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Abstract

Collapse tests were performed on twelve small-scale ring-stiffened cylinders. The test specimens
were machined from aluminium tubing, and then mechanically deformed in order to introduce
more realistic levels of out-of-circularity (OOC) in the critical collapse mode. Six of the test
specimens had additional damage in the form of artificial corrosion thinning, which was
introduced by machining away some of the shell plating. Corrosion damage was found to affect
the strength of cylinders in different ways, depending on its orientation with respect to the OOC
shape. When the corrosion damage was aligned with an inward lobe of the applied OOC shape,
the effects of thinning and imperfections were additive and led to significant decreases in collapse
pressure. When the hull thinning was collocated with outward OOC lobes, the corrosion damage
tended to reduce the overall OOC, and only a small reduction in collapse pressure was noted,
primarily due to the high stresses in the thinned shell itself. Finite element models were used to
simulate the mechanical procedure used to apply OOC to the cylinders. The predicted residual
stress field was in the elastic range of the material, and subsequent collapse analysis indicated that
those residual stresses resulted in a 3% reduction in collapse pressure compared to a stress-
relieved model. It is not thought that residual stresses have significantly affected the collapse
behaviour of the actual test specimens. Finite element models based on the measured shape and
material properties of forty specimens tested in the current and previous testing phases were able
to predict the experimental collapse pressures with an accuracy of 9.5%, with 95% confidence.

Résumé

Douze cylindres a petite échelle, renforcés d’anneaux ont été soumis a des essais d’affaissement.
Les éprouvettes étaient des tubes d’aluminium usinés puis mécaniquement déformeés afin de leur
donner un niveau plus réaliste d’ovalisation en mode d’affaissement critique. Des dommages
supplémentaires ont été infligés a six des cylindres d’essai, sous forme d’amincissement par
corrosion artificielle, réalisée par un usinage d’érosion du bordé extérieur. Les dommages
associes a la corrosion ont eu des effets différents sur la résistance des cylindres, selon
I’orientation de la corrosion par rapport a I’ovalisation. Lorsque la corrosion suivait la ligne du
bossage intérieur de I’ovalisation, les effets de I’amincissement et des imperfections étaient
cumulatifs et ont conduit a d’importantes réductions de la pression d’affaissement. Lorsque
I’amincissement de la coque était au méme endroit que les lignes de bossage extérieures de
I’ovalisation, les dommages attribuables a la corrosion avaient tendance a amener une réduction
généralisée de I’ovalisation. On n’a remarqué qu’une faible réduction de la pression
d’affaissement, due essentiellement au niveau élevé de contraintes sur le bordé aminci. On a
utilisé un nombre défini de modéles d’éléments pour simuler la procédure mécanique
d’ovalisation des cylindres. Le champ de contrainte résiduelle s’inscrivait dans la zone d’élasticité
du matériau et les analyses subséquentes de I’affaissement indiquaient que ces contraintes
résiduelles causaient une réduction de 3 % de la pression d’affaissement par rapport au modéle
stabilisé (sans contrainte). On ne pense pas que les contraintes résiduelles ont eu une incidence
marquée sur le comportement a I’affaissement des éprouvettes. Le nombre défini de modeles
d’éléments basés sur la forme mesurée et les propriétés du métal de quarante spécimens soumis a
I’essai, a I’étape actuelle et aux étapes précédentes, ont permis de prédire les pressions
d’affaissement expérimentales avec une précision de 9,5 % et un degré de confiance de 95 %.
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Executive summary

Experimental investigation of the strength of damaged pressure
hulls - Phases 5 & 6: The influence of out-of-circularity on
collapse

J.R. MacKay; DRDC Atlantic TM 2010-239; Defence R&D Canada — Atlantic;
March 2011.

Introduction: The governments of Canada and the Netherlands have jointly sponsored an
experimental program to investigate the impact of corrosion damage on the structural capacity of
submarine pressure hulls. The end goal of the program is to generate corrosion tolerance
guidelines that can be used by engineers to make informed maintenance decisions for the Victoria
and Walrus class submarines. Earlier stages of the test program studied the effect of corrosion
thinning on pressure hulls using small-scale ring-stiffened cylinders. Those test specimens were
machined from aluminium tubing in order to isolate the effect of corrosion from other factors,
such as residual stresses and large-amplitude out-of-circularity (OOC). The current technical
memorandum summarizes collapse tests on six intact and six corroded cylinder specimens that
were intentionally deformed after machining in order to introduce more realistic levels of OOC.

Results: Corrosion damage was found to affect the strength of cylinders in different ways,
depending on its orientation with respect to the OOC shape. When the corrosion damage was
aligned with an inward lobe of the applied OOC shape, the effects of thinning and imperfections
were additive and led to significant decreases in collapse pressure. When the hull thinning was
collocated with outward OOC lobes, the corrosion damage effectively reduced the overall OOC,
and only a small reduction in collapse pressure was noted, primarily due to the high stresses in the
thinned shell itself. Numerical models of forty specimens tested in the current and previous
testing phases were able to predict the experimental collapse pressures with an accuracy of 9.5%,
with 95% confidence.

Significance: The current work highlights the importance of the interaction of corrosion damage
with the actual shape of the pressure hull. When assessing corrosion damage to real submarines, it
is necessary to model the true shape of the hull, and the correct orientation of the thinning with
respect to that shape. The out-of-circularity that was applied to the test specimens can be viewed
as a form of severe denting damage, and thus the cylinders with corrosion thinning had multiple
damage cases. While there was found to be significant interaction between the two types of
damage, it appears that in the worst case, the total impact of the damage is approximately equal to
the sum of the denting and hull thinning acting independently.

Future plans: Collapse testing for the final stage of this experimental program has already been
completed. Phase 7 included the testing of as-machined cylinders with multiple corrosion patches.
In some cases the corrosion patches were randomly arranged, while in others the patches were
intentionally distributed to align with the critical n=3 collapse mode. Analysis of the experimental
data is still required, as are numerical simulations of the collapse tests. Following those tasks,
DRDC's effort will be directed at using numerical models to develop corrosion tolerance
guidelines for pressure hulls.
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Introduction : Les gouvernements du Canada et des Pays-Bas ont conjointement commandité un
programme d’expérimentation visant & déterminer I’incidence des dommages attribuables a la
corrosion sur la capacité structurelle des coques épaisses de sous-marin. L’objectif ultime du
programme est d’élaborer des lignes directrices concernant la tolérance a la corrosion qui
permettraient aux ingénieurs de prendre des décisions éclairées quant a la maintenance des sous-
marins des classes VICTORIA et WALRUS. Les premiéres étapes du programme d’essai
portaient sur I’étude des effets de I’amincissement dd a la corrosion sur les coques épaisses. Cette
étude a été faite sur des cylindres en aluminium de petite échelle et renforcés par des anneaux.
Ces éprouvettes sont des tubes d’aluminium usinés de maniére a isoler les facteurs attribuables a
la corrosion des autres facteurs tels que les contraintes résiduelles et I’ovalisation de grande
amplitude. Le document technique résume les essais d’affaissement effectués sur six éprouvettes
intactes et sur six éprouvettes corrodées, déformées intentionnellement aprés avoir été usinées de
maniére a présenter un niveau plus réaliste d’ovalisation.

Résultats : L’incidence de la corrosion sur la résistance des cylindres varie selon son orientation
par rapport a I’ovalisation. Lorsque les dommages attribuables a la corrosion sont en ligne avec le
bossage intérieur de la déformation, les effets de I’amincissement et des imperfections sont
cumulatifs et conduisent a des diminutions considérables de la pression d’affaissement. Par
contre, lorsque I’amincissement de la coque se situe au niveau des bosses extérieures de la
déformation, les dommages dus a la corrosion ont pour effet d’atténuer I’ensemble de
I’ovalisation. On n’a relevé qu’une petite réduction de la pression d’affaissement due
essentiellement aux fortes contraintes s’exergant sur le bordé aminci méme. Une modélisation
numérique des gquarante éprouvettes soumises a I’essai au cours de la phase actuelle et des phases
précédentes a permis de prédire les pressions d’affaissement expérimentales avec une précision
de 9,5 % et un degré de confiance de 95 %.

Importance : Les travaux en cours soulignent I’importance de la corrélation entre les dommages
attribuables a la corrosion et la forme réelle de la coque épaisse. L évaluation des dommages dus
a la corrosion sur les véritables coques de sous-marins nécessite une modélisation de la forme
réelle de la coque et I’orientation correcte de I’amincissement en fonction de cette forme.
L’ ovalisation appliquée aux éprouvettes peut étre considérée comme un bosselage sévére, ainsi
les cylindres corrodés présentaient plusieurs cas de dommages. Bien qu’une corrélation
importante ait été relevée entre les deux types de dommages, il semble que dans le pire des cas,
I’incidence totale des dommages soit a peu pres égale a la somme des effets distincts du bosselage
et de I’amincissement de la coque.
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Perspectives : L’essai d’affaissement de I’étape finale de ce programme expérimental est déja
terminé. La phase 7 comprenait I’essai de cylindres usinés tels quels avec plusieurs plaques de
corrosion. Dans certains cas, les plaques de corrosion avaient été arrangées de facon aléatoire,
alors que dans d’autres elles avaient été placées de maniére a étre en ligne avec le mode
d’affaissement critique n=3. L’analyse des données expérimentales reste a faire, ainsi que les
simulations numériques des essais d’affaissement. Ceci fait, RDDC concentrera ses efforts sur
I’utilisation de modéles numériques pour élaborer des lignes directrices concernant la tolérance a
la corrosion des coques épaisses.
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at the central bay and the adjacent frames. The circumferential extents of the
large, in-phase corrosion patch are indicated by the dashed lines and shaded area. . 209

Figure 139: Graphical representation of out-of-circularity of specimen L510-No025. The
colour contour maps describe the radial eccentricity (mm) based on a double
Fourier analysis of the measurements of the outer shell taken by the CMM. OOC
is also indicated by the deformed shape, whereby the imperfections are magnified
DY @ FACTOT OF 50. ...eviiiiiicii s 210

Figure 140: Showing the circumferential out-of-circularity mode of specimen L510-No25
based on measurements at the outside of the shell surface. All measurements taken
about the circumference using a CMM are shown for axial locations nearby the
indicated riNg-STTTENEIS........coviiii s 210

Figure 141: Showing the axial out-of-circularity mode of specimen L510-No25 based on
measurements at the outside of the shell surface. All measurements taken over the
cylinder length using a CMM are shown for circumferential locations associated
with the maximum inward and outward radial ecCentriCities..........ccccvvvvevveriiveenne 211

Figure 142: Showing the circumferential distribution of shell thickness at representative axial
locations for specimen L510-No25, based on CMM measurements of the inner
and OULET SNEIT TAIT. ...vveviieiiie e 211
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Figure 143: Graphical representation of out-of-circularity of specimen L510-N026. The
colour contour maps describe the radial eccentricity (mm) based on a double
Fourier analysis of the measurements of the outer shell taken by the CMM. OOC
is also indicated by the deformed shape, whereby the imperfections are magnified
DY @ TaCtor OF 5O. ...ccvvciccice s 212

Figure 144: Showing the circumferential out-of-circularity mode of specimen L510-No26
based on measurements at the outside of the shell surface. All measurements taken
about the circumference using a CMM are shown for axial locations nearby the
indicated rNg-StITTENEIS......coi e 212

Figure 145: Showing the axial out-of-circularity mode of specimen L510-No26 based on
measurements at the outside of the shell surface. All measurements taken over the
cylinder length using a CMM are shown for circumferential locations associated
with the maximum inward and outward radial eccentricities............c.ccoccevvvrierrnnnnn. 213

Figure 146: Showing the circumferential distribution of shell thickness at representative axial
locations for specimen L510-No26, based on CMM measurements of the inner
and OULET SNEIT TAATE. ...veeeeieiee e 213

Figure 147: Graphical representation of out-of-circularity of specimen L510-No33. The
colour contour maps describe the radial eccentricity (mm) based on a double
Fourier analysis of the measurements of the outer shell taken by the CMM. OOC
is also indicated by the deformed shape, whereby the imperfections are magnified
DY @ TACTOF OF 50. ....cviiiiiiciie s 214

Figure 148: Showing the circumferential out-of-circularity mode of specimen L510-No33
based on measurements at the outside of the shell surface. All measurements taken
about the circumference using a CMM are shown for axial locations nearby the
indicated riNg-STTTENEIS........coviiii s 214

Figure 149: Showing the axial out-of-circularity mode of specimen L510-No33 based on
measurements at the outside of the shell surface. All measurements taken over the
cylinder length using a CMM are shown for circumferential locations associated
with the maximum inward and outward radial eCCENtriCItIES.........ccvvvvvvviviireiieeeeen, 215

Figure 150: Showing the circumferential distribution of shell thickness at representative axial
locations for specimen L510-No33, based on CMM measurements of the inner
and OULET SNEIT TAIT. ...vveveieieie e 215

Figure 151: Showing the circumferential distribution of shell thickness at representative axial
locations for specimen L510-No34, based on CMM measurements of the inner
aNnd OULET SNEIT TR ...vveviieieic e 216

Figure 152: Graphical representation of out-of-circularity of specimen L510-No35. The
colour contour maps describe the radial eccentricity (mm) based on a double
Fourier analysis of the measurements of the outer shell taken by the laser
displacement gauges. OOC is also indicated by the deformed shape, whereby the
imperfections are magnified by a factor of 50. .........cccccceviiiiiiiicicc 216

Figure 153: Graphical representation of out-of-circularity of specimen L510-No35, showing
the location of the in-phase corrosion patch with respect to the out-of-circularity
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shape. OOC is indicated by the deformed shape, whereby the imperfections are
magnified by a factor 0F 50. ..o 217

Figure 154: Showing the circumferential out-of-circularity mode of specimen L510-No35
based on measurements at the outside of the shell surface. The filtered
measurements taken about the circumference using a laser displacement gauge are
shown for axial locations nearby the indicated ring-stiffeners............cccccoceeoernnenn. 217

Figure 155: Showing the axial out-of-circularity mode of specimen L510-No35 based on
measurements at the outside of the shell surface. The filtered measurements taken
over the cylinder length using a laser displacement gauge are shown for
circumferential locations associated with the maximum inward and outward radial
LSToTt=] o [T LTS 218

Figure 156: Showing the circumferential OOC mode of specimen L510-No35 based on
filtered laser displacement gauge measurements at the outside of the shell surface
at the central bay. The circumferential extents of the small, in-phase corrosion
patch are indicated by the dashed lines and shaded area.............cccccceevvivevciiciecnnane 218

Figure 157: Showing the circumferential distribution of shell thickness at representative axial
locations for specimen L510-No35, based on ultrasonic thickness gauge readings. 219

Figure 158: Graphical representation of out-of-circularity of specimen L510-No36. The
colour contour maps describe the radial eccentricity (mm) based on a double
Fourier analysis of the measurements of the outer shell taken by the laser
displacement gauges. OOC is also indicated by the deformed shape, whereby the
imperfections are magnified by a factor of 50. ...........ccccviviiiiiiii 219

Figure 159: Graphical representation of out-of-circularity of specimen L510-No36, showing
the location of the out-of-phase corrosion patch with respect to the OOC shape.
OOC is indicated by the deformed shape, whereby the imperfections are
magnified by a factor 0F 50. ........c.coceiiiii i 220

Figure 160: Showing the circumferential out-of-circularity mode of specimen L510-No36
based on measurements at the outside of the shell surface. The filtered
measurements taken about the circumference using a laser displacement gauge are
shown for axial locations nearby the indicated ring-stiffeners............ccccccoevvenennnn. 220

Figure 161: Showing the axial out-of-circularity mode of specimen L510-No36 based on
measurements at the outside of the shell surface. The filtered measurements taken
over the cylinder length using a laser displacement gauge are shown for
circumferential locations associated with the maximum inward and outward radial
LSToTot=) o[ L (TSR 221

Figure 162: Showing the circumferential OOC mode of specimen L510-No36 based on
filtered laser displacement gauge measurements at the outside of the shell surface
at the central bay. The circumferential extents of the small, out-of-phase corrosion
patch are indicated by the dashed lines and shaded area.............cccccceveivveviciiinecnenne. 221

Figure 163: Showing the circumferential distribution of shell thickness at representative axial
locations for specimen L510-No036, based on ultrasonic thickness gauge readings. 222
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Figure 164: Tank, specimen and net pressures measured during volume-control collapse
testing of specimen L510-No13 plotted against the time (showing data reduced to

Figure 165: Tank, specimen and net pressures measured during volume-control collapse
testing of specimen L510-No14 plotted against the time (showing data reduced to

Figure 166: Tank, specimen and net pressures measured during volume-control collapse
testing of specimen L510-No17 plotted against the time (showing data reduced to

Figure 167: Tank, specimen and net pressures measured during volume-control collapse
testing of specimen L510-No18 plotted against the time (showing data reduced to

Figure 168: Tank, specimen and net pressures measured during volume-control collapse
testing of specimen L510-No19 plotted against the time (showing data reduced to

Figure 169: Tank, specimen and net pressures measured during volume-control collapse
testing of specimen L510-No020 plotted against the time (showing data reduced to

Figure 170: Tank, specimen and net pressures measured during volume-control collapse
testing of specimen L510-No25 plotted against the time (showing data reduced to

Figure 171: Tank, specimen and net pressures measured during volume-control collapse
testing of specimen L510-No026 plotted against the time (showing data reduced to

Figure 172: Tank, specimen and net pressures measured during volume-control collapse
testing of specimen L510-No33 plotted against the time (showing data reduced to

Figure 173: Tank, specimen and net pressures measured during volume-control collapse
testing of specimen L510-No34 plotted against the time (showing data reduced to

Figure 174: Tank, specimen and net pressures measured during volume-control collapse
testing of specimen L510-No35 plotted against the time (showing data reduced to

Figure 175: Tank, specimen and net pressures measured during volume-control collapse
testing of specimen L510-No36 plotted against the time (showing data reduced to

Figure 176: Pressure-strain curves showing circumferential strains at the flange of Frame 4 of
specimen L510-N013 (0%-150%) .....ciuiieiieieiiisiesiesiesie et 291

Figure 177: Pressure-strain curves showing circumferential strains at the flange of Frame 4 of
specimen L510-N013 (180°%-330°) ....ccvciiiiicieiieie ettt 291
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1 Introduction

The effect of corrosion-induced pressure hull thinning on the structural capacity, and the related
operational capability, i.e. deep diving depth (DDD), of in-service Canadian submarines is
typically addressed using numerical models, especially nonlinear finite element (FE)
modeling [6]. The FE results are interpreted with a large degree of conservatism; for example, by
calculating the percent reduction in collapse pressure due to hull thinning using numerical models
and applying that reduction to the design formulae collapse pressures that are used to determine
DDD. That conservatism is required since, until recently [7],[8] the numerical models had not
been validated against experimental results and there was no certainty that they correctly captured
the structural response of the corroded hull.

The challenge of assessing the strength of the damaged hull can be avoided by repairing the
corrosion damage. Weld overlay is currently used to repair corrosion pits on submarine hulls, and
in the future it may prove to be a cost effective way to restore hull thickness that has been lost due
to larger patches of general corrosion damage; however, the secondary effects of weld repair over
large areas, especially residual stresses and distortions, are not well understood, and the
limitations of the method are not yet known [9]. Until those issues are addressed, it will be
necessary to operate submarines with unrepaired general corrosion damage, which requires
reliable assessments of the damaged hull capacity. Furthermore, weld repairs affect hull
maintenance budgets and scheduling, so that corrosion tolerance guidelines are required to
facilitate repair decisions. Those guidelines must consider a range of corrosion depths, areas and
locations, and can only be generated in a practical way by performing a series of numerical
analyses.

The test results presented in the current technical memorandum are part of a larger experimental
program that was initiated to address the lack of experimental data available in the literature for
the collapse of pressure hulls with corrosion damage [10]. The overall goals of the testing
program are to study the structural behaviour of damaged hulls, including a qualitative
understanding of the collapse mechanisms involved and a quantitative description of the
reductions in collapse pressure that can be expected for a given magnitude of thinning.
Furthermore, the test program was designed to facilitate comparisons between experimental and
numerical models, with the goal of validating the numerical methodology for future assessments
of damaged submarines and for generating corrosion tolerance guidelines.

The test specimens are small-scale submarine pressure hulls, consisting of ring-stiffened cylinders
machined from aluminium tubing and tested to collapse under external hydrostatic pressure.
Corrosion damage is artificially introduced in selected models by machining away material from
the shell or ring-stiffeners. Some of the test models from previous phases of testing are shown in
Figure 1.

Phases 1-3 of the testing program [1]-[3] were aimed at studying the influence of corrosion depth
and area on the most important failure modes for pressure hulls: interframe collapse of the hull
plating between ring-stiffeners and overall collapse of an entire compartment. Those experiments
indicated that hull thinning reduces collapse pressures by hastening the onset of yielding in the
damaged shell. Early yielding is caused by high stresses in the corroded shell that arise due to the
reduced hull cross-section, which must resist the same loading as the intact regions of the hull.
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Furthermore, one-sided thinning of the hull results in a load-path eccentricity since the mid-
planes of the corroded and intact regions of the shell are offset. The shell eccentricity leads to
local bending moments and stresses at the corroded shell, further hastening the onset of local shell
yielding, and leading to a more general destabilizing bending moment acting on the overall shell-
stiffener section.

Figure 1: Some typical experimental models from previous phases of testing [10], before and
after collapse testing. Clockwise from top-left: L510-No12, an internally-stiffened cylinder
with a large patch of corrosion thinning, after volume-control testing; L510-No6, an intact
internally-stiffened cylinder after volume-control testing, showing interframe dimples
superimposed on an overall collapse mode; L510-No2, before testing, showing dog-bone
stiffener corrosion at inset; L300-No4, a short cylinder with heavy stiffeners and a small patch
of shell corrosion, showing the specimen after testing with a conventional apparatus; L300-
No1l, a short intact cylinder failing by interframe collapse, and showing the specimen after
testing with a volume-control apparatus.
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In [1]-[3], overall collapse was found to be more greatly affected by corrosion thinning than
interframe collapse. This is due to the reserve strength of the heavy ring-stiffeners found in
interframe models, which were able to carry the load shed by the corroded shell when it failed
locally, and because the models failing by overall collapse were more sensitive to the shell
eccentricity due to one sided thinning. That eccentricity has a similar effect on overall collapse as
an out-of-circularity imperfection. The ratio of the percent reduction in overall collapse pressure
to the percent hull thinning was found to be approximately one-to-one.

Phase 4 of the testing program [4] examined the influence of material properties, especially yield
strength, on overall collapse of damaged and intact models, as well as the effect of cyclic pressure
loading past the yield limit. The relationship between yield stress and overall collapse pressure
was found to be approximately linear in the range of yield stresses considered, so that a 10%
increase in yield stress results in an 8-9% increase in collapse pressure. That relationship holds
for both intact and corroded models. Constant amplitude cyclic loading of a corroded cylinder
past the yield limit did not apparently affect the collapse strength of that model, despite the
growth in permanent deformation with each load cycle.

In Phases 1-4 of the overall experimental program, the effects of corrosion thinning were studied
in isolation from other strength-reducing factors arising from fabrication of real pressure hulls;
these include large-amplitude out-of-circularity (OOC) and residual stresses caused by welding
and cold bending of hull plating and stiffeners. This was accomplished by machining the test
specimens from aluminium tubing, resulting in ring-stiffened cylinders with very small
magnitudes of OOC. Residual stresses arising from the manufacture of the extruded aluminium
tubing from which the cylinders were machined, and from the machining process itself, were
considered to be negligible relative to residual stresses in real pressure hulls.

It is important to further develop understanding of the effect of corrosion damage on pressure hull
collapse, and to provide additional test data for the validation of numerical models, which has
already begun with the FE simulation of models from Phases 1 to 3 [7],[8]. The current technical
memorandum presents test results from Phases 5 and 6 of the overall experimental program,
whereby the corrosion study has been extended to cylinders with more realistic levels of out-of-
circularity, based on standard design and fabrication tolerances. Phase 5 and 6 specimens were
tested in the timeframe extending from January to June of 2009. Phase 5 saw the testing of six
“intact” cylinders with large-amplitude out-of-circularity imperfections, which were introduced
by mechanically deforming the models. Otherwise, the Phase 5 specimens were nominally
identical to some of the models tested in Phases 2 and 3. In Phase 6, the OOC study was extended
to six “damaged” models with artificial corrosion.

Numerical studies of the interaction between corrosion thinning and OOC [11] indicate that, in
general, overall collapse pressure decreases with increasing depths of thinning; however, the
effect of corrosion thinning was found to be dependent on its circumferential extent and its
orientation with respect to out-of-circularity. The numerical models predicted that overall
collapse strength does not monotonically decrease with the circumferential extent of thinning.
The load-path eccentricity resulting from one-sided thinning effectively increases or decreases the
imperfection magnitude depending on whether the corrosion is in-phase or out-of-phase with the
OOC. This leads to cases whereby, as the thinning is extended around the cylinder, the collapse
pressure actually increases relative to cases with smaller extents of thinning. In a similar manner,
shell thinning that is out-of-phase with OOC (i.e. collocated with an outward bulge) can increase
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the collapse pressure, while out-of-phase shell thickening can decrease the collapse pressure with
respect to a similar intact model. Furthermore, shell thinning was found to have a greater effect
on collapse strength for models having small magnitudes of OOC, due to its relatively greater
influence on OOC. Phase 5 and 6 test specimens were designed to test the conclusions reached in
[11], especially the interaction of corrosion damage with the shape and magnitude of out-of-
circularity.

This technical memorandum begins with a description of the test models and experimental
procedures in Sections 2 and 3, respectively. The experimental results for each of the twelve test
models are presented in Section 4. Section 5 presents the results of finite element analyses aimed
at simulating the collapse experiments. A general discussion is presented in Section 6, including
trends observed in the experiments and the numerical modeling. Conclusions of the current study
and the entire testing program to date are given in Section 7.

4 DRDC Atlantic TM 2010-239



2  Test specimens

The twelve specimens tested during Phases 5 and 6 are listed in Table 1, along with the
corresponding nominal out-of-circularity and corrosion damage, and the testing phase. The
nominal specimen geometry is described in greater detail in Section 2.1. This includes the
axisymmetric configuration, which is common to all Phase 5 and 6 specimens, the artificial
corrosion damage, and the target out-of-circularity magnitudes and modes. The specimen
fabrication methods, including the introduction of corrosion damage and out-of-circularity in the
models, are also described in Section 2.1. The actual out-of-circularity shape and shell thickness
of each specimen was characterized by taking measurements on each specimen. The results of
those surveys are given in Section 2.2. Tensile testing was performed on coupons machined from
each specimen after collapse testing; the material properties derived from those tests are reported
in Section 2.2.3. The instrumentation plans, describing the location of strain gauges fixed to each
cylinder, are presented in Section 2.4.

Table 1: Overview of Phase 5 and Phase 6 experimental specimens

Specimen Nominal Out-of- Artificial Corrosion Status

Name Circularity® Damage”

L510-No13 n=3, m=1, 0.5% 42x42x0.6 mm, out-of-phase | Tested in Phase 6
L510-Nol14 n=3, m=1, 0.5% 42x42x0.6 mm, in-phase Tested in Phase 6
L510-Nol17 n=3, m=1, 0.3% None Tested in Phase 5
L510-No18 n=3, m=1, 0.3% None Tested in Phase 5
L510-No19 n=3, m=1, 0.5% 100x100x0.4 mm, in-phase Tested in Phase 6
L510-No20 n=3, m=1, 0.5% 100x100x0.4 mm, in-phase Tested in Phase 6
L510-No25 n=3, m=1, 0.5% None Tested in Phase 5
L510-No26 n=3, m=1, 0.5% None Tested in Phase 5
L510-No33 n=3, m=1, 0.5% None Tested in Phase 5
L510-No34 n=3, m=2, 0.3% None Tested in Phase 5
L510-No35 n=3, m=1, 0.5% 42x42x0.6 mm, in-phase Tested in Phase 6
L510-No36 n=3, m=1, 0.5% 42x42x0.6 mm, out-of-phase | Tested in Phase 6

a. Out-of-circularity is defined by n, the number of complete waves about the circumference, m, the number of half
waves over the cylinder length, and the maximum eccentricity relative to the shell radius.

b. Corrosion was applied to the outside of the shell in a rectangular area, orthogonal to ring-stiffeners and centred
at mid-length of the cylinder. Corrosion is specified by the axial times the circumferential extents, times the depth
of thinning. “In-phase” refers to corrosion patches that align with an inward lobe of the dominant OOC mode,
while the corrosion is collocated with an outward lobe of the OOC for “out-of-phase” cases.
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2.1  Specimen design and fabrication

211 Axisymmetric geometry and fabrication

Each of the Phase 5 and 6 specimens were machined on a CNC lathe from 6082-T6 aluminium
alloy tubing. The CNC machining was performed by Gizom B.V. of the Netherlands. Figure 2
shows photographs of a typical intact specimen, L510-No25, before testing and before the strain
gauges have been attached to the cylinder. Photographs of selected specimens after the strain
gauges have been applied are shown in the description of the instrumentation in Section 2.4.

The nominal axisymmetric geometry, which is common to all Phase 5 and 6 specimens, is shown
in Figure 3. Each of the cylinders has eight internal T-section ring-stiffeners uniformly distributed
over the central region of the cylinder. The ring-stiffeners and shell were proportioned so that the
cylinders would fail by overall elasto-plastic collapse of the shell and stiffeners. This required the
bending stiffness of the stiffeners to be small, relative to the shell stiffness. The thick end rings
and tapered end bays were designed to prevent undesired end bay failures and to provide enough
material to secure the end caps with bolts.

Figure 2: Photographs of a typical intact specimen, L510-No25, before testing.

6 DRDC Atlantic TM 2010-239



Figure 3: Nominal axisymmetric geometry (mm) of all Phase 5 and 6 specimens

2.1.2 Artificial corrosion damage

Artificial corrosion damage was introduced into Phase 6 specimens after the axisymmetric
structures were machined. Corrosion damage was simulated by machining away material on the
outside of the cylinder shell, in square patches of uniform depth, centred at the mid-length of the
cylinders. The corrosion machining was performed by the Electronic and Mechanical Support
Division (DEMO) of the Delft University of Technology in the Netherlands. The nominal, or
target, corrosion damage for each Phase 6 specimen is given in Table 1. For specimens L510-
Nol3, L510-Nol4, L510-No35 and L510-No36, the corrosion spans approximately 85% of the
central bay, with approximately 20% thinning. The corrosion patch for specimens L510-No19
and L510-No20 is shallower but larger in area, with approximately 13% thinning of the shell over
one complete bay in the centre of the cylinder and two half-bays on either side. Photographs of
typical damaged specimens before testing are shown in Figure 4. Each corrosion patch was
aligned so that it was collocated with either an inward lobe (“in-phase™) or an outward lobe (“out-
of-phase™) of the applied out-of-circularity mode. The orientation of the corrosion patch for each
Phase 6 cylinder, with respect to the OOC shape, is given in Table 1.

2.1.3 Mechanical application of out-of-circularity

The design collapse pressure of a pressure hull is determined by assuming that the maximum out-
of-circularity is equal to 0.005 times the hull radius [12], or in the common terminology, 0.5%.
For overall collapse predictions, it is also assumed that the OOC is in the worst possible mode.
Construction tolerances generally require the OOC of the as-built hull to be less than one-third of
the design value, or approximately 0.17%. This allows for the growth of OOC in service, and also
compensates for the OOC-like effect of internal decks and other secondary structure [12].
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Figure 4: Photographs of typical damaged specimens before testing. Specimen L510-No13,
with a small corrosion patch, is shown on the left, and specimen L510-No19, with a large
corrosion patch, is shown on the right.

Measurements of test cylinders from previous phases, which were nominally identical to the
Phase 5 and 6 specimens and were manufactured in the same way, show that the maximum OOC
after machining was less than or equal to 0.12% [10]. That value is approximately 0.7 times the
standard build tolerance and less than 0.25 times the design OOC magnitude. Thus, the OOC
magnitude in the as-machined cylinders is somewhat less than for as-built hulls and significantly
less than the design and through-life assumptions. Furthermore, the measured OOC was found to
be dominated by the n=2 mode, where n is the number of complete imperfection waves about the
circumference, while the critical shape for overall collapse predictions for the cylinders was
n=3 [10].

The goal of Phase 5 and 6 testing was to study the collapse of intact and corroded cylinders with
OOC in the critical n=3 mode, with magnitudes at either the design value of 0.5% or at an “in-
service” value of 0.3%, approximately mid-way between the design and construction tolerances.
Since the machining process results in a small OOC magnitude in the wrong mode, the cylinders
were mechanically deformed to achieve the desired shapes.

The application of OOC to a cylinder involved placing it inside the triangular steel frame shown

in Figure 5. The three bolts connecting the frame members were then tightened, resulting in
applied forces and corresponding displacements at three points equally spaced around the
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circumference. A trial and error process was used to determine the amount of bolt torque required
to plastically deform the cylinders, as indicated by residual displacements after releasing the
frame bolts. The process started at the central stiffeners and the desired shape of the entire
cylinder was arrived at by incrementally increasing the permanent deformations at stations along
the length of the cylinder. The OOC shape was characterized after each increment by mounting
the cylinder on a lathe and using a dial gauge fixed to the machine to measure the radial
eccentricity.

The targeted OOC mode shapes and magnitudes are given in Table 1. The desired longitudinal
OOC shape was a half sine wave over the length of the cylinder, or m=1, for all of the cylinders
except L510-No34. For that intact specimen, a full sine wave was applied over the length, i.e.
m=2, so that the n=3 circumferential mode was offset by 60° at opposite ends of the cylinders.

Out-of-circularity was applied to damaged cylinders after the corrosion patches had been
machined. For cylinders with in-phase corrosion damage, the corrosion patch was aligned with
the triangular frame so that one of the reaction forces, and therefore one of the inward lobes of the
0OOC, was collocated with the centre of the patch. The cylinder position in the frame was offset
by 60° for cylinders with out-of-phase corrosion. The corrosion patch in all damaged specimens,
except L510-No13 and L510-No36, was in-phase with the out-of-circularity.

Figure 5: Frame apparatus used to mechanically apply out-of-circularity in the cylinder
specimens.
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The mechanical application of OOC necessarily results in residual stresses that are locked into the
material after the frame load is released. Since those stresses could affect the strength of the
cylinders in unknown ways, it was desired to have the specimens stress relieved. An additional
cylinder, not listed in Table 1, was fabricated and subjected to the mechanical application of out-
of-circularity in an n=3, m=1 mode. The specimen was subsequently heat treated in an attempt to
relieve the residual stresses. The OOC of the cylinder was re-measured, and the post heat
treatment shape was found to be in an n=2 mode with the amplitude gradually diminishing from
one end of the cylinder to the other. The magnitude of OOC was also increased, especially at one
end of the cylinder. It is not known what caused the distortions during heat treatment, but they
may be related to non-uniform cooling of the cylinder. Since the original target OOC shape was
lost, the cylinder was discarded, and the heat treatment was not applied to any of the other
cylinders. Therefore, all Phase 5 and 6 cylinders had an unknown residual stress field before
pressure testing.

2.2 Measured specimen geometry

The as-built geometries of the Phase 5 and the Phase 6 specimens were determined using different
methods. Those methodologies are outlined below in Section 2.2.1, followed by a summary of the
measurement results in Section 2.2.2. A comparison of different techniques for measuring out-of-
circularity is presented in Section 2.2.3.

2.2.1 Methodology

2211 Phase 5 specimens

Stork Intermes B.V. of the Netherlands used a coordinate-measuring machine (CMM) to measure
the radius of the Phase 5 specimens at stiffener and mid-bay locations after the mechanical
application of out-of-circularity. Measurements were taken at 36 circumferential locations (10°
intervals) on both the inside and outside surfaces. This procedure allowed the out-of-circularity
imperfections, the shell thickness at mid-bay and the combined stiffener-shell height to be
derived. The rated accuracy of the CMM is +0.0025 mm when using standard measurement
probes; however, it has been estimated that the accuracy drops to £0.02 mm when using the
longer probes that were required to measure these cylinders.

The final out-of-circularity of Phase 5 specimens was also characterized using two other methods:
by mounting the cylinders on a lathe and using a displacement gauge to measure the eccentricities
on the outside of the shell at each stiffener location, and by using a chord gauge.

A chord gauge is an instrument used to measure the out-of-circularity in cylindrical structures.
The gauge length is based on the nominal circumference of the cylinder and the desired number
of measurements. For example, the chord gauge shown in Figure 6 was fabricated specifically for
the cylinder specimens discussed herein, so that 18 measurements could be taken around the
circumference. Displacement gauge readings, taken at equal intervals, are subtracted from the
zero gauge reading, taken on a flat surface, giving the chord height at each location. The chord
heights are then converted to radial eccentricities in the following manner. First, a Fourier
decomposition of the chord heights is performed, yielding a set of Fourier coefficients describing
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those data. Those coefficients are then multiplied by factors, based on the measurement angle and
Fourier mode, giving a new set of coefficients that describes the radial eccentricities. The radial
eccentricity at each chord gauge measurement location can then be calculated by expanding the
Fourier series. A complete description of chord gauge theory and its accuracy is given in [13].

Chord gauge measurements were taken on Phase 5 cylinders after the application of OOC using
the chord gauge shown in Figure 6. The dial gauge shown in that photograph was replaced by a
digital displacement gauge having an accuracy of 0.0025 mm. Radial eccentricities were derived
using a computer program called ChordGauge, written by Malcolm Smith of DRDC Atlantic and
based on the theory in [13].

Figure 6: Chord gauge device used to measure the out-of-circularity of Phase 5 cylinder
specimens.
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2.2.1.2 Phase 6 specimens

The geometries of Phase 6 specimens were measured by TNO Built Environment and
Geosciences, with support from Bosman Naval Engineering, both of the Netherlands. The
measurement of Phase 6 cylinders, which is described in detail in [14], included characterization
of the shell thickness using an ultrasonic thickness (UT) probe and of out-of-circularity using
laser displacement gauges.

UT measurements were taken on each Phase 6 cylinder midway between the ring-stiffeners at
seven axial and 36 circumferential locations. Additional UT readings were taken at the corrosion
patches. A three-by-three measurement grid was used for the small patches on cylinders L510-
Nol13, L510-Nol14, L510-No35and L510-No36, while the larger patches on specimens L510-
No19 and L510-No20 were measured on a five-by-five grid. The rated accuracy of the UT probe
is 0.001 mm; however, the curved surface of the cylinders resulted in some fluctuation of the
third decimal place of the probe readout, so that the effective accuracy of the thickness
measurements is 0.01 mm [14].

The out-of-circularity of Phase 6 specimens was measured using seven laser displacement gauges
mounted in series on an aluminium frame. The cylinder specimens were rotated on a turntable,
which was attached to the frame holding the gauges in such a way as to allow the distance
between the gauges and the outside of the cylinders to be measured. The seven gauges were
spaced 50 mm apart, so that all of the mid-bay locations could be measured at one time, or seven
of the eight ring-stiffener locations. Three sets of measurements were taken on each specimen: all
mid-bay locations, stiffeners one through seven, and stiffeners two through eight. The
measurements were repeated at least once at each location for verification.

A typical set of OOC measurements was taken by rotating the cylinder on the turntable while
recording the laser displacement gauge data and the turntable angle, which was measured with
potentiometers, at a sampling rate of 250 Hz. The gauge readings were later modified by
subtracting the mean value for each circumferential location and multiplying by negative one to
give the radial eccentricity. The data for each set was initially reduced by averaging the
eccentricity value over one degree. Repeated or overlapping sets of measurements were then
averaged giving a set of 360 measured eccentricities for each stiffener and mid-bay location.
Eccentricity readings taken at corrosion patches were corrected by adjusting for the depth of
corrosion based on UT readings of the shell.

The averaged and corrected OOC data showed some high-frequency noise due to the interaction
of the lasers and the reflective aluminium surface [14]. Fourier decompositions were performed
on each set of circumferential data, and the final out-of-circularity data sets reported in this
document were produced by expanding the Fourier series using only modes n<18, thus
eliminating the noise, and further reducing the number of circumferential points to 36. These data
are referred to as the smoothed and reduced, or filtered, out-of-circularity measurements.

The laser displacement gauge measurements are accurate to 0.001 mm. The entire system
described above was verified by comparison with the mechanical dial gauge readings that were
taken during and after the mechanical application of OOC to confirm that the desired shape was
produced.
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2.2.2 Summary of measurement results

In this section, the out-of-circularity and thickness measurements taken on each specimen are
summarized. The results are based on the CMM measurements for Phase 5 specimens, and on the
laser displacement gauge and UT gauge data for Phase 6 specimens.

The geometric measurements for each specimen are tabulated in Annex B. The presented data
includes complete CMM radial measurements on the inside and outside of Phase 5 specimens,
shell thicknesses derived from those data, as well as radial eccentricities derived from mechanical
displacement gauge and chord gauge measurements. For Phase 6 specimens, the filtered laser
displacement gauge out-of-circularity readings and complete UT gauge readings are given, along
with the mechanical displacement gauge results.

Out-of-circularity plots for each specimen are presented in Annex C, including three-dimensional
graphical representations of the OOC in each model, typical circumferential and axial OOC
measurements, and the orientation of corrosion patches with respect to out-of-circularity. Plots
showing the circumferential distribution of shell thickness at representative axial locations are
also given in Annex C. Similar plots presented for some of the specimens in the current section
are not duplicated in the annex.

2221 Out-of-circularity measurements

Figure 7 shows a graphical representation of the out-of-circularity for a typical specimen,
L510-No18, with an n=3 circumferential wave number distributed over the length in a half sine
wave. The contour map was generated by fitting the radial eccentricity measurements taken
outside the shell to a double Fourier series that characterizes the entire two-dimensional shell
surface. The double Fourier series was then applied to the coordinates of the nodes in a finite
element (FE) model of the cylinder, resulting in the three-dimensional map shown in Figure 7.
The double Fourier series technique, which is described in Annex A, results in some
discrepancies between the measured data and the nonlinear map, but the error is typically less
than 2%.

Figure 8 and Figure 9 show the circumferential and axial imperfection modes, respectively, for
specimen L510-No18 based on the CMM measurements. The dominant n=3 circumferential
mode is clearly shown in Figure 8, and both figures show the OOC amplitude increasing from the
cylinder ends to the mid-length. All other specimens, except L510-No34 and L510-No17, show a
similar pattern, even though the imperfection magnitudes vary.
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Figure 7: Graphical representation of out-of-circularity of specimen L510-No18. The colour
contour maps describe the radial eccentricity (mm) based on a double Fourier analysis of the
measurements of the outer shell taken by the CMM. The out-of-circularity is also indicated by
the deformed shape of the model, whereby the imperfections are magnified by a factor of 50.

L510-No34 was intentionally deformed to have the n=3 circumferential mode distributed over the
length of the cylinder in a complete sine wave. A graphical representation of the final OOC in
that cylinder is shown in Figure 10, and the circumferential and axial imperfection modes are
shown in Figure 11 and Figure 12, respectively. The m=2 axial mode, with a complete sine wave
over the cylinder length, is clearly shown in those figures.

Specimen L510-No17 is atypical in that the imperfections can be seen to be highly influenced by
the n=2 mode at the cylinder ends. This is most clearly shown by the circumferential OOC mode
for Frame 1 in Figure 13. The post-machining shapes of the cylinders, although they were not
measured for this study, are likely characterized by a dominant n=2 mode. That is suggested by
the post-machining shapes of similar cylinders tested during previous phases of the experimental
program [10]. Since L510-Nol7 has the second smallest applied OOC magnitude, the post-
machining shape may be more noticeable than in other specimens with larger OOC amplitudes
applied in the n=3 mode.
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Figure 8: Showing the circumferential out-of-circularity mode of specimen L510-No18 based
on measurements at the outside of the shell surface. All measurements taken about the
circumference using a CMM are shown for axial locations nearby the indicated ring-
stiffeners.

Figure 9: Showing the axial out-of-circularity mode of specimen L510-No18 based on
measurements at the outside of the shell surface. All measurements taken over the cylinder
length using a CMM are shown for circumferential locations associated with the maximum
inward and outward radial eccentricities (10° and 70°, respectively).
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Figure 10: Graphical representation of out-of-circularity of specimen L510-No34. The colour
contour maps describe the radial eccentricity (mm) based on a double Fourier analysis of the
measurements of the outer shell taken by the CMM. The out-of-circularity is also indicated by
the deformed shape of the model, whereby the imperfections are magnified by a factor of 50.

Figure 11: Showing the circumferential out-of-circularity mode of specimen L510-No34 based
on measurements at the outside of the shell surface. All measurements taken about the
circumference using a CMM are shown for axial locations nearby the indicated ring-

stiffeners.
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Figure 12: Showing the axial out-of-circularity mode of specimen L510-No34 based on
measurements at the outside of the shell surface. All measurements taken over the cylinder
length using a CMM are shown for circumferential locations associated with the maximum
inward and outward radial eccentricities (10° and 70°, respectively).

Figure 13: Showing the circumferential out-of-circularity mode of specimen L510-No17 based
on measurements at the outside of the shell surface. All measurements taken about the
circumference using a CMM are shown for axial locations nearby the indicated ring-
stiffeners.
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The measured out-of-circularities of all Phase 5 and 6 specimens are summarized in Table 2. That
table lists the maximum inward and outward radial eccentricities for each specimen, as well as the
maximum average eccentricity, which is taken as half the difference between the maximum
inward and outward values at each axial measurement location. Table 2 also lists the maximum
imperfection amplitudes for individual circumferential mode numbers derived from Fourier
decompositions at each axial location.

The data in Table 2 indicate that the mechanical procedure for introducing out-of-circularity into
the cylinders resulted in large inward deformations, when compared to the outward lobes. This
probably results from large plastic strains near the contact points with the frame apparatus used to
deform the cylinders.

Table 2: Summary of measured eccentricities and Fourier decompositions for outer shell radii.

Specimen Maximum Radial Eccentricity® Maximum Fourier Amplitude®, A,
Name (mm) (mm)

Outward | Inward | Average | n=2 n=3 n=4 n=5 n=6
L510-No13 0.353 0.866 0.610 0.069 | 0.476 | 0.076 | 0.023 | 0.201
L510-No14 0.476 0.814 0.615 0.091 | 0.554 | 0.046 | 0.036 | 0.163
L510-No17 0.305 0.479 0.391 0.136 | 0.285 | 0.027 | 0.019 | 0.085
L510-No18 0.337 0.503 0.399 0.023 | 0.366 | 0.022 | 0.023 | 0.090
L510-No19 0.585 0.935 0.746 0.078 | 0.680 | 0.095 | 0.082 | 0.193
L510-No20 0.396 0.814 0.558 0.069 | 0.369 | 0.064 | 0.054 | 0.172
L510-No25 0.533 0.908 0.712 0.039 | 0.647 | 0.024 | 0.021 | 0.222
L510-No26 0.589 1.144 0.866 0.068 | 0.709 | 0.069 | 0.035 | 0.222
L510-No33 0.565 1.117 0.841 0.039 | 0.760 | 0.028 | 0.065 | 0.295
L510-No34 0.225 0.545 0.385 0.060 | 0.249 | 0.042 | 0.037 | 0.140
L510-No35 0.563 0.960 0.753 0.076 | 0.679 | 0.083 | 0.061 | 0.202
L510-No36 0.627 1.174 0.842 0.125 | 0.639 | 0.055 | 0.115 | 0.258

a. Outward and inward eccentricities are based on the absolute maximum values of the positive and
negative deviation, respectively, from the mean outer shell radius for all axial measurement locations. The
average eccentricities are computed at each axial measurement location, and taken as half the difference
between the maximum outward and inward eccentricities. The reported average eccentricity is the
maximum value for all of the axial measurement locations. Eccentricities for Phase 5 specimens are based
on the CMM measurements. Eccentricities for Phase 6 specimens are based on the smoothed measured
data.

b. Maximum Fourier amplitudes, based on decomposition of outer shell radii at all axial measurement
locations, are reported. Fourier amplitudes for n>6 are negligible. Fourier decompositions for Phase 5
specimens are based on the CMM measurements. Fourier decompositions for Phase 6 specimens are
based on the raw measured eccentricities.
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It is also clear from the data in Table 2 that the mechanical procedure was successful at producing
final configurations dominated by the n=3 mode. Except for L510-No17, the n=3 amplitude for
each specimen was at least five times as great as the amplitudes for n=2, n=4 and n=5. The
significant n=2 component of the L510-Nol7 shape has already been discussed. The n=6
