Design assessment of rehabilitated corroded plates
with composite patches through FEA
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Iepiinyn

Ol VO YIKEG KATOOKEVEG, OMS TO. TAOIN Kol 01 TAMTEG TAATPOPEG, AEITOVPYOUV GE £va, O1oPpmTIKO
TEPIPAALOV TTOV EMLTAYVVEL TNV ATMOAELD, VAIKOV OTIG EEMTEPIKEG EMPAVEIEG. AVTIOTO(O OMOTEAEGLOTOL
TPOKOTTOVY ECMTEPIKE oTaL VOid SPACES Kot TOLE YOPOVE EUTOPEVUATOG AOY® TN GVVOVAGTIKNAG dPAOTG
TOPOYOVTOV OTTMG 1) VYPAGio Kot o1 VYNAEG DepLoKpaGieg KOTA TIG GVVONKEC Aetitovpyiag. AvTd 0dnyel
0€ GUOOMPEVLEVT] ATMOAELD, TTOYOVG OTO EAACUOATA TG KOTAOKEVNG, EAATTMVOVTOC T SLVATOTNTA TOVC
va. avTEEOVY TO POPTio oYEdIoTG KOl 00N YOVTAG OTNV EVAPEN POYUDY GE TEPLOYES VYNANG TACTG 1 GE
aotafeio Aylopov. ZInv televtaio mepinTmon, cuvning tpomog emddpmaong eival n agaipeomn Kot
OVTIKOTAOTOOT) TOV EAdouaTog (OMKNA N UEPTIKN) N KATAAANAN €vioyLom UE XPNOT EVIGYUTIKMOV Kol
OMADY EAAGUATWV.

Ye authv v epyacia egetaletal por evoAlokTiky uEBOSOC EMIGKEVNG YO TNV OMOKATACTOOT TNG
avtiotoong Avylopod evog daPpopivov yolvpdvov ehdouatog pe tn yprion evog Carbon Fiber
Reinforced Polymer (CFRP) patch. TTap’ 6Xo mov o enintmon umopei va. sivar 1 afefordotnto yio
KOAAN G VO SLOPOPETIKMDY VMK®DV, £Vo, LEYOAO TAEOVEKTNUO €IVOL 1 AGQAAELD TNG EYKATAGTAONG
AmOPEVYOVTOG EPYAGiEG PAGYAS TOL Umopel va gival emikivovvn oe evglekta tepipairovo (FPSOs /
LNGs / de€apevig mov dev £xovv eaeprotel cmotd). Emouévac, mpayporomomOnke pio ektipnon mg
uebodoroyiog ywa tn yprion CFRP patch ywo thv amokotdotoon TG EAMAGTIKAG AVYICUIKAG KOVOTNTOG
evoc dwPpouévov xohdBdvov eAdopotoc Vo OATTIKEG / SrotunTikég Thoelg. Avt)y 1 pebodoroyia,
givol Kavotopa, agod ypnolpomotel £va cuvdvoaoud teyvikdv ond ta Design of Experiments (DoE),
IOV EYOVV OTOOELYTEL ATOTELEGLLATIKG GTOV GYEOIAGTIKO YMPO VITOAOYICUMDV KOl LOVTEAMV.

H pébodoc tov memepacuévov otowyeinv ypnouonomdnke yio v eKTiuncn Tov HOVIEAOL NG
EAQOTIKNG AVYIGUIKNG Kovotntag, dtopbouévn katd Johnson. ‘Eva akpiéc mpdypappe aplfuntikoy
TEPOUATOV OMNLLIOVPYNONKE AGY® TNG TOPAUETPIKNG PVONG TOV LOVTELOV: INKOG, TAATOC KO TAYOG TNG
YaAOPOIVNC TAGKOC, KaOMDGS Kot To PAKOC, TAATOG, apBuodg otpmdcemy Kot oyfue tov CFRP patch. Ocov
aopd To GYALO, KOWOLAOEES, OKTAYMVOEDEG Kot TETpGywvo patch ypnoipomomOnke yio obykpion.
Emumdéov, CFRP otpmoelg voavong (plain-weave) oe mpodigvbetnuévn akolovbio otpdoemv
YPNOLLOTOM BN KOV Yo VoL TEPLOPISTEL 0 aplOdS TOPAUETPOV TOV TPOPANLLATOS Kot va. d0Bel Tpocoyn
oTlG petaPAntéc oyedioaong g ueBooov emiokevhs. To OMOTEAECULOTO T®V TPOCOLOUDGEMYV
ypnowonombnkav o Central Composite Design (CCD) dbo mapaydéviov kabog kot oe Response
Surface Methodology (RSM), &xovtag ) Avyiopikn avtictaon g EMCKEVAGHEVIG TAAKOAC G TN
Baowr amokpion. Télog, Ta oxédio emokevng a&loloyndnkay kat pe pdon v Bpadon tov CFRP kot
NV amotvyio. GUVOESNS VMKV pe Bdon vrdpyovsa épgvuva otov topéa. Emerta and ektignomn g
opBotntag g peBddov pécw otatioTikdV peBddmV, yivetal epaproyn TG Yo KOTOES TEPUTTMGELG
SwPpopéveov TAUKAOV amiig £0pacTG TOL GLVOVTATOL GE VOVTNYIKES KATAGKEVEG Y10 AOYOLS EMIOEENG
g pedoddov.



Abstract

Marine structures, i.e., ships and offshore, operate in a corrosive environment which accelerates
material wastage to external surfaces. Analogous results occur internally in void spaces and cargo
compartments due to the combinative action of factors such as humidity and high temperatures in
service conditions. This leads to accumulated thickness reductions of the structure’s platings, decreasing
their ability to bear their design loads and resulting in crack initiation at highly stressed areas or local
buckling instabilities. In the latter case, common repair practice is cropping and renewal of the plate
(full or partial) or appropriate reinforcement through steel stiffeners or plate doublers.

This paper undertakes an alternative repair technique for restoring a corroded steel plate’s buckling
strength with the application of a Carbon Fiber Reinforced Polymer (CFRP) patch. Although a
downside may be the uncertainty behind the adhesively bonded bi-material joint, a major upside is the
installation process’s safety by avoiding hotwork which can be life-threatening in flammable
environments (FPSOs / LNGs / improperly degassed tanks). Therefore, an assessment for the design
methodology of a CFRP patch for the rehabilitation of a corroded steel plate’s elastic buckling capacity
under compressive / shear stress has been developed. This method is innovative in essence, since it
employs a cooperative framework of techniques sourcing from Design of Experiments (DoE), which
have proven to be highly efficient in computational design space exploration and surrogate modeling.

Finite Element Methodology (FEM) was used for the evaluation of the model’s elastic buckling
capacity, corrected according to Johnson’s parabola. A precise numerical experimentation program was
then developed for tackling the parametric nature of the model; the steel plate’s length, width and
thickness, as well as the CFRP patch’s length, width, number of plies and shape. Regarding the shape,
capsular, octagonal and rectangular patches were tested and compared. Additionally, plain weave CFRP
plies in a predefined stacking sequence were used in order to lessen the problem’s unknown parameters
and focus on the rehabilitation method’s main design variables. The results of these simulations were
utilized through a two factor Central Composite Design (CCD) in conjunction with the Response
Surface Methodology (RSM), having the rehabilitated plate’s buckling strength as the main response.
Finally, the obtained repair designs were assessed with respect to CFRP fracture and bondline failure
according to existing research in the field. After assessing the robustness of this method through
statistical techniques, it is ultimately applied over a range of simply supported corroded plates found in
marine structures for demonstration purposes.
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1 Introduction
1.1 Scope of work

Various structures are used in the maritime industry, with different forms, load-bearing capabilities,
travelling speeds, etc., depending on the structure’s purpose. For example, passenger ships are faster
and have higher restrictions for water tightness between compartments than cargo ships. Nonetheless,
all marine structures are designed to withstand extreme weather and/or seagoing conditions while
maintaining a structural strength reserve. Their design life is 25 years minimum, with the majority of
this timeframe being spent in the sea.

According to centuries-old experience in the industry, the structures mentioned above are designed and
built to withstand their in-service conditions. Nevertheless, this does not guarantee constant structural
integrity throughout their design life. For this reason, during a marine structure’s lifetime, multiple
surveys are conducted by Classification Societies to approve their good seaworthiness (seakeeping
ability), ensuring their safe and smooth operation. During these surveys, the marine surveyor, the crew
and/or the superintendent check for faults according to each Classification Society’s list of checkmarks.
Most classes are members of the International Association of Classification Societies (IACS) and follow
the same Common Structural Rules (CSR) when a vessel is IACS-CSR certified. According to 1ACS,
one common form of damage that should be investigated during surveys is material wastage due to
corrosion.

According to IACS [1], there are three different types of corrosion:

e General: Occurs uniformly on the surface of the metal plate.
e Grooving: Is found near welds caused by galvanic current.
e Pitting: Occurs randomly in areas with local coating breakdown.

The factors that initiate and/or accelerate material wastage at the structure’s exterior are saline water
(seawater) and heavy scale accumulation. However, corrosion is not solely found externally but also
internally in flooded with seawater areas, such as ballast tanks, and often in cargo areas due to the
hazardous chemical composition the cargo might have or water remaining. The main factors for
corrosion initiation/magnification are:

o Water, dirt, or oil remainings due to drainage or design flaws.
e Scale buildup at the vessel’s external wetted surfaces.

e High stresses.

e High-temperature areas, such as heated fuel tanks.

e Coating breakdown due to poor maintenance.

The resultant corrosion, or material wastage, leads to the reduction of the structural member’s effective
thickness, i.e., the thickness (material) that contributes to the structural response of the member when
it is subjected to external loads. Hence, the requirement for the surveyor to be able to identify possible
material wastage in structural items. This can be performed in two ways, either visually or by thickness
measurements. According to IACS [1], thickness measurements are performed at areas known to be
susceptible to corrosion in order to identify/verify the existence of material wastage or to measure the
defect’s magnitude.

As aforementioned, material wastage leads to the reduction of a structural member’s effective thickness,
thus also reducing its load-bearing capabilities. In other words, the member’s structural response to
loads below their design values could be endangering a structure’s safe operation. This phenomenon
could lead to unwanted results such as crack initiation/propagation, buckling or even the material
succumbing to the applied load. For instance, a double bottom plate could buckle during hogging



loading conditions that would otherwise not affect it. Other examples of suspect areas are the transverse
bulkheads (Figure 1), the tank top, and spaces adjacent to the hot engine room.
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Figure 1. IACS [1] recommended repair practice for buckling caused to a part of a transverse bulkhead (in cargo
hold region) possibly caused by heavy general corrosion.

Due to the corrosion’s risks mentioned above, IACS [1] has created guidelines for inspection of suspect
areas and a standard repair practice if material wastage above a given limit is identified. Therefore,
during a standard survey, if a plate’s thickness measurement is below its renewal’s value with a buckling
risk, standard practice is cropping and renewal of the plate with a thickness equal to or greater than the
original. In other cases, additional stiffeners may be installed in the area, or a plate doubler could be
applied. These practices require hot-work operations, posing a safety threat where such actions are
prohibited. Therefore, proper preparation of the area and adjacent compartments shall be performed
beforehand, e.g., scrubbing/degassing. These areas of interest are, for example, inside or adjacent to a
ship’s flammable compartments, such as its cargo tanks or its fuel oil tank. In offshore platforms, the
operation might need to halt for the preparation and repair to be conducted.

Although common repair practices exist, it is evident that they are limited by factors that could pose a
safety risk for hot-work operations. Hence the growing interest over the past years for alternative repair
practices that utilize cold-work operations for reinforcing the damaged area with fiber-reinforced
composites. Furthermore, in order to temporarily (or permanently) prevent unwanted results, such as
those mentioned above, fiber-reinforced composites can be installed in the area.

1.2 State of the art

Fiber-reinforced composite patches (e.g., GFRP, CFRP) can be used for repairing or preventing damage
caused by several factors, including corrosion. These composites can be in the form of stiffeners
(Anyfantis [2]) or doublers (Karatzas [3]) and can, for example, prevent buckling from occurring or
propagating further. However, this repair technique is not only limited to the case of material wastage
but can also be used for repairing cracks in metallic plates (Karatzas [4]).

Apart from the scientific community (Hashim et al. [5], Aabid et al. [6], Turan [7], and those mentioned
above), the subject matter has also gained traction in the maritime industry. Notably, several
Classification Societies, such as Bureau Veritas (BV [8]) and Det Norske Veritas (DNV [9]), have
issued guidelines proposing composite patches as a means to rehabilitate the structural integrity of a
corroded metallic structure. In addition, the American Society of Mechanical Engineers (ASME [10])



has also issued guidelines for repairing pipelines using the techniques mentioned earlier. Finally, EU
projects such as Marstruct, Copatch and Ramses have examined the case of fiber-reinforced composite
patches as a repair method.

Despite the interest of both the scientific community and the maritime industry, the novel repair
methodology of composite patches has not yet been approved by the International Maritime
Organization (IMO) as a common repair practice for primary supporting members. However, this
method has been approved and is widely used in other industries, such as the aeronautical. This delay
is caused by the lack of in-service reports, limited applications and several factors concerning the
rehabilitation of the composite (e.g., design life, debonding). However, the method can be used in a
case-by-case scenario with the approval of the Classification Society after having examined the problem
and usually for non-primary supporting members.

This study serves as a preliminary investigation of a methodology for rehabilitating corroded marine
plates using fiber-reinforced composite patches to prevent premature buckling. The repair is meant to
serve as a short-term means of temporarily restoring a uniformly corroded metallic plate’s initial elastic
compressive and shear buckling strength. The proposed design is set up using computational and
statistical mechanics, arising from finite element analysis (FEA) and design of experiments (DoE),
respectively. The employment of these tools subtracts the need for laboratory experimentation or
extensive computation work. The main objective is to set up a methodology for choosing the optimal
design solution against the investigated defect.

1.3 Design basis

Marine structures, such as ship hulls and offshore platforms, consist of plated geometries forming
structural members such as decks, platforms, bulkheads, and stiffeners (e.qg., bulb profiles, L, T profiles,
and flat bars). The most commonly used material is marine structural steel, found in various grades.
Namely, grade ‘A’ mild steel (LR [11]) is the most common, while grade ‘AH32’ or ‘AH36’ higher
tensile steel can also be used in areas where greater strength is required (e.g., hull’s main deck). The
main difference between the different material grades is their yield stress, which is 235 MPa, 315 MPa
and 355 MPa, respectively. Higher tensile steel grades are used for members with a high possibility of
developing high stresses during their design loading conditions, and plasticity is not desirable. Other
materials such as aluminium and composites can also be used in military marine structures (e.g.
submarines) where their unique properties, e.g. their weight-to-strength ratio, are beneficial.

A structural member’s scantlings, e.g., thickness, length, width, cross-section, are calculated using
design load scenarios and (primarily) empirical formulas. Since corrosion is a known phenomenon, the
IACS-CSR [12] has guidelines for a corrosion addition, in terms of additional thickness, that should be
added to the net calculated scantlings. Thus, the final gross scantlings include a safety margin in cases
of unexpected events, e.g., a ship cannot attend repairs in time or is travelling through highly corrosive
environments.

Corrosion leads to a percentage of the member’s cross-sectional material being wasted, thus reducing
its effective properties. For example, its effect on a plate is the reduction of its effective thickness and,
thus, lowered load-bearing capabilities. Material addition to the damaged cross-section could be used
as a treatment method, e.g., by installing a fiber-reinforced composite patch to the weakened area.
However, this solution includes a plethora of design parameters, some of which affect each other. The
most important ones are the fiber’s material, the matrix’s material, the laminate’s stacking sequence,
the number of plies used, the patch’s basic dimensions, the repair’s configuration (one or two-sided),
and the shape. In the case of composites, the environmental and installation conditions are also factors
that dictate their structural behavior. For example:



e Materials’ handling: Proper handling of the materials’ transportation and storage is essential, as
they may negatively affect the repair technique’s result.

e Galvanic corrosion: Attention shall be given to galvanic corrosion between conductive fibers (e.g.
carbon fiber) and the metallic substrate. This can be avoided with a thicker bondline or glass fiber
insulation layers between the substrate and the patch.

o Flammability: Due to the nature of the composite materials, it is assumed that the patch is exposed
to flammable environments as it can burn fast.

o Installation environment: The installation environment shall be controlled to avoid environmental
loads that threaten curing (humidity, high temperature). Additionally, the surface shall be cleaned
with blasting methods and removal of coating remainings and prepared with primer.

o Installation process: The adhesive used and the application method (hand lay-up, pre-preg, or
vacuum infusion) are also crucial factors to the resultant structural response of the component.

It is evident that the problem being assessed has a multi-parametrical nature. Therefore, several
assumptions are made to lessen its complexity and, thus, minimize its total processing time (setup and
calculations). First, let the installation and environmental conditions be optimal for the application and
curing of the composite patch. Thus, all risks considering the materials’ handling, galvanic corrosion,
flammability, and installation environment can be neglected for the current assessment, although such
idealizations cannot be obtained on ship. Additionally, let the adhesive bonding between the composite
patch and the metal substrate be perfect. Although this connection is crucial to the repaired structure’s
operation, it can be disregarded since the study aims to develop guidelines for the proposed repair
method.

As aforementioned, the composite’s patch properties are essential to its obtained structural properties.
A plain weave (cross-ply) fiber-reinforced polymer patch with a stacking sequence of [0/90], is
proposed. The fibers’ orientation within the matrix is in two perpendicular directions (bi-directional);
thus, the composite can be characterized as orthotropic (Kollar [13]). Concerning the material of the
patches, the most commonly used are carbon fiber reinforced polymers (CFRP) or glass fiber reinforced
polymers (GFRP), whose mechanical properties are listed in Table 1.

Table 1. Material properties for steel, CFRP, and GFRP.

Property Steel Grade ‘AH32'* CFRP 23 GFRP3
Young’s modulus of elasticity 206 GPa 42.95 GPa 213.4 GPa
Poisson’s ratio 0.3 0.3 0.3
Yield/Fracture Stress 315 MPa 352 MPa 549 MPa

1 LR [11], ? Karatzas [3], * Kollar [13]. The composites’ application method is assumed to be vacuum infusion
and the matrix is epoxy-resin based.

Moreover, the repair’s design parameters are also important, i.e., principal dimensions, shape, and
configuration. The patch’s main dimensions, i.e., its length, width, and thickness, are the most
influential to the resultant structural response of the assembly since material addition and obtained
stiffness are analogous. Its thickness is dependent on the number of plies since it is a product of the
ply’s thickness and the number of plies used. However, these parameters are constrained by the
problem’s associated factors. For example, its length and width cannot surpass the applied area’s
boundaries, while its thickness should be appropriate, not interfering with surrounding items.



Additionally, the patch’s shape can have various geometrical forms, such as rectangle, ellipsoid, and
octagonal (Figure 2). Similar to the case of the main dimensions, the design should ensure correct
design practice and safe operation. For example, some shapes are more challenging to manufacture than
others, leading to higher repair costs. They also affect the resultant stress distribution on the patch’s
surrounding structure and itself. Although this study is focused on buckling restoration, it should be
noted that the problem mentioned above could lead to unwanted stress localizations and adhesion
problems.

’ - - ’
’ - - ’
Figure 2. Possible shape forms that the repair patch can have: (a) rectangular, (b) ellipsoid, (c) octagonal

horizontal, (d) octagonal vertical.

Finally, another design parameter is the patch’s configuration since it could be applied to one side of
the metal plate or on both sides (Figure 3). This parameter is dependent on the surrounding equipment,
environmental conditions and accessibility. For example, one side might have equipment installed that
is not easily moved, high humidity, or installation difficulties due to space restrictions. It should be
noted that in the case of a one-sided patch, a secondary bending moment occurs, which should be taken
into account since it asymmetrically loads the structure.
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Figure 3. Possible patch configurations: (a) one-sided application (single strap joint) and (b) two-sided application
(double strap joint).



In summarizing, the study’s main design parameters are:
e Material:

- For metallic marine plates, the most common materials are various grades of marine
steel or aluminum.

- For composite patches, the most common materials are CFRP and GFRP.
o Composite patch’s design parameters:

- Principal dimensions: length, width, corroded thickness. The latter is dependent on its
initial thickness and the corrosion’s extent.

o Composite patch’s design parameters:

- Principal dimensions: length, width, thickness. The latter can be replaced by the
individual ply’s thickness and the number of plies used.

- Shape: rectangular, ellipsoid, octagonal.
- Configuration: one-sided, double-sided.

Common to other engineering problems, the ship can be examined in a macroscopic/general view or
more microscopic/specific views if better results in a specific area are required. For example, the ship
can be assumed as a prismatic beam when studying a three cargo holds problem. However, in the case
of connecting a chock to the transom area, a more detailed structural analysis of the specific area
(component and surrounding structure) is required. It should be noted that during these assumptions,
one may gain better visualization of the results while sacrificing resources (computation time, design)
and validity of the transferred loads. In all cases, the design engineer shall examine the problem
thoroughly and apply the boundary and load conditions appropriately.

As mentioned above, a marine structure consists of plates and stiffeners, i.e., stiffened panels. During
operation, loads are distributed across the assembly and are undertaken by the combined action of beams
and plates. When examining a stiffened panel’s plate area between stiffeners, the plate could be isolated
by assuming it to be simply supported across its edges. At the same time, the active load is transferred
through these same edges, i.e., in place of the boundary stiffeners. Using this hypothesis, all external
loads can be analyzed as tensile, compressive and shear forces acting on a plate. A schematic of a bulk
carrier’s cargo hold compartmentation and some supporting members is shown in Figure 4.

It should be noted that part of this study has been published in the international journal Applied
Mechanics of MDPI in a paper titled “Buckling Strength Assessment of Composite Patch Repair Used
for the Rehabilitation of Corroded Marine Plates”. The paper is attached at the appendix of the thesis
for reference, in its published form (its page numbers are unrelated to the thesis’ numbers).
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2 Design Methodology
2.1 Design of the repair

While some defects are “normal” and predictable during a marine structure's lifetime, others occur from
unexpected events. For example, severe weather conditions for a prolonged time might cause the
conditions for an existing light defect to propagate to severe damage. Another example is the installation
of equipment that might not exist in the vessel’s as-built design, such as a scrubber casing with the
associated equipment inside the casing and the engine room. Additionally, modifications are common
to be made to the existing mooring equipment (bollards, chocks and mooring winches) due to changes
established by a Canal through which the ship passes (e.g., Panama Canal). Thus, while a marine
structure is built according to some design scenarios, additional modifications might be performed
during its lifetime by adding or subtracting structural items and equipment in certain areas. These
modifications are examined according to design scenarios indicated by the IACS-CSR [12] and
approved by the appointed Classification Society before being built and installed. However, these
changes might cause a combined action during loading that could lead to unexpected defects, e.g., stress
concentrations.

In order to minimize the risk of defects occurring or propagating, several surveys are conducted within
the framework of preventive maintenance. During these surveys, suspect areas are examined according
to the Classification Society’s guidelines to verify their good condition and safe operation until the
following planned survey. If a defect that could cause an unwanted risk exists on the ship or platform,
repair action is required. Depending on the case, the repair could be performed while travelling,
harbouring, or dry-dock. Usually, small-scale operations in a secure and easily accessible area can be
conducted at sea (e.g., tank top, ballast tank), assuming that the necessary equipment is stored on the
ship. On the other hand, large-scale operations that require intrusive installations necessitate the need
for the ship to be on lang (e.g., a large composite patch on the upper deck or transverse bulkhead).

For the subject being studied, assume that corrosion is detected on a plate during a ship's survey through
thickness measurements. Let these measurements indicate that the magnitude of material lost or the
position of the defective plate sets the structural member at buckling risk if left untreated. Based on
existing recommended practices currently applied in the shipbuilding industry (DNV [9]), if the
structural member serves as primary support, then traditional repair methods are used (e.g., cropping
and renewal). Similar repair techniques are applied in case the defect’s extent is significant since it is
assumed that a composite patch would not adequately rehabilitate its initial structural strength.
However, if the structural member is not a primary component and the defect has a smaller extent, a
composite patch could be installed. These decision-making points are illustrated in the flowchart in
Figure 5.

The purpose of this study is to introduce guidelines for repairing a plate at risk of buckling due to
corrosion. However, these novel guidelines should also acknowledge the current design and repair
methods being applied. Thus, for the decision-making process, from the defect’s identification to the
verification that the composite patch repair method could be used, the current repair guidelines proposed
by BV [8] and shown at Figure 5 are used.

Having verified the suitability of a composite patch for rehabilitating the defective corroded plate’s
initial buckling strength, the patch’s material, shape and configuration shall be decided. The designer
could decide these parameters through experience or statistical tools. Specifically, the appointed
designer might find it troublesome to use a shape with abrupt edges since they might develop unwanted
stress concentrations during loading. Another example is the inability to access both sides of the metal
plate to apply the double-sided configuration. However, in all cases, the proposed design must be
examined to verify assumptions made and ensure that alarming stresses or deformations are not
developed.
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Figure 5. Flowchart illustrating the decision points from the defect detection to the approved repair method.

The other option includes using statistical tools, specifically one-factor-at-a-time (OFAT) analyses.
This methodology examines one design parameter while all other factors that affect the result remain
fixed. Furthermore, this analysis technique is followed due to the discrete nature of these parameters —
e.g., the patch’s material and configuration is a binary decision — while the shape has four options, as
shown in Figure 2. Therefore, the patch’s material, shape and configuration could either be decided by
the design engineer’s preference or statistical tools.

After setting the parameters mentioned earlier, the patch’s main dimensions must be assigned, i.e., its
design parameters. In order to minimize the problem’s complexity, the patch is assumed to have an
aspect ratio oc equal to that of the metal substrate om. Thus, the composite’s length o and width b are
a product of the plate’s respective values — i.e., an and b, — and its aspect ratio — i.e., a//bc = oc = am =
am/bm. Hence, let these two parameters be replaced by a percentage coverage of the substrate, denoted
by c. As a result, the following expressions are obtained: ¢ = ac/am = be/bm.

The final design parameter that must be set is the patch’s thickness. As mentioned in a previous
paragraph, this value is dependent on each ply’s thickness and the total number of plies used, denoted
by toiy and Npiies, respectively. Then, a DoE statistical analysis is performed to obtain a resultant field of



acceptable solutions for the design parameters. In order to execute the analysis, the allowable range of
values that the design parameters can have must be defined by the designer, i.e., a minimum and
maximum value for the percentage coverage ¢ and the number of plies Nyiies. It should be noted that the
ply’s thickness tpy is irrelevant for the analysis since it is constant and set at the initial stages along with
other constants (e.g., shape).

The DoE analysis is used to generate a response surface, through response surface methodology (RSM),
with the addition of another parameter, the attainable factor of safety (FoS). The latter is calculated
using elastic buckling analyses on the data points set by the DoE in order to construct the response
surface. The final product is a fitted surface (points) that indicates the FoS obtained for various
combinations of the patch’s coverage and the number of plies.

Composite patch repair for
buckling strength rehabilitation

Critical buckling stress . . .
calculation for intact and Plate's material & dimensions
corroded plate (length, width, thickness intact, corrosion)

Patch's material

/ Patch's configuration / Optimized solution OFAT analysis to

| generate optimal
option

(single / double -sided) /
' !
FoS . " Patch's shape
0> requirements (rectangular/ ellipsoid / octagonal)

Non-optimized solution

v

/ % Coverage of the plate's area //{ J

Number of plies

Critical buckling stress
calculation at CCD
points

'

Response Surface
generation through
polynomial fit

\_ & | Permissible Response ¢ J

Surface

Bondline and composite
fracture

y

Choose patch's solution from
generated data points

Composite patch repair applied

Figure 6. Flowchart of the proposed preliminary design methodology.
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In order to differentiate the acceptable solutions of the response surface, specific parameters are used:
e Factor of Safety:

The attainable FoS must be at least 1, which translates to complete rehabilitation of the plate’s initial
elastic buckling strength. The designer could further restrict the acceptable solutions with higher
FoS according to the design preferences.

o Composite’s fracture:

The obtained solutions must ensure that the suggested patch design fulfils its purpose but does not
fracture under the applied loads.

e Bondline:

The response surface shall be restricted, if necessary, to ensure the safety of the bondline between
the composite patch and the metal substrate.

The design methodology proposed is visualized in the flowchart shown in Figure 6. The flowchart
essentially depicts the suggested novel design guidelines examined in this study. Thus, having
established a composite patch repair for rehabilitating the buckling strength of a metal plate (Figure 5),
the above steps could be used to design said patch.

2.2 Thin plate theory

2.2.1 Bending theory

Following Timoshenko’s [14] thin plate theory, assume a plate of length a, width b and thickness t,
which is considered small compared to the other two dimensions (thus the expression “thin plate”).
Additionally, let the plane xy be the middle plane of the plate, i.e., the plane midway between the two
faces of the plate. In this manner, x and y axes are directed along the edges of the length and width,
respectively, as shown in Figure 7, while z is the perpendicular axis and positive downwards.

Middle Plane

Figure 7. Bending/buckling model.

Bending can occur in three ways that are summarized in the following paragraphs. In each case, the
structure’s expressions for its mechanical properties are derived from an analysis of an element cut out
of the plate by two planes parallel to xz and yz planes. This element’s dimensions are dx, dy, dz, as
shown in Figure 8. The following assumptions are made in each bending case:

e The plate is level before the application of any load.

e The deflections are small relative to the thickness.
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e The middle plate acts as a neutral surface (it does not undergo any deformation).

e All perpendicular lines at the middle plane remain perpendicular throughout the plate’s bending.

- dx -
/
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dy |
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\ X
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-
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e
s \ n 2
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y/ e ¥
v
L 7
1
dz J
zZ

Figure 8. Pure bending element.

2.2.1.1 Pure Bending

In a pure bending state, a thin plate is bent by uniformly distributed bending moments (per unit length)
My and My across the edges and parallel to the y and x-axis, respectively (as shown in Figure 9). Both
values are positive when compression is produced at the plate’s upper part and, therefore, tension at the

lower. These moments can be calculated using the expressions:

M.—-D 62w+ 0*w
T\ ax2 Vayz

M.—-D 62w+ 0*w
v~V By2 Voxz

where:

E (t/2 Et3
. D=—2f/ z?dz= :
1-v4 Y-

t/2 TREGR Flexural rigidity of the plate

o w: Deflection of the plate
e v: Poisson’s ratio, dependent on the plate’s material

e E:Young’s modulus of elasticity, dependent on the plate’s material

12

2.1

2.2



Figure 9. Pure bending plate’s loads.

The moments developed inside the bent plate can be examined using an element cut out, as mentioned
previously. This element is cut using the primary planes xz and yz, as well as a plane inclined to the
primary axes x and y in an angle of value a (Figure 10). At this element, both normal stresses and shear
stresses develop, allowing for the action of bending and twisting moments. These moments, which are
denoted as M, and My, can be calculated using the formulas:

M. =D 62W+ 2%w 23
n=\n2 TV on2 '
2%w
= . 2.4
M, =D(1-v) ErEm

These are generalized expressions for the moments developed inside the bent plate. Whena =0 or n
then My, = My, while when a = w2 or 3w2 then M, = My. In both cases, the torsional moment is zero,
while the expressions for My and My are identical to 2.1 and 2.2.

Figure 10. Pure bending element’s loads.

The total potential energy in the plate’s element results from the work done by the applied loads. In
pure bending, the only loads applied are the edges’ bending moments. Thus, the energy can be
calculated as:

U= I o 29 5 25
T2\ Fox2 Y ay? xoy '
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By substituting the bending moments with their expressions 2.1 and 2.2, the total strain energy of the
plate can be obtained using the formula (for the plate’s entire surface):

U—lnﬁ Gl A T RPN ] P 26
) 0x? dy? Vox2 dy? X '

2.2.1.2 Bending by Distributed Lateral Load

Another loading condition that can cause a plate’s bending is a distributed load acting perpendicular to
the middle plane. Let this load can be denoted by g. If an element is cut out of the plate, similar to pure
bending, not only bending and twisting moments develop on it but also vertical shearing forces due to
the perpendicular load q (Figure 11). The expression for the values of My and My are the same as those
in 2.1 and 2.2 of pure bending. The twisting moments M,y and Myx can be calculated with the help of
2.4 as:

2

0w
Myy=-Myx=D(1-v) xdy 2.7
The shearing forces Qx and Qy can be obtained using the equations:
0 (9*°w 0*w
=D—(—4+— 2.8
Q ox <6X2 + 6y2>
0 (0*°w 0*w
& dy <6x2 dy? >
dx
dy
Qy /2
Qx Myx ¢ | x
ax wy| ] T Myt
‘;Iﬁxy R % W (" Bz
y//_ T ;I/(l Qy+%%\ldy \?_

Qx+3dx
l Myx+d I\;\)’Kdy ox

z

Figure 11. Distributed lateral load bending element‘s loads.

Considering only the work done by the bending and twisting moments and neglecting the shearing
forces, the total potential energy in the plate’s element can be calculated as:

qu=1p|(Z¥ 2+ 0w 2+2 Owotw +D(1-v) otw 2d d 2.10
) ox? dy? Voxz dy? xay v oxdy ad '

The strain energy of the entire plate can be calculated using the equation:

14



U—lfo 62W2+62W ? 2(1v) Pwatw [Pw\’ dxd 211
2 ax2 oy ) V| ax2 dy? \axdy X '

2.2.2 Combined bending and tension/compression

Assume a plate with a lateral load on its middle plane, as described in 2.2.1.2. In addition, there are now
forces acting in the same plane, stretching or compressing it. If a small element of the plate is cut, as in
previous cases, then the forces that develop due to the new loads are Ny, Ny, Ny and Ny, depending on
the direction they act in (Figure 12). These loads achieve an equilibrium with the following equations:

ON, ONyy,

— =

Jx dy

N, N, 2.12
ady ox

By neglecting any stretching in the middle plane, the work done by the forces acting in it is given by
the equation:

e ] () o (22) 2y 222 2.1
172 *\ ox Y\ oy Y ox dy x ¢y '
- dx -
Ny
i
Nyx X
Nxy
Nx+°a%dx
dy
Nx
Ny +232¥cix
' Nyx+5¥*dy
y
Ny+)\Ydly

Figure 12. Combined bending and tension element’s loads.

The work produced by the load normal to the plate is given by:

e [ i () e (22, 222
272 *\ ox Y\ oy W ox dy Xy
+1D_U 62W2+62W ? 2(19) ?watw [9*w\’ dd
2 ax2 ' ay?) MET dy? \axdy ad

Thus, the total strain energy of the plate can be calculated by adding all work done to the plate by the
applied loads:

2.14

15



P2warw (0w’
_2(1-\;)[ s V:( W) ”dxdy 2.15
x y

2.2.2.1 Deflection of a Simply Supported Rectangular Plate

In order to determine the deflection of a plate, the boundary conditions must be known. Therefore, let
the plate be simply supported across its edges. However, the equations that surround this type of
restraint must be acknowledged.

In the following example, the plate’s edge along the y axis is simply supported. This condition restricts
the displacement of the edge normally to the xy plane. Additionally, the edge can rotate freely with
respect to the y axis; therefore, no bending moments My can develop. Thus, in the case of a simply
supported plate at the x = 0 edge, the following boundary conditions are in effect:

*w  9%w
(W)y=0=0 & MX=-D<a 2+VW>:0 2.16

In the case of a simply supported plate, all edges are restrained. Therefore, by applying the above
equations to all edges, the following boundary conditions are formed for a simply supported plate:

(W)y=0=0 (W)y=p=0
(W)x=0=0 (W)x==0
(M,),_y=0 (), ,=0 217
(My)x=0=0 (My)=,=0

With the above conditions in effect, the deflection of the surface can be expressed by a double
trigonometric series:
w=),

m=1

amrl sin m;Tx) sin (ngy) 2.18

Tst

The boundary conditions are supported by this expression, i.e., the deflection w and bending moments
M are zero along the plate’s edges. By substituting the deflection w in equation 2.11, the total potential
energy of bending is:

2.2

=D f J;)b {i i amn( nb? ) sin (m:X) sin (ngy)}z dxdy
0

m=1n=1
ab v © m?n?  n’m? 2
2
=% ZZamn <—+b—> 19
m=1n=1
Similarly, in the case of a uniformly compressed plate in the x-direction with a compressive force per

unit length at the edges x = 0 and x = a equal to Ny, the work done by this load can be calculated using
2.13:

16



12 (P w2
T,=— N.[—] dxd 2.20
! Zfofo X(Bx) el

By substituting the deflection’s equation 2.18:

ab O — , mM°m
T1=§NXZZamn ") 2.21

3
I
N
=1
I
—

2.2.3 Buckling theory

Following Timoshenko’s [14] buckling theory of thin plates, when gradually applying an external load
to the plate’s middle plane, i.e., compressive or shear forces, the plate is initially in a state of flatform
equilibrium. However, when the load reaches its critical value, the middle plane becomes unstable, and
the plate begins to buckle. The energy method can be used to determine the load’s critical value.

In the previous chapter, several cases of plate bending were examined. The strain energy was calculated
using the work produced by the loads applied to the plate. If the work done by the loads is denoted as
AT and the potential energy as AU, then the system is stable if:

AU>AT

By removing the load, the plate reverts to its initial undeformed shape (e.g., if the plate is subjected to
compressive forces, then the plate returns to its uncompressed form). The system is unstable if:

AU<AT
Thus, the critical value for the load is obtained from the equation:

AU=AT 2.22

which is the point where the equilibrium changes from stable to unstable, and buckling occurs.

2.2.3.1 Elastic Buckling of Simply Supported Rectangular Plate Uniformly Compressed in One
Direction

Assume a rectangular plate simply supported along all its edges and compressed by uniformly
distributed forces acting on its sides at x = 0 and x = a (Figure 13). Let this force per unit length of the
edge be denoted by Ny. Then, as shown in paragraph 2.2.2.1, the deflection of the plate, when the plate
becomes unstable by gradually increasing the value of Ny, can be calculated using equation 2.18:

)

m=1n

Y Ay Sin (?) sin (?1)
=1

In the above expression, m is the number of half-waves across the x-axis, while n is the number of half-
waves in the perpendicular direction y-axis.
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Figure 13. Buckling with uniform compression loading condition.

The strain energy of the system can be obtained using equation 2.19:

205 (0,2

m=1n=1

The work done by the compressive forces can be expressed with equation 2.20 and by substituting the

deflection with its expression 2.18:
=g N Z Z m* i
m=1n=1

The compressive force’s critical value can be obtained by solving equation 2.22 using the above
expressions. The following occurs:

2 2\2
m n
1T2<':12D2§ 1Zn 1amn( +F)
Zg 12 lmzamn

In order to find the critical value, the above expression must become a minimum. To obtain this result,
all parameters ai1, aiz, az, ..., except one, must be taken equal to zero. As m and n increase, so do the
coefficients in front of amn. Hence, ai1 is taken as the parameter not equal to zero since it has the smallest

coefficient.
m2a?D /m? n? 2 12D a% n? 2 203
NWEre 7)) T ™Men |

At this point, the similarity between the critical buckling values of the compressive forces acting on a
plate and a prismatic bar should be observed. In the equation above, the first factor represents the Euler
load for a strip of unit width and length a. The second factor shows the proportion of the continuous
plate’s stability being greater than an isolated strip’s stability. It can be seen that this magnitude depends
on the plate’s ratio ab and the number of half-waves across the xy plane. In the case of a prismatic bar,
buckling occurs for the force’s value:

Ny=

T?El
Pcr=1—2

where [ is the section’s moment of inertia and 1 the bar’s length. In the case of a square plate, for
example, the respective critical value is:
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X,Cr az

It should be noted that the number of half-waves in both directions was assumed equal to one to
minimize the force’s value. By comparing the above, D is analogous to EI since both represent the
flexural rigidity of each structure, and a is equivalent to |. Therefore, the statement above stands true
since it can be concluded that a square plate requires four times the compressive force of a prismatic
bar’s critical value to buckle. Hence, the plate is four times more stable.

Equation 2.23 can also be written as:

D /b  an?\’
_m™D/b  an 2.24
x b2<am+bm>

By denoting:
a=a/b as the plate’s aspect ratio
1 n? 2 . ..
K= (& m+a ;) as the plate’s buckling coefficient

the above expression for the compressive force becomes:

2
D
NX:Kb_Z 2.25
The critical value of the load can be calculated as:
2
D
ercr=}(crb_2 2.26
where:
2
1 n?
K,=min <—m+a —) 2.27
(04 m

m=1 2 3 4 5

Buckling Coefficient : K

Aspect Ratio:a/b

Figure 14. Compression buckling coefficient.

In the diagram above (Figure 14), the relation between the buckling coefficient K and the plate’s aspect
ratio o has been plotted for subsequent cases of half-waves m (from 1 to 5) and assuming n = 1. The
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curves m and m+1 intersect at one point, as shown with the black dots in the diagram. This point’s
abscissa can be calculated as:

ym(m+1) 2.28

n

In Figure 14, for a specific aspect ratio, several buckling coefficient values correspond to it
(perpendicular intersection with more than one curve). This means that the plate can buckle with more
than one eigenforms. However, only one corresponds to the minimum value for the buckling coefficient
(critical value). Therefore, this eigenform, and therefore the curve whose perpendicular intersection
gives the lowest coefficient value, seems to change after each intersection point. Thus, the same diagram
can be replotted to show the critical buckling coefficient with respect to the plate’s aspect ratio by using
equation 2.27 and breaking the curves at their intersection points.

Xinter —

4.8
4.7

46

4.5

m=1
44
43 m=2
42 m=3
m=4 m=5
41 /\
40

3.9+

Critical Buckling Coefficient : K_

T T T T T T T T
1 2 3 4 5

Aspect Ratio:a/b

Figure 15. Compression critical buckling coefficient.

The above diagram (Figure 15) can be used for a plate of specific dimensions to find the critical
buckling coefficient K¢, as well as the number of half-waves that develop across its longitudinal
direction. For example, for a plate with an aspect ratio b = 1.3, the critical buckling coefficient is K¢
= 4,2817. This point can be seen in the same diagram with a marked circle. The graph shows that the
number of half-waves that develop across its length direction is one (m = 1).

From both diagrams, it is also visible that the curves’ minimum is at the value of K = 4, and their
curvature tends to open as m increases. This means that as the aspect ratio increases, each successorial
wave-form curve is closer to the value of 4 than its predecessor. The divergence of two subsequent
curves’ intersection points from the minimum value of 4 is shown in the diagram below (Figure 16).
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Figure 16. Buckling coefficient divergence.

The intersection point between the first and second wave-form diverges from the value of 4 by more
than 12%. However, four intersection points after, i.e., between the fifth and sixth wave-form, the
percentage is below 1%. Thus, an approximation would be that for long plates, the critical buckling
coefficient can be considered equal to 4. As shown in a previous example, K¢ = 4 for a square plate
with one half-wave across both directions of the plate. Thus, as the ratio a/b increases (long plates), the
number of half-waves across the x-direction increases in a way that the rectangle tends to subdivide into
buckled squares.

This statement can also be supported mathematically. In equation 2.28, the abscissa is identical to the
ratio a/b, therefore:

a m(m+1)

b n

In the case currently examined, n = 1. For a large number of half-waves across x-direction, i.e., for a
long plate, the above expression can be transformed to:

~m

ol ®

Thus, long plates buckle in half-waves with a length equal to the plate’s width, i.e., the plate is
subdivided into buckled square plates. This is a phenomenon caused due to the lower energy state of
such deformation. An example of this case is given in Figure 17, which illustrates the first eigenform
of a long plate with an aspect ratio equal to 5.
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Figure 17. First eigenform of a long plate with an aspect ratio equal to 5.

This study focuses on buckling with one half-wave across the transverse direction since it is the most
possible due to the lower critical buckling coefficient value (achieving a minimum compressive force
Nx). This can be proved by the following equations:

(Kcr)m,n < (Kcr)m,n+ 1
2

(1 n2> <1 (n+1)2>
—m+a— | <|—m+a
o m o m

1 n? 1 (n+1)?
—m+a—<—m+a
o m o

2

n’<(n+1)?
n<n+1
0<1

It should be noted that the critical value of the compressive force Ny can be referred to as an
eigenvalue, whereas the deflection surface w of this value is an eigenform. Ultimately, the elastic
buckling of a plate is a problem of eigenvalues-eigenforms.

As proposed by Timoshenko [14], the critical value of the elastic compressive stress is:

o N T2E (3)
Ber™ ¢ T12(1-v?) \b

2

This shows that oe ¢ = f (Ker, E, v, t, b) and from previous equations K¢ = f (m, a, b), since it has been
established that the critical case occurs assuming n = 1. Additionally, when comparing two plates with
identical geometry (equal dimensions), the aspect ratio a (i.e., length a and width b) and thickness t are
considered constant. Assuming the same number of half-waves m, then the only parameters the critical
stress depends on are E and v, which essentially is the material. For plates with a material of similar
Poisson’s ratio v, as the elastic modulus increases, the plate is more rigid since it requires more
significant stresses to buckle.
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The following table sums up the results when comparing geometrically identical plates of different
materials. It should be noted that the width to thickness ratio was taken equal to tb = 0.01 and Poisson’s
ratiov =0.3.

Table 2. Critical compressive stress comparison between materials.

a/b
Property . L5 , .
Ker 4 4.34 4 4.13
m 1 2 2 3
High Carbon Steel
E=200-215 GPa oecr [MPa] 72-78 78-84 72-78 75-80
Cast Iron
E=165-180 GPa ot [MPa] 60-65 65-71 60-65 62-67
Aluminum Alloy OE,cr [MPa] 25-30 27-32 25-30 25-31

E=68-82 GPa

2.2.3.2 Elastic Buckling of Simply Supported Rectangular Plate under Shear Stress

Similar to paragraph 2.2.3.1, assume a rectangular plate simply supported along all its edges and
submitted to shearing forces on all its sides (Figure 18). Let this force be denoted by Nyy/Nyx. For
describing the deformation of the plate, equation 2.18 can be used once again:

[ee]

w= i A Sin (?) sin (?’)

m=1n=1

Nyx

Nxy Y

1 Nxy

Figure 18. Buckling with shear stress loads.

The strain energy of the system can be obtained by the equation 2.19:

mab ™ , (m? n2\’
2="g-0 ), ) (i
The work done by the shearing forces can be expressed with the equation 2.13, with the only acting
forces being the shearing:
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The shearing force’s critical value can be obtained by solving equation 2.22 using the above
expressions. The following occurs:

- mZ 1'12
3 ab b =1 Z =1 amn ( bZ)
Xy~ 5o mnpq
32 ZnZan Zq amnapq (mZ_pZ)(qZ_HZ)

where m, n, p, q are such integers that m £ p and n £ q are odd numbers. To minimize this equation, a
homogeneous system of linear equations is constructed, and through its solution, the following critical
shearing stress equation is obtained (Timoshenko [14]):

2D
b2t
, where k = 9.4 approximately. This equation is satisfactory for plates where the ratio a/b < 1.5, i.e., for

plates that do not differ much from a squared shape. The following approximate solution is followed
for long narrow plates, i.e., a > b. The deflection surface is obtained by the equation:

TE,cr:k

w=Asin (%) sin (g (X-ay)> 2.29

, where s is the length of half-waves and a is the slope of nodal lines. With shearing forces acting on the
plate’s sides, the buckled shape has nodal lines that are not straight, as shown in Figure 19. By
substituting the equation for deflection 2.29 to equation 2.11 and the equation for the work done by the
load and equating these two using 2.22, the following equations are obtained:

2D

TE,crzkcrm 2.30

, where:

b
ko =5.35+4 (5) 231

I‘....__._.... d‘------91
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Figure 19. Shear buckling eigenforms.

This equation for ke is a parabolic curve (Figure 20) that gives exact solutions for long narrow plates
and a good approximation for square plates (ke = 9.35 for a square plate, while the exact value is 9.4,
as shown previously).
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Figure 20. Shear critical buckling coefficient.

2.2.3.3  Anelastic Buckling

The analysis conducted in paragraphs 2.2.3.1 and 2.2.3.2 has assumed that the plate’s buckling stress
value is within the elastic range, i.e., it does not surpass the materials’ yield stress. If, however, the
critical stress value exceeds the yield point, a correction for anelastic buckling is carried out. The
buckling stress, in this case, is obtained by the Johnson-Ostenfeld parabola equations, taking into
account the work of both elastic and plastic action. Therefore, the following corrections should be
applied:

e Buckling of simply supported rectangular plate uniformly compressed in one direction:

(0}
GcrzcE,cr fOf GE,crS y/2
2.32
o (o}
Cer=0y (1- 40Eycr) for Op o> y/2
e Buckling of simply supported rectangular plate under shear stress:
Ty
Ter=TE,cr for TE,ch /2
2.33
_ Ty Ty
Tr=Ty 1-rm for Tg,or> /2

In the equations above, the material’s yield stress is denoted by the subscript ‘y’. According to LR [11],
the shear yield stress can be calculated from the material’s yield stress as Ty = oy / \3.

The elastic or anelastic behavior of a plate can be characterized with the help of the plate’s slenderness
ratio B, which can be calculated as:

b Op

=T

A plate’s behavior can be visualized by plotting the critical buckling stress with respect to the
slenderness ratio, as shown in the diagram below (Figure 21). This diagram is the combination of
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Euler’s curve for elastic buckling and the Johnson-Ostenfeld parabola for anelastic buckling values.
Although only compressive stresses are shown, the same diagram applies to shearing stresses.

----- Euler's curve
Johnson-Ostenfeld
adjusted curve

0.9+

0.7 4

| Anelastic Region
0.5 N
Elastic Region

0.3 4

0.1

Slenderness Ratio :

Figure 21. Elastic/anelastic buckling curves with respect to the slenderness ratio (applicable for both compressive
and shear buckling).

2.2.3.4 Post-buckling capacity

The proposed method might be criticized for using elastic buckling theory and not introducing non-
linearities to make the problem more realistic. However, the former allows for a safe preliminary
assessment of the obtained FoS since it underestimates the critical buckling stress. This phenomenon is
thoroughly explained by Hughes [15], where it is stated that the stresses do not distribute uniformly
internally at a stiffened panel during compression. This occurs because the stiffened edges have higher
rigidity than the unsupported center. Thus, the center is the first to buckle, while the former areas buckle
at a higher value, demonstrating post-buckling capacity. Hence, by assuming elastic buckling, the
proposed method’s real-world application will exhibit a better structural response than the one obtained
from numerical calculations.

2.3 Composites theory
2.3.1 Theory fundamentals

This chapter analyses the fundamentals of composites’ theory based on Kollar’s [13] composites theory.
The patches used in this study are carbon fiber reinforced polymers, i.e., fiber-reinforced composite.

In a composite, the fibers are within a matrix. From a micromechanics’ point of view, the structure has
heterogeneous properties, i.e., the properties differentiate from point to point. Another way to analyze
the structure is on a larger scale (macro mechanics). Then, it could be assumed that the structure is
homogenous, i.e., the properties are the same between measurement points (quasi-homogeneous). The
structure’s properties are a combination of fibers and matrix properties.

A composite is made from thin layers called plies. Each ply is composed of fibers (continuous or
discontinuous) embedded in a matrix. These fibers may be aligned in one direction or be misaligned in
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specified or random directions (angles). The combination of several plies leads to the formulation of a
laminate. This laminate equates to the structure whose analysis is to be performed.

Woven fibers (biaxial weave) are used in this study to benefit from the continuous fibers’ stiffness and
strength in two directions, as well as the matrix’s protection and support. A ply such as this is referred
to as fabric, i.e., woven fabric. The woven fabric used is a cross-ply laminate, i.e., the fibers are aligned
only in the 0 and 90-degree directions. The 0-degree and 90-degree directions are identical to the x-
axis and y-axis directions, respectively (as explained and shown below).

When analyzing a structure, a reference point is required. For example, a composite has two coordinate
systems:

e Local coordinate system:
- Aligned with the fibers or axes of symmetry.
- AXes: Xy, Y1, 21
- Displacements: us, Uz, Us
— Normal stress: 61, 62, 03
- Shear stress: 123, T13, T12
- Normal strain: €1, &, €3
- Shear strain: yzs, Y13, Y12
e Global coordinate system:
- Attached to a fixed reference point.
- AXes: XY,z
- Displacements: u, v, w
- Normal stress: ox, oy, G;
- Shear stress: Tyz, Txz, Txy
- Normal strain: &, &y, €&
- Shear strain: yyz, Yxz, Yxy

A composite could be generally anisotropic, monoclinic, orthotropic, transversely isotropic, or
isotropic. This characterization is based on the composite’s behavior, dependent on the fibers’
orientation within the matrix. For example, in a cross-ply laminate, the fibers are oriented in two
perpendicular directions (bi-directional), parallel to the ply’s edges. Thus, the composite is orthotropic
since there are three mutually perpendicular symmetry planes with respect to the alignment of the fibers.
The reference plane is taken to be the laminate’s midplane. If the laminate is symmetrical, the midplane
is also a neutral plane.
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2.3.2 Stress-strain relationship

The stress-strain relationship can be described using the equation:

O-X SX
Oy &y
o, _ g,
=[C 2.34
Tyz [ ]6x6 Yyz
TXZ YXZ
Txy YXy

where [C]eye IS @ 6x6 stiffness matrix in the x, y, z coordinate system. The inversion of the above
relationship results in the following:

SX 0-X
& Oy
g, _ o,
=[S 2.35
Yyz [ ]6X6 Tyz
YXZ TXZ
YXy Txy

where [S]¢.6 is a 6x6 compliance matrix in the X, y, z coordinate system.

The same equations exist in the X1, y1, 1 coordinate system but with the respective notations for the
stresses and strains and the matrices being [Clexe and [S]exs. Thus:

[SI=[C]* [S]=[cC]"! 2.36
With CFRP being an elastic material, both stiffness and compliance matrices are symmetrical.

Because the composite is orthotropic, all out-of-plane shear strains are zero, i.e., y13 = y23 = y12 =0. The
following engineering constants apply to the structure:

01 T12 &2 €3
Ei=— Gip=— Viz=-— Vo3=-—
€1 Y12 €1 €2
&) T13 €3 €1
E,=— Gi3=— Vi3=-— V3 =-—
2 13 13 31
& Y13 €1 €3
03 123 €1 €2
E3=— Gpz=— Vo =-— V3p=-—
€3 Y23 &2 €3

The stiffness matrix is written in the form:

_[[Llaxa  [0]axs
€= [0]axa  [M]axs 231

By using equation 2.34, it can be seen that the normal stresses in the fibers’ directions (parallel to the
local coordinate system) do not produce shear deformations. Additionally, there is no extension-shear,
bending-twist, and extension-twist coupling in an orthotropic laminate.

In a laminate, the plies are considered to be perfectly bonded together. Thus, the normal stresses, out-
of-plane shear stresses, and displacements are equal between adjacent layers:

(o-z)ply=(az)ply+1 (u)p1y=(u)ply+1 (Sx)ply=(sx)ply+1
(sz)plyz(sz)ply+1 (V)p1y=(v)ply+1 (SY)p1y=(SY)p1y+1 238
(TyZ)ply= (TYZ)plyH (W) ply=W)ply+1 (ny)ply= (YXY)p1y+1
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In the relationships above, the subscript ‘ply’ corresponds to the bottom ply under examination, while
ply+1 is its adjacent ply above.

In cases where a composite plate with fibers parallel to the x-y plane is subjected to uniformly
distributed forces along the edges and parallel to the plate’s plane, plane stress conditions are in effect.
Then, one normal stress and the out-of-plane shear stresses are zero. If X-y (or X1-X2) is the plane parallel
to the plate, then the following assumption for the stresses is made:

0,=0 Ty, =0 Ty, =0 2.39

Equation 2.39 is also in effect for the local coordinate system X1, X2, X3. With plane-stress condition in
effect, equation 2.34 becomes:

Ei vk 0
(o] D D €1 €1
0y = V12E2 E 0 13) =[Q] %) 2.40
012 D D Y12 Y12
0 0 Gy
where:
E, )
D:1'E_V12:1'V12V21 241
1

The same equations apply to the general coordinate system X, y, z with the stiffness matrix [Q].

Let fy, fy, f; be the body forces per unit volume and px, py, p: the surface forces per unit area. The
system’s total potential energy is:

m,=U+(Q 2.42
where:

e U: Strain energy of volume V calculated using the expression:
Sx
&y

€z

1
= — & & &
U fo [Ex €& €z Vyz Vxz Vxy][C] Vyz dv 2.43

Yxz
Yxy

o Q: Potential energy of the external forces calculates as:

Qz-ﬂf(fxu+fyv+fzw) dv- fff (pxu+pyv+pzw) dA 2.44

Using the Ritz method, the displacements can be expressed as:
u=Y_; Ay v= Z]!=1 Bjv; w= 211;1 Crwy 2.45

where ui, Vj, Wi are functions that must satisfy the boundary conditions, and Ai, Bj, Ck are constants that
are provided by solving the equilibrium equations (2.46).

At equilibrium, the system’s potential energy (2.42) must satisfy the below expressions:
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A,
%:0 fori=1, ..., ] 2.46
9B

aﬂp—o fori=1, .., K

BCk_ ori=l1, ...,

2.3.3 Buckling theory
This paragraph examines buckling of a simply supported, symmetrical and orthotropic composite plate.

Assume a plate of length a, width b and thickness t, which is small compared to the rest of the
dimensions, i.e., thin plate theory is applicable. Let xy be the middle plane of the plate, which also
serves as a neutral plane since the composite is symmetrical. The x and y axes are directed along the
plate’s length and width, whereas z is perpendicular and positive upwards. Additionally, applying thin
plate theory, the following assumptions are made:

e The strains are linear across the plate.
e Qut-of-plane shear deformations are negligible.
e Qut-of-plane normal stress ¢, and shear stresses tx;, Ty, are small compared to those in-plane.

The force-strain relationship is:

r Ny (€9
Ny gy
Nyy [Alsxa [Blaxa] ) &
4 = X il PGS 2.47
Ny [Blaxa [Dlaxal | Vyz
MY ygz
\Mny ygy

where the superscript o refers to the strains in the reference midplane and [A], [B], [D] are the stiffhess
matrices of the laminate dependent on the stiffness matrix [Q] and the vertical distances from the
reference plane.

Since the plate is simply supported, all edges are restrained, and the following conditions apply:
(WO)X=O:0 (Wo)x=a:0

(W),p=0 (W)yop=0 2.48

With these conditions in effect, the deflection surface that satisfies the above can be expressed by:

o . (imx\ | /jTy
wo= Z Z wij; sin (?) sin (T) 2.49

I ]
i=1 j=1

where | and J are the number of terms in the summations chosen arbitrarily. This expression is
equivalent to 2.18 from paragraph 2.2.2.1 of thin plate theory, i.e., the following sets are analogous: m
with i, n with j and amn With wij. Therefore, in the case of a thin composite plate, i is the number of half-
waves that develop across its longitudinal x-axis, while j are the half-waves across its transverse y-axis.

The strain energy of the system is:
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12" ?wo\’ ?wo\’ 202w°\’ 9*w° 9*w°
U== Dii| == Dy | = Dgo | =—— 2Dy ———|dyd 2.50
2_’;_’; 11<6X2>+22<6y2>+66<6x6y>+ 1275x2  9y2 yax
The work done by the in-plane compressive forces can be expressed using the equation:

Q—lfafb N <6W0)2+2N IWOW 1 dya 251
“2Jy Jo [\ ax Y ox ay | '

In the case of uniform compressive load in the x-direction, Nx, = 0. On the other hand, if a shear load
is applied, then Ny = 0. In this paragraph, only the case of uniform compression is examined therefore:

1 (2 b ow® 2
Q=—f f NX(W) dydx 2.52
2Jy Jo ax

According to the principle of stationary potential energy (equations 2.46):

adn, Jd(U+Q
m, _0UHY) 2,53
aWi]' aWIJ

By substituting 2.50 and 2.52 to the above equation and solving the eigenvalue problem, the following
expression for the critical compressive force occurs:
i (2

Ny o =T [Dn (é) +2(1)12+21)66)(%)2 +Dy, (E) (T)Z] 2.54

Similar to thin plate buckling (equation 2.24), the critical compressive force increases monotonically
with j. Thus, the critical (lowest) value is obtained for j = 1, which translates to one half-wave in the
direction perpendicular to the load (y-axis direction). Then:

2

a1
2.55

1. 1
Nyor =T [Dn =z i%42(D12+2Dg6) pztDaizn

2.4 Bondline fracture

An additional non-linearity is the existence of the adhesive bondline between the composite patch and
the metal plate. According to Anyfantis et al. [16], the cohesive zone might be damaged, which could
lead to crack initiation and propagation, resulting in debonding propagation. The latter may develop
between the composite and the adhesive, the metal plate and the adhesive, or through a failure of the
adhesive itself. In order to avoid non-linear solutions, the following method was proposed for
developing an assessment method of the bondline fracture.

During loading, the stresses that develop on the bonded structure’s cross-sections are transferred
between the two substrates through the bondline. The latter’s failure conditions can be evaluated using
its fracture toughness G¢, which is its resistance to a defect’s propagation. In order to evaluate if the
bondline fails under a specific load, the acting strain energy release rate G must be known. This strain
energy increases as the applied load also increases. According to the energy method, a bondline defect
propagates if:

G>Gc 2.56

The acting strain energy release rate G can be calculated using the steady state’s re-lease rate (SERR)
debonding propagation formula:

31



G = Gos = — PZ+PZ M; 2.57
TS T2 \t, | At It3 '

where:

e P isthe axial acting force.

142504212

e M, =P(6-t,/2) is the balance moment, with § = (LT

te, Z=E./E, and n = t./ty,.

o« A= 1/n+2and1=2[(A-%)2-(A—%)+§]+%(A—Tl])+$.

= E = Em : , . .
o E .= 1—5% and E,, = T,z are the effective plane stress Young’s moduli of the composite and the

m

plate, respectively, while E; and En are their Young’s moduli of elasticity, and v. and vm their
Poisson’s ratio.

For the case being studied, P is replaced by Ny in order to determine whether the proposed patch repair
could suffer from bondline fracture. Finally, the maximum stress developed within the metal plate and
the composite patch must not exceed the respective material’s yielding/fracture value.
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3 Physics and data-based models

3.1 FEA model
3.1.1 Theoretical background

During a components loading, internal stresses develop within the body to maintain equilibrium over
the volume of the body. Stresses, stains and displacements can be calculated using the principle of
equilibrium over the body, e.g., calculating a body’s normal forces at a cross-section to obtain its normal
stress at the same position. The problem of equilibrium increases in difficulty as the structure becomes
more complex. For instance, although the calculations are simple for a cantilever beam, they are more
complicated for a 3D hook. This problem is approached by the finite element method (FEM), which
splits a body into smaller elements (discretisation) connected at nodes. Thus, the equilibrium problem
for an initially infinite number of elements across a body is now reduced to a problem of finite discrete
elements’ equilibrium.

These discrete elements could be a line, surface or solid, which is a one, two, and three-dimensional
object, respectively (Table 3). The surface elements could be triangular, usually used for awkward
shapes or quadrilateral, which perform better overall. The option of the element type depends on the
case being examined. For example, a truss is usually solved using line elements, but solid elements can
also be used. It should be noted that the simpler the element, the less computational time is required.
Hence, the truss problem using line elements is solved at a fraction of the time required for solid
elements. However, for shape anomalies or where more detail is required, more complex elements
produce higher accuracy of results.

Table 3. Element types used in FEA

Line element Surface elements Solid elements

Line Triangular Quadrilateral Tetrahedral Hexahedron

— > H &

The elements interact at points called nodes. The collection of nodes and elements is called a mesh. As
mentioned in the previous paragraph, complex elements such as solids produce more accurate results
than simpler elements such as surfaces. However, the former requires more computing time than the
latter. Similarly, a body’s mesh can be coarse or fine, which is essentially fewer or more elements used
to generate the results: the higher the number of elements, the better the accuracy (Figure 22).
Nonetheless, this comes with a cost, which is the computational time required for the solution to be
completed. The statements concerning the calculation times are summarized in Table 4.
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(b)

Figure 22. Examples of (a) coarse and (b) fine mesh.

Table 4. Dependency of the calculation time on the element types and mesh.

Element type Mesh Calculation time
Line Coarse Less
Surface
Solid Fine More

The engineer must examine the problem and approximate according to the needs of the analysis in each
case. Some cases can be simplified using uncomplicated geometries but acquiring a high and acceptable
level of accuracy. For example, a stiffened panel can be modelled using surface elements for the plate
and line elements for the stiffeners or solid elements for both. Depending on the result that needs to be
extracted, the engineer should choose the more suitable option. If, for instance, the goal is to obtain the
deflection at the centre of the stiffened panel, then the former option can be used since it would require
less computational time for very similar results. If, however, the object being studied is the stress
concentration developed at the corners of a bracket that connects two perpendicular stiffened panels,
then solid elements are a better option since the alternative might not capture some connections between
the components.

For stress analysis problems, the variable that is essential to be calculated is the displacement in each
node. Through FEM, if the displacements are known for a loading condition, then the stresses and strain
can also be extracted. In order to do this, assume that a mesh’s elements have a certain amount of
stiffness that resists deformation. Then similar to Hooke’s law for a spring:

{f}=[k]{u} 3.1

where {f} is the nodal forces and moments, {u} is the nodal displacements and [k] is the element
stiffness matrix. Therefore, the element stiffness matrix shows the amount of displacement a node has
for specific applied forces. The matrix [K] is dependent on the number of nodes the element has and its
degrees of freedom. Specifically, a node has 3 degrees of freedom in a 2D analysis and 6 degrees of
freedom in a 3D analysis. For example, a line element, which has two nodes, can have a total of 6
degrees of freedom (DoF) for a 2D analysis and 6 DoF for a 3D analysis.

When analysing a structure, several elements interfere with each other, which results in the local
stiffness matrices [k] of each element combining into a global stiffness matrix [K]. As a result, the local
matrices are assembled in a way that serves the mesh’s continuity, depending on the position of the
nodes. Hence, the global stiffness matrix is obtained by a superposition of the element stiffness matrices
as:
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(K} =) ()

where e represents the element number. Thus, the following equation can be used for the general
assembly:

{F}=[K]{U} 3.2

The applied loads and boundary conditions must be set in order to find the displacements at the mesh’s
nodes. The loads and boundaries affect the load vector {F} and the displacement vector {U}
respectively. At the same time, the stiffness matrix [K] is dependent on the elements’ connectivity, the
structure’s geometry, and material properties. Knowing all parameters, the displacements can be
obtained by inverting the stiffness matrix:

{U}=[K]"}{F} 3.3

The above formula is the first way of solving equation 3.2 with respect to the displacement vector.
Alternative techniques to this direct method exist by using approximations. For example, the potential
energy approach can be used to derive the element equations using the formula m, = U + Q, where = is
the total potential energy, U is the internal strain energy, and Q is the potential energy of the external
forces. The displacement configuration is obtained by minimizing the total potential energy.

Namely another example is the Galerkin method of weighted residuals, which uses trial functions to
approximate the displacement. Since the function does not initially satisfy the equation, it leaves
residuals over the region of the problem. The method aims to keep the residuals minimum across the
whole region, thus approximating the displacement better.

The result of solving equation 3.2 is the displacement vector {U}, which includes the respective values
at each nodal point of the mesh. Next, the displacement at the region between nodal points is calculated
using the shape functions of the closest nodal points of each element. Finally, the strains and stresses of
a point can be calculated using the now known displacement at the requested position. In summarizing,
the steps for solving an FEA problem are:

1. Definition of the problem

The structure’s geometry, loading conditions and boundaries are defined. Additionally, an
assessment of the modelling methodology that should be followed is made — e.g., element type,
materials, assumptions.

2. Discretisation

The geometry’s mesh is defined according to desired extracted results. A mesh can have a coarse
mesh, a finer mesh, or even both in different areas — e.g., two perpendicular walls with coarse mesh
but a more refined mesh at their point of intersection to capture local stresses.

3. Solution

Either by hand calculations or computer software, the problem is solved according to the equations
and methodology mentioned previously.

4. Post-processing

The desired results are obtained and plotted, e.g., stresses, strains, displacements. In this stage, a
validation of the results shall be performed in order to verify good design practices.

As mentioned above, the FEM calculations can be performed either by hand or with commercial
computer software. The latter has the advantage of performing complex calculations in a fraction of the
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time needed for a team of engineers to do them by hand. Thus, for the last decades, most of the
calculations have been performed using these FEA programs available for commercial use. One of these
tools is ANSYS, widely used in the engineering industry.

For this study, ANSYS is used to solve the eigen-buckling problem of the plate. In order to reduce
modelling and calculation times, the proposed method for setting up and solving the problem is a
parametric design using APDL. APDL, which stands for ANSYS Parametric Design Language, is a
code-based version with restricted Ul (user interface), allowing easier parametrization. Hence, the
problem’s constants and parameters are input in constructed script forms. Then, multiple simulations
can be solved as a batch. The purpose of these analyses is to obtain the critical elastic buckling stress
of a thin plate structure.

In paragraph 3.1.1, the steps for solving a structural problem using FEM was mentioned. Similarly,
when solving a problem with a FEA software, the following steps are followed:

e Preprocessing
o Analysis preference:
Structural, thermal, CFD, etc.
o Element Type:
Line, surface or solid elements.
o Material Properties:
Isotropic/Orthotropic material, Young’s modulus of elasticity, Poisson’s ratio, etc.
o Sections:
Beam, Shell, Pipe, etc., if applicable.
o Modelling:
Setting up the model’s geometry with keypoints, lines, areas, volumes, nodes.
o Meshing
Mesh attributes, fine/coarse mesh, triangles/quadrilaterals elements, etc.
e Solution
o Analysis Type:
Static, modal, eigen-buckling, etc.
o Loads:
Assigning structural loads such as displacement, force/moment, pressure, etc.
o Constraints:
Defining the model’s boundary constraints by fixing displacements in one or more nodes.
o Solving:

Running the simulation.
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e Postprocessing

Processing and assessing the results, such as nodal displacements, elemental forces, deflection
plots, stress diagrams etc.

Assessing the results is a critical point of a FE analysis as it could exploit weaknesses in the model, and
proper correction would need to be applied. Therefore, enough time to thoroughly plan and execute the
first versions of the analysis could reduce the back-and-forth required to adjust the model’s parameters.

3.1.2 Modeling methodology
3.1.2.1 Analysis preference

This paragraph analyses the methodology followed for modeling the rectangular plate under
examination. As mentioned in the first paragraphs, the study is based on the critical elastic buckling
stresses of a plate. Specifically, in order to create the response surface using DoE techniques, the eigen-
buckling problem for the uncorroded, the corroded and the repaired (with composite patch) metallic
plate is solved multiple times. For the rest of the study, subscript ‘m’ denotes the metallic plate and ‘¢’
the composite patch.

3.1.2.2 Element type

According to the above, the analyses are structural, while both static and eigen-buckling analyses are
conducted to obtain the desired values. The problem being examined is a thin plate since am/tn >> 20 is
common in tankers and bulk carriers (Zhang [17]); hence, surface elements can be used for representing
them in the numerical model. It should be noted that surface elements are also referred to as shell
elements. There are two types of shell elements in ANSYS that can be used in this case:

e SHELLI181:

4-node structural shell with six DOFs at each node: translations in the x, y and z directions and
rotations about the x, y and z axes.

e SHELL281:

8-node structural shell with six DOFs at each node: translations in the X, y and z directions and
rotations about the x, y and z axes.

Thus, the difference between the two elements is the number of nodes where the FEA calculations are
performed. In Figure 23, SHELL181’s nodes are denoted by I, J, K, L at its four corners, while
SHELL281’s nodes are I, J, K, L at its four corners and M, N, O, P mid-distance of the former nodes.

Both elements are suitable for thin to moderately thick shell structures such as a ship’s lamina.
Furthermore, they can be used for linear and non-linear applications, although only the former is of
interest for this study. Finally, in addition to their applications, both are suitable for layered models such
as composite shells, which will be used for the representation of the repaired plate.
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Figure 23. (a) SHELL181 4-node and (b) SHELL 281 8-node shell elements.

The shell elements are appointed to a defined geometrical area and assigned a cross-section, which
could have multiple layers. Properties such as thickness, material, orientation, and a number of
integration points throughout the thickness are set to each layer.

The Gauss integration theory defines the points where calculations for stress/strain are performed. Their
position and weighing factor depend on the section’s geometry and the number of integration points.
For instance, in the case of quadrilaterals, a 2x2 or 3x3 point integration could be used, as shown in
Figure 24.
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Figure 24. Integration point locations for quadrilaterals.

The element’s loads can be either applied to nodes as nodal loading, areas as surface loads (per-unit-
area), or lines as line pressure (per-unit-length). Positive pressures act into the element.

In order to assess the effectiveness of each shell element for the problem being examined, a mesh
convergence test can be performed. The structure’s mesh changes from coarse to fine during this
process, while all other parameters remain constant — i.e., an OFAT (one-factor-at-a-time) analysis. The
best option is the one that converges faster to the solution with a slight deviation. This technique is
examined in paragraph 3.2.2.

Both uniform uni-axial compression and shear elastic buckling of the plate are studied. As mentioned
above, the plate can be modelled using shell elements. However, although the former buckling case’s
boundary conditions can be applied directly, the latter’s case requires large beams to approximate some
boundary condition effects that are later explained. Thus, beam elements are also used in addition to the
shell elements. The two available options for beam elements are BEAM188 and BEAM 189:
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e BEAMI18S:

2-node beam (linear, quadratic or cubic) with six or seven (optional) DOFs at each node:
translations in the x, y and z directions, rotations about the x, y and z axes, and warping magnitude.

e BEAM189:

3-node beam (quadratic) with six or seven (optional) DOFs at each node: translations in the x, y
and z directions, rotations about the X, y and z axes, and warping magnitude.

The difference between the two elements is the number of nodes. In Figure 25, BEAM188 has its nodes
denoted by I and J at the ends of the beam’s line, while SHELL281’s nodes are | and J at the endpoints
and K mid-distance of the former nodes. In both cases, a node represented by K for BEAM188 and L
for BEAM189, is used to define the element's orientation.

(@) (b)
Figure 25. (a) BEAM188 2-node and (b) BEAM189 3-node beam elements.

Both elements are based on Timoshenko’s beam theory which includes shear-deformation effects
(cross-sections remain plane and undistorted after deformation). Therefore, they are suitable for
analyzing slender to moderately thick beam structures. Similar to the case of the beams, a study is
carried out where both the element type and mesh division are considered.

The BEAM elements are generated by appointing them to a defined line and assigning to them a section.
The cross-section types can be imported from a standard library of sections from ANSYS, a generalized
beam, a tapered beam or a pre-integrated composite beam cross-section. Each section is assumed to be
an assembly of a predetermined number of 9 node cells, with each cell having four integration points
(Figure 26).

g L * b * ® Section Nodes
+ + o+ + Section Integration Points

Figure 26. Section Model for BEAM element
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The element uses the pre-calculated properties of the section at each element integration point across
the length of the line assigned. At these same integration points, the strains and generalized stresses are
evaluated and then extrapolated to the nodes of the element.

The element’s loads can be either applied to nodes as nodal loading or to lines as lateral pressures (per
unit length). Positive pressures act into the element.

3.1.2.3 Material properties

The materials used are marine grade structural steel and a fiber-reinforced composite patch. Regarding
the latter, both CFRP and GFRP are under consideration and examined in paragraph 3.2.2 to conclude
the most suitable option for the problem. The metal is considered an isotropic material, while the
composite is an orthotropic one. The mechanical properties of each material are listed in Table 1.

3.1.2.4 Sections

As mentioned previously, two models are to be constructed: a metal plate and a metal plate with a
composite patch. The former can be defined using single-layered shell elements. However, the latter is
assigned multi-layered shell elements at the region where the composite patch is applied, while all other
regions are single-layered. In each section, properties such as thickness, material, orientation and
integration points are defined. The structure is modelled so that the local coordinate systems of each
element are identical to each other, while the integration points used is 3 (default). The offset of the
cross-section is so that the reference line of the local coordinate systems lies on the middle plane of the
metallic plate. It should be noted that both local and global coordinate systems are aligned so that the
X-axis is parallel to the plate’s length, the y-axis to the plate’s width and the z-axis to the plate’s
thickness.

3.1.25 Modeling

The problem being examined is a stiffened panel subjected to external loads. The purpose of the study
is to investigate the plate’s elastic buckling strength initially and after having lost material due to
corrosion. Then a composite patch is applied to the center of the metal plate to rehabilitate its lost
buckling capabilities.

In order to simplify the problem, the following assumption is made. Since the focus is the buckling
strength of the plate positioned between large stiffeners, the plate could be isolated and considered
simply supported across its four edges. Thus, the stiffeners are replaced by boundary conditions.
Additionally, any external loads can be reduced to axial and shear forces on the plate’s plane, assuming
out-of-plane forces to be minimal. Hence, the loads transferred to the plate through the stiffeners could
be either tensile, compressive or shear. However, only the two latter can cause buckling. The following
buckling cases are examined:

e  Uniform uniaxial compression buckling
e Shear buckling

In both cases, the geometry of the problem is the same, i.e., a rectangular metal plate with a composite
patch installed at its center (Figure 27).
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Steel plate
y l
Figure 27. Design schematic of a rectangular composite patch applied to a metal plate.

3.1.2.6  Modeling of uni-compression buckling

As shown in Figure 27 the geometry is symmetrical to the center of the plate with respect to both the
xz plane and yz plane. In order to reduce calculation and modeling time, the quarter model could be
used with symmetry conditions applied to its appropriate edges (Figure 28). Thus, simply supported
conditions, i.e., Uz =0, are applied to the external edges, while Ux = ROTy =ROTz=0and Uy = ROTx
= ROTz =0 are applied to the internal transverse and longitudinal symmetry edges, respectively.
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Figure 28. Two-dimensional sketch of the geometry’s (a) full and (b) quarter model and its boundary conditions
for the case of compressive buckling.

In the initial design, the plate is compressed by distributed forces across its short edges as shown in
Figure 28. Since the quarter model is used, the distributed force is applied to the short edge it was
initially applied to, while the stress distribution is carried out by means of symmetry. The values

obtained from the analyses must be corrected according to Johnson-Ostenfeld’s parabola for anelastic
buckling (Hughes [15]).

3.1.2.7 Modeling of shear buckling

In contrast with the previous paragraph, the same modeling technique cannot be applied to the shear
buckling problem. Although the geometry as shown in Figure 27 is the same, the loading and boundary
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conditions are different. First of all, in this case the entire geometry is modeled (Figure 29a) and
symmetry conditions are not utilized. The boundary conditions in effect is the restriction of all degrees
of freedom at one of the short edges, i.e., clamping conditions. In the rest of the edges, large beams are
modelled with substantial stiffness that allows the geometry to be considered a cantilever, thus having
low bending effects (Anyfantis [2]). This way, the shear buckling effect is acquired with a good
approximation.

Beam

# High Stiffness

Beam
High Stiffness
dm

Beam (High Stiffness) X

Bm
Clamped

l Beam (High Stiffness)

Clamped /

Boundary Condition

(@) (b)

Figure 29. (a) Two-dimensional sketch and (b) three-dimensional representation of the geometry’s model and
its boundary conditions for the case of shear buckling.

High Stiffness

The load is applied to a pilot node at the free short edge’s center, with a direction parallel to it. Due to
the applied boundaries, a shear load is approximated across all edges of the plate. Thus, the critical
buckling force Nyycr is acquired by dividing the critical buckling force by the plate’s thickness. The
values obtained from the analyses must be corrected according to Johnson-Ostenfeld’s parabola for
anelastic buckling (Hughes [15]).

3.1.2.8 Solution

In both compressive and shear buckling, the problem being studied is a linear buckling analysis, while
the desired output is the critical buckling stress/load. The former is the critical value of said failure
where the structure becomes unstable and a deformation that is associated with a mode shape is
produced. In order to obtain these results an eigenvalue buckling analysis that predicts the theoretical
buckling strength of an ideal elastic structure (Euler buckling analysis) is performed.

Eigen-buckling analysis is valid solely for structural DOFs and the structure fails suddenly (at the
buckling load value) with a horizontal force-deflection curve. Regarding the calculations, it is assumed
that is has constant stiffness effects. This method requires a static analysis with prestress to have been
conducted in advance, to calculate the stress stiffness matrix.

The eigenvalue and eigenvector extraction procedure follows the block Lanczos method and the first
mode is extracted. The eigensolver is based on a block shifted Lanczos algorithm, which is a variation
of the classic Lanczos algorithm, where the recursions are performed using a block of vectors instead
of a single vector.

Hence, two solutions are performed in each simulation: a static structural with prestress and an
eigenvalue buckling analysis.
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3.2 DoE analysis
3.2.1 Theoretical background

DoE is the design of an experiment based on input parameters and using statistical tools to approximate
the output as best as possible. Assume an experiment where the factors and desired response are
determined. The latter is a result that can be measured for various factor combinations, and is the
experiment’s objective. A model that best represents the parameters and goals of the experiment is then
built and run. During each run/simulation, a combination of factors that is predetermined is used and
the result is measured. Then the collected data is fit to the assumed model, and a prediction is made for
additional factor combinations based on the trends of the acquired data. During this stage, the effects
that are most active are also highlighted and a conclusion about the contribution of each factor to the
experiment’s results can be made.

One basic example of a DoE method is an OFAT analysis, in which the output of an experiment is based
on one factor at a time (as indicated by the title itself) without implementing possible interactions
between input parameters. Another method used for this study’s purposes is an RSM (response surface
methodology), which is a two-level design. Specifically, two input design parameters are used to define
the design space. A central composite design (CCD) then indicates the data points needed for the method
to be performed. According to a face-centered CCD (CCF), three point types are used: factorial (shows
two-factor interactions), center (shows curvature), and star (shows quadratic effects). At the points of
the design space indicated by the CCD (Figure 30), the output is obtained from an experiment. Once
these points are specified (known X1, X2, and y), a polynomial surface is best fit to them with the help
of statistical tools for its lack-of-fit evaluation.

®  Factorial
*  Star
® Center

Factor B
(=]

-1 0 1
Factor A

Figure 30. Design points indicated by a CCF.

3.2.2 Modeling methodology

In the case being studied, the design space consists of the patch’s percentage coverage (denoted by c)
and the number of plies (denoted by Npiies). After setting these values’ range, their CCD points are
configured at the three levels required, i.e., low level (1), center (0), and high level (+1). Through
numerical calculations using FEA, the experimental outputs for the data points are acquired. Then a
guadratic polynomial equation of the form

y=4ag + d1Xq + drXo + 311X% + d12X1Xp + 322X% 3.4

is fit to these points to construct the response surface. In this case, x; is the percentage coverage c, Xz is
the number of plies Nyiies, and y is the obtained FoS. This factor of safety is calculated as
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Using the combination of the above methods (FEA and RSM), a list of acceptable design configurations
for the requirements set by FoS, bondline fracture, and material yield is created. A significant advantage
of this technique is that it does not require lab experiments for this preliminary design as long as the

model is as accurate as possible.

Trepaired

3.5
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4 Case Study
4.1 Problem setup

Paragraph 2.1 introduced the proposed guidelines for applying a composite patch to a corroded metallic
plate as an alternative repair technique for elastic buckling. In order to understand the problem,
paragraphs 2.2, 2.3 and 2.4 analyzed the mechanics and necessary theoretical background. The methods
used for the simulations and analyses of the study are based on FEM and DoE, which are explained in
paragraphs 3.1 and 3.2 respectively. In order to showcase the proposed methodology, a case study is
conducted based on the theory and techniques analyzed in the paragraphs mentioned above.

The object of interest is a marine structure, which could be a ship, a submarine, or even an offshore. In
order to keep the problem simple, assume a survey is conducted on a commercial ship that is not newly
built. During visual inspections corrosion is detected on a girder of the double bottom which requires
further examination. Thus, the plate’s thickness is measured, indicating that the material wastage equals
a 5% reduction of its initial thickness. After further assessing the defect and the damaged area according
to the proposed flowchart in Figure 6, the Classification Society approves the application of a
composite patch to rehabilitate the plate’s initial buckling strength capabilities. The plate’s dimensions
and damage are listed in Table 5. After the repair, the plate shall have restored its buckling strength
with a FoS equal to 1.0, i.e., its initial value.

Table 5. Metallic damaged plate’s properties.

Plate’s Property Symbol Value Unit
Material - Grade ‘AH32’ Steel -

Length am 2250 mm

Width Bm 900 mm

Intact thickness tm intact 20 mm
Corrosion - 5 %

Corroded thickness tm corroded 19 mm
FoS requirement FOSeq 1.0 -

The patch’s properties under consideration are its material, its configuration, and its shape (as shown in
the flowchart in Figure 6). In order to obtain the optimal combination, OFAT analyses are conducted.
The parameters that are listed in Table 6 are examined against an increasing value of the number of
plies and evaluated using the obtained FoS. However, before initiating any analysis, the element
properties for the numerical calculations shall be defined. Specifically, mesh convergence tests for four-
and eight-node elements were conducted for the compression and shear model containing only the intact
metal plate. The results are illustrated in Figure 31 where the element size is plotted with respect to the
percentage deviation of the obtained buckling stress from the one obtained by the minimum allowed
size of 20 mm. The graphs indicate that the eight-node elements, combined with a mesh size of 100
mm, provide sufficient accuracy, with less than 0.2% deviation from the converged value.
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Table 6. Patch’s properties evaluated through OFAT analyses.

Patch’s Property Options X y
Material CFRP/GFRP
Configuration One-Sided/Two-Sided No. Plies FoS
Shape Rectangular/Ellipsoid/Octagonal
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Figure 31. Mesh convergence test for the (a) compression and (b) shear buckling model.

Two OFAT analyses were performed: one for defining the patch’s material and configuration and
another for the shape. The former analysis uses a rectangular patch as a typical shape, while the coverage
percentage is 75%. The results are shown in Figure 32, where it can be concluded that the CFRP is a
better acting material than the GFRP. Additionally, the one-sided patch has faster buckling restoration
capabilities against compression, while the two-sided has a similar effect against shear. However, the
one-sided CFRP patch is chosen as the most effective since it restores the buckling capacity for a similar
number of plies in both compression and shear.
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Figure 32. OFAT analysis for determining the repair’s optimal combination of material and configuration (SS:
single strap, DS: double strap) for the (a) compression and (b) shear buckling model.

Afterward, using these findings, the possible shapes (Figure 2) were tested against each other. These
analyses were carried out on the compression model, and similar results were assumed for the shear
equivalent. The shape with the better rehabilitation performance is the rectangular patch (Figure 33).
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Thus, the optimal option for restoring the corroded plate’s buckling capabilities is a one-sided CFRP
rectangular patch.
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Figure 33. OFAT analysis for determining the repair’s optimal shape (compression model).

4.2 Analysis results

In order to perform the RSM, the CCD points, and consequently the design space, must be defined. The
two design parameters, i.e., the patch’s coverage ¢ and the number of plies Nyiies, are allowed to take
values inside the range specified in Table 7 between the low and high-level indications. The same table
specifies the design points using the CCD design space (Figure 30). It should be noted that each ply’s
thickness is equal to 0.33125 mm (Karatzas [3]).

Table 7. CCD design points.

Factor Name Low Level (-) Center (0) High Level (+)
X1 Coverage (¢) 40% 70% 100%
X2 No. Plies (Npiies) 4 18 32

Using the design points, numerical calculations were conducted, and the resultant stresses were
corrected for anelastic buckling, if applicable. By fitting a polynomial as expressed in Equation 10, the
resultant response surfaces for the compressive (Equation 4.1) and shear (Equation 4.2) buckling
problem are defined by:

FoS = 0.97689 - 0.01555¢ - 0.00138N,je5 + 0.00752c2+0.00454cN s + 5.46826€ - 06 Nyjios” 4.1
FoS = 0.99021 + 0.01289c - 3.39234e - 4N s - 0.0098c? + 0.00107¢N yji05-8.26793€ - 07 Nyjes” 4.2

These response surfaces are illustrated in Figure 34a,b, where both the experimental points obtained
by the numerical calculations and the predicted points are plotted. Additionally, the FoS requirement is
also visible on the surface as a curve. Any design parameters combination with a generated FoS below
the indicated requirement curve is not acceptable. In Figure 35a,b, the same surfaces are plotted as a
2D contour for better visualizing the acceptable combinations.
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Figure 34. Generated response surface from a polynomial fit to the CCD data points for (a) compressive and (b)
shear buckling.
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Figure 35. 2D contour plot of the generated response surface for (a) compressive and (b) shear buckling.

The fitted surfaces are evaluated using statistical tools, such as a histogram and a normal probability
plot, using the percentage deviation between calculated and predicted values as indicators. The data
points used were the CCD design points with the addition of mid-points to further assess the surface’s
lack of fit (evaluation points). A list of all points used for the method’s validation is shown in Table 8.
The calculated R-squared value for both surfaces is greater than 0.99, which exhibits a 99% fit. The
percentage deviations were plotted in histograms (Figure 36a,b) and normal probability plots (Figure
37a,b), concluding that the prediction model follows a normal distribution and lacks significant
statistical noise.

Table 8. Design and evaluation points used in the response surface.

Factor Name D+E! E? D+E! E? D+E!
X1 Coverage (c) 40% 55% 70% 85% 100%
X2 No. Plies (Npiies) 4 11 18 25 32

!Design and evaluation point, 2Evaluation point
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Figure 36. Histogram of the percentage deviation between experimental and predicted values for (a) compressive
and (b) shear buckling.
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Figure 37. Normal probability plot, with 95% confidence levels, of the percentage deviation between
experimental and predicted values for (a) compressive and (b) shear buckling.

The acceptable design combinations are those that satisfy the FoS requirement for both compressive
and shear buckling, as shown in Figure 17a,b respectively.

Having restricted the acceptable design combinations using the FoS requirements, the bondline is also
checked. The maximum strain energy release rate from the surface’s data points is equal to 0.185 N/mm
and 0.085 N/mm for the compressive and shear problem respectively. The combination in which these
values occur corresponds to [c, Nplies] = [1, 32] for both models, outputting FoS~1.08 and FoS~1.02
respectively. According to Lee [18], the resistance release rate for Mode-1 dominant conditions is equal
to approximately 0.33 N/mm. Thus, since the acquired G is less than Gg, the bondline does not fail
under Mode-1 failure conditions. It should be noted that Mode-1 dominant fracture was used since it is

most probable of occurring than its Mode-2 equivalent, although further mixed-mode requirements
could be used if requested.

Finally, the maximum normal stresses developed on the composite patch are equal to 297.6 MPa and
128 MPa for the compression and shear model respectively. Both values are less than the fracture stress

and correspond to the combination [c, Nplies] = [0.7, 32] for both models, outputting FoS~1.03 and
FoS~1.01 respectively.
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It should be noted that partial safety factors for the assessment of the bondline and composite strength
can be defined in addition to the primary FoS for the buckling restoration. These safety margins can be
respectively defined as

F G

OSbondline - G 4.3
acting,max
Ofracture

FOSfracture = 4.4
acting,max

The safety factors obtained from this case study for the compressive buckling are FOSpongiine = 1.78 and
FOStracure = 1.18, and for the shear buckling FOSpongiine = 3.87 and FOStracure = 2.75. If additional
requirements for FOSpondiine = 2 OF FOSfracure = 1.4 were applied, then although the analysis showed
adequate buckling restoration, some solutions would not be acceptable under the above evaluation
criteria.
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5 Concluding Remarks

This study examined the case of material wastage due to corrosion and the risks of buckling it could
potentially lead to in the case of a stiffened panel. This is a known problem in marine structures and
IACS as well as Classification Societies have issued guidelines to identify the defect at an early stage
and treatment techniques depending on the damage’s state. In this study, the alternative repair method
of composite patches was proposed, which has been acknowledged by entities in the maritime industry
such as BV. The objective was to present the theoretical background of the plate’s and patch’s
mechanics that could restore the structure’s initial buckling strength, and demonstrate its results through
a numerical application. For this reason, tools such as FEM and DoE were introduced to aid in in
providing fast and accurate results, as well as developing a design space for the repair. The numerical
and statistical analyses proved that such a repair practice is capable of rehabilitating the buckling
capacity of a corroded marine plate against compressive and shear loads. The guidelines proposed also
show good design practices that could be applied in a real-world scenario.

However, assumptions were made in order to minimize the problem’s multiparametric nature. For
example the modeling of the structure was simple, possibly disregarding some local imperfections
and/or being unable to capture some stress distributions. Thus, the proposed methodology should be
further explored, introducing all necessary parameters for the simulations to be as accurate to reality as
possible. For instance, the geometry and the adhesive could be modeled with solid elements to examine
the components as separate entities from the rest of the assembly. Furthermore, since the linear analysis
basis leads to over-engineering of the problem, since the post-buckling effect is ignored, a non-linear
analysis should be performed to identify this effect. Thus, the proposed methodology would be enriched,
and the model would more accurately represent reality.

Finally, it should be highlighted that the application of the aforementioned improvements does not
negate the need for real-world testing. There are several parameters in the problem’s environment whose
effect would be better understood in laboratory experiments. For example, installation and operating
conditions should be accounted for since they also dictate the structural response of the repaired plate
under examination. Hence, the next step after developing the analyses should be laboratory testing and
employment of the method to existing damages dealt on marine structures. Only after years of
monitoring the effects of the repair methodology will the concluding remarks be set, and perhaps will
the technique be established as a proposed repair for primary and non-primary supporting members.
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Abstract: A common form of damage encountered in marine structures is the accumulation of corro-
sion in susceptible areas, which leads to material wastage. As a result, the structural strength of the
members affected is compromised, endangering their safe operation in design loads. Consequently,
structural instabilities may occur, such as buckling due to compressive or/and shear loads. An
alternative repair practice for preventing such phenomena, approved for secondary load-carrying
members, is the application of composite patches to the damaged area. In this preliminary study, this
technique is examined in the scope of developing a framework that can be used to find the optimal
solution for restoring the buckling strength of a corroded plate. The methods used to achieve this are
based on finite element analysis (FEA) and design of experiments (DoE) to statistically analyze the
aforementioned numerical calculations. By introducing the composite patch’s percentage coverage of
its metal substrate and number of plies as design parameters, a response surface is generated with re-
spect to the obtained factor of safety (regarding its reference uncorroded buckling strength). This list
of data points is then evaluated, and an acceptable surface/list of design parameters” combinations is
generated.

Keywords: finite element analysis; composite; patch repair; buckling; corrosion; design of experi-
ments; marine; structural analysis; response surface methodology

1. Introduction

When designing a structure, adequate strength reserves against probable loads are
provided, considering the operating environmental conditions. Regarding marine struc-
tures, offshore platforms and ships are designed to function predominantly in the sea
for the majority of their intended life, which is a minimum of 25 years. In this timeline,
multiple surveys are conducted to ensure smooth and safe operation, with a frequency
usually dependent on the structure’s age (preventive maintenance). During these surveys,
a common form of damage that the International Association of Classification Societies
(IACS) has highlighted is material wastage caused by corrosion.

As noted by IACS [1], there are three types of corrosion: general (usually occurs
uniformly on uncoated surfaces), grooving (primarily located in the heat-affected zone),
and pitting (due to local coating breakdown). In order to protect against such defects from
developing, coating, and other protective measures (e.g., sacrificial anodes) are employed.
Some areas are known to be susceptible to this phenomenon due to:

Water, scale, dirt, or oil remainings due to poor drainage or design flaw.

High stresses applied to the subject area.

Coating breakdown usually caused by poor maintenance and the ship’s age.
Operation in a corrosive enabling environment, such as near high-temperature regions
(e.g., heated fuel tanks).

Material wastage is primarily identified in two ways: visually or from thickness
measurements. The latter is performed in areas known to be susceptible to corrosion or to
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measure the defect’s magnitude. Examples of such suspect areas are the double bottom,
the transverse bulkheads (Figure 1), the tank top, and spaces adjacent to the hot engine
room (IACS [1]).

Sketch of damage Sketch of repair
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plating
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or stringer ‘
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Figure 1. IACS [1] recommended repair practice for buckling caused to a part of a transverse
bulkhead (in cargo hold region) possibly caused by heavy general corrosion.

Corrosion leads to material thickness wastage, which can cause underperformance of
the load-bearing capabilities of the structural element at hand. For instance, a transverse
plating could succumb to shear buckling and a double bottom plating to compressive
buckling. Other unwanted results that may occur are crack initiations or material yielding.
In order to prevent such structural failures, IACS [1] has developed repair guidelines in
which the above concerns are addressed. In case a plate is at buckling risk (or has slightly
buckled), common practice is cropping and renewal (with equal or greater thickness than
the original), adding an insert plate of increased thickness, or reinforcing the area with
additional stiffeners. All these options are hot-working operations, which means that
proper preparation of the affected area should be performed, e.g., scrubbing and degassing.
This is extremely important in areas inside or adjacent to flammable environments (e.g.,
repairing a ballast tank’s plating neighboring with the cargo tank). In offshore platforms,
in addition to the area’s preparation, its operation might need to pause during hot work.

Alternative repair techniques have been considered in order to address this problem.
A method that has gained attraction over the years is the application of composites to
repair or prevent defects that could arise from crack initiation/propagation or material
wastage. These fiber-reinforced composites could form stiffeners (Anyfantis [2]) or patches
(Karatzas [3]) in order to reinforce the affected area and prevent buckling due to shear
or/and compressive loads. Additionally, a similar methodology can be applied to repair
cracks in metallic laminates (Karatzas et al. [4]). This topic has also gained the interest
of several Classification Societies, such as Bureau Veritas (BV [5]) and Det Norske Veritas
(DNV [6]), that propose fiber-reinforced patches to rehabilitate the structural integrity of
damaged metallic structures. The American Society of Mechanical Engineers (ASME [7])
has also issued standards for assessing composite patches to repair pipelines. Additionally,
the topic of composite patches has also been examined by several EU projects such as
Marstruct, Copatch and Ramsses. However, despite interest in the topic (Hashim et al. [8],
Aabid et al. [9], Turan [10]), the method has yet to be approved by the International
Maritime Organization (IMO) as a valid repair technique for primary supporting members,
despite other industries, such as aeronautics, having assessed it as an acceptable practice.
The delay in the marine industry is due to the method’s limited applications, lack of on-site
service reports, and other factors concerning the composite’s rehabilitation properties—e.g.,
repair life, the criticality of the defect. Therefore, composite repairs are usually applicable
in a case-by-case scenario approved by the Classification Societies for the repair of (usually)
non-primary supporting members.

This preliminary study proposes a methodology for the short- or mid-term rehabili-
tation of corroded marine plates using composite patches to prevent premature buckling.
Specifically, the goal is the restoration of the initial elastic compressive and shear buckling
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strength of a uniformly corroded plate. In order to achieve this, multiple parameters need
to be considered based on design and structural criteria. Additionally, buckling calculations
are performed with the assistance of computational and statistical mechanics arising from
finite element analysis (FEA) and design of experiments (DoE). These tools allow for a
preliminary assessment of the proposed methodology without the need for laboratory
experiments or extensive computation work. The study’s main purpose is to set up a
framework that can be used to choose the optimal design solution for the investigated
defect.

2. Design Basis

Marine structures are composed of large metal plates reinforced with stiffeners (most
common are bulb profiles, L, T profiles, and flat bars). The material used for both plates
and stiffeners is usually marine-grade structural steel and specifically mild steel type “A”
or higher tensile steel type “AH32” (LR [11]). The applied loads are undertaken by the
combined action of beams and plates (stiffened panels). Thus, each rectangular plate
between stiffeners can be assumed as isolated and simply supported (worst case scenario),
while its boundary beams transfer active loads to it. A schematic of a bulk carrier’s cargo
hold compartmentation and some supporting members is shown in Figure 2.
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Figure 2. Schematic of a cargo hold’s compartments and supporting members (Common Structural
Rules for Bulk Carriers and Oil Tankers, January 2019).

As aforementioned, if a plate is corroded, then its effective thickness is reduced. By
subtracting material from it, its load-bearing capabilities are lessened due to a weaker
cross-section. The structural member’s cross-section can be stiffened by adding a fiber-
reinforced composite patch, which rehabilitates for the material wastage. However, there
are a plethora of configurations for the patch that can be applied due to multiple design
parameters. The important ones are the fiber’s material, the matrix’s material, the laminate’s
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stacking sequence, the number of plies used, the patch’s basic dimensions, the repair’s
configuration (one or two-sided), and the shape. Finally, several other factors affect the final
product: humidity, temperature, curing conditions, the adhesive used, and the application
method (hand lay-up, pre-preg, or vacuum infusion), the effect of which is out-of-scope.

Some assumptions are made in order to scale down the multi-parametrical nature of
the problem. Let the environmental conditions be optimal for the application and curing
of the composite patch. This might not be achievable on ship, but satisfactory conditions
can be obtained through proper preparations of the working space. Additionally, perfect
bonding is assumed for the adhesion of the composite patch with the metal substrate.
This can be enforced without significant deviation from the study’s main goal, which is to
develop guidelines for the repair method proposed.

The patch’s properties are also essential since its structural properties are based on its
configuration. The proposed patch is a plain weave (cross-ply) fiber-reinforced polymer
with a stacking sequence of [0/90],. Since the fibers” orientation within the matrix is in two
perpendicular directions (bi-directional), the composite can be characterized as orthotropic
(Kollar [12]). The patches usually used in the industry are carbon fiber reinforced polymers
(CFRP), and glass fiber reinforced polymers (GFRP), whose mechanical properties are listed
in Table 1.

Table 1. Material properties for steel, CFRP, and GFRP.

Property Steel Grade ‘AH32’ ! CFRP %3 GFRP3
Young’s modulus of elasticity 206 GPa 42.95 GPa 213.4 GPa
Poisson’s ratio 0.3 0.3 0.3
Yield /Fracture Stress 315 MPa 352 MPa 549 MPa

TLR [11], 2 Karatzas [3],  Kollar [12]. The composites’ application method is assumed to be vacuum infusion and
the matrix is epoxy-resin based.

Finally, the repair’s configuration is important as well. Specifically, the patch’s main
dimensions (length, width, thickness) are the most influential to the rehabilitation’s effect
since the more material is added, the higher the obtained stiffness. The length and width
cannot surpass those of the metal substrate’s. Its thickness is dependent on the number of
plies since it is a product of each ply’s thickness and the number of plies used. Additionally,
the patch’s shape can also have many forms, such as rectangular, ellipsoid, and octagonal
(Figure 3), some of which might be more difficult to manufacture than others. The shape’s
effects are more important for the adhesion problem and the local stresses developed at its
boundaries. However, its effect on buckling restoration is examined in this study. Finally,
the patch can be applied to one side of the metal plate or on both of its sides (Figure 4).
This particular application is dependent on surrounding equipment, and the feasibility
of application on both sides since access to an area might not be possible. It should be
noted that in the case of the one-sided patch, a secondary bending moment arises, which
should also be taken into account when designing the solution as it asymmetrically loads
the structure.
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Figure 3. Possible shape forms that the repair patch can have: (a) rectangular, (b) ellipsoid, (c) octag-
onal horizontal, (d) octagonal vertical.

am
ac

tc

Figure 4. Possible patch configurations: (a) one-sided application (single strap joint) and (b) two-
sided application (double strap joint).

3. Optimal Design Method
3.1. Design of the Repair

As mentioned in the introduction, during a marine structure’s lifetime, several surveys
are conducted within the framework of preventive maintenance. During these surveys,
its members’ structural condition is inspected to verify their safe operation until the next
planned survey or to notify that repair action is needed otherwise. Depending on a case-
by-case basis, a repair might be performed while traveling, harboring, or during dry-dock.
Usually, smaller-scale operations in an enclosed and accessible space can be conducted
while in sea (e.g., tank top, ballast tank), while larger intrusive installations necessitate the
need for the ship to be on land (e.g., large composite patch on the upper deck, transverse
bulkhead).

Assume that corrosion is detected during a plate’s inspection and the thickness mea-
surements indicate that the magnitude of material lost sets the structural member at
buckling risk if left untreated. Based on recommended practices currently applied in the
shipbuilding industry (DNV [6]), if the member is structurally critical, traditional repair
methods are used. Additionally, the same repair methods are applied if the defect’s scale
is large, and a composite patch would not provide adequate strength. However, if these
previous statements do not apply, a composite patch repair could be installed. The decision-
making points from the defect detection to the repair method’s application are illustrated
in the flowchart in Figure 5.
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Figure 5. Flowchart illustrating the decision points from the defect detection to the approved repair
method.

In case the composite repair technique is possible, the patch’s material, configuration
(one or double-sided), and shape shall be decided. If there is no preference, then the
optimal options can be determined through one-factor-at-a-time (OFAT) analyses. Through
these analyses, a design parameter is examined, while all other factors remain fixed. This
analysis methodology is followed due to the discrete nature of these parameters—e.g., the
patch’s material and configuration is a binary decision—while the shape has four choices as
shown later in the study. After setting these parameters, the patch’s main dimensions must
be assigned (design parameters). In order to minimize the problem’s complexity, the patch
is assumed to have an aspect ratio o equal to that of the metal substrate ay. Thus, the
composite’s length a. and width b are a product of the plate’s respective values (a, and
bm) and its aspect ratio, i.e., ac/bc = &tc = ®m = am/bm. Hence, let these two parameters be
replaced by a percentage coverage of the substrate (denoted by c). As a result the following
expressions are obtained: ¢ = ac./am = bc/bm.

The final parameter is the patch’s thickness, which can also be replaced by its driving
magnitude, i.e., the number of plies (Npjies). Having set the coverage’s and plies” allowable
value range, a DoE statistical analysis is conducted with an additional parameter, the
attainable factor of safety (FoS). This last value is calculated using elastic buckling analyses
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on the data points set by DoE in order to construct a response surface through a response
surface methodology (RSM). The final product is a fitted surface (points) that indicates the
FoS obtained for various combinations of the patch’s coverage and the number of plies.

For specified values of FoS, respective to the initial buckling strength, the generated
surface indicates the allowable combinations of the patch’s design parameters. In order
to further validate the method, a fracture check on the patch and the bondline is also
conducted. This might result in a possible restriction of the permissible solutions provided
by the response surface. This design methodology is visualized in the flowchart shown in
Figure 6.
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Figure 6. Flowchart of the proposed preliminary design methodology.

3.2. Theoretical Background

Marine stiffened panels are subjected to external loads applied to their middle plane,
such as compressive and shear forces. In its initial state, a panel of length am, width by, and
thickness t, is in a flatform equilibrium. However, by gradually increasing the applied
load, the middle plane becomes unstable and starts to buckle. Moreover, as mentioned in
the second section, due to the stiffening system, a plate between stiffeners can be assumed
to be simply supported across its edges. By using the energy method, as proposed by
Timoshenko [13], the critical elastic buckling stress due to uniform uniaxial compression is

calculated as
- _ Ny cr _ 7T2Em tﬂ 2
B T U 12(1—vm?) \ b

)
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where
2

2
Ko = min (mbm + am“) 2)
Xm bmm

In the above equations, Ny ¢ is the critical buckling force per unit width, while Ep,
and vy, are the plate’s Young’s modulus of elasticity and Poisson’s ratio, respectively
(Table 1). Additionally, K is defined as the critical buckling coefficient and is dependent
on the plate’s primary dimensions (length, width) and the values n and m, which are the
number of half-waves developed across the plate’s longitudinal and transverse directions.
A plate’s deflection (eigenforms) is most probable to appear with one half-wave across its
transverse since the obtained stress (eigenvalue) is lower, indicating a lower stable energy
state. Thus, the value of n =1 can be assumed when calculating critical buckling stresses
using Equation (1). It should be noted that by studying Equation (2), as the aspect ratio
increases—i.e., long plates—the critical buckling coefficient K, tends to the value of 4.
This effect is visualized in Figure 7a, indicating that a stable energy state is achieved when
a long plate buckles forming several half-waves across its length. The number of these
half-waves is an integral product of its width (Figure 7b).
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Figure 7. (a) Critical compressive buckling coefficient with respect to an increasing aspect ratio and
(b) the first eigenform of a long plate with aspect ratio equal to 5.

In the case of shear buckling, the critical elastic stress is calculated using the following
equation, as proposed by Timoshenko [13]

2D

TE,cr = Ker 5
b2 tm

®)

where )
Ker = 5.35 + 4 <bm> 4)

dm
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In Equation (3), D denotes the plate’s flexural rigidity: D = Ent2, /12(1 — vi) .
Both Equations (1) and (3) do not limit the obtained stress values, meaning that they
could surpass the material’s yield point. For this reason, the following corrections according
to the Johnson-Ostenfeld parabola (Hughes [14]) must be applied to the elastic stresses to

calculate their critical values

o
y
Ocr = OFcr fOr O <

o o ©)
Ocr = Oy (1*4015“) for o >
Ty
Tor = TEer fOr TEr <
(6)

T T
Ter =Ty (1 —hgcr) for g o >+

In the above equations, the material’s yield stress is denoted by the “y’ subscript.
According to LR [11] the shear yield stress can be calculated from the material’s yield stress
as Ty = 0y /V/3.

A plate’s behavior can be visualized by plotting the critical buckling values from
Equations (5) and (6) with respect to its slenderness ratio 3 (Figure 8), which is defined as

p=2m X 7)

; [ Elastic buckling curve|
Johnson-Ostenfeld
adjusted curve

1.0 4 o./a \

0.7 -
2 | Anelastic Region

0.4 - Elastic Region

0.1+

T T g T T T d T .
0 1 2 3 4 5
Slenderness Ratio : p

Figure 8. Anelastic buckling corrections for compressive buckling. The same curve applies to shear
buckling.

The proposed method might be criticized for using elastic buckling theory and not
introducing non-linearities to make the problem more realistic. However, the former
allows for a safe preliminary assessment of the obtained FoS since it underestimates the
critical buckling stress. This phenomenon is thoroughly explained by Hughes [14], where
it is stated that the stresses do not distribute uniformly internally at a stiffened panel
during compression. This occurs because the stiffened edges have higher rigidity than the
unsupported center. Thus, the center is the first to buckle, while the former areas buckle at
a higher value, demonstrating post-buckling capacity. Hence, by assuming elastic buckling,
the proposed method'’s real-world application will exhibit a better structural response than
the one obtained from numerical calculations.



Appl. Mech. 2021, 2

491

An additional non-linearity is the existence of the adhesive bondline between the
composite patch and the metal plate. According to Anyfantis et al. [15], the cohesive zone
might be damaged, which could lead to crack initiation and propagation, resulting in
debonding propagation. The latter may develop between the composite and the adhesive,
the metal plate and the adhesive, or through a failure of the adhesive itself. In order to avoid
non-linear solutions, the following method was proposed for developing an assessment
method of the bondline fracture.

During loading, the stresses that develop on the bonded structure’s cross-sections are
transferred between the two substrates through the bondline. The latter’s failure conditions
can be evaluated using its fracture toughness G, which is its resistance to a defect’s
propagation. In order to evaluate if the bondline fails under a specific load, the acting
strain energy release rate G must be known. This strain energy increases as the applied
load also increases. According to the energy method, a bondline defect propagates if

G > G (8)

The acting strain energy release rate G can be calculated using the steady state’s release
rate (SERR) debonding propagation formula

1 (P2 P2 M3
G—ng—< +—‘°> )

t 3
2B, tm Ate It

C

where:

e Pis the axial acting force.
My =P(d —t,,/2) is the balance moment, with 5 :%tc, Y= Ec/]ém and
n=t./tm.

. A—l/n+2and1—2{(A—%)2—(A—%)+4+ﬁ(A—%)+3%2.

o E.= 1_Ei/2 and E, = 1E$2 are the effective plane stress Young’s moduli of the
composite and the plate respectively, while E. and Ep, are their Young’s moduli of

elasticity, and v, and vy, their Poisson’s ratio.

For the case being studied, P is replaced by Ny r in order to determine whether the
proposed patch repair could suffer from bondline fracture. Finally, the maximum stress
developed within the metal plate and the composite patch must not exceed the respective
material’s yielding/fracture value.

4. Physics and Data-Based Models
4.1. FEA Model

The most efficient way of performing the buckling strength calculations and the
statistical analysis is through the application of numerical methods. Thus, for the former
case, FEA can be used to obtain accurate stress and displacement results. Furthermore,
the problem being examined is a thin plate since ay, /tm >> 20 is common in tankers and
bulk carriers (Zhang [16]); hence, shell elements can be used for representing them in the
numerical model. The same theory is valid for the composite patch. The shell elements
used are the four-node and eight-node elements, which in ANSYS are represented by
SHELL 181 and SHELL281, respectively. Their effectiveness is assessed through a mesh
convergence test in order to find the optimal option. The metal’s material is input as an
isotropic material, while the composite is an orthotropic one. It should be noted that the
analyses are based on a linear elastic foundation and the results are corrected according to
Equations (5) and (6) for anelastic buckling.

An essential step to successfully model the problem’s geometry is implementing the
boundary conditions and loads. As pictured in Figure 9, the geometry is symmetrical
to the center of the plate since the patch is centrally placed. This can be utilized for the
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compression model that can be reduced to its quarter model for the calculations, with
symmetry boundary conditions at its edges (Figure 10). Thus, simply supported conditions,
i.e.,, Uz =0, are applied to the external edges, while Ux = ROTy = ROTz = 0 and Uy =
ROTx = ROTz = 0 are applied to the internal transverse and longitudinal symmetry edges,
respectively. In order to obtain the critical buckling stress value, a distributed force is
applied at the plate’s short edges. By solving an eigenvalue buckling analysis, the critical
buckling force Ny r is acquired, and by using Equation (1), so is its equivalent stress.
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Figure 9. Design schematic of a rectangular composite patch applied to a metal plate.
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Figure 10. Two-dimensional sketch of the geometry’s (a) full and (b) quarter model and its boundary conditions for the case
of compressive buckling.

However, the same modeling cannot be applied to the shear buckling problem, since
it utilizes a different approach to the problem with respect to the boundary and loading
conditions that do not allow for symmetry to be used, hence the geometry is modeled in
its entirety (Figure 11). The boundary condition in effect is the restriction of all degrees of
freedom at one of the short edges, i.e., clamping conditions. In the rest of the edges, large
beams are modeled with substantial stiffness that allows the geometry to be considered a
cantilever, thus having low bending effects (Anyfantis [2]). This way, the shear buckling
effect is acquired with a good approximation. The load is applied to a pilot node at the free
short edge’s center, with a direction parallel to it. Thus, the critical buckling force Nyy,cr is
acquired by dividing it by the plate’s thickness (same principle as Equation (1)).
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Figure 11. (a) Two-dimensional sketch and (b) three-dimensional representation of the geometry’s model and its boundary
conditions for the case of shear buckling.

The values obtained from these analyses must be corrected according to Johnson—
Ostenfeld’s parabola for anelastic buckling (Hughes [14]). These calculations are performed
at the data points specified by the DoE methodology.

4.2. DoE Analysis

DoE is the design of an experiment based on input parameters and using statistical
tools to approximate the output as best as possible. One basic example of a DoE method
is an OFAT analysis, in which the output of an experiment is based on one factor at a
time (as indicated by the title itself) without implementing possible interactions between
input parameters. Another method used for this study’s purposes is an RSM, which is a
two-level design. Specifically, two input design parameters are used to define the design
space. A central composite design (CCD) then indicates the data points needed for the
method to be performed. According to a face-centered CCD (CCF), three point types are
used: factorial (shows two-factor interactions), center (shows curvature), and star (shows
quadratic effects). At the points of the design space indicated by the CCD (Figure 12), the
output is obtained from an experiment. Once these points are specified (known X1, xp, and

y), a polynomial surface is best fit to them with the help of statistical tools for its lack-of-fit
evaluation.

1-

®  Factorial
* Star
® Center

Factor B
[~

-1 0 1
Factor A

Figure 12. Design points indicated by a CCF.
In the case being studied, the design space consists of the patch’s percentage coverage

(denoted by c) and the number of plies (denoted by Npjies). After setting these values’
range, their CCD points are configured at the three levels required, i.e., low level (—1),
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center (0), and high level (+1). Through numerical calculations using FEA, the experimental
outputs for the data points are acquired. Then a quadratic polynomial equation of the form

y =ay +aixg + axxa + ang + apxixe + axnx3 (10)

is fit to these points to construct the response surface. In this case, x; is the percentage
coverage ¢, Xy is the number of plies Nyjies, and y is the obtained FoS. This factor of safety

is calculated as

Orepaired Trepaired

FoS = or FoS =

Ointact Tintact
Using the combination of the above methods (FEA and RSM), a list of acceptable
design configurations for the requirements set by FoS, bondline fracture, and material
yield is created. A significant advantage of this technique is that it does not require lab
experiments for this preliminary design as long as the model is as accurate as possible.

(11)

5. Case Study

In order to showcase the proposed methodology, a case study is conducted following
the techniques mentioned in the previous paragraphs.

5.1. Problem Set-Up

Assume a survey is conducted on a commercial ship that is not newly built. During
procedural visual inspections, corrosion is detected on a girder of the double bottom. The
plate’s thickness is then measured, indicating that the material wastage realized equals a
5% reduction of its initial thickness. After further assessing the defect and the damaged
area according to the proposed flowchart in Figure 6, the Classification Society approves
the application of a composite patch to rehabilitate the plate’s initial buckling strength
capabilities. The plate’s dimensions and damage are listed in Table 2. After the repair, the
plate shall have restored its buckling strength with a FoS equal to 1.0, i.e,, its initial value.

Table 2. Metallic damaged plate’s properties.

Plate’s Property Symbol Value Unit
Material - Grade ‘AH32’ Steel -

Length am 2250 mm

Width bm 900 mm

Intact thickness tm,intact 20 mm
Corrosion - 5 Y%

Corroded thickness tm,corroded 19 mm
FoS requirement FoSreq 1.0 -

The patch’s properties under consideration are its material, its configuration, and its
shape (as shown in the flowchart in Figure 6). In order to obtain the optimal combination,
OFAT analyses are conducted. The parameters that are listed in Table 3 are examined
against an increasing value of the number of plies and evaluated using the obtained
FoS. However, before initiating any analysis, the element properties for the numerical
calculations shall be defined. Specifically, mesh convergence tests for four- and eight-node
elements were conducted for the compression and shear model containing only the intact
metal plate. The results are illustrated in Figure 13 where the element size is plotted with
respect to the percentage deviation of the obtained buckling stress from the one obtained
by the minimum allowed size of 20 mm. The graphs indicate that the eight-node elements,
combined with a mesh size of 100 mm, provide sufficient accuracy, with less than 0.2%
deviation from the converged value.
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Table 3. Patch’s properties evaluated through OFAT analyses.

Patch’s Property Options X y
Material CFRP/GFRP
Configuration One-Sided /Two-Sided No. Plies FoS
Shape Rectangular/Ellipsoid /Octagonal
10
0.7 8-node elements 8-node elements
i - - - = 4-node elements - === 4-node elements
_E 0.6 g 8
T g
5 05 { o
£ 04 £
g 0.3 & 4
¢ 02 N 5
) L N L
0.1 ] / """ | : /
004 =mzzis - . = / : 0 Sl -. """ ’ :
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Element Size - 1, Element Size - 1,
(a) (b)

Figure 13. Mesh convergence test for the (a) compression and (b) shear buckling model.

Two OFAT analyses were performed: one for defining the patch’s material and config-
uration and another for the shape. The former analysis uses a rectangular patch as a typical
shape, while the coverage percentage is 75%. The results are shown in Figure 14, where it
can be concluded that the CFRP is a better acting material than the GFRP. Additionally, the
one-sided patch has faster buckling restoration capabilities against compression, while the
two-sided has a similar effect against shear. However, the one-sided CFRP patch is chosen
as the most effective since it restores the buckling capacity for a similar number of plies in

both compression and shear.

1.10
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e -
1.05 e 1.03
///
E 100 Intact ,,/ . -~ g 1.00 Intact
£ e s -
L - ! Ny
% .- -
2 095 g 0954 )
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Total no. plies i
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(a) (b)

Figure 14. OFAT analysis for determining the repair’s optimal combination of material and configu-
ration (SS: single strap, DS: double strap) for the (a) compression and (b) shear buckling model.

Afterward, using these findings, the possible shapes (Figure 3) were tested against each
other. These analyses were carried out on the compression model, and similar results were
assumed for the shear equivalent. The shape with the better rehabilitation performance
is the rectangular patch (Figure 15). Thus, the optimal option for restoring the corroded
plate’s buckling capabilities is a one-sided CFRP rectangular patch.
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Figure 15. OFAT analysis for determining the repair’s optimal shape (compression model).

5.2. Analysis Results

In order to perform the RSM, the CCD points, and consequently the design space,
must be defined. The two design parameters, i.e., the patch’s coverage ¢ and the number
of plies Npjies, are allowed to take values inside the range specified in Table 4 between
the low and high-level indications. The same table specifies the design points using the
CCD design space (Figure 12). It should be noted that each ply’s thickness is equal to
0.33125 mm (Karatzas [3]).

Table 4. CCD design points.

Factor Name Low Level (—) Center (0) High Level (+)
X1 Coverage (c) 40% 70% 100%
Xo No. Plies (Npjies) 4 18 32

Using the design points, numerical calculations were conducted, and the resultant
stresses were corrected for anelastic buckling, if applicable. By fitting a polynomial as
expressed in Equation (10), the resultant response surfaces for the compressive (Equa-
tion (12a)) and shear (Equation (12b)) buckling problem are defined by

FoS = 0.97689 — 0.01555¢ — 0.00138Npjies + 0.00752¢% + 0.00454cN pjies + 5.46826€ — 06 Nipjies? (12a)

FoS = 0.99021 + 0.01289¢ — 3.39234e — 4Npjies — 0.0098c? + 0.00107cN pjies — 8.26793€ — 07 Nipjies (12b)

These response surfaces are illustrated in Figure 16a,b, where both the experimen-
tal points obtained by the numerical calculations and the predicted points are plotted.
Additionally, the FoS requirement is also visible on the surface as a curve. Any design
parameters combination with a generated FoS below the indicated requirement curve is
not acceptable. In Figure 17a,b, the same surfaces are plotted as a 2D contour for better
visualizing the acceptable combinations.
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Figure 16. Generated response surface from a polynomial fit to the CCD data points for (a) compressive and (b) shear
buckling.
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Figure 17. 2D contour plot of the generated response surface for (a) compressive and (b) shear buckling.

The fitted surfaces are evaluated using statistical tools, such as a histogram and a
normal probability plot, using the percentage deviation between calculated and predicted
values as indicators. The data points used were the CCD design points with the addition of
mid-points to further assess the surface’s lack of fit (evaluation points). A list of all points
used for the method’s validation is shown in Table 5. The calculated R-squared value for
both surfaces is greater than 0.99, which exhibits a 99% fit. The percentage deviations were
plotted in histograms (Figure 18a,b) and normal probability plots (Figure 19a,b), concluding
that the prediction model follows a normal distribution and lacks significant statistical
noise.

Table 5. Design and evaluation points used in the response surface.

Factor Name D+E! E?2 D+E!l E? D+E?
X1 Coverage (c) 40% 55% 70% 85% 100%
X2 No. Plies (Npjies) 4 11 18 25 32

! Design and evaluation point, 2 Evaluation point.
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Figure 18. Histogram of the percentage deviation between experimental and predicted values for
(a) compressive and (b) shear buckling.
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Figure 19. Normal probability plot, with 95% confidence levels, of the percentage deviation between
experimental and predicted values for (a) compressive and (b) shear buckling.

The acceptable design combinations are those that satisfy the FoS requirement for
both compressive and shear buckling, as shown in Figure 17a,b respectively.

Having restricted the acceptable design combinations using the FoS requirements, the
bondline is also checked. The maximum strain energy release rate from the surface’s data
points is equal to 0.185 N/mm and 0.085 N/mm for the compressive and shear problem
respectively. The combination in which these values occur corresponds to [c, Nphes] =[1,32]
for both models, outputting FoS~1.08 and FoS~1.02 respectively. According to Lee [17],
the resistance release rate for Mode-1 dominant conditions is equal to approximately
0.33 N/mm. Thus, since the acquired G is less than G¢, the bondline does not fail under
Mode-1 failure conditions. It should be noted that Mode-1 dominant fracture was used
since it is most probable of occurring than its Mode-2 equivalent, although further mixed-
mode requirements could be used if requested.

Finally, the maximum normal stresses developed on the composite patch are equal to
297.6 MPa and 128 MPa for the compression and shear model respectively. Both values
are less than the fracture stress and correspond to the combination [¢, Npjies] = [0.7, 32] for
both models, outputting FoS~1.03 and FoS~1.01 respectively.

It should be noted that partial safety factors for the assessment of the bondline and
composite strength can be defined in addition to the primary FoS for the buckling restora-
tion. These safety margins can be respectively defined as

Gc

Gacting,max

Fosbondline = (13)
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(o}
F Osfracture — racture (14)

Oacting,max
The safety factors obtained from this case study for the compressive buckling are
FoSpondiine = 1.78 and FoSgacture = 1.18, and for the shear buckling FoSpondiine = 3.87 and
FoStracture = 2.75. If additional requirements for FoSpondiine = 2 0r FOStracture = 1.4 were
applied, then although the analysis showed adequate buckling restoration, some solutions
would not be acceptable under the above evaluation criteria.

6. Concluding Remarks

This study examined the existing problem of material wastage due to corrosion and
the risks of buckling it could potentially lead to in the case of a stiffened panel. In order to
treat this damage, the alternative repair method of composite patches was proposed. The
main goal was to present the theoretical background of the plate’s and patch’s mechanics
that could restore the structure’s initial buckling strength, and demonstrate its results
through a numerical application. The results proved that such a repair practice is capable
of rehabilitating the buckling capacity of a corroded marine plate against compressive and
shear loads.

However, assumptions were made in order to minimize the problem’s multi-
parametrical nature. Thus, further studies should be made on the proposed method-
ology, introducing more parameters. For instance, the geometry and the adhesive could be
modeled more accurately with solid elements to better capture the results of the applied
buckling stress. Furthermore, since the linear analysis conducted over-engineered the
problem, due to the post-buckling effect being ignored, a non-linear analysis should be
performed to identify this effect. Thus, the proposed methodology would be enriched, and
the model would more accurately represent reality.

Finally, it should be understood that even with the actions suggested for further
improvement on the problem’s analysis, real-world testing must be conducted. Installation
and operating conditions should be accounted for since they also dictate the structural
response of the repaired plate under examination. Hence, the next step after developing
the analyses should be laboratory testing and then employing the method to existing
damages dealt on marine structures. Only after years of monitoring the effects of the
repair methodology will the concluding remarks be set, and perhaps will the technique be
established as a proposed repair for primary and non-primary supporting members.

Author Contributions: Conceptualization, K.N.A.; Formal analysis, N.K.; Investigation, N.K;
Methodology, K.N.A. and N.K; Supervision, K.N.A.; Writing—original draft, N.K.; Writing-review &
editing, K.N.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. TACS. Guidelines for Surveys, Assessment and Repair of Hull Structures—Container Ships, Rev.1; Witherbys Publishing: Livingstone,
UK, 2018.

2. Anyfantis, K.N. Preliminary design assessment of an alternative repair method for corroded shear panels in ship hull structures.
Ocean Eng. 2019, 188, 106323. [CrossRef]

3.  Karatzas, V.A. Assessment and Design of Composite Patch Repairing in Marine Applications. Ph.D. Thesis, National Technical
University of Athens, Athens, Greece, 2016.

4. Karatzas, V.A.; Kotsidis, E.A.; Tsouvalis, N.G. Experimental fatigue study of composite patch repaired steel plates with cracks.
Appl. Compos. Mater. 2015, 22, 507-523. [CrossRef]

5. BV. Adhesive Joints and Patch Repair; Guidance Note NI613DTROOE; BV: Paris, France, 2015.

6.  DNV. Design, Fabrication, Operation and Qualification of Bonded Repair of Steel Structures; Recommended Practice DNVGL-RP-C301;
DNV: Belum, Norwegen, 2015.

7. ASME. Repair of Pressure Equipment and Piping; ASME PCC-2-2011; The American Society of Mechanical Engineers: New York,

NY, USA, 2011.


http://doi.org/10.1016/j.oceaneng.2019.106323
http://doi.org/10.1007/s10443-014-9420-5

Appl. Mech. 2021, 2 500

10.
11.
12.
13.
14.
15.

16.

17.

Hashim, S.; Berggreen, C.; Tsouvalis, N.; McGeorge, D.; Chirica, I.; Moore, P.; Boyd, S.; Nisar, J.; Anyfantis, K.; Misirlis, K.; et al.
Fabrication, testing and analysis of steel/composite DLS adhesive joints. Ships Offshore Struct. 2011, 6, 115-126. [CrossRef]
Aabid, A.; Hrairi, M.; Mohamed Ali, ].S. Optimization of composite patch repair for center-cracked rectangular plate using design
of experiments method. Mater. Today Proc. 2020, 27, 1713-1719. [CrossRef]

Turan, K. Buckling behavior of adhesively patch-repaired composite plates. . Compos. Mater. 2013, 48, 3253-3261. [CrossRef]
Lloyd’s Register. Rules and Regulations for the Classification of Ships; Lloyd’s Register: London, UK, 2016.

Kollar, L.; Springer, G. Mechanics of Composite Structures; Cambridge University Press: Cambridge, UK, 2003.

Timoshenko, S.; Gere, J. Theory of elastic stability, International Student Edition, 2nd ed.; McGraw-Hill: New York, NY, USA, 1985.
Hughes, O.; Paik, J. Ship Structural Analysis and Design; SNAME: Jersey City, NJ, USA, 2010.

Anyfantis, K.; Stavropoulos, P.; Chryssolouris, G. Fracture Mechanics Based Assessment of Manufacturing Defects Laying at the Edge of
CFRP-Metal Bondlines; CrossMark: Plano, TX, USA, 2018.

Zhang, S. A review and study on ultimate strength of steel plates and stiffened panels in axial compression. Ships Offshore Struct.
2016, 11, 81-91. [CrossRef]

Lee, M.J.; Kim, W.S; Jang, C.J.; Kim, K.H.; Cho, TM,; Lee, B.C.; Lee, J.J. Analysis and Simulation of the Failure Characteristic of a
Single Leg Bending Joint with a Micro-Patterned Surface. J. Adhes. 2011, 87, 826-841. [CrossRef]


http://doi.org/10.1080/17445302.2010.522019
http://doi.org/10.1016/j.matpr.2020.03.639
http://doi.org/10.1177/0021998313508801
http://doi.org/10.1080/17445302.2014.992610
http://doi.org/10.1080/00218464.2011.597319

	Thesis_NKal_KAnyf-1st part
	Thesis_NKal_KAnyf-2nd part
	Introduction 
	Design Basis 
	Optimal Design Method 
	Design of the Repair 
	Theoretical Background 

	Physics and Data-Based Models 
	FEA Model 
	DoE Analysis 

	Case Study 
	Problem Set-Up 
	Analysis Results 

	Concluding Remarks 
	References


