, including plates, plate-stiffener combinations and a two-bay/two-span stiffened
panel. The stress/strain relationships showed good agreement between the replicated
models and the published ones using SHELL181, which again proves the significance of
the eigenvalue buckling analysis. The replicated plate model with weld-induced residual
stresses has verified the feasibility of the proposed method to explicitly apply a residual

stress matrix prior to external loads for both shell and solid elements.
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Chapter 5 Numerical investigation of plate

models

Based on the validation reported in Chapter 4, this chapter presents a series of plate
models subject to idealised one-side local corrosion damage, focusing on the pit
distribution, bench-shape pits induced by MIC and a local rough surface. The coating
failure scale diagrams (Figure 2.18) and reported immersion trials [21] were used to
inform the corrosion patterns in order to develop a modelling strategy. Inasmuch as the
negligible influence of the aspect ratio of a structural member (length to width) when
investigating the corrosion effect (Section 2.2.3), the basic structural member was set to
be a square plate of shipbuilding high tensile steel for an equivalent Grade ASTM A131.
The studied properties are listed in Table 5.1. As discussed in Section 2.2.1.1, although
the strain hardening effect of a material would lead to a higher ultimate strength value, this
increase is fairly marginal for plates under compressive loading [86,90,91]. In addition, the
failure mode will not change due to the tangent modulus. Thus, an elastic-perfectly-plastic
material model was considered sufficient for a conservative compressive strength study,
and has been adopted in the present modelling. The plate was simply supported along
four edges. A uniaxial in-plane compressive load was applied along two parallel plate
edges by controlling the displacement with the unloaded edges kept straight. Von Mises

criterion was used to assess yielding.

Table 5.1. Basic properties of the plate model

Model Properties Values
Dimensions a X b Xty / mm 800 x 800 x 15
E/GPa 205.8
o, | MPa 352.8
v 0.3
E./ GPa 0
B 2.208
. . L Tx | Ty
Initial deflection / mm w = 0.15%¢, sin—sin—~

5.1 Localised pit distribution study

Four idealised pit distributions on one side of a plate were considered (Figure 5.1) based
on the coating failure diagram (Figure 2.18), representing either a large corrosion area or
a cluster of small pits. In terms of the pit shape, Paik et al. [7] and Huang et al. [95] stated

that pit shape would not have much effect on the ultimate strength reduction and hence
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the cylindrical shape was applied for simplicity. Although non-realistic sharp corners
therefore may be introduced to the model, the analysis was considered to be conservative
and valid. The test matrix also contains five DOPs (2%, 5%, 10%, 15% and 25%) and four
thickness reductions, t,, (0.25t,, 0.33t,, 0.5t, and 0.75t,), where t, is the original plate
thickness. For the random pitting corrosion pattern, all pits were completely separated
with the radius ranging from 10 mm to 30 mm, as frequently observed pit dimentions
[32,33]. Plates with uniformly reduced thickness were also investigated by keeping the
corrosion-induced volume loss the same for comparison. A mesh convergence study, for
example in Figure 5.2 when corrosion is in the middle of the plate, indicates that the
deflection ratio UZ,./Wo (maximum lateral deflection at the ultimate state to the maximum
initial deflection) starts to converge when the maximum element size is 50 mm. However,
since the initial deflection was applied to every node of the model, to avoid extra
geometric discontinuity and achieve a mapped mesh pattern (contains only orthogonal
element shape), the maximum element size was set to be 16 mm. Both SHELL181 and

SOLSH190 were used to construct the models.

X (a) * (b) “ (o) * ()

Figure 5.1. Studied corrosion patterns with compressive load in the x-direction: (a)
corrosion at the corner (Ic); (b) corrosion in the middle (m); (¢) random pitting (r); (d)
corrosion at the unloaded edge (b).
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Figure 5.2. Meshing convergence study for numerical modelling (UZ,ox = maximum lateral
deflection at ultimate strength state / mm; wy = maximum initial deflection / mm).

92



Loading was divided into numerous substeps. The nominal axial compressive stress (o)
of the plates were derived and extracted according to Equation 5.1 for each substep and

plotted versus the axial compressive strain in order to determine the ultimate strength.

o =L (5.1)

where P is the reactional load value and 4, is the original cross-sectional area. The axial
strain was calculated by dividing the loaded edge displacement in the loading direction by
the original plate width. The ultimate strength was the highest stress obtained from a
stress-strain curve. The modelling indicated that when taking into account the initial
imperfections, the plates started to deform at the onset of the external loading, as shown

in Figure 5.3 and Figure 5.4.
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Figure 5.3. Nominal compressive stress-strain relationships (DOP = 5%; pit depth = 0.25t,
and 0.5t) (Ic: corrosion at the corner; m: corrosion in the middle; r: random pitting; b:
corrosion at the unloaded edge; E: Young’s modulus of the material).
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Figure 5.4. Nominal compressive stress-strain relationships (DOP = 15%; pit depth = 0.25t,
and 0.5tp) (Ic: corrosion at the corner; m: corrosion in the middle; r: random pitting; b:
corrosion at the unloaded edge; E: Young’s modulus of the material).

In total, 81 cases have been considered in this localised pit distribution study. Shown in
Figure 5.3 and Figure 5.4 are examples of the stress-strain relationships for the intact
plate, uniformly corroded plates and plates with the four pit distributions, two DOPs of 5%
and 15% DOP and two pit depths of 0.25t, and 0.5t,. It can be seen that the ultimate
strength of the four localised corrosion distributions is lower than that for a uniformly
corroded plate with the same volume loss. Furthermore, when the corrosion damage is
shallow (0.25t,), plates with corrosion in the middle and random pits show a similar stress
progression trend as that of the intact and uniformly corroded plates. The ultimate strength
values of the middle, random and corner corrosion plates are all similar to each other.
Conversely, the ultimate strength of edge corrosion distributions is much lower. In addition,
increasing DOP not only leads to a strength reduction, but also enlarges the difference
between pit depth of 0.25¢t, and 0.5¢t,. For a more comprehensive comparison, the
normalised reduction results are derived based on Equation 5.2. The normalised ultimate
strength reduction and the corresponding lateral deflection compared to the intact plate
were derived and plotted versus the pit depth and DOP, as shown in Figure 5.5 (DOP =
5%) and Figure 5.6 (DOP = 15%).

Xlntact - XCorroded

X (%) = x 100 (5.2)

X Intact

94



where X represents the reduction of either ultimate strength or lateral deflection.
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Figure 5.5: (a) Normalised ultimate strength and (b) lateral deflection reductions (DOP = 5%)
(Ic: corrosion at the corner; m: corrosion in the middle; r: random pitting; b: corrosion at the
unloaded edge).
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Figure 5.6: (a) Normalised ultimate strength and (b) lateral deflection reductions (DOP =
15%) (Ic: corrosion at the corner; m: corrosion in the middle; r: random pitting; b: corrosion
at the unloaded edge).

For all pit depths and DOPs, the difference in the strength reduction between middle and
random pitting corrosion is small. For every DOP, as the pit depth increases, the strength
reduction of corner corrosion shows a more scattered response compared to the other pit
distributions. A negative deflection change means that the deflection is increased by the
corrosion. It can be seen that random pitted plates show a very similar deflection change
as the uniformly corroded plate. Unlike the slight difference of ultimate strength between

uniform and middle corrosion, the difference in the lateral deflection is up to 40%, due to
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the reduced effect of membrane stress which could stabilise the plate. Conversely, corner
corrosion tends to decrease the deflection.

For a compressive loading condition, the corrosion-induced volume loss is generally
considered as the governing parameter for strength assessment of corroded structures,
as discussed in Section 2.2.3. As such, Figure 5.7 presents the strength reduction change
with volume loss (%). It is evident that the strength reduction increases almost linearly
with volume loss for uniform corrosion, middle corrosion and random pitting. For corrosion
patterns with the same volume loss, the highest reduction is generally for the small and
deep pits in comparison with broad and shallow, and this difference is more obvious for
the edge and corner corrosion, which leads to greater scatter in the data. For instance,
when edge corrosion occurs with a volume loss of 5%, the reduction is 19.4% when DOP
= 10% and pit depth = 0.5¢,, but only 10.3% when DOP = 25% and pit depth = 0.2¢,,.
Moreover, a large pit depth could result in a lower strength even with a smaller volume
loss. The results show that the localised corrosion may further reduce the ultimate

strength by up to 20% compared to a uniformly corroded plate.

45

O Ic ©
40 O m A
X r X
St oAy Py
s ®  Uniform o
§ 30 A
; ¢ ©
= 25} X
R A x ¢
o)) [m]
g 20f s a 5A o
@ ®
% 15 - £ A 83 o
e aby x 8 ':'
3 10 + QQAD = [ ]
2 x f
5;@5@.
O 1 1 1
0 5 10 15 20

Volume loss / %

Figure 5.7: Normalised ultimate strength reductions versus volume loss (%) (Ic: corrosion
at the corner; m: corrosion in the middle; r: random pitting; b: corrosion at the unloaded
edge).
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5.2 Bench-shape pit distribution study

Based on the observations from immersion trials [21], bench-shape broad pits were
simulated on the plate models. Corrosion patterns (a), (b) and (d) shown in Figure 4.1 with
two DOPs (15% and 25%) were chosen as basic corrosion locations. Figure 5.8 illustrates
the cross-section of a bench-shape pit. The test matrix includes three r; ((1/3) r,, (1/2) 1,
and (2/3) r,) and six t; (2 mm, 3 mm, 3.75 mm, 7 mm, 7.5 mm and 10.05 mm). Five
volume losses based on the no-bench studies when DOP = 15% and 25% were used to
determine t, by keeping the same volume loss. The material properties, boundary and

loading conditions were the same as for the no-benched modelling.

A

b

Figure 5.8: Schematic of a bench-shape pit cross-section.

The bench-shape pit study contains 56 cases. The nominal compressive stress-strain
relationships were plotted to assess the stress progression. Figure 5.9 and Figure 5.10
are examples for 15%DOP (volume loss = 3.75%) and 25%DOP (volume loss = 6.25%)
respectively with three corrosion locations, three r; values and one t; (7 mm). It is clear
that the unloading path of the plate with bench-shape pitting follows a similar trend as the
plate without bench. Again, the corrosion at the plate corner shows generally a more
unstable behaviour. Apart from the effect on the ultimate strength, bench-shape pits could

further reduce the stiffness in the post-ultimate strength regime.
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Figure 5.9: Nominal compressive stress-strain relationships for bench-shape pits (DOP =
15%; volume loss = 3.75%; t, =7 mm) (Ic: corrosion at the corner; m: corrosion in the middle;
b: corrosion at the unloaded edge; E: Young’s modulus of the material).
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Figure 5.10: Nominal compressive stress-strain relationships for bench-shape pits (DOP =
25%; volume loss = 6.25%; t; =7 mm) (Ic: corrosion at the corner; m: corrosion in the middle;
b: corrosion at the unloaded edge; E: Young’s modulus of the material).
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The nominalised ultimate strength reductions were calculated using Equation 5.2, in
comparison with the results from studies of the no-benched condition. Figure 5.11 shows
typical results when r; = (1/2)r, and DOP = 15% at three corrosion locations. For an
identical volume loss, the bench will further reduce the strength. However, the overall
effect of bench feature diminishes with increasing volume loss. Whereas with increasing
DOP, the difference between plates with and without benches becomes significant for all
three corrosion locations (Figure A3.7 to Figure A3.11 in Appendix 3). For each DOP, the
strength reduction due to benches is much greater when corrosion occurs at the unloaded
edge and the corner compared to central corrosion, implying a less severe effect of
benches on plates with central corrosion. In terms of the bench configuration, when DOP
and volume loss are fixed, a smaller t; leads to a lower ultimate strength. This observation
is also true for the other two r; values. From the results for r; = (1/3)r, and r;, = (2/3)n,
(Figure A3.7 to Figure A3.11 in Appendix 3), it is found that a larger r; may lead to a
greater strength reduction. In general, the existence of benches may further reduce the
strength by up to 14% compared to the no-bench condition.
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Figure 5.11: Normalised ultimate strength reduction for bench-shape pit study (DOP = 15%;
ry = (1/2) r,): (&) corrosion at the corner; (b) corrosion in the middle; (c) corrosion at the
unloaded edge.

5.3 Localised rough surface study

The numerical studies described in Sections 5.1 and 5.2 have adopted idealised corrosion
patterns with a flat surface at the bottom of the corroded area. However, corrosion is
seldom observed with such a flat surface. Therefore, plates with a rough surface were
also investigated to assess the reliability of the corrosion pattern idealisation. A simple

Gaussian random surface was generated based on the method outlined in Refs. [182,183]
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to quickly introduce a roughness to the surface for a parametric study. Figure 5.12 shows
examples of the two random surfaces for the full scale plate with a root mean square
(RMS) height of 1.0 mm and two correlation lengths (CL) (10 mm and 50 mm in both x-
and y-directions, correlating with the observed pit diameters in Ref [33]).

z/ mm

Yulii s
AN, 3

/ mm
-400 400 X/ mm y 400 -400 X/ mm

@) (b)

Figure 5.12: Random surface configurations: (a) RMS =1 mm, CL =10 mm; (b) RMS =1 mm,
CL =50 mm (area: 800 mm x 800 mm).

Due to the limitation of the nature of shell elements, only both-side corrosion with identical
surface feature could be constructed. Therefore, solid-shell element SOLSH190 was
adopted to construct the one-side rough surface model based on the previous corrosion
pattern where corrosion was in the middle of the plate, as described in Section 5.1. A
rough surface was introduced only to the corroded area. Based on the collected data and
the corrosion model proposed in Ref. [52] for cargo tanks, three RMS heights (1 mm, 1.5
mm and 2 mm) were considered. The test matrix also contains four DOPs (5%, 10%, 15%
and 25%), one pit depth (0.5¢t,) and two CLs (10 and 50 mm) in both x- and y-directions.
The roughness R, values for every surface profile are listed in Table 5.2. Boundary and
loading conditions were based on the outcome from the eigenvalue buckling analysis.
Figure 5.13 illustrates two examples of the amplified corroded region for DOP = 15% and

pit depth = 0.5¢,. In total, 24 modelling cases were carried out.
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Table 5.2. Surface roughness

No. RMS/mm CL/mm R,/ mm

1 1 10 0.924
2 15 10 1.389
3 2 10 1.860
4 1 50 0.845
5 15 50 1.086
6 2 50 1.537

Pitting

(b)

Pitting

Figure 5.13: Two examples of a rough surface inside a pit (DOP = 15%, pit depth = 0.5t): (a)
RMS =1.5mm, CL =10 mm; (b) RMS = 1.5 mm, CL =50 mm.

Figure 5.14 is a comparison of stress-strain relationships between a flat surface and a
rough surface conditions for 15% DOP. It can be seen that minor variation has been
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induced by the rough surface. The ultimate strength reductions are plotted versus DOP for
three rough surfaces, compared to models without a rough surface (also using SOLSH190)
(Figure 5.15). It can be seen that when DOP increases, the ultimate strength decreases
for all rough surface conditions. However, when the DOP is beyond 15%, the strength
difference tends to be stabilised or even lower. In general, increasing RMS leads to an
increase in the strength difference, while a high CL together with a high DOP could
introduce more complexity in the ultimate strength. However, the strength difference

induced by a rough surface remains relatively low (less than 4%).
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Figure 5.14. Stress-strain relationships for models with 15% DOP, flat and rough surfaces.
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Figure 5.15. Ultimate strength reductions compared to idealised corrosion pattern (RMS =1
mm, 1.5 mm and 2 mm; CL = 10 mm and 50 mm).
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5.4 Discussion

The nonlinear FEA study indicates that the corrosion on the unloaded edge could
potentially lead to a much lower ultimate strength compared to the other corrosion
locations. For a ductile material, when the applied load increases the straight unloaded
edges, which are supposed to be locations where supported members lie, will provide
extra strength when the centre of the plate deforms and experiences tensile membrane
stresses [86]. For the situations where corrosion occurs in the middle or randomly
distributed on the plate surface, the unloaded edges remain intact and are able to provide
complete support. The lower strength reduction for corner corrosion may be due to the
less damage occurring at the unloaded edge, especially at the yielding area. Also, the
lateral deflection is more constrained for corner corrosion (Figure 5.5 (b) and Figure 5.6
(b)) compared to the other situations, which can also contribute to the higher strength.
However, the strength data versus pit depth for corner corrosion (Figure 5.5 (a) and
Figure 5.6 (a)) indicates that a large pit depth would introduce a greater geometric
complexity to the loaded and unloaded boundary conditions (i.e., a change in cross-
sectional area at the loaded and unloaded boundaries), and hence a more scattered data.
The strength reduction versus volume loss (Figure 5.7) indicates that the pit depth has a

greater influence compared to DOP for edge and corner corrosion.

In terms of the post-ultimate strength regime (Figure 5.3 and Figure 5.4), edge corrosion
tends to offer a more stable behaviour after the ultimate strength state especially when
corrosion becomes severe (pit depth > 0.5t,), while plates with corrosion at the corner
present a much more rapid drop in the stiffness compared to the other corrosion patterns,
implying a higher degree of instability. This is probably due to the eccentricity of loading
when corrosion occurs at the loaded edges. This finding is essential because when
considering a structural system consisting of a number of different structural members,
some members will always reach their ultimate strength first before the whole system
collapses. Thus, more unstable post-ultimate strength behaviour would greatly influence
the strength of attached members which have not yet failed. When shallow pits exist,
although the damage of the plate corner does not severely reduce the ultimate strength, it

may significantly affect the effectiveness of the remaining intact structural members.

The influence of the bench-shape pit distribution is considered to be primarily due to the
higher geometric discontinuity and hence the stress concentration introduced by the
bench. Therefore, the effective stress concentration factor (K;) defined in Equation 5.3,

was obtained and plotted versus the aspect ratio of pits with and without benches.
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(5.3)

where 0p,.x = \/3_]2 (for which J, is the second deviatoric component of the Cauchy stress
tensor) is the maximum von Mises stress for nonlinear material behaviour and o, is
defined in Equation 5.1. The aspect ratio for the bench geometry was calculated for inner
and outer pits, respectively. Figure 5.16 and Figure 5.17 show the influence of pit aspect
ratio on K; when corrosion occurs on the unloaded edge, at 15% DOP and r; = (1/2)r,. It
can be seen that for a fixed DOP value (fixed r,) and pitting without bench, the stress
concentration factor increases when the aspect ratio increases, which is also reported by
Horner et al. and Cerit et al. [184,185]. Interestingly, by assessing K; versus the inner and
outer pit aspect ratios, it is apparent that a high stress concentration is associated with a
high outer pit aspect ratio and a low inner pit aspect ratio when keeping the volume loss
the same as the no-bench condition. When the volume loss increases, the outer pit aspect
ratio is increased while the inner one is decreased, as illustrated in Figure 5.18, which
leads to a smaller difference in the stress concentration factor between the bench and no-

bench conditions, and hence a smaller ultimate strength reduction difference (Figure 5.11).
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Figure 5.16: Stress concentration factor change versus outer pit aspect ratio (edge
corrosion; DOP = 15%; ry = (1/2)r,).
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Figure 5.18: (a) Outer and (b) inner pit aspect ratio change versus volume loss (edge

corrosion; DOP = 15%; r, = (1/2)r,; shaded area: aspect ratio range).

When exploring the influence of the inner pit diameter r,, Figure 5.19 suggests that for the

same outer pit aspect ratio, a higher r, is associated with a higher volume loss and a

higher stress concentration factor. However, at the same inner pit aspect ratio, little

variation is observed for different r; (Figure 5.20), due to the little change in the volume

loss. Therefore, for both pitting area with and without benches, the pit aspect ratio and

more importantly the material degradation (volume loss) determine the strength capacity

of the corroded structures.
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Figure 5.19: Stress concentration factor change versus outer pit aspect ratio for all r;
values (edge corrosion; DOP = 15%).
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Figure 5.20: Stress concentration factor change versus inner pit aspect ratio for all ry
values (edge corrosion; DOP = 15%).

In the modelling studies, due to the initial geometric imperfection, a plate under
compressive load will experience tension on the corroded surface and compression on the
unaffected surface. Since tensile stress could potentially become a source of stress-
induced cracks, and concentrated plastic strain is reported to determine the crack initiation
associated with pits [186], the first principal plastic strain distributions for the localised

corrosion models have been investigated. The results reveal that the highest plastic strain
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occurs at the pitted area and the inner pit for plates with no-bench and bench-shape pit

respectively. Figure 5.21 is an example of the plastic strain evolution on a cross-section of

the model with random pitting (DOP = 15%, pit depth = 0.5¢t,)). Clearly, when the structure

is elastically stressed (Points 1 in Figure 5.21), the highest strain starts to emerge around

the edges of the pits and gradually propagates towards the pit bottom to the intact side of

the plate (Points 2 to 3 in Figure 5.21). The model reaches its ultimate strength with the

highest strain occurring at both the pit bottom and edge.
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Figure 5.21: First principal plastic strain evolution for a plate with random pitting (DOP =

15%, pit depth = 0.5tg).
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For bench-shape condition, Figure 5.22 shows the plastic strain distributions at three load
steps for plate with bench-shape pitting (DOP = 15%, r; = (1/2)r,, t; = 3.75 mm and t, =
8.75 mm). High strain is initiated just below the inner pit mouth due to the geometric
discontinuity, especially at the sharp corners introduced by the pitting configuration (Points
1 and 2 in Figure 5.22). However, when further increasing the external load, the highest
value gradually shifts to the pit bottom (Points 3 in Figure 5.22), where the remaining
thickness is the lowest. The plastic strain distributions correlate well with previously
published results [186] when the structure is elastically loaded globally. However, when it
is further loaded until failure, the location of plastic strain concentration is largely

dependent on the external load and the location of the damage.
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Figure 5.22: First principal plastic strain evolution for a plate with bench-shape pit (DOP =
15%, r; = (1/2)r,, t; = 3.75 mm and t, = 8.75 mm).
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In terms of a localised rough surface, the studied surfaces induced up to 4% reduction in
the ultimate strength compared to models with a flat surface in the corroded area,
whereas for small DOPs, the strength could even be increased, for example when RMS =
1 mm and CL = 50 mm in Figure 5.15. This observation corresponds well with Refs.
[29,31,94] with a general corrosion pattern. In addition, the post-collapse behaviour is not
greatly affected by the rough surface (Figure 5.14). Although a rough surface may not
cause significant ultimate strength reduction, it has a greater influence on the stress and
strain distributions. When examining the von Mises stress distribution at the collapse
stage (Figure 5.23), it can be seen that multiple localised areas with much lower stress
occur due to the rough surface, while the yielding area for the flat surface condition is very
much uniform. Earlier in the elastic region, Figure 5.24 shows the stress distributions
when keeping the compressive stress the same (163 MPa). It is interesting to note that no
obvious yielded area appears on the plate with a flat surface yet initial plastic areas [46]
have already formed on the rough surface due to the thickness variation. This early local
plasticity is considered to be the major cause for the strength reduction. In addition, the
extra stress concentrations could lead to early stress-induced cracks and potential
corrasion acceleration. High RMS means a rougher surface (Table 5.2) which leads to
more local plastic areas and hence a greater strength reduction. When increasing CL, the
yielded area becomes less localised. The general stress profile is not significantly altered
in both elastic and plastic regions for all DOPs when CL = 10 mm, which may explain the
minor magnitude of ultimate strength reduction. However, the larger yielded area for CL =
50 mm enhances the rough surface effects on the stress distribution for difference DOP
and leads to a more random variation of ultimate strength (Figure 5.15).

I |
6 164.55 239.85 315.15 17.9228 92.3399 166.757 241.174 315.591
126.901 202.2 277.5 352.8

Von Mises stress distribution / MPa Von Mises stress distribution / MPa

(a) (b)
Figure 5.23: Von Mises stress distribution at ultimate strength stage (DOP = 15%): (a) flat

surface in the corroded area; (b) rough surface in the corroded area (RMS = 1.5 mm, CL =10
mm).
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Figure 5.24: Von Mises stress distribution in elastic regime when compressive stress = 163
MPa (DOP = 15%): (a) flat surface in the corroded area; (b) rough surface in the corroded
area (RMS = 1.5 mm, CL =10 mm).

Again, the first principal plastic strain has been investigated for this situation. At the
ultimate strength stage, plastic strain appears on the rough surface compared to the flat
surface condition where the plastic strain only occurs around the edge. For small CL
(Figure 5.25 (a) and (b)), the area with plastic strain is very narrow while larger plastic
area was observed for high CL (Figure 5.25 (c) and (d)). However, only a larger DOP can
incorporate the rough surface feature when CL is high, which again explains why the
strength reduction is more noisy when DOP is beyond 15% for CL = 50 mm.
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Figure 5.25: First principal plastic strain distributions at ultimate strength stage (RMS = 1.5
mm): (a) DOP = 5%, CL = 10 mm; (b) DOP = 15%, CL = 10 mm; (c) DOP = 5%, CL =50 mm; (d)
DOP = 15%, CL =50 mm.

Figure 5.26 presents an example of the plastic strain evolution during the loading process
by examining the cross-section perpendicular to the load direction. In correlation with the
von Mises stress distribution, the plastic strain starts to develop not only on the intact side
of the plate but also on the rough surface when the plate is elastically loaded (Point 1).
When the load is further increased, the plastic strain propagates along the path with
minimum thickness (Point 2) and gradually forms plastic bands or hinges (Point 3) joining
the plastic region on the intact side and at the area with high geometric discontinuity. This
finding indicates the plastic strain distribution is not only dependent on the external load
and the damage location, which has been found from the bench-shape pit study, but also
largely associated with the morphology of a corroded surface. Moreover, when the
structure enters its plastic regime, the location of high plastic strain depends on the
location with minimum remaining thickness. The overall significance of plastic strain

analysis on the electrochemical performance will be discussed in detail in Chapter 8.
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Figure 5.26: First principal plastic strain evolution for a plate with a rough surface (DOP =
15%, RMS = 1.5 mm and CL =10 mm).

5.5 Conclusions

The utilisation of the classification society rules (coating failure scale diagrams), bench-
shape corrosion and a localised rough surface have given the parametric FEA models a
more realistic physical meaning for ship structures, but equally this approach could also
be adapted for other marine platforms and steel bridges. The frequently detected localised
corrosion (diameters in the order of tens of mm) may reduce the ultimate strength by up to
20% compared to a uniformly corroded plate. In addition, the existence of corrosion
benches within these features will further reduce the strength by up to 14%. The strength
reduction is greatly influenced by the corrosion size (especially the pit depth), the
formation of the bench geometry and the corrosion location. In terms of the post-ultimate
strength regime, the corrosion at the plate corner shows generally a more unstable
behaviour, which may weaken a structural system when the rest of the structural
members have not failed. Greater attention during survey and maintenance is thus

needed when such pitting features occur at the corner/edge of plate structures, especially
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when a bench-shape pit is formed. A rough surface has little impact on the ultimate
strength and post-collapse behaviour but will introduce extra stress concentrations and
localised plastic strain even when the structure is elastically loaded, which may lead to
crack initiation and corrosion acceleration. In addition to strength analysis, the numerical
models have provided information of the localised plastic strain distribution when the plate
is loaded elastically and plastically, showing that plastic strain is not only dependent on
the external load and damage location but also largely associated with the morphology of
a corroded surface. Moreover, when the structure enters its plastic regime, the location of

high plastic strain depends on the location with minimum remaining thickness.

114



Chapter 6 Experimental investigations

Although the nonlinear FEA procedure has been validated (Chapter 4) and proven to be
able to provide the stress-strain relationships of a range of plates with idealised local
corrosion damage (Chapter 5), its reliability remains to be fully verified. Also, due to the
geometric complexity of the corrosion damage, identifying the early stress concentrations
and the plastic strain around the defects are of equal or even greater importance.
However, to date, only numerical modelling has provided such information. From the
previously published experiments, strain gauges have been widely used at discrete
locations over specimen surfaces [7,49,113], as discussed in Chapter 2. This chapter
presents two full-field measurement techniques (TSA and DIC), to not only fully validate
the mesh quality of the plate models introduced in Chapter 5, but also physically assess
the early stress concentrations and the plastic strain distribution on a specimen with
similar damage patterns as used for the modelling.

6.1 TSA experiments

TSA specimens were fabricated from Grade 070M20 steel, which is used for marine
application, with a Young’s modulus of 205 GPa, Poisson’s ratio of 0.3 and a yield stress
of 520 MPa. Specimens were scaled down to 90 mm x 90 mm X 3.5 mm to
accommodate to the test machine, with the four one-side corrosion patterns shown in
Figure 5.1 and three bench-shape corrosion patterns described in Section 5.2. Figure 6.1
illustrates the specimens with various pit locations. For specimens without benches, DOP
= 15% and pit depth = 0.5¢t,, while for bench-shape pit, DOP = 15%, r; = (1/2)r, and t; =
(1/2) t, = (1/2) ty. Specimen (h) was manufactured with three randomly distributed artificial
circular defects with a DOP of 5% and three pit depths of 0.33¢,, 0.5¢, and ¢, (through-
thickness). The calibration of K (where K = 3.01x107*? Pa™) was achieved by testing an
intact specimen with known principal stresses. The temperature was 22 °C. Although it
has been assessed numerically that the specimen will not develop plastic strain under a
maximum load of 35 kN, the cyclic loading could potentially lead to a fatigue problem.
Thus, tests were performed within the first ten cycles to minimise the development of
fatigue cracks. The specimens were unloaded immediately after data acquisition. Each

test condition was repeated three times and the average values are reported below.
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Figure 6.1. Schematic of TSA test specimens (all dimensions are in mm): (a) corrosion at
the corner (Ic); (b) corrosion in the middle (m); (¢) random pitting (r); (d) corrosion at the
unloaded edge (b); (e) bench-shape_Ic; (f) bench-shape_m; (g) bench-shape_b; (h)
specimen with random pits and thickness reductions.

All the temperature data from TSA were processed using Equation 3.2 to generate
principal stress maps. The numerical models of the test specimens were built using shell
elements (SHELL181/281) with the mesh pattern used in the modelling study. The upper
and lower edges were clamped with a uniform tensile pressure applied at the lower edge
(the same as for the TSA tests). In the FEA models, the load maximum amplitude
difference of 30 kN was applied to achieve the same loading condition as used to
calculate the TSA stress results. Figure 6.2 to Figure 6.8 show the principal stress maps

from TSA and FEA for all test conditions.
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Figure 6.2. Front surface of principal stress from (a) TSA and (b) FEA for Specimen (a) with
corrosion at the corner.
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Figure 6.3. Front surface of principal stress from (a) TSA and (b) FEA for Specimen (b) with
corrosion in the middle.
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Figure 6.4. Front surface of principal stress from (a) TSA and (b) FEA for Specimen (c) with
random pitting.
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Figure 6.5. Front surface of principal stress from (a) TSA and (b) FEA for Specimen (d) with
corrosion at the unloaded edge.
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Figure 6.6. Front surface of principal stress from (a) TSA and (b) FEA for Specimen (e) with
bench-shape corrosion at the corner.
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Figure 6.7. Front surface of principal stress from (a) TSA and (b) FEA for Specimen (f) with
bench-shape corrosion in the middle.
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Figure 6.8. Front surface of principal stress from (a) TSA and (b) FEA for Specimen (g) with
bench-shape corrosion at the unloaded edge.

TSA was also conducted on the back surfaces of the specimens. Figure 6.9 is an example
of the principal stress map of the back surface of Specimen (h). It can be seen that a clear

stress change at the back of the non-through-thickness defect is detected.
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Figure 6.9. Back surface of principal stress from (a) TSA and (b) FEA for Specimen (h) with
random pits and thickness reductions.

To further verify the quality of the numerical models, line data at different locations
(indicated in Figure 6.2 (a) to Figure 6.8 (a)) were obtained and plotted. Figure 6.10 to
Figure 6.16 are comparisons of stress values along the two defined lines for every
specimen.
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Figure 6.10. TSA and FEA data at (a) y; and (b) y, in Figure 6.2 for corrosion at the corner
(Specimen (a)).
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Figure 6.11. TSA and FEA data at (a) y; and (b) y4 in Figure 6.3 for corrosion in the
middle (Specimen (b)).
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Figure 6.12. TSA and FEA data at (a) ys and (b) ys in Figure 6.4 for random pitting

(Specimen (c)).
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Figure 6.13. TSA and FEA data at (a) y; and (b) yg in Figure 6.5 for corrosion on the

unloaded edge (Specimen (d)).
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Figure 6.14. TSA and FEA data at (a) ys and (b) yy0 in Figure 6.6 for bench-shape
corrosion at the corner (Specimen (e)).
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Figure 6.15. TSA and FEA data at (a) y1; and (b) y;, in Figure 6.7 for bench-shape
corrosion in the middle (Specimen (f)).
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Figure 6.16. TSA and FEA data at (a) y13 and (b) y14 in Figure 6.8 for bench-shape
corrosion on the unloaded edge (Specimen (g)).

6.2 DIC experiments

Four DIC specimens were fabricated from Grade 070M20 steel (used for TSA tests) and
scaled down to 110 mm x 90 mm X 3 mm (tested area: 90 mm x 90 mm), with the four
one-side corrosion patterns shown in Figure 5.1. Both top and bottom edges of the
specimen were clamped to the specifically designed rigs. Similar to the TSA test condition,
the DOP was 15% and pit depth was 0.5t, for all DIC specimens. A compressive load was
applied quasi-statically at 1 mm min™ with the entire loading procedure monitored by a
stereo camera system at 1 Hz in order to capture the ultimate strength point. For data
processing, the subset size was set to be 61 x 61 pixels while the step size (grid spacing)
was 19 pixels, leading to a 31% overlap. The correlation mode was set to be the sum of
differential of the preceding images, which is suitable for large deformation over time.
Since the rigs will experience elastic deformations as well during the loading process,
strain values instead of displacement along the load direction were examined. Regarding
the numerical models, shell element SHELL181 was used to construct the models. The
material was set to be elastic-perfectly-plastic. After the application of initial deflection
using polynomial functions, both the loaded edges were straightened and the deflections
were updated accordingly. Figure 6.17 to Figure 6.20 are the load-strain relationships

obtained from DIC and FEA for all the specimens.
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Figure 6.17. Load-strain relationships obtained from DIC and FEA for specimen with
corrosion at the corner.

Middle corrosion

Compressive load / kN

0.0 0.5 1.0 1.5 2.0 2.5

sy/%

Figure 6.18. Load-strain relationships obtained from DIC and FEA for specimen with
corrosion in the middle.
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Figure 6.19. Load-strain relationships obtained from DIC and FEA for specimen with
random pitting corrosion.

Corrosion on unloaded edge

100

80

60

40

Compressive load / kN

20 4

2.5

gy/%

Figure 6.20. Load-strain relationships obtained from DIC and FEA for specimen with
corrosion on the unloaded edge.

Based on the load-strain plots, the ultimate strength was determined for all test conditions.
Figure 6.21 to Figure 6.28 are comparisons of the out-of-plane deformation and strain in
y-direction (loading direction) obtained from DIC and FEA for all specimens at their

ultimate strength states.
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Figure 6.21. Front surface of out-of-plane deformation maps from (a) DIC and (b) FEA for
specimen with corrosion at the corner at ultimate strength state.
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Figure 6.22. Front surface of strain in y-direction maps from (a) DIC and (b) FEA for
specimen with corrosion at the corner at ultimate strength state.
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Figure 6.23. Front surface of out-of-plane deformation maps from (a) DIC and (b) FEA for
specimen with corrosion in the middle at ultimate strength state.
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Figure 6.24. Front surface of strain in y-direction maps from (a) DIC and (b) FEA for
specimen with corrosion in the middle at ultimate strength state.
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Figure 6.25. Front surface of out-of-plane deformation maps from (a) DIC and (b) FEA for
specimen with random pitting at ultimate strength state.
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Figure 6.26. Front surface of strain in y-direction maps from (a) DIC and (b) FEA for
specimen with random pitting at ultimate strength state.
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Figure 6.27. Front surface of out-of-plane deformation maps from (a) DIC and (b) FEA for
specimen with corrosion on the unloaded edge at ultimate strength state.
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Figure 6.28. Front surface of strain in y-direction maps from (a) DIC and (b) FEA for
specimen with corrosion on the unloaded edge at ultimate strength state.

Since the beauty of the DIC experiment is to be able to capture the full-field plastic
behaviour of a specimen surface, a post-collapse point was also selected according to the
load-strain curves to compare with the FEA results by keeping the compressive load the
same, as shown in Figure 6.29 to Figure 6.36 for both out-of-plane deformations and

strains in the y-direction.
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Figure 6.29. Front surface of out-of-plane deformation maps from (a) DIC and (b) FEA for
specimen with corrosion at the corner when external load = 60 kN in the post-collapse
region.
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Figure 6.30. Front surface of strain in y-direction maps from (a) DIC and (b) FEA for
specimen with corrosion at the corner when external load = 60 kN in the post-collapse
region.
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Figure 6.31. Front surface of out-of-plane deformation maps from (a) DIC and (b) FEA for
specimen with corrosion in the middle when external load = 63 kN in the post-collapse
region.
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Figure 6.32. Front surface of strain in y-direction maps from (a) DIC and (b) FEA for
specimen with corrosion in the middle when external load = 63 kN in the post-collapse
region.
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Figure 6.33. Front surface of out-of-plane deformation maps from (a) DIC and (b) FEA for
specimen with random pitting when external load = 70 kN in the post-collapse region.

Strain in y-direction

-.037778 -.025556 -.013333 -.001111
-.007222 .005

-.043889 -.031667 -.019444

Strain in y-direction

@) (b)

Figure 6.34. Front surface of strain in y-direction maps from (a) DIC and (b) FEA for
specimen with random pitting when external load = 70 kN in the post-collapse region.
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Figure 6.35. Front surface of out-of-plane deformation maps from (a) DIC and (b) FEA for
specimen with corrosion on the unloaded edge when external load = 60 kN in the post-
collapse region.
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Figure 6.36. Front surface of strain in y-direction maps from (a) DIC and (b) FEA for
specimen with corrosion on the unloaded edge when external load = 60 kN in the post-
collapse region.

6.3 Discussion

TSA successfully detected the stress concentrations around the artificial pit defects and
the interactions between them for all specimens. Due to the limitation of the TSA theory,
which is only applicable in the elastic region of the material, the compressive load up to
the collapse point used in the modelling condition cannot be achieved in these
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experiments. However, it is considered that TSA is able to provide a full-field
measurement of principal stresses over a corroded surface in the elastic regime as an
indicator of the early stress concentration locations and indeed the stress concentration
factor, which has mainly been investigated numerically [184-186]. Also, it has validated
the mesh pattern for the studied corrosion models, which predominantly governs the
accuracy of the FEA results. The line data comparisons (Figure 6.10 to Figure 6.16) show
that the experimental and numerical stress change follow the same trend as the geometry
changes and correlates well in most of the areas. However, the distance between two
pixels in TSA is approximately 0.44 mm while the distance between two integration points
in FEA models is 0.09 mm. This difference may be the main source of error at the
corrosion defect edges (sharp corners). In addition, the non-adiabatic condition caused by
the unevenness of the paint layer at areas with rapidly changing geometry could lead to a
variation of the comparison results. Also, the material properties could be influenced by
the machining of the pit surface and edges, which was not considered in the models.

However, this influence is considered to be marginal.

In terms of the DIC experiments, the load-strain relationships (Figure 6.17 to Figure 6.20)
for all specimens present a good correlation in general between DIC and FEA. The
difference of the ultimate strength ranges from 3.9% (corrosion at the corner) to 11.8%
(corrosion on the unloaded edge) with higher predictions from FEA. In the post-collapse
region, FEA tends to underestimate the unloading path. The manufacture of the
specimens is considered to be the main source of error. Firstly, initial deflections were
introduced randomly during the machining and measured on a coarse grid on the
specimens (9 x 9 data points) due to the limitation of the Faro Arm resolution. Although
the polynomial functions show a good fitting (R? > 0.95), the variation around the defect
(Figure A4.1 in Appendix 4) may not be included. Secondly, the higher ultimate strength
and lower unloading path obtained from FEA could be induced by the pre-stress along the
loaded edges. Both edges were straightened in the models. However, the clamped
boundary condition was achieved on a 90 mm x 10 mm region using a steel strip and four
M6 bolts on each side (Figure 6.37), which would introduce pre-stress to the specimen
and lower the ultimate strength. Detailed consideration of the residual stress will be

discussed in Chapter 7.
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Figure 6.37. Schematic of a specimen and the rigs (dimension of the specimen: 110 mm x
90 mm x 3 mm).

When examining deformation/strain maps, it can be seen that FEA results show a good
agreement with DIC in capturing various failure modes as well as the post-collapse
deformations depending on the location of defects. When keeping the strength value the
same in the post-collapse region, an improvement in the DIC and FEA comparisons can
be observed. Although seeding points were carefully selected around the defect edges
(thickness discontinuity), there are still some regions that the DIC failed to correlate, for
example the red squares in Figure 6.23 (a). Smaller subset size (41 x 41 pixels) was
hence tested with little improvement in the correlation area but in compensation of more
noisy data. In terms of strain maps, DIC has presented a high strain resolution (in the
order of 10°®). However, more noise can be seen since strain values were calculated
based on the displacement results for DIC (Section 3.3). Moreover, strains which are
unrealistically high in magnitude were obtained around the defect. This is due to the
discontinuous deformation inside and outside the defect. Figure 6.38 is an example of the
deformation maps in y-direction for specimen with corrosion in the middle at the ultimate
strength state. According to Equation 3.4, the deformation discontinuity around the defect
edge will be averaged and hence an unrealistic region of strains. Overall, the nonlinear
FEA has been successfully validated using the DIC experimental method. However, the
buckling mode of the specimens is largely dependent on the initial state (geometric

imperfection and initial stress) which may be difficult to simulate accurately.
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Figure 6.38. Front surface of deformation in y-direction maps from (a) DIC and (b) FEA for
specimen with corrosion in the middle at ultimate strength state.

6.4 Conclusions

A full-field stress measurement using TSA technique demonstrates that it can be used to
validate the mesh quality of FEA models. More importantly, it is able to physically reveal
early stress concentration locations of corroded structural surfaces. For a steel plate with
various defects representing corrosion damage, DIC experiments have been proven to be
a valid novel experimental method to not only assess the buckling strength but also
provide a full-field displacement/strain map on specimen surfaces, which can significantly
improve the reliability of nonlinear FEA for specimens with non-uniform thickness. Also,
strain concentrations can be physically detected around the defects. However, the
calculation imbedded in DIC could lead to unrealistic strain values around sharp edges

and needs to be treated with caution.
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Chapter 7 Numerical investigation of stiffened

plate models

In this chapter, a modified approach is proposed to simulate the behaviour of steel
stiffened plates with fillet welds subject to weld-induced grooving corrosion using
nonlinear FEA. The study considers various initial geometric imperfections, weld-induced
residual stresses and the weld connection imperfection (root opening). The influence of
such corrosion damage on the load shortening (stress-strain) curves, ultimate strength
and the stress/strain distributions has been investigated.

7.1 Model construction

To focus on the corrosion feature, this study examined a simplified plate-stiffener
combination (stiffened plate) model instead of a large stiffened panel. According to the
benchmark study reported in Ref. [92], a stiffened plate model containing a stiffener and a
half of the plating on both sides could provide good accuracy in both pre- and post-
collapse phases in the case when the model is undergone a uniaxial compressive loading

in the longitudinal direction. Therefore, such loading condition was applied to the models.

The stiffened plate model covers one stiffener and a half plating on both sides from a
stiffened deck panel of a double hull tanker [122] shown in Figure 7.1 (a) and (b), with the
model properties listed in Table 7.1. The widely used shell element SHELL181 was one
option to construct the model assuming perfect connection between the stiffener and the
plate by sharing nodes and DOFs without modelling the welds. However, it was realised
that modelling of the welds and detailed through-thickness stress data are essential for a
weld-induced corrosion analysis. Although shell elements are computationally economical,
due to the 2D nature of representing the midplane of a cross-section, it was decided that a
solid element SOLID185 was more appropriate for the weld connection simulation,
corrosion features and the weld-induced residual stresses. To achieve a simply supported
boundary condition, the cross-section of short edges where transverse girders lie was fully
constrained in the y-direction. Symmetric boundaries along the edges in the longitudinal
(z-) direction were achieved at the mid-thickness nodes. The compressive load was also
applied at mid-thickness by controlling the displacement. The comparison between
SHELL181 and SOLID185 is shown in Figure A5.1 in Appendix 5.
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Figure 7.1. The stiffened plate model of interest and the cross-section of the stiffener with
grooving corrosion features (dimensions refer to Table 7.1): (a) model location; (b) cross-
section of the model; (c) cross-section of grooving corrosion and fillet weld connections; (d)
modified weld connection (x: shared nodes).

Numerical studies of weld effects on stiffened plates have recently been carried out using
solid elements [187-190], where the interface between the stiffener and the plate has
always been modelled with shared nodes/elements. However, in reality this is not the
actual condition for fillet welds since it is the weld metal which joins the stiffener and the
plating together (Figure 7.1 (d)). Therefore, contact surfaces TARGE170 coupled with
CONTAL75 were adopted in the current investigation to represent the fillet weld
connections, which have not been incorporated in previously reported model construction.
CONTAL75 associated with TARGE170 represent contact and sliding between two
surfaces in 2D or 3D models [158]. The width of the fillet weld cross-section was 6 mm
[189-192]. Figure 7.1 (c) shows the cross-section of the model and contact surface
locations. For the interface between the stiffener and the plate, Coulomb’s friction model
was used with the static coefficient of friction of 0.78 and a dynamic value of 0.42 for a
high-tensile steel contact [193].
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Table 7.1. Model properties used for the stiffened plate model

Model Properties Values

a/mm 4750

b/mm 950

to/ mm 15

hy Xty / mm 235 x12

bs x t; / mm 90 x 17

E / GPa (both plate and stiffener) 205.8

o, / MPa (both plate and stiffener) 313.6

v (both plate and stiffener) 0.3

E; (both plate and stiffener) 0

B = tﬂ\["%y (plate slenderness ratio) 2.472

0
Plate initial deflection / mm wp = 0.18%t, sinsﬂsinﬂ?y
a

Column-type initial deflection / mm . X Ty
= 0.001 —sin—

(B / mm: width between two longitudinal girders) We = 0.0015asin a s B

Z X
Sideways initial deflection / mm ws = 0'0015ah_5m7
‘W

Initial geometric imperfections were applied based on the frequently used deflection
shapes for all models as well as to initiate the buckling phenomenon (Equations 2.12 to
2.14). For the application of weld-induced residual stresses, the representative residual
stress distribution suggested in Ref. [122] (Equations 2.15 and 2.16) was applied explicitly
in the longitudinal direction with tensile zone reaching the yield stress of the material and
an average level of compressive stress (—0.150,) assigned for the plate and the stiffener,
respectively. The transverse residual stresses were not included due to the consideration

of the external loading being predominantly longitudinal.

The grooving corrosion was located in the vicinity of the welds on both plating and the
web plate, as shown in Figure 7.1 (c) based on the observed corrosion features [11]. In
addition to the modelling validation (Chapter 4), a convergence study showed that the
difference between results using shell and solid elements was less than 5% (Figure A5.1
in Appendix 5), and did not vary significantly from two elements to four elements through
the plate thickness. Thus, two elements through-thickness were used for a lower
computational cost. The maximum element length (in z-direction) used on the plate was
47.5 mm with six elements along the web height and refinement at the welds. A refined
mesh was used in the HAZ to guarantee the equilibrium of the internal stress on the

cross-section. The typical element size ranges from 3 mm to 47.5 mm.
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7.2 Test matrix information

Based on the inspection and repair criterion outlined in Section 2.4.2, the grooving

corrosion width w. varying from 5% to 50% h,, and the remaining thickness t,. of 0.75,

0.5 and 0.25¢, or t,, depending on the corrosion location were examined. In addition to
the corrosion features and locations, two failure modes PIF and SIF of the interframe
flexural buckling of a stiffened plate were also considered due to the uncertainty of the
initial deflection. Depending on the direction of the column-type initial deflection, PIF is
likely to occur when the plating is under compression initially, while the stiffener in
compression initially will result in SIF. In addition to the commonly used Fourier function in
Table 7.1 (the so-called buckling-mode initial deflection defined in Ref. [92]), imperfections
with a shape more similar to weld-induced deformations (Equations 2.12) have also been
investigated with M = 11 and A, listed in Table 7.2 [86].

Table 7.2. Initial deflection amplitudes for welding type initial deflection [86]

Aoz Aoz Aos Aoa Aos Aos Ao7 Aos Ao Ao1o Aoz

1.0 -0.00235 0.3837 -0.00259 0.2127 -0.0371  0.0478 -0.00201 0.001  0.009 0.0005

Also, two weld methods, continuous and intermittent, have been studied (Figure 7.2).
Based on the welding regulations provided in Refs. [187,188], the width of the welds w =
75 mm and p = 187 mm for intermittent scenario, leading to 26 welds distributed on each
side of the stiffener. The influence of residual stresses was investigated on continuously
welded stiffened plates. So far, the abovementioned test conditions are all assuming ideal
weld connections, i.e., perfect contact between the stiffener and the plate. However,
perfect connection is rarely possible in reality and small gaps exist, which are often called
the root opening [194], as illustrated in Figure 7.3. The opening may be of the same size
of the fillet weld in extreme conditions and can hardly be observed externally. Throughout
the literature there is yet to be an analysis assessing the influence of such weld
imperfection. Therefore, in addition to the grooving corrosion features, the root opening
was also considered to explore the stress level change both globally and locally compared
to perfect weld connection. According to the AWS D1.1-98 Structural Welding Code [194],
the size of afillet weld needs to be increased when the root opening is greater than 1.6
mm. To assess an extreme condition, a 2 mm gap between the stiffener and the plate was
introduced to the continuously welded models in this study without residual stresses. In
terms of corrosion features, two corrosion locations (on the stiffener or on the plate), two

failure modes (PIF and SIF), two types of initial deflection (buckling-mode and weld-
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induced), five wg values (5%h,,, 10%h,,, 15%h,,, 20%h,, and 25%h,,) and one t4

(0.25t, or 0.25t,,) were considered. Overall, 212 cases have been analysed.

4750 mm

A

(a) Top view:

A
3
y

(b) Top view:

Corrosion on stiffener

Top view:

Corrosion on plate

Figure 7.2. Weld methods in the test matrix (black area: weld; shaded area: corrosion): (a)
continuous weld; (b) intermittent weld with indication of corrosion locations.

| «—— Stiffener ——

Root
—o—Fillet weld ~—o opening
Plate ~—a
(a) Perfect connection (b) With root opening

Figure 7.3. lllustration of root opening for a T-joint with fillet welds.

7.3 Results

An external compressive load was applied at numerous substeps. The load shortening
curves were derived by recording the reaction force F and the longitudinal displacement

UZ at every substep. The nominalised values were calculated based on the following

equations:
F/E, = F/(0yAq) (7.1)
UZ/UZ, = UZ/[a(oy/E)] (7.2)
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where A, is the original cross-sectional area of the intact model and the other parameters

are defined in Table 7.1.

7.3.1 Influence of corrosion location and initial column type deflection (PIF/SIF)

The influence of the corrosion location has been examined on stiffened plates with
continuous welds, applying a buckling-mode initial plate deflection and two directions of
initial column type deflection (PIF and SIF). Figure 7.4 shows the nominal load-shortening
curves for corrosion on the plate (t5. = 0.25t,) and on the stiffener (t. = 0.25t,,),
respectively. It can be seen that the transition from elastic to plastic region is steady
without sudden buckling phenomenon. The deformation starts at the onset of the load due
to the coincidence of the Fourier component of the initial deflection and the final collapse
mode. Stiffened plates with corrosion at both locations (on both sides of the plate and the
stiffener adjacent to the welds in Figure 7.1 (c) follow similar loading and unloading paths
as the intact ones. Also, the initial column type deflection does not affect pre-collapse and
collapse strength. Regarding the post-collapse region, a stable unloading process can be
found for both corrosion locations and two failure modes, as indicated in Figure 7.4.

(a) Grooving corrosion on plate _b

0.8
/ Unloading path
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v |

e

FIF,
o
~
N

—e— PIF_Intact
—e— PIF_5%h,, 0.25t,

—v— PIF_15%h,,_0.25t;
—a— PIF_25%h,, 0.25t,

—— SIF_Intact
SIF_5%h,,_0.25tq

— —— SIF_15%h,, 0.25t;

0.2

— . — .—.  SIF_25%h,, 0.25t

0.00 0.25 0.50 0.75 1.00 1.25 1.50
UZ/UZy
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(b) Grooving corrosion on stiffener _b
0.8

/ Unloading path

0.6

—_—_— e ——

0.4

FIF,

PIF_Intact
PIF_5%h,,_0.25t,,

PIF_15%h,, 0.25t,,
PIF_25%h,, 0.25t,,

SIF_Intact
SIF_5%h,, 0.25t,,

SIF_15%h,,_0.25t,,
SIF_25%h,,,_0.25t,,

0.2

0.0
0.0 0.25 0.50 0.75 1.00 1.25 1.50

uziuz,

Figure 7.4. Nominal load shortening curves for corrosion on the (a) plate and (b) stiffener (b:
buckling-mode initial deflection; E: Young’s modulus of the material).

The ultimate strength reductions, which were calculated based on the intact value, are
also plotted versus percentage volume loss for different groove widths and locations
(Figure 7.5). It can be seen that compared to the condition where the corrosion depth is
less than half of the original plate thickness (e.qg., the first two data points for each
corrosion width), when the remaining thickness is reduced to 0.25¢, or 0.25¢t,,, a greater
increase in the strength reduction occurs for all conditions with the exception of the
stiffener corrosion (PIF). The much lower ultimate strength for grooving corrosion on the

plating is independent of the failure mode.
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(a) Grooving corrosion on plate _b (PIF) (b) Grooving corrosion on stiffener _b (PIF)
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(c) Grooving corrosion on plate _b (SIF) (d) Grooving corrosion on stiffener _b (SIF)
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Figure 7.5. Ultimate strength reduction versus volume loss for models without residual
stresses for buckling-mode initial deflection and continuous weld (b: buckling-mode initial
deflection).

7.3.2 Influence of initial plate deflection and initial column type deflection (PIF/SIF)

The influence of the initial deflection type was also examined on stiffened plates with
continuous welds, considering PIF and SIF, five groove widths and four groove depths. In
addition to applying an energy dissipation ratio as introduced in Section 3.1, the grooving
corrosion was primarily located on the stiffeners since the results could be highly unstable

for corrosion on the plate with a welding type initial deflection.

Comparisons of the load-shortening curves between the two initial deformation conditions
are presented in Figure 7.6. It is clear that a model with weld-induced deflection behaves
more like a perfect thin plate compared to that with a buckling-mode deflection (Figure

2.11). With weld-induced initial deflection, the stress progresses linearly with the slope
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close to the Young’s modulus of the material up to Point 1, which is the onset of a
significant out-of-plane deformation of the plate on one side of the stiffener. As the load
increases, instability occurs at Point 2 where the middle area of the plate on the other side
of the plating starts to buckle with yielding developed in the compressed regions. From
Point 2 the model keeps deforming in the same manner with extensive yielding appearing
on the plating and the stiffener until collapse at Point 3.

Further comparisons were achieved against the volume loss (for example Figure 7.7 for
corrosion on stiffener). The weld-induced initial deflection results in a greater ultimate
strength reduction (up to 26% for corrosion on the plate). However, it follows a similar
trend for PIF, whereas for SIF there appears to be a marked increase in the strength
reduction from 0.75t,, to 0.5t,, (first two points for every corrosion width) and then follows

the same slope as the buckling type condition with a low corrosion depth.

(a) Grooving corrosion on stiffener (PIF)
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(b) Grooving corrosion on stiffener (SIF)
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Figure 7.6. Nominal load shortening curves with von Mises stress distributions for (a) PIF
and (b) SIF (scaling factor = 10; b: buckling-mode initial deflection; w: weld-induced initial
deflection).
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Figure 7.7. Ultimate strength reduction versus volume loss for models without residual
stresses for two types of initial deflection and continuous weld (b: buckling-mode initial
deflection; w: weld-induced initial deflection).

7.3.3 Influence of weld method and initial column type deflection (PIF/SIF)

The investigation of the weld method effects was carried out considering both initial

deflection types and two corrosion locations. However, it was found that the panel with
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intermittent welds became highly unstable for the SIF condition even using a high energy
dissipation ratio. The accuracy of the numerical results was deemed to be questionable
and therefore only the PIF results are presented. Interestingly, when plotting the ultimate
strength reduction values versus the volume loss, as shown in Figure 7.8, it is found that
the value for intermittent weld increases with increasing volume loss regardless of the
corrosion width and depth. Moreover, the slope is higher for welding type deflection
compared to the buckling type.
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Figure 7.8. Ultimate strength reduction versus volume loss for models without residual
stresses for two types of initial deflection and two types of weld (b: buckling-mode initial
deflection; w: weld-induced initial deflection).

7.3.4 Influence of weld-induced residual stresses

The influence of weld-induced residual stresses was examined on continuously welded
stiffened plate. The application of the residual stresses generally lowers the ultimate
strength but tends to stabilise the structure in the post-collapse regions. Compared to the
no residual stress condition, similar influences of corrosion location and initial deflection
type on the load shortening curves have been observed for models with residual stresses.
Figure 7.9 shows the ultimate strength reduction versus volume loss compared to no
residual stress condition. It can be seen that the residual stress generally results in a
greater strength reduction, with the exception of conditions shown in Figure 7.9 (b) and
Figure 7.9 (f). In general, the influence of the residual stresses is enhanced as the volume
loss increases. However, the reduction change follows similar trend as the models without

residual stresses.
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Figure 7.9. Comparison in ultimate strength reduction versus volume loss for models with
and without residual stresses (b: buckling-mode initial deflection; w: weld-induced initial
deflection; RS: residual stresses).
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7.3.5 Influence of weld connection imperfection (root opening)

When considering the weld connection imperfection (root opening), Figure 7.10 shows two
examples of the load shortening curves for models with and without the root opening. It
has been found that the presence of such imperfection (2 mm gap) induced only a minor
variance compared to the perfect weld condition in both elastic and plastic regions,
regardless of the corrosion location, corrosion width and initial deflections.
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Figure 7.10. Comparison of nominal load shortening curves when corrosion on the plate
and stiffener (b: buckling-mode initial deflection; w: weld-induced initial deflection; RO: root
opening; E: Young’s modulus of the material).
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The root opening effects on local region of the model were examined on a cross-sectional
area located at 1/3 of the plate length. When the structure is in its fully elastic state, for
example when the external load = 1.92%oay, it can be seen from Figure 7.11 that the
overall stress levels are comparable between the model with and without the root opening
defect. However, in addition to the stress concentration occurring at the corroded area on
the plate (both side of the stiffener) on both models, significantly high stress appears
around the root opening.
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Figure 7.11. Von Mises stress distributions on a cross-section (at 1/3 length) of the
stiffened plate model when external load = 1.92%ao, (corrosion on plate 25%h,,, 0.25t,; PIF;
buckling-mode initial deflection): (a) perfect weld connection; (b) welds with root opening.

When further increasing the external load with development of local plasticity (external
load = 6.57%oay), greater stress concentration remains around the corrosion feature
(Figure 7.12). It is interesting to note that the stress state at the weld connection shows
less difference between the two models. This can be confirmed by examining the first
principal plastic strain map (Figure 7.13), where the plastic strain starts to emerge around
the bottom of the corrosion feature for both conditions. When the models are loaded up to
their ultimate strength state, in this case yielding spreads entirely on both the welding

interface, independent on the presence of the root opening.
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Figure 7.12. Von Mises stress distributions on a cross-section (at 1/3 length) of the
stiffened plate model when external load = 6.57%a0, (corrosion on plate 25%h,,, 0.25t,; PIF;
buckling-mode initial deflection): (a) perfect weld connection; (b) welds with root opening.
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Figure 7.13. First principal plastic strain distributions on a cross-section (at 1/3 length) of
the stiffened plate model when external load = 6.57%0, (corrosion on plate 25%h,,, 0.25t;
PIF; buckling-mode initial deflection): (a) perfect weld connection; (b) welds with root
opening.

7.4 Discussion

7.4.1 Structural response during the loading procedure

Modelling with the buckling-mode initial deflection indicates that the stiffened plate
reaches its ultimate strength when yielding spreads to the stiffener and accelerated by a
loss of stiffness due to yielding of the plate. Figure 7.14 shows the yielding on the 1/3-
length cross-section with corrosion on the plate and initial deflection towards the stiffener
(PIF). Depending on the initial deflection shape, yielding initiates from the bottom of the

right groove where the plate is under compression and gradually propagates towards the

153



weld joints. Similarly, for corrosion on the stiffener under compression (SIF), yielding
starts at the bottom of the left groove and spreads towards the stiffener flange. Compared
to the intact plate, where the yielding always initiates at the weld joints, the presence of
the grooving corrosion determines the early stress concentrations and ultimately the
difference in the collapse strength and post-collapse behaviour. Similar phenomena are
also discussed in Ref. [100].
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51.825 117.268 182,713 248,156 313.6

Figure 7.14. Von Mises stress distributions on a cross-section (at 1/3 length) of the
stiffened plate model (corrosion on plate 15%h,,, 0.5ty; PIF; buckling-mode initial deflection):
(a) external load = 11.43%a0,; (b) external load = 41.47%0,.

At the ultimate strength state, a stiffening effect can be seen for the weld-induced initial
deflection shape in Figure 7.6, which is due to the greater rotation and deflection around
the edges and hence larger membrane stresses during the deflection pattern transition
[86]. Although the weld-induced deflection results in higher strength, it is followed by a
more rigorous unloading, implying a highly unstable post-collapse behaviour. Moreover,
the location of the initial buckling deformation is associated with the direction of the initial
sideway deformation of the stiffener, which is opposite to the location of the sudden
change in the plating deformation. For models considering the weld-induced residual
stresses, a much smoother transition from pre- to post-collapse regions has been
observed compared to the no residual stress condition, regardless of the corrosion
features, primarily due to the stress redistribution during the loading process. The study of
the weld connection imperfection indicates that the introduced root opening has little effect
on the load shortening curves in both elastic and plastic regimes (Figure 7.10). This
behaviour does not vary with different corrosion features and initial deflections. Compared
to its minor influence globally, the root opening was found to cause significant stress
concentration at the welding area when the model is fully elastically loaded (Figure 7.11).

However, the difference in stress/strain distribution diminishes when local plasticity starts
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to occur (Figure 7.12). Moreover, by comparing Figure 7.13 and Figure 7.14, it can be
seen that the onset of yielding is independent of the existence of a root opening, which
may explain the negligible influence on the ultimate strength of the structure. But the early
stress concentration at the welds cannot be overlooked, not only for being a potential
initiation of cracks but also changing the electrochemical properties of the welds and the
base metal. This change may induce corrosion acceleration, which will be discussed in
detail in Chapter 8.

7.4.2 Ultimate strength reduction

When examining the ultimate strength reduction versus volume loss for continuous welds,
it was evident that for the same volume loss a higher corrosion depth and smaller
corrosion width will result in a higher strength reduction (Figure 7.5, Figure 7.7 to Figure
7.9). A similar performance has also been observed in Chapter 5. The difference between
different conditions is generally associated with the failure mode change. Table 7.3 and
Table 7.4 summarise the out-of-plane deformation plot for all test conditions. For grooving
corrosion on the plate with a buckling type initial deflection (Figure 7.5 (a) and (c)), a much
greater strength reduction at a large corrosion depth may be explained as the failure
mode change, especially the sideway deformation of the stiffener, as indicated in Table
7.3. For both PIF and SIF, a low strength reduction is associated with locally deformed
stiffener (No. 1 and 3 in Table 7.3) while a high corrosion depth will lead to an increased
deformation (No. 2 and 4 in Table 7.3), and hence a much greater strength reduction. In
terms of corrosion on the stiffener, no sudden change can be found in the strength value
for PIF, while an increased strength reduction takes place when corrosion depth is 0.25¢t,,
for the SIF. For the PIF condition, yielding starts at the corroded area on the stiffener web,
followed by a large yielding area on the plate at the ultimate state. As for SIF, the initial
yielding also appears on the stiffener web with similar extent/location of the yielded and
nearly yielded plate as for PIF when the corrosion depth is low. However, as the
remaining thickness is decreased to 0.25t,,, this area on the plate is narrowed and
localised along the joint, implying that a reduced stress redistribution due to the weakened

stiffener, and hence a much lower ultimate strength.

When comparing the two initial deflection types for corrosion on the stiffener (Figure 7.7),
a similar strength reduction change as the buckling-mode condition for PIF can be seen
mainly due to the similar deformation change of the stiffener (No.1 and 2 in Table 7.4).

Nevertheless, a marked difference is apparent for SIF when the remaining thickness is
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decreased from 0.75t,, to 0.5t,,, due to the significant change of the failure mode (No.6
and 7 in Table 7.4).

Table 7.3. Summary of the failure mode (buckling-mode initial deflection; scale factor = 10;
RS: residual stresses)

. Initial column . "
No Failure mode . Corrosion condition
type deflection

Intact
Plate: 5%-25%h., 0.75ty
5%-25%h,, 0.5to
Stiffener: 5%-50%h,y, 0.75t,
5%-50%h, 0.5ty

Intact (RS)

Plate (RS): 5%-25%h,, 0.75to
5%-25%h,,, 0.5to

Stiffener (RS): 10%-20%h,y, 0.75ty

10%-20%hy, 0.5ty

PIF

Plate: 5%-25%h,y, 0.25to

Stiffener: 5%-50%hy, 0.25ty,

Plate (RS): 5%-25%h,,, 0.25to
Stiffener (RS): 10%-20%h,y, 0.25ty

PIF

Intact
Plate: 5%-25%h,y, 0.75to
5%-25%h,y, 0.5ty

Stiffener: 5%-50%hy, 0.75tw
5%-50%h,,, 0.5ty

Intact (RS)

Stiffener (RS): 10%-20%h,,, 0.75t,

10%-20%hyy, 0.5ty

SIF

Plate: 5%-25%h,,, 0.25to
SIF Stiffener: 5%-50%h,y, 0.25t,
Stiffener (RS): 10%-20%h,,, 0.25t,
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Table 7.4. Summary of the failure mode (weld-induced initial deflection; scale factor = 10;
RS: residual stresses)

. Initial column . .
No Failure mode . Corrosion condition
type deflection

Intact
Stiffener: 5%-50%hy, 0.75ty
5%-50%h,, 0.5ty
PIF Intact (RS)
Plate (RS): 5%,15%h,, 0.75to
Stiffener (RS): 10%-20%h,y, 0.75ty
10%-20%hy, 0.5ty

Stiffener: 5%-50%h,y, 0.25t,

PIF Stiffener (RS): 10%-20%hy, 0.25ty

Plate: 5%-25%hy, 0.75t
5%-25%hy, 0.5t
Plate (RS): 25%hu, 0.75to
5%-25%hy, 0.5t

PIF

Plate: 5%,15%hy, 0.25to

PIF Plate (RS): 5%,15%hw, 0.25t

Plate: 25%h,,, 0.25to

PIF Plate (RS): 25%h,, 0.25t
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. Initial column . .
No Failure mode . Corrosion condition
type deflection

Intact

6 SIF Stiffener: 5%-50%h,y, 0.75t,
Stiffener: 5%-50%h,y, 0.5ty
7 SIF Intact (RS)
Stiffener (RS): 10%-20%h,y, 0.75ty
10%-20%hyy, 0.5ty
8 SIF Stiffener: 5%-50%h,,, 0.25t,
9 SIF Stiffener (RS): 10%-20%h,,, 0.25t,

Compared to the continuously welded stiffened plates, the influence of corrosion
width/depth is negligible on the ultimate strength reduction for intermittent weld condition
(Figure 7.8). To explain this, the von Mises stress distribution at the ultimate state was
investigated and showed that instead of a continuous yielding area at the welds for the
continuous weld condition, a discontinuity of the stress distribution was generated for the
intermittent welds. Figure 7.15 illustrates the stress distribution at the ultimate strength
state, from which a much reduced stress can be seen between the corroded regions. This
stress reduction is more obvious for greater corrosion depth, and hence may ease the
severity of the corrosion depth effects and lead to a monotonic increase in the strength

reduction versus volume loss.
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Figure 7.15. Example of von Mises stress distribution of stiffened plate model with
intermittent weld and corrosion on stiffener.

Regarding the influence of the residual stresses, for buckling type initial deflection (Figure
7.9 (a), (c) and (d)), the strength reduction is simply increased due to the increased
deformation of the structure with the failure mode unchanged (Table 7.3). The welding-
induced deflection introduces more complicated failure modes. For low volume loss,
corrosion on the plate (Figure 7.9 (b)) along with the residual stresses may even
strengthen the structure due to altering from weld-induced to buckling-mode deformation
(No.3to 5in Table 7.4). The only case when the residual stress lowers the strength
reduction (Figure 7.9 (f)) is due to a sudden change of the failure mode for the intact
condition without residual stresses whereas no obvious change is detected for the

residual stress condition (No.6 and 7 in Table 7.4).

7.4.3 Empirical formulas

Assuming the volume loss is the governing parameter for strength analysis of corroded
structures, two empirical formulas proposed by Paik et al. [7] (Equation 7.3) and Huang et
al. [95] (Equation 7.4) have been examined together with the present study and plotted in
Figure 7.16.

S _ (AO — Ar)m (7.3)
Ouo Ay '
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where g, and g, are the ultimate strength for a structural member with and without
corrosion respectively; A, is the original cross-sectional area; A, is the smallest cross-
sectional area after the plate is damaged by corrosion; 4, is the ratio between the

transverse and longitudinal in-plane stresses; AV is the corroded volume loss and Vj is the
initial plate volume. It can be seen that Paik et al.’s formula (Equation 7.3) underestimated
the strength reduction from the present study while Huang et al.’s formula (Equation 7.4)
gives relatively good estimate for small volume loss. However, the two expressions were
derived primarily for plates. The Paik et al. formula may be able to represent the lower
boundary of strength reductions. The weld-induced initial deflection and the residual
stress introduce a greater scatter in the data, due to the more complex failure mode.

To directly represent the contribution of the plate to the strength capacity of a stiffened
panel, the concept of effective width has been proposed for structures under compression
[86]. Faulkner proposed the following equation to predict the effective width and the

ultimate strength capacity for g > 1 [115]:

%:?:%—% (7.5)
y

where b, is the effective width of the plate, oy is the yield stress of the material and g is
the slenderness ratio shown in Table 7.1. By taking the initial deflection into account, C; =
2 and C, =1, and DNV suggests that ¢; = 1.8 and C, = 0.8 when considering both initial
deflection and the weld-induced residual stresses [195]. In addition to the slenderness
ratio, the column slenderness ratio as defined in Equation 2.11 is another important
geometric property for a stiffened plate model. When considering the effective width, A
and I are calculated using b,, which leads to an effective column slenderness ratio A..
Figure 7.17 shows the nominalised ultimate strength (o, /0y) versus 4.. The values
derived from Equation 7.5 and two frequently used empirical formulas, namely Johnson-
Ostenfeld formula (Equation 7.6) and Paik and Thayamballi’s formula (Equation 7.7) [86]

are also presented.

L (7.6)
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Figure 7.16. Comparison between present results and empirical formulas (b: buckling-mode
deflection; w: weld-induced deflection; RS: residual stresses).
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Figure 7.17. Comparison of the ultimate strength formulas for a stiffened plate under
uniaxial compression (b: buckling-mode initial deflection; w: weld-induced initial deflection,;
RS: residual stresses).

It can be seen that the ultimate strength of corroded models remains in the range of the

estimated values but drops faster compared to the empirical formulas with increasing A,
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which indicates that the grooving corrosion damage would introduce a large fluctuation to
the empirical predictions and may not be accurately estimated using the empirical
approach.

7.5 Conclusions

This study has analysed the influence of grooving corrosion on the ultimate strength
capacity of a stiffened plate considering various initial imperfections (initial deflections,
weld-induced residual stresses and a root opening), weld methods and a realistic weld
connection. The nonlinear FEA has provided a better understanding of the mechanical
behaviour associated with the grooving corrosion, which could occur within aged marine
structures and steel bridges. It has been found that the ultimate strength of a stiffened
plate model is more affected by the corrosion depth compared to width for the same
volume loss. The examined corrosion feature would cause up to 26% reduction in the
strength capacity. The strength reduction is mainly related to the failure mode change. In
addition, a weld-induced initial deflection may lead to a more complex and sensitive failure
mode to corrosion features. An intermittent weld type could provide stress relief between
the corroded area especially for narrow and deep damage. In terms of the weld-induced
residual stresses, the corrosion effect is enhanced by the application of longitudinal
residual stresses. Negligible influence of a root opening was observed on the load
shortening curves, however, stress concentrations are greatly increased at an early stage
of loading. Overall, caution is needed when using empirical formulas to predict the

ultimate strength for structures with grooving corrosion.
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Chapter 8 Mechano-electrochemical modelling

of corroded steel structures

To date, extensive effort has been made to assess the strength capacity of steel plated
structures with localised corrosion features using both experimental and numerical
methods. However, only a limited number of studies have addressed the mechanically
assisted reactions (often called mechanochemistry) on the corrosion performance of a
metallic surface (Section 2.3). It has been realised that when considering a structural
system consisting of a number of different structural members, some members will always
reach their collapse or ultimate strength first before the whole system collapses. Yet there
has been no mechano-electrochemical investigation performed on plated steel structures
loaded up to the collapse point. This chapter focuses on the interactions between the
mechanical and electrochemical performances of such corroded structures based on the
FEA models developed in the previous chapters. By utilising the results obtained
numerically, it is possible to predict corrosion acceleration at ‘hot spot’ locations induced

by stress/strain effects and to quantify the corrosion enhancement.

8.1 Problem

Both plate and stiffened plate models have been investigated, which are discussed in
Chapter 5 and Chapter 7, respectively. For the plate models, two idealised local pit
distributions on one side were considered, as shown in Figure 8.1 with typical mesh
patterns. Five DOPs (2%, 5%, 10%, 15% and 25%) and four thickness reductions, t,
(0.2¢t,, 0.25¢,, 0.33t, and 0.5¢,, where t, is the original plate thickness), were considered.
Regarding the stiffened plate model, the grooving corrosion was located on both-sides of
the stiffener (Figure 8.2) with a groove width wy. varying between 5%h,, and 50%h,,, and
the remaining thickness t,. of 0.25¢,,, 0.5¢t,, and 0.75t,, (where h,, is the stiffener web
height and t,, is the original stiffener web thickness). A model with the grooving corrosion
feature on the plate (wg. = 25%h,,, tsc = 0.25t,; PIF; buckling-mode initial deflection) and

the root opening (2 mm, illustrated in Figure 7.3) was also examined.
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(@) X (b)

Figure 8.1. Localised pit distributions on a steel plate model of 800 mm x 800 mm x 15 mm:
(a) random pitting (with pit radii varying between 10 mm and 30 mm); (b) a single large
corrosion feature in the plate middle (170 mm radius).
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Figure 8.2. The cross section of the stiffened plate model with grooving corrosion features
on the stiffener (dimensions refer to Table 7.1), Lines P;-P,’ to W,-W,’ are locations to
extract results.

8.2 Results

Utilising Equation 3.7, the anodic current density increment ratio (i,/i,,) can be calculated.

Detailed calculation procedures can be found in Section 3.4.

8.2.1 Plate models with pitting corrosion features

An external compressive load was applied in numerous substeps until the model reached

the ultimate strength state (collapse). Figure 8.3 shows an example of the anodic current
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density increment ratio distribution for a plate with random pitting corrosion (DOP = 15%,
pit depth = 0.2t,) at two load substeps (43%a, and 65%a0y). When the load was relatively

low (43%a0y), most areas of the plate remained elastic. It can be seen that the anodic

current density ratio is increased slightly (approximately 1.3 times) and mainly occurs in
the middle of the plate and along the four edges. When the load was increased to 65%oay,
which equals the ultimate strength of the model, the current density ratio increased
markedly (1.5 to 4 times) compared to the unstressed condition, concentrated on the
middle area and the unloaded edges. Similar distributions have also been observed for
intact plates, as well as plates with a large corrosion feature in the middle. Examining the
area along the unloaded edge, as shown in Figure 8.3 (c) and (d), it can be seen that high
current density ratio emerges around the pit edges and gradually develops on the bottom
of the pits. Moreover, the interactions between the random pits were enhanced as the
load increased.

(@)

I —
1 1.06667 1.13333 1.2 1.26667
1.03333 1.1 1.16667 1.23333 1.3

B I I
1 1.05333 1.10667 1.16 1.21333
1.02667 1.08 1.13333 1.18667 1.24
0.430y 0.650y

Figure 8.3. Distribution of anodic current density increment ratio i,/i,o for a plate with
random pitting corrosion (DOP = 15%, pit depth = 0.2ty): (a) at 43%0, top view; (b) at 65%a0y
top view; (c) at 43%a0y pit cross-section; (d) at 65%a0y pit cross-section (scale bars indicate

iafiao ratio). Modelled using an initial plate defection as detailed in Table 5.1. Loading
direction is in x-direction. For an activation controlled corrosion process and temperature:

60°C.
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To better understand the mechano-electrochemical behaviour of the plate models, Figure

8.4 provides results of hydrostatic pressure, equivalent plastic strain and anodic current

density increment ratio for 15% DOP and four pit depths along the plate mid-section with a

relatively large corrosion feature in the middle at the ultimate strength stage.
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Figure 8.4. Results along line x =400 mm for the plate model with a large corrosion feature

The geometric discontinuity induced by the corrosion defect largely influences the

in the middle at ultimate strength stage (DOP = 15%): (a) hydrostatic pressure; (b)

equivalent plastic strain; (c) anodic current density increment ratio. For an activation
controlled corrosion process and temperature: 60°C.

stress/strain values inside and adjacent to the pit edge. As the pit depth increases (from

0.2t, to 0.5t,), the hydrostatic pressure shows minor variation in the maximum value in

the middle of the plate but a sudden drop at the damage boundaries. Compared to the

intact plate, the equivalent plastic strain reaches a maximum value at the boundary of the

damage. As the corrosion damage becomes deeper, it is interesting to note that the strain

inside the pit is increased accordingly, whereas the value decreases outside the pit. In

addition, variation starts to emerge inside the pitted area. The distribution of the anodic

current density change follows a similar trend as the plastic strain results. When the
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corrosion depth is increased to 0.5t,, the location with the highest current density increase
moves from the damage boundary towards the centre. However, the profile of the results
showed no significant change during the loading process (Figure 8.5 with the load varying

from 0.60y to its ultimate strength). When examining the influence of DOP (Figure 8.6), it

was found that for the same corrosion depth, as DOP increased, the current density
change inside the pit approached the intact condition while the values outside the damage

decreased.

35 35
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0 0

Figure 8.5. Anodic current density increment ratio along line x =400 mm for plate model

with a large corrosion feature in the middle at different load substeps (DOP = 15%) (Sub:

substep number): (a) pit depth = 0.25t,; (b) pit depth = 0.5t,. For an activation controlled
corrosion process and temperature: 60°C.
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Figure 8.6. Anodic current density increment ratio along line x =400 mm for plate model

with a large corrosion feature in the middle and various DOPs (pit depth = 0.25t,). For an
activation controlled corrosion process and temperature: 60°C.
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8.2.2 Stiffened plate models with grooving corrosion features

Firstly, for the stiffened plate model, a study was carried out for an unstressed intact
condition. Figure 8.7 shows the influence of the longitudinal weld-induced residual
stresses on the electrochemical properties. From the anodic current density ratio plot
(Figure 8.7 (a)) it can be seen that a higher ratio occurs at the HAZ with maximum tensile
stress. When further examining a surface line A-A’ (mid-section, half-width from the weld
boundary to the plate edge), the element results of longitudinal stress and the equilibrium
potential change, Aprotal, ON the plate surface are also obtained and plotted in Figure 8.7
(b). ApTota IS @ summation of the elastic (Equation 2.17) and plastic (Equation 2.20)
effects. It clearly shows that the sharp decrease in potential corresponds to the change of
the residual stress sign. Accordingly, physical measurement was also carried out across a
butt-welded ship grade steel plate using the Scanning Kelvin Probe Force Microscopy
(SKPFM) technigue. Details of the SKPFM measurement can be found in Appendix 6. It
can be seen from Figure A6.2 that the Volta potential difference between the sample
surface and the AFM tip has its highest value (approximately 0.143 V) at the weld centre
and gradually decreases to 0.006 V at 55 mm from the centreline. Further away from the
weld the Volta potential difference stabilises at around 0.012 V. For the plate’s flat surface
per se, the 6 mV potential difference between the steel plate and the HAZ is comparable
with the result obtained from the modelling (3 to 4 mV) shown in Figure A6.2.
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Figure 8.7. An intact stiffened plate with residual stresses in the longitudinal direction: (a)
anodic current density increment ratio distribution; (b) longitudinal residual stress and total
anodic potential change (summation of elastic and plastic effects) along line A-A’ (from
weld boundary to plate edge). For an activation controlled corrosion process and
temperature: 60°C.
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As the structure deforms, a continuous redistribution of the anodic current density has
been observed for all conditions during the loading process. Based on the stress/strain
relationship, an example of such redistribution is shown in Figure 8.8. At the first load
substep (Point 1), when the model is elastically deformed, it can be seen that a slight
increase in i, /i, appears on the structural surface with the highest i, /i, of
approximately 1.6 at the corroded region. Regardless of the boundary constraint effect,
when further increasing the load with a significant development of plasticity until collapse
(Points 2 and 3), a marked rise in the current density occurs not only in the corroded area
but also on the intact plate and the flange, mainly concentrated on the mid-section of the
model.
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Figure 8.8. Anodic current density increment ratio at different load substeps for a stiffened
plate model with grooving corrosion on the stiffener (wy. = 15%h,,; tgc = 0.75t,). The initial
deflection is detailed in Table 7.1. For an activation controlled corrosion process and
temperature: 60°C.

Data were also extracted along the mid-section on both sides of the plate and the stiffener,
as illustrated in Figure 8.2 (Lines P;-P,’, P,-P,’, W1-W," and W,-W,’). Figure 8.9 to Figure
8.11 show results for a stiffened plate model at the ultimate strength stage with a fixed
corrosion width (10%h,,) and varying the remaining thickness (0.75t,,, 0.5t,, and 0.25t,,,).
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Figure 8.9. Lines P;-P;’ and P,-P,’ of a stiffened plate model with grooving corrosion on the
stiffener (wyc = 10%h,; tyc = 0.75, 0.5 and 0.25t,,): (a) hydrostatic pressure; (b) equivalent
plastic strain; (c) anodic current density increment ratio. The dashed lines indicate the
location of the stiffener. For an activation controlled corrosion process and temperature:
60°C.

For the surface of the plate in the intact model (Figure 8.9), the sign of hydrostatic
pressure indicates that Line P;-P;’ is under compression while P,-P,’ is under tension
(positive hydrostatic pressure). Conversely, the left side of the stiffener (W.-W;’) is under
tension while the right side (W,-W,’) is under compression (Figure 8.10). The presence of
grooving corrosion mainly affects the stress distribution on stiffener surfaces, adding more
compression to W1-W," and easing the compressive stress on W,-W,'. The influence is
much more significant inside the grooves as the corrosion becomes deeper. The
equivalent plastic strain reaches its highest value on the plating adjacent to the weld joint.
Much larger strain occurs inside the grooves compared to the intact condition with lower
values outside the grooves. However, it is interesting to note that when the remaining
thickness is only 0.25t,, minimal plastic strain develops inside the grooves at the mid-

section location. In terms of the anodic current density ratio, similar distributions can be
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seen as the plastic strain for all locations, with maximum current density of 6 to 7 times
higher at the corroded area than for the unstressed condition. The results were also
compared to models without weld-induced residual stresses. Similar distributions of the
stress/strain values were obtained. However, the maximum current density was only 3 to

4 times higher than the unstressed surface and the plastic strain was greatest at the edge

of the weld.
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Figure 8.10. Line W;-W/,’ of a stiffened plate model with grooving corrosion (grey area) on
the stiffener (wgc = 10%h,,; t5c = 0.75, 0.5 and 0.25t,,): (a) hydrostatic pressure; (b) equivalent
plastic strain; (c) anodic current density increment ratio. For an activation controlled
corrosion process and temperature: 60°C.
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Figure 8.11. Line W,-W,’ of a stiffened plate model with grooving corrosion (grey area) on
the stiffener (wy. = 10%h,; tyc = 0.75, 0.5 and 0.25t,,): (a) hydrostatic pressure; (b) equivalent
plastic strain; (c) anodic current density increment ratio. For an activation controlled
corrosion process and temperature: 60°C.

When considering the weld connection defect (root opening), Figure 8.12 shows the
comparison of anodic current density increment ratio distribution between models with and
without the root opening when elastically loaded (external load = 1.92%oy). It can be seen
that the increase in the current density is marginal. However, there is a clear difference
between the locations of high current density increase. For model with perfect weld
connection, the i, /i,, is more evenly distributed on the cross-section while for model with

the root opening, the highest i, /i,, is concentrated at the bottom of the stiffener.
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Figure 8.12. Anodic current density increment ratio distributions on a cross-section (at 1/3

length) of the stiffened plate model when external load = 1.92%0, (corrosion on plate 25%h,,,

0.25ty; PIF; buckling-mode initial deflection): (a) perfect weld connection; (b) weld with root
opening.

8.3 Discussion

From the mechano-electrochemical evaluation of simple plate models, it is evident that the
locations of the stress/strain concentration are closely associated with the applied initial
deflection and boundary conditions. When the plates are elastically deformed, higher
hydrostatic pressure develops in the middle and four corners of the plate, due to the
shape of the initial deflection. The idealised corrosion features have added extra
complexity to the stress distribution, which determines the anodic current density
distribution at the elastic stage, as shown in Figure 8.3 (a). As the model further deforms,
plastic strain starts to develop along the unloaded edges and propagates to the centre
(Figure 8.3 (b)), due to the development of the membrane stress in the central area. With
the presence of corrosion damage, the highest plastic strain and hence i,/i,, always
occurs at the damage boundary initially (Figure 8.3 (c)), as also reported in Ref. [186].
However, as the external load further increases, the strain or i, /i, quickly increases at
the bottom of the pits (Figure 8.3 (d)). This finding is of great importance since when
plasticity has spread to a large extent on a structure, not only the area with geometric
discontinuity but also the area adjacent to it become more anodic. The subsurface at the

corrosion feature is therefore more likely to experience corrosion acceleration.

From the results at half-length of the plate, Figure 8.4 clearly shows that the development
of plastic strain plays a major role in altering the current change profile, leading to much
higher values. In addition, at the ultimate strength stage, the corrosion damage results in a

plastic strain increase inside the corroded area and a decrease in the surrounding intact
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area compared to the uncorroded condition (Figure 8.4 (b)). This phenomenon becomes
more obvious as the pit depth increases, implying a more localised plastic strain
distribution. This is due to the lower membrane tensile stress in the middle of the plate
surface induced by corrosion damage, which leads to a less effective stress/strain
redistribution in the plastic regime and a much increased local deformation. A similar
distribution of equivalent stress has also been reported before, which is explained as
stress concentration in the elastic region [143]. Ultimately, the concentrated hydrostatic
pressure and the equivalent plastic strain would result in a more localised anodic current
density increase, indicating that a more severe corrosion enhancement is expected at the
corrosion site leaving the surrounding intact region less of an issue. The localised
corrosion enhancement is also observed for small DOPs, as shown in Figure 8.6.
However, when increasing DOP, the current density increment decreases both inside and
outside the pit, due to a greater influence of the larger corrosion area on the stress/strain
redistribution along the unloaded edges. It is noticeable that when the pit depth is up to
0.5t,, there is a profile change mainly in the plastic strain, leading to a much greater
current density increase in the middle of the corroded region compared to at the
boundaries. This higher strain is primarily caused by the greatly reduced strain at the
centre of both unloaded edges in addition to the yielded intact area around the pit.
However, for every DOP and corrosion depth, the distribution profile of the stress/strain
and the current density remains unchanged during the loading process (Figure 8.5). Also,
minor variation in the distribution shape is obtained for different DOP, suggesting that the
location of corrosion acceleration is largely determined by corrosion depth instead of the
external load or DOP. Thus, pit depth not only has a greater impact on the strength

capacity reduction, but also on the mechano-electrochemical performance.

The stiffened plate model investigation shows higher complexity due to the application of
residual stresses, various initial deflections and the connection between the stiffener,
weldment and plating. Specifically, the residual stresses in the longitudinal direction cause
a negative potential shift (Figure 8.7 (b)) at the HAZ, which could operate as active
anodes. The potential variation was confirmed by the SKPFM measurements (Figure A6.2
in Appendix 6). However, compared to the slight potential changes on the flat plate
surface away from the weld, it can be seen that a more significant negative shift was
detected at the weld boundary compared to the centre of the weld (up to 0.1 V). A similar
distribution was reported in the literature from experiments [127,145]. Clearly the SKPFM
measurements show a much more complex picture compared to the modelling results
(Figure 8.7), which again demonstrates that the mechanisms of grooving corrosion is a

combination of mechanical effects, variance in the composition of the welds and the base
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metal and the altered microstructure, which ultimately leads to knife-line corrosion attack.
From the electrochemical standpoint, this experimental result again rationalises the
location of the grooving corrosion in the stiffened plate models. However, it cannot be
used as a direction validation of the model.

From Figure 8.8 it can be seen that the distribution of the changed anodic current density
is not only dependent on the corrosion location but also affected by the structural
deformation. As the external load increases, the increased mechano-electrochemical
effect is more affected by the plastic behaviour and becomes more localised along the
weld joint, implying a smaller contribution of elastic deformation to the mechanochemical

corrosion.

From Figure 8.9 to Figure 8.11 it is apparent that weld-induced residual stresses not only
enhance the mechano-electrochemical performance of corroded structures, but also
cause stress/strain redistribution during loading, resulting in a much lower plastic strain
along the welds on both sides of the plate. However, the low plastic strain inside the
grooves when the remaining thickness is down to 0.25t,, was found to be induced by the
change in the failure mode of the stiffener. This phenomenon affects the difference in
plastic strain distribution over the structural surface. For example, the plastic strain
development for models with remaining web plate thickness of 0.75t,, and 0.25t,, (Figure
8.13) shows that plastic strain develops in the groove at the mid-section area for 0.75t,,
but at the adjacent area for 0.25t,,, which directly affects the mechano-electrochemical

properties.

From the previous study on the root opening effect (Section 7.3.5), it was found that such
weld connection defect would primarily influence the local stress state in the elastic region
(Figure 7.11). The mechano-electrochemical results (Figure 8.12) again show the less
effect of elastic stress on the current density increment. However, the root opening-
induced early stress concentration led to a marked i, /i,, concentration at the bottom of
the stiffener. Therefore, in addition to a potential crack initiation, the electrochemical

properties will also be altered due to the weld defect.
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Figure 8.13. Equivalent plastic strain at the mid-section of a stiffened plate model with
grooving corrosion at the ultimate strength stage: (a) 0.75t,, and (b) 0.25t,,. For an activation
control corrosion process and temperature: 60°C.

8.4 Conclusions

A numerical methodology has been established to evaluate the mechano-electrochemical
performance of local corroded steel structures subject to external loading and weld-
induced residual stresses. The SKPFM measurements revealed a similar potential change
on the base metal in comparison with the modelled meausrements. However, a much

more complex potential variation was aobserved across the weldment, HAZ and base
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metal. Considering that some structural members will always reach their collapse or
ultimate strength first before the whole system collapses, various states of deformation up
to post-collapse region have been investigated for such local structural members. In
general, a rise in the anodic current density is induced by elastic/plastic deformation. In
addition to parameters such as the ambient temperature and the yield stress of the
material, the current density increment ratio for a multi-component stress system is largely
dependent on the hydrostatic component of the stress tensor and the equivalent plastic

strain.

Moreover, for both plates and stiffened panels, the distribution of the mechano-
electrochemical properties follows a similar profile as the plastic strain, indicating that the
mechanochemical corrosion is more related to the plastic deformation, resulting in highly
localised areas being more susceptible to enhanced anodic dissolution. It has been found
that a change in the external load, weld connection condition and/or the cross-sectional
area of a structure could lead to a stress state change and alter the electrochemical
behaviour. In addition, the existing corrosion damage could introduce extra localised
stress/strain, which intensifies the mechanochemical corrosion. Areas with significantly
increased anodic current density are more likely to become anodes leaving the

surrounding areas more cathodic in character.

For ship surveys, the actual physical realisation of either corrosion current or potential
measurements can only provide an integration of these quantities distributions over a
surface, which will mask the identification of singular features in the vicinity of any damage.
Likewise, there are limitations in specimen size and loading/boundary conditions within a
laboratory. In comparison, numerical modelling is shown here to be able to provide
localised stress and strain information under a complex stress state. Although idealised in
this study (with the exclusion of coatings and the simplified corrosion processes under
specific loading and boundary conditions), the methodology proposed is considered to be
able to identify the ‘hot spot' locations of accelerated corrosion and quantify the increased
anodic current ratio. The utilisation of this information could thus lead to more targeted
corrosion inspections and optimised maintenance schedules, along with enhanced ship
surveys. However, other influencing factors such as the oxide film deformation due to
stress/strain cannot be neglected. Also, further work is needed to investigate the influence
of the changed surface state on future corrosion development and the strength capacity of

a structure.
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Chapter 9 Conclusions and recommendations

for future work

Based on the identification of the corrosion issues and a review of the related research in
the literature, a comprehensive and systematic investigation has been presented
throughout this thesis, focusing on the interactions between mechanical and
electrochemical performances of thin-walled steel structures (mainly for marine
applications) with corrosion damage. Both numerical (FEA) and experimental (TSA and
DIC) methods were adopted to provide more reliable and detailed information to allow the
author to better understand the corrosion-induced stress concentration, strength capacity
degradation, structural deformation and mechano-electrochemical property change. In this
final chapter, conclusions from all studies will be summarised, based on which

recommendations will be provided for further analysis.

9.1 Conclusions

This thesis has firstly introduced the fundamentals of typical corrosion mechanisms and
corrosion patterns of steel structures in marine environment (Sections 2.1.1 and 2.1.2). It
has been establisehd that while the general corrosion mechanism for steel has been
extensively explored, the application of corrosion protection systems, welds and the
service stresses have presented uncertainties in terms of localised corrosion (pitting and
weld-induced grooving corrosion). Researchers have proposed numerous
statistical/empirical models to predict marine corrosion damage over time (Section 2.1.3).
However, the accuracy of such predictions is dependent on either the collected corrosion
data or understanding of the corrosion mechanisms. The former is obtained from surveys;
but it shows large scatter patterns predominantly due to the complex environmental and
operational conditions, or indeed any associated human and gauging error, which are
normally not noted in a survey report. Predictions relying on mechanistic principles
(Melchers’ model) are not able to consider the coating deterioration and lacking validation.
More uncertainties were raised in terms of correcting the models with environmental
(temperature, oxygen, salinity, pH and water velocity) and operational factors (coating
condition, cargoes, ballast condition and tank cleaning). It has been realised that the
corrosion prediction models have convenience in structural reliability analysis and helped
the author gain a greater insight into the corrosion phenomenon in marine environment

(large structural/time scale). However, due to the abovementioned issues, simply
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choosing a particular model seems to overlook the complexity of marine corrosion
problem. Knowing that the corrosion mechanisms are still not fully understood, and there
is a lack of up-to-date survey data, the author decided to focus initially on the mechanical

performance of structures subject to corrosion damage at discrete time points.

When considering a system consisting of a number of different structural members, some
will always reach their collapse/ultimate strength first before the whole system collapses.
Thus, to understand the ULS of individual structural members it is essential to concentrate
on the corrosion features in order to ultimately determine the overall integrity of a
structural system. With an understanding of the fundamentals (Section 2.2.1), previously
published ultimate strength analysis has been reviewed covering both experimental and
numerical methods (Sections 2.2.2 and 2.2.3). In the literature, there are a limited number
of experiments, which only provide a stress-strain relationship at discrete locations on
specimens, with no information of the stress/strain distribution on an irregular surface.
Numerical methods (mainly FEA) are widely used to assess the ultimate strength thanks
to the increasing computational ability. The nonlinear FEA enables researchers to not only
consider the material and geometrical nonlinearities but also vary structural geometries,
corrosion extent, loading/boundary conditions and structural initial imperfections. However,
the studied corrosion features need to be closely related to what is found on-board marine
structures. The modelling techniques, which may significantly influence the result
accuracy, are often not clearly stated and validated. Also, it is not clear that if such

mechanical property change would induce a change in the existing corrosion performance.

Therefore, another interesting field has in due course been realised from the literature,
namely the mechano-electrochemical performance of a metallic surface (Section 2.3).
From the literature it shows that the influence of elastic stress and plastic strain vary
significantly owing to the selection of materials, test solutions and loading conditions. A
better understanding of synergistic effect of mechanical and chemical/electrochemical
properties of a metal surface is needed for an accurate estimation of the enhanced

corrosion rate or reduced corrosion potential.

To finally identify a clear scope of this investigation, the author collected classification
rules and regulations for corrosion inspection and repair (Section 2.4). The minimum
allowable thickness together with coating failure scale diagrams were used to inform the
studied corrosion features. Overall, the literature review has been a solid foundation for
the author to carry out novel studies in order to better understand the problem and

enhance the efficiency of finding solutions.
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Nonlinear FEA was chosen to be the primary method. As a start, a systematic validation
was achieved to gain familiarity and confidence in using such method (Chapter 4). The
initial eigenvalue buckling analysis provided valuable knowledge of shell/solid element
behaviour (frequently used for thin-walled structures), as well as constraining methods,
selection of element type, element size/shape, number of elements through thickness,
and integration strategies. It was found that apart from the commonly used shell element,
solid-shell and solid element could be used for a more detailed modelling of structural
defects. Using appropriate integration strategies, shear locking and hourglassing
problems could be avoided. Regarding the nonlinear FEA procedure considering both
geometric and material nonlinearities, the validation was achieved by replicating a series
of steel structural members published in the literature, including plates, plate-stiffener
combinations and a two-bay/two-span panel. The proposed method to explicitly apply a
residual stress matrix to a plate model was also verified using both shell and solid
elements. Although good agreements were obtained between replicated models and
those published in the literature, the most reliable validation is always via experiments and
physical observations. As discussed in the review, experimental data (stress or strain) to
date have only been obtained at discrete locations over specimen surfaces. This study
has brought in novel techniques (TSA and DIC) to overcome such limitations (Chapter 6)
for corroded structure analysis. Based on the initial modelling study (Chapter 5), a range
of steel specimens with idealised corrosion defects were tested. TSA successfully
captured a full-field stress map when the specimen was elastically loaded. It not only
validated the mesh quality of the new FEA models but also physically revealed early
stress concentrations on an irregular surface. Another full-field technique, 3D DIC, was
proven to be of great potential to provide a displacement/strain map for a specimen under
compression until failure. It also demonstrated the reliability of the nonlinear FEA method

for collapse and post-collapse behaviour.

Regarding the modelling work, two types of localised corrosion feature (pitting and
grooving corrosion) were considered on a steel plate (Chapter 5) and a stiffened plate
model (Chapter 7), respectively. The coating failure scale diagrams and reported
immersion trials were used to inform the corrosion patterns for the plate models, including
one-side localised corrosion damage (diameters in the order of tens of mm), bench-shape
pits induced by MIC and a localised rough surface. It gave the parametric FEA a novel
and more realistic physical meaning for ship structures, but equally this approach could
also be utilised for other marine platforms and steel bridges. The main conclusions drawn

from the plate model study are as follows:
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(1) Corrosion on the unloaded edge or at the corner could potentially lead to a much
lower ultimate strength compared to other corrosion locations (up to 20% reduction
for a 800 mm x 800 mm x 15 mm plate with 25% locally corroded area and 3.75
mm remaining thickness);

(2) The existence of benches will further reduce the strength; however, the overall
effect of benches diminishes with increasing volume loss;

(3) The strength reduction is greatly influenced by the corrosion size (especially pit
depth), the formation of the bench geometry and the corrosion location;

(4) In terms of the post-ultimate strength, corrosion at the plate corner shows a more
unstable behaviour in general, which may weaken a structural system when the
rest of the structural members have not yet failed;

(5) Greater attention is needed during survey and maintenance when such pitting
features occur at the corner/edge of plate structures, especially when bench-shape
pits are formed;

(6) A rough surface at the corroded area has little impact on the ultimate strength and
post-collapse behaviour but will introduce extra stress concentration and localised
plastic strain even when the structure is elastically loaded, which may lead to
cracking and corrosion acceleration;

(7) Based on the conclusions from Ref. [196] in local plastic strain analysis, it has
been found that the plastic strain distribution is not only dependent on the external
load and the damage location, but also largely associated with the morphology of a
corroded surface. Moreover, when the structure enters its plastic regime, the
location of high plastic strain depends on the location with minimum remaining

thickness.

In the stiffened plate modelling, contact elements were used for a more realistic fillet weld
simulation. The study covered weld-induced grooving corrosion features, different initial
deflections, weld-induced residual stresses and weld connection imperfections (root
opening). The key findings are as follows:

(1) Grooving corrosion depth has a greater influence on the ultimate strength reduction
in comparison with corrosion width for the same volume loss. Such corrosion
damage could cause up to 26% ultimate strength reduction of a stiffened plate
(4750 mm x 950 mm x 15 mm) with corrosion of a width of 59 mm and a remaining
thickness of 3.75 mm;

(2) For plates with weld-induced initial deflection, the failure mode is more complex

and sensitive to corrosion features;
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(3) An intermittent weld method can provide stress relief between the corroded area
and hence ease the influence of narrow but deep corrosion damage;

(4) Consideration of the weld-induced residual stresses results in a lower ultimate
strength value and a greater reduction compared to the intact structure, indicating
the influence of corrosion is enhanced;

(5) Negligible influence of a root opening have been detected on the load shortening
curves for models with different corrosion features and initial deflections. However,
at the early stage of loading (fully elastic), the markedly increased stress
concentration at the welding interface may lead to cracking and surface state
change;

(6) The ultimate strength of corroded models remains in the range of the empirically
estimated values but decreases faster when increasing 1., compared to the
empirical formulas, indicating that the grooving corrosion damage would introduce

a large fluctuation to the empirical predictions and needs to be treated with caution.

Having a better understanding of the mechanical performance of local structural members
subject to various corrosion features, the final attempt was to investigate the mechanically
altered corrosion performance (mechano-electrochemistry) of a metallic surface (Chapter
8). Analytical formulas were explicitly imbedded in the modelling study to calculate the
anodic current density increment ratio due to mechanical stress/strain. In general, a rise in
the anodic current density is induced by elastic/plastic deformation. In addition to
parameters such as the ambient temperature and the yield stress of the material, the
current density increment ratio for a multi-component stress system is dependent on the
hydrostatic component of the stress tensor and the equivalent plastic strain, with plastic
strain playing a major role. A change in the external load, weld connection condition
and/or the cross-sectional area of a structure could lead to a stress state change and alter
the electrochemical behaviour. In addition, the existing corrosion damage could introduce
extra localised stress/strain, which intensifies the mechanochemical corrosion. Areas with
significantly increased anodic current density are more likely to become anodes leaving

the surrounding areas more cathodic.

The research highlights of the thesis are summarised as follows:
(1) A systematic validation of nonlinear FEA in ANSYS has been carried out;
(2) Full-field measurement technigues (TSA and DIC) on assessing the strength of
plate specimens with various defects up to collapse point;
(3) The identification of localised corrosion features were related to ship survey

(pitting/grooving corrosion) and immersion trials (bench-shape pits);
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(4) A localised rough surface was introduced to the plate model;

(5) Grooving corrosion feature was studied together with a more realistic weld
simulation, initial deflections, weld-induced residual stresses and a root opening;

(6) Detailed analysis has been presented looking at not only the ultimate strength but
also the local stress/strain distributions;

(7) Mechano-electrochemical analysis was carried out based on the modelling results

for a multi-component stress condition.

9.2 Recommendations for future work

The recommendations for future work are divided into two sections. The first relates to the
investigation of mechanical performance of corroded thin-walled structures, and the
second relates to the mechano-electrochemical analysis.

9.2.1 Mechanical performance analysis

It has been shown that modelling (FEA) is indeed a powerful tool and can be continuously
used for future mechanical analysis. However, as the software and elements keep
updating, it is vital to carefully examine the element behaviour and the calculation
algorithm. The structural members studied so far have been plates and plate-stiffener
combinations of ships with a fixed dimension. However, the scantling varies depending on
the locations and the types of structures (ships, offshore platforms and bridges). The basic
structural member of interest can be extended from a simple plate to a complex stiffened
panel and even a box girder to allow researchers to gradually build up the knowledge of
corrosion effects both locally and globally. Because of the selection of structural locations,
there is expected to be a change in the boundary and loading conditions. Therefore, it is
important to study the corrosion effect under typical and extreme loading condition, such
as dynamic loading and fatigue problems. While steel is still the major material used for
merchant ships, aluminium alloys have been increasingly used for their lightweight
property. Although the corrosion rate of aluminium alloys is markedly controlled by a thin
oxide film, once the oxide film is damaged, pitting corrosion could be generated. Also, the
5000 series aluminium alloys can become sensitised and vulnerable to intergranular
corrosion, exfoliation and stress corrosion cracking especially in the HAZ. There has not
been such study focusing on the corrosion effects on the strength capacity of aluminium

alloy structures. In the current investigation, localised corrosion features were idealised
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defects. It would be interesting to simulate natural localised corrosion morphology on plate
but also stiffener-plate combination models. Also, edge corrosion needs to be studied for
flange and web plates. From the classification rules in Section 2.4, either epoxy
compound or welding is needed for corrosion repair. Assessing the efficiency of such
repair methods is of importance for improving the maintenance. Ultimately, a collection of
load-shortening curves considering corrosion and various structural parameters would
contribute to the assessment of the ultimate strength of the entire structural system (for
example a hull girder), which leads to a reliability analysis linking the understanding of
corrosion mechanisms and the mechanical performances. Even if reliability analysis

cannot be applied in the daily design practice, the results are useful for rule calibrations.

No matter how advanced the numerical models can be, experimental work is always
essential for mechanical analysis and validation of the models. Since the full-field
techniques (TSA and 3D DIC) have been proven to be able to assess a steel specimen
with corrosion features, more effort is needed to look at natural corrosion morphology,
different loading and explore the technigue settings (speckle patterns, design of rigs,
noise, et cetera) especially for the area with geometrical discontinuities. The experiments
can also be performed on stiffened plate and welded structures. In addition to the
laboratory environment and specimens of a reduced scale, it is interesting to see if such

techniques can be applied in situ.

9.2.2 Mechano-electrochemical analysis

Being a complicated yet intriguing field, mechano-electrochemistry has gradually gained
interest over the last several decades. It bridges the corrosion aspects and mechanical
properties. However, from the literature the influence of elastic stress and plastic strain
varied significantly owing to the selection of materials, solutions and loading types, not to
mention the added confusion of stress corrosion cracking and oxide film conditions.
Theoretical methods have been proposed together with empirical estimations. However,
most validations of such protocols are unclearly stated and it is not certain if the
parameters have been appropriately determined. Greater effort is thus needed to
understand the fundamentals of the mechano-electrochemical phenomenon, with the help
of carefully controlled corrosion experiments on stressed specimens (or surfaces with
residual stresses). The current investigation has shown a numerical approach using
analytical formulas to estimate the corrosion acceleration locations and magnitude.

Although validation of the formulas was presented in the literature, it needs to fully verify
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the numerical approach by means of experiments. Also, other aspects such as coating,
concentration controlled process and temperature should be considered. Ultimately, it is

important to utilise the results for more targeted corrosion inspections and optimised
maintenance schedules.
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Appendices

Al. Matieral compostion for ship grade steels
Table A1.1. Composition of ship grade steels

ASTM % C Mn Si P S Al Nb \% Ti Cu Cr Ni Mo N
A min

max 021 12 050 0.035 0.035 0.35 0.3 0.020
B min 0.8

max 021 12 035 0.035 0.035 0.35 0.3 0.020
b min 0.6

max 021 1.2 035 0.035 0.035 0.35 0.3 0.020
£ min 0.7 0.10

max 018 1.2 0.35 0.035 0.035 0.35 0.3 0.020

min 09 0.10 0.02 0.05
AH32

max 018 16 050 0.035 0.035 0.015 0.05 0.10 0.02 035 0.2 0.4 0.08

min 09 0.10 0.02 0.05
DH32

max 018 16 050 0.035 0.035 0.015 0.05 0.10 0.02 035 0.2 0.4 0.08
EH32 min 09 0.10 0.02 0.05

max 018 16 050 0.035 0.035 0.015 0.05 0.10 0.02 035 0.2 0.4 0.08
FH32 min 09 0.10 0.02 0.05

max 016 16 050 0.025 0.025 0.015 0.05 0.10 0.02 035 0.2 0.4 0.08 0.009

min 09 0.10 0.02 0.05
AH36

max 018 16 050 0.035 0.035 0.015 0.05 0.10 0.02 035 0.2 0.4 0.08

min 09 0.10 0.02 0.05
DH36

max 018 16 050 0.035 0.035 0.015 0.05 0.10 0.02 035 0.2 0.4 0.08
EH36 min 09 0.10 0.02 0.05

max 018 16 050 0.035 0.035 0.015 0.05 0.10 0.02 035 0.2 0.4 0.08
FH36 min 09 0.10 0.02 0.05

max 016 16 050 0.025 0.025 0.015 0.05 0.10 0.02 035 0.2 0.4 0.08 0.009
A2. Kirchhoff plate theory and Mindlin-Reissner plate theory

Consider a flat rectangular plate of dimensions a X b X t being simply supported along

four edges and subject to uniform in-plane compressive stresses in the x direction (Figure

A2.1). Assume the plate is free to move inwards as a result of the uniform in-plane

compressive loading condition. When the plate width to thickness ratio is in the range of

8:1 to 80:1, thin plate theory, which was first proposed by Kirchhoff in 1850, is normally

adopted with the effect of transverse shear being neglected. However, when dealing with

thick plate (width to thickness ratio < 8:1), the thin plate theory tends to overestimate the

buckling loads and underestimate the deflections. Since the shell elements in ANSYS are
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generally based on these two plate theories, it is necessary to derive the exact solutions
based on both theories for better comparisons.

YA
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« >
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Figure A2.1. Sketch of a plate being simply supported along four edges and subject to
uniaxial compressive load.

A2.1 Hypotheses and differential equations

The hypotheses of the Kirchhoff plate theory are [1]:

(1) The material of the plate is elastic, homogenous and isotropic;

(2) Plate thickness t is small compared to the side dimensions;

(3) Stress normal to the middle plane (z = 0), is small compared to the other stress
components and neglected in the stress-strain relations (g, = 0);

(4) The straight lines which are initially normal to the middle plane before bending
remain straight and normal to the middle surface during the deformation, which
implies (yxz = ¥yz = 0);

(5) The middle surface remains unstrained (u(x,y,0) = v(x,y,0) = 0, where u and v
are in-plane displacement in the x and y directions respectively);

(6) Change in plate thickness can be neglected and normally undergo no extension
(e, =0).

Since vy, = vy, = 0, the physical equations for Kirchhoff plates can be reduced to:

E
0X=1_v2 (sx+vey) (1)
E
Oy =112 (sy +vey) (2)
E
By = STy Y (3)
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In terms of the geometrical equations, since

Ju OJw

sz=£+a=0 (4)
v Jdw

Vyz=£+@=0 ()

where w is the transverse displacement in the z-direction. Integrate the two equations (4)

and (5), and the displacements u and v can be expressed as:

G}

u= —%z+f1(x,y) (6)
0

v=—%z+f2(x,y) (7)

where f; and f, are random functions. Due to the assumption u(x,y,0) = v(x,y,0) = 0, it

can be seen that f;(x,y) = f2(x,y) = 0. Thus,

ow

u= —aZ (8)
ow

v = —@Z (9)

The geometrical equations for Kirchhoff plates are:

ou 0w

£X=a= _ﬁz (10)
ov 0w

5 %y "5y’ (11)
ov ou 92w

]/Xy=a+@: —Z%Z (12)

The main difference between the Mindlin plate theory [2] and the Kirchhoff plate theory is
the allowance of the normal (a vector that is perpendicular to the tangent plane to the
plate surface) undergoing constant rotations about the middle surface while maintaining
straightness. Therefore, a constant shear strain is assumed through the thickness of the

plate, and the displacement fields become:

U= zdy (13)
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v =2z, (14)
w=w(x,y,0) (15)

where ¢, and ¢, are the rotation rates about y-and x-axes, respectively. Therefore, the

geometrical equations for Mindlin plates are:

du dpy
& = =2 (16)
dav ¢y
A TRk "
dv Jdu 0y gy
= — _— = e — 1
Yay 6x+6y Z(ax +6y (18)
_ 6u+aw_ +6w 19
VXZ - aZ ax - ¢X ax ( )
_ 6v+aw_ +6w 20

Note that by setting ¢, = —dw/dx and ¢, = — dw/dy, the equations above will be
simplified as those for Kirchhoff plates. To compensate for the actual transverse shear
strain distribution being parabolic through the thickness, a shear correction factor x? was

proposed by Mindlin [2]. Accordingly, the physical equations for Mindlin plates become [3]:

Ox =7 fvz (ex + vsy) (21)
oy = 1—Lv2 (& +vey) (22)
Txy = Gy (23)
Txz = K2 GYxz (24)
Ty, = K2GYy, (25)

where ¢ = E/2(1 + v) is the shear modulus. In order to illustrate the force (moment) and
stress components over a cross-section of a plate, consider a parallelepiped taken from

the plate with the three dimensions being dx, dy and t (Figure A2.2).
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Figure A2.2. Distribution of force/moment and stress (in blue) components.

The values of the moment components per unit width or length can be expressed as:

N e+

0yxzdz

MX:j_

My = f tayzdz
2

Nl o)~

2
Myy = Myy = f trxyzdz

Similarly, the transverse shear forces can be written as:

t
2

QX =-[tTXZdZ
2
t
2

Qy :ftTYZdZ

2

A2.2 Governing equations

(27)

(28)

(29)

(30)

Figure A2.3 shows an infinitesimal area indicating the middle surface of a plate under the

equilibrium condition. Governing equations can be obtained by resolving the equilibrium

equations of forces and moments.
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My

Figure A2.3. Schematic of the middle surface of a plate under equilibrium condition.

By constructing the force equilibrium in x and y directions, a differentiation equation can

be derived for Kirchhoff plates:

Tygz + 2Ty 5—

X By +Tya_yz (31)

. 0%w 2°w 0w
DV*w — =q

where D = Et3/12(1 — v?) , which is the flexural rigidity of a plate; V* is the differential
operator given by V*= 0*/dx* + 20*/dx*dy* + 0*/dy*; T, and T, are the in-plane tensile
forces in x and y directions, respectively; Ty, is shear force along the edges and q is the

external transverse load. Energy (Ritz) method is used for Mindlin plate analysis due to its
simplicity in implementation. According to Chakrabarty [208], the strain energy of a Mindlin

plate is:

1
U= Ef(o'xé’x + Oy &y + TxyVxy + TyyViz + Tszyz)dV (32)

Substitute Equations (16) to (25) into the Equation (32), and integrate through the

thickness, the strain energy can be rewritten as:
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1 Et3  [0¢,\2 Et3 0d,\°  Evtd 3y (00
U‘Eﬂ{12(1—v2)(ax> +12(1—v2)<6y> +6(1—v2)(6x)<6y>

2
12 \ dy  0Ox

2

+K%nK¢X+%¥)+(¢y+%¥fde@z (33)

The potential energy for the plate subject to uniform in-plane compressive stresses is

given by:
. 1 ﬂ‘ . (6w>2 ot (6w>2 ) (6W> (6w>
7 2)) |7 ok % dy By \ax dy

The total energy is:

dx dy (34)

N=U+V (35)

The governing equations can be derived by minimising the total energy function with

respect to arbitrary variation of w, ¢, and ¢y:

all
all
6¢X=() (37)
o _ 0 38
a¢y - ( )

Three governing equations are generated:

opy, 0o 0w 0w %w
26t | —= + 2L + p2 —Oxt—— — Oyt — — 2Tyt —— =0
K <6x + 3y + V7w | — oy 92z 0y 377 Tyy 9x3y (39)

ol Et3 0 Evt®  0¢y] 0 a [Gt3 (0o 0dy\]
— S Py —KzGt(¢X+—W)+— Gt (9% | 0%y
Ox|12(1 —v?) ox  12(1—v?) 0Oy | ox/) ody[12 \dy = o0x )]

=0 (40)

Et3 0 Evt3  d¢y d [Ge3 [0 0y \]
9 by Ev ¢X__K2Gt<¢y4___)_k__ Gt (0¢x , 9dy
dy [12(1 —v?) 9y ~ 12(1 —v?) 0Ox | dy/ ox|12 \dy = ox )|

=0 (41)
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where V2 is the Laplacian operator, defined as V2= 92/dx? + 0% /dy>.

A2.3 Boundary conditions

Based on the Saint-Venant principle, the stress components through the plate thickness
are studied in order to satisfy the boundary conditions. For simply supported rectangular

plates (Figure A2.1 and Figure A2.2), the boundary conditions are:

w(0,y) = My(0,y) = ¢,(0,y) =0
w(x,0) = My(x,0) = ¢(x,0) =0
w(a,y) = My(a,y) = ¢y(a:y) =0
w(x,b) = My(x,b) = ¢x(x,b) =0

A2.4 Critical buckling load

The displacement and rotations are assumed as follows, in order to satisfy the boundary

conditions stated above:

SR w . MEX  nmy
w = Z Z Al sin——sin—= (42)
m=1n=1
mmx | nmw
oy = Z Z Aﬁ"n cos sinTy (43)
m=1n=1
$py . MmX  nmwy
¢y = z ZAmyn sSin a COST (44)

3
1l
[y
S
1l
[y

where AY ., Aﬁ’; and Aﬁyn are constants. Note that for the case considered in Figure A2.1,
oy = Tyy = Iy = Tyy = q = 0. For Kirchhoff plates, by substituting Equation (42) into
Equation (31), it can be derived that:
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cr —

72a2D (m?  n2\* %D
a

m? b? b?

where k = [mb/a + an?/(mb))?, is defined as the buckling factor, and is independent of
the plate shape. Given T, is the critical in-plane load along the plate edge per unit length,

the total critical buckling load can be derived as:

2D
Ter (Kirchhofr) = K 5 (47)

For Mindlin plates, the substitution of Equations (42) to (44) into the governing Equations
(39) to (41) leads to:

w
Amn

Ci1 Ci2 Cy3 p 0
Ciz Caz C3|{Amnp =10 (48)
Ci3 Cp3 C33 Aiﬁl 0

where

mrit
C12 = KZGt (T)
nrt
Cis = K2Gt (7)
o= Et3 m?m? N Gt3 (n?m? Gt
2T A v)\ a2 12z JTF

o = Evt3 +Gt3 mnm?
B 1120-v2) 12|\ ab

o = Et3 n?m? +Gt3 m2m? 26t
3351201 —v2)\ b2 12\az J7F

The total critical buckling load can be determined by deriving the non-trivial solution of the

matrix [C] in Equation (48) and thus the value can be expressed as:

kn?Db
Ter (Mindlin) = Ciin2 (49)

2 RN
b=+ 6K%(1—v)
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A3. Plate models

Supplementary results for the studies in Chapter 5 are presented in this section.
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Figure A3.1. Nominal compressive stress-strain relationships (DOP = 2%; pit depth = 0.25t,
and 0.5tp) (Ic: corrosion at the corner; m: corrosion in the middle; r: random pitting; b:
corrosion at the unloaded edge; E: Young’s modulus of the material).
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Figure A3.2. Nominal compressive stress-strain relationships (DOP = 2%; pit depth = 0.33t,
and 0.75ty) (Ic: corrosion at the corner; m: corrosion in the middle; r: random pitting; b:
corrosion at the unloaded edge; E: Young’s modulus of the material).
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Figure A3.3. Nominal compressive stress-strain relationships (DOP = 5%; pit depth = 0.33t,
and 0.75ty) (Ic: corrosion at the corner; m: corrosion in the middle; r: random pitting; b:
corrosion at the unloaded edge; E: Young’s modulus of the material).
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Figure A3.4. Nominal compressive stress-strain relationships (DOP = 10%,; pit depth = 0.25t,
and 0.5t) (Ic: corrosion at the corner; m: corrosion in the middle; r: random pitting; b:
corrosion at the unloaded edge; E: Young’s modulus of the material).
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Figure A3.5. Nominal compressive stress-strain relationships (DOP = 10%; pit depth = 0.33t,

and 0.75ty) (Ic: corrosion at the corner; m: corrosion in the middle; r: random pitting; b:
corrosion at the unloaded edge; E: Young’s modulus of the material).

210



300

/

/

/
$ 250t //
= /
~ - = -

/ P ———

? | oo =~ ~ — — _ ]
O 200 /
» /
g /
7
v 150
o
S
5
o 100 — Intact -—— E
g —0.33t,_Ic — 0.75t, Ic
£ —0.33t,_m —-—0.75t,_m
2 s0f p —0.33t, r — 0.75t, r

—0.33t, b —0.75t, b

— —— 0.33t,_uniform - 0.75t,_uniform

0 1 I I I
0.000 0.001 0.002 0.003 0.004 0.005

Compressive strain

Figure A3.6. Nominal compressive stress-strain relationships (DOP = 15%; pit depth = 0.33t,
and 0.75ty) (Ic: corrosion at the corner; m: corrosion in the middle; r: random pitting; b:
corrosion at the unloaded edge; E: Young’s modulus of the material).
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Figure A3.7. Nominal compressive stress-strain relationships (DOP = 25%; pit depth = 0.25t,
and 0.5tp) (Ic: corrosion at the corner; m: corrosion in the middle; r: random pitting; b:
corrosion at the unloaded edge; E: Young’s modulus of the material).
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Figure A3.8. Nominal compressive stress-strain relationships (DOP = 25%; pit depth = 0.33t,
and 0.75ty) (Ic: corrosion at the corner; m: corrosion in the middle; r: random pitting; b:
corrosion at the unloaded edge; E: Young’s modulus of the material).
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Figure A3.9. Normalised ultimate strength and lateral deflection reductions (DOP = 2%) (Ic:
corrosion at the corner; m: corrosion in the middle; r: random pitting; b: corrosion at the
unloaded edge).
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Figure A3.11. Normalised ultimate strength and lateral deflection reductions (DOP = 25%)
(Ic: corrosion at the corner; m: corrosion in the middle; r: random pitting; b: corrosion at the
unloaded edge).
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Figure A3.12: Normalised ultimate strength reduction for bench-shape pit study (DOP =

15%; r; = (1/3) rp): (a) corrosion at the corner; (b) corrosion in the middle; (c) corrosion at the
unloaded edge.
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Figure A3.13: Normalised ultimate strength reduction for bench-shape pit study (DOP =

15%; r, = (2/3) r,): (a) corrosion at the corner; (b) corrosion in the middle; (c) corrosion at the
unloaded edge.
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Figure A3.14: Normalised ultimate strength reduction for bench-shape pit study (DOP =

25%; r; = (1/3) rp): (a) corrosion at the corner; (b) corrosion in the middle; (c) corrosion at the
unloaded edge.

216



Corrosion at the corner Corrosion in the middle

50 40
® No bench ® No bench
o r=(/2)r,t=375mm ° e n=(12)r,t,=2mm
L 4l © n=WArty=7mm < o r,=(12)r,t,=3mm °
= 0 n=WW2)r,t=75mm T 0 o n=(2r,t=375mm
S O r,=(12)r,t=1005mm ° S o 1n,=(12)r,t,=7mm
o o
3 0L 2 O n=12)r,t,=75mm
53 ¢ ] O 1,=(/2)r,t, =10.05 mm (]
£ ° £ 2l °
= o =)
] ° 8
s 20f 8 B 8
2 8 ° 2 8 Q
154 IS o
£ o £ 10 8
5 10f 5 8
0 . . . 0 . . .
0 5 10 15 20 0 5 10 15 20
Volume loss / % Volume loss / %
Corrosion at unloaded edge
50
o

L 40f 8
8 8
°
3 30
5 8 e
s 8
2 o
S ® Nobench
B 20r 8 ® e 1 =(2)r,t,=2mm
% 8 o 1,=(2)r,t=3mm
£ le) Q o n=12)r,t=375mm
% 10 | [ o rn=(2)r,t,=7mm

o n=@112)r,t=75mm

O r,=(1/2)r,t, =10.05 mm

0 . . n
0 5 10 15 20

Volume loss / %
Figure A3.15: Normalised ultimate strength reduction for bench-shape pit study (DOP =

25%; r; = (1/2) rp): (a) corrosion at the corner; (b) corrosion in the middle; (c) corrosion at the
unloaded edge.
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Figure A3.16: Normalised ultimate strength reduction for bench-shape pit study (DOP =

20

25%; r, = (2/3) r,): (a) corrosion at the corner; (b) corrosion in the middle; (c) corrosion at the

A4,

The initial deformations of DIC specimens were measured using a Faro Arm at discrete

locations and presented in Figure A4.1. Since the much finer mesh was used for the

unloaded edge.

Initial deflections of DIC specimens

numerical models, surface fitting was conducted to generate more deformation data points

over the specimen surfaces, as shown in Figure A4.2.
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at the corner; (b) corrosion in the middle; (¢) random pitting; (d) corrosion at the unloaded
edge.
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A5. Stiffened plate models

Comparison between SHELL181 and SOLID185 for stiffened plate models in Chapter 7 is

shown in Figure A5.1. Remaining results for stiffened plate models with root opening in

Chapter 7 are presented in Figure A5.2.
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Figure A5.1: Comparison of nominal load shortening curves for shell and solid models with
and without corrosion on the plate.
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Figure A5.2: Comparison of nominal load shortening curves when corrosion on the
stiffener: (b: buckling-mode initial deflection; w: weld-induced initial deflection; RO: root
opening; E: Young’s modulus of the material).

A6. Scanning Kelvin probe force microscopy (SKPFM)

measurements

Four square specimens (25 mm x 25 mm x 6 mm) were fabricated from a multi-pass butt
welded steel plate (Grade 070M20 for marine applications), as shown in Figure A6.1. MIG
wire EN 440 was used for the welding (deposits C — 1.3% Mn weld metal with a copper
coat finish and double deoxidised). The welding temperature was 1200°C to 1300°C at a
speed of 100 mm min™. The material is widely used for welding low carbon, low alloy
steel structures, ship grade steels (A, B, D and E) and equivalent mild steels. Moreover, it
is frequently utilised especially for thin plates of ship structures, container buildings,
bridges, railway constructions, pressure vessels, etc. Prior to the SKPFM tests, chemical
surface cleaning was conducted according to the standard practice ASTM (G1-03) by
dipping the sample surfaces into a 1000 mL pickling solution (500 mL 37% HCI, 3.5 g
hexamethylenetetramine and deionised water) at room temperature for 10 minutes. No
mechanical/chemical polishing was carried out due to its potential influence on the
residual stresses and the surface state. Samples were stored in a desiccator before
testing. The SKPFM was performed using atomic force microscope (AFM) (MAC Mode llI,
5500 Scanning Probe Microscopy, Agilent Technologies, US). PicoView 1.12 and
Picolmage Basics 6.0 (Agilent Technologies, US) software were used for data acquisition
and image analysis, respectively. Conducting AFM probes, OMCL-AC240TS (from
Olympus) with nominal spring constant ~ 2 N m™ were used. Image sizes of 1 x 1 ym?

were recorded with a resolution of 512 lines at scan rate 2 lines s™. Measurements were

223



done along the y-axis of the sample every 3 —5 mm. Topography and surface potential
measurements were performed simultaneously in amplitude modulation mode in an
environmental chamber. The Volta potential difference between the sample surface and
the AFM tip was calculated by averaging potential signal over the whole scan area. As all
measurements were performed in air, the effect of oxygen contaminations cannot be
excluded. More details on SKPFM technique can be found in Refs. [1,2]. Figure A6.2
presents the Volta potential difference across the butt weld and the plate surface (Figure
A6.1) using SKPFM.

Figure A6.1: Butt welded ship grade steel plate: Samples 1 to 5in yellow frames are for the
SKPFM test (25 mm x 25 mm x 6 mm).
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Figure A6.2: SKPFM measurements across a butt-welded steel plate (Samples 1 to 4).
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