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Abstract

Methodology for Approximating Material Loss on Structural Plating Subjected To
Dissimilar Marine Environments

Non destructive measurement technologies such ultrasonic pulse ectypieally
employed to measure remaining shell plating thickness forrdigieg remaining life on
marine structures. However, the technology provtdés material loss across the shell
plate and cannot distinguish how much material loss occurs on easehsple. By
understanding material loss contribution on each plate side, engarekmmaintenance
personnel can have a better understanding of the environments inflyematerial loss,
optimally plan, and schedule maintenance activities. This reedarmore important
today as the U.S. proceeds to address its aging infrastructure problems.

This research defines and tests a new maintenance inspewtbondology called
relative material los§RML) used for distinguishing the material loss contribution on
each shell plate side separating dissimilar marine envinotsmd he RML methodology
leverages actual “at sea” environmental and operational conditionhi@meldtionships
between to solve for material loss contribution. In much the sashefaas a structural
engineer isolate joints on a truss and solve free body diagranioceuto determine
member forces,relative loss equationsare defined across various environmental
boundaries (such as shell plating) and solved simultaneously to suggest solutions.

To demonstrate and test the RML theory, a case study infedagsing a sixty five
year old “at-sea” structure; a dry dock caisson gate. Bothtajiied and quantitative
techniques are used to valid the model. Shell plate materiatdogsbution profiles are

defined using statistical and regression techniques and cadretateprofiles of

Vi



environmental factors known to influence marine corrosion. Spin off disesvand

recommendations for future research are included.
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Glossary of Terms

Relative Material Loss — A maintenance inspection methodology for approximating
material loss contribution on each side of structural shell plauigected to
dissimilar marine environments.

Relative Loss Equations- Mathematical relationships or equations defined across
various environmental boundaries (such as shell plating) and solved
simultaneously to suggest solutions.

Material Loss Contribution — The amount of material loss on a structural member that
is attributable to the environment from which it exists.

Laterally homogeneous— Environmental parameters are equivalent laterally on either
side of a point within an environment.

Longitudinally heterogeneous - Environmental parameters are not equivalent

longitudinally above or below a point within an environment.
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Chapter 1 - Introduction

1.1 Background

The August 2007 collapse of the I35W Bridge in Minneapolis killed 13 and
injured nearly 100 rush-hour motorists. This catastrophe has renewed quintern
over the condition of the U.S. aging infrastructure. In 2009, the Aareisociety of
Civil Engineers (ASCE) published a report that estimates $2idrtribver five years is
needed to repair the deteriorating U.S. infrastructure [1]. fidnise is up from $1.6
trillion in the 2005 ASCE report. Compounding this problem, construction gar re
costs continue to escalate [5] and a shortage of engineerindisxpereded to address
these problems is predicted [15].

After a series of maritime accidents starting with Exa&on-Valdeaccident in 1989,
the Erika (1999) sinking off the French Brittany coast andRinestige(2003) sinking off
the Spanish Galician coast, a high demand for more in depthaesssued [67, 81].
The maritime industry needed a better understanding of preglictarine corrosion on
hull structure of tankers and cargo vessels under operational aseb™atonditions and
a maritime reliability and maintainability paradigm shift was needed

Adding to the risk management issues with these aging infcastes, economic and
political pressures in the private and public sectors are pla@ngdemands to extend
service lives on aging facilities. The service lives of Unfrastructure systems are
being pressed to, and more frequently expected to perform beyondalbdgsign lives
[48]. As available capital for replacement facilities dwindiervice life extensions are
becoming more commonplace. These trends are placing new dgeasllen facilities

engineers and managers to do more with less and are resultinganadigmatic shift



towards exploration of new and innovative maintenance inspection methedo|2i
48].
In response to this new demand, this research sets the foundationnwv a

maintenance inspection theory called relative material loss (RML).

1.2 Statement of the Problem

Two-sided corrosion occurs when corrosion initiates on both sidesvetal plate.
The solution to determine the material loss contribution on each pide is
straightforward when the corrosion environment is homogeneous and equosaleoth
plate sides. It involves is a simple two-sided corrosion caloalatHowever, when the
environments on each plate sides are dissimilar, determining gtag&aon each plate
side is not so elementary.

Current ultrasonic testing methods for measuring plate thickmastage can only
determinetotal material loss across hull shell plating and cannot distinguishrtioaint
of material loss contribution on each shell plate side. To solsgtbblem, this research
proposes a new maintenance inspection methodology cedlative material loss
(RML). The methodology, when applied to “at-sea” structures, appet&snthe
material loss contribution on each shell plate side separatigmdas marine

environments.

1.3 Significance of the Research

The innovation from this research provides a (1) new paradigm fraoh wiarine
corrosion researchers can apply their corrosion models diredtly astual “at-sea”
conditions as well as a (2) new maintenance inspection methodcdmatbetter

approximate marine material loss directly from structuraélls plating thickness

2



measurements taken from “at-sea” marine structures. Themmethodology takes a
deterministic approach by including actual operational and environneonditions of
the sea structure into the RML model.

The new tool gives material science researchers and maintenanczeengie ability
to study operational and environmental effects on shell plating moeetly and
definitively than current methods. Better understanding of operational andreneintal
conditions reduces modeling variability and improves predictability. Krimvledge
from the research has the potential to extend structural perfoemamd optimize
maintenance costs for “at-sea” structures in the maritimppsly (commercial and
naval) and offshore oil industries as well as benefit shipyarsirpercial and naval),

ports, harbors and various waterfront communities.

1.4 Research Outline

A 65-year-old dry dock caisson gate (CG) provides the resgdatform to test the
RML theory. Mathematical models in the form of polynomial resgion models
describe shell plating material loss across various caissan lgaels. Using the
polynomial regression models, relative loss (RL) equations desaondierial loss
contributions taking into account the CG operational and environmentabmslaps at
each CG frame location.

The material loss contribution on each plate side is calcutategrofiles created at
each CG frame location. The mean value of the profiles providep@oximation of
the material loss contribution on each plate side. The profilegcto#ly, provide an
approximate bootstrap [3] representation of the confidence intefa .profiles are both

qualitatively and quantitatively compared to environmental factors kriownfluence



corrosion and strengths of correlations determined to provide RML Invatldation
[53].

Chapter 2 sets the stage for this research through a literature of\new condition-
based maintenance differs from traditional time-directed giesgte Ship reliability and
life expectancy models in the maritime industry that provide impbroptimization of
maintenance policies are in high demand. Past and recent mamogian research and
several popular probabilistic and parametric-based corrosion lodglsnprovide the
foundation of for the relative material loss (RML) research. p@reB develops the RML
theory from a material loss function found in the literature asbtds® equation. A
sequential storyboard with mathematical theory provides backup. pteZlfh a unique
“at-sea” marine structure, the dry dock caisson gate, provides a wagosion research
laboratory and case study for RML testing and model validation.pt€h& provides
research results, model validation and test significance. Ch@ptencludes with the
research findings, spinoff discoveries and recommendations for figsearch. The
appendices provide supporting information on the processed data and detailed

background on data collection methodologies.



Chapter 2 - Literature Review

2.1 Condition Based Maintenance

Two main categories of preventative maintenance exist:dineeted and condition-
based maintenance. Traditionally, time-directed maintenarig® has been the norm
where pre-designed plans initiate maintenance activities@lities on a periodic basis.
TDM requires securing the system at regular intervals ttoqme intrusive and often-
costly component replacement [80]. The periodicities are someulhjat8ve and based
on failure history, experience, judgment, or vendor recommendation.

Recently, condition-based maintenance (CBM) has gained réicogrmind wide
acceptance in industry as an optimal maintenance strategy to[8@M12]. The basic

CBM model is most commonly a reliability index model (Figure 1).

A
Y o e In|t|a_1|
~— Resistance
*—
H
S X(t) |
= — Preventative
g Pr=—rm-mme """~~~ ~~- Maintenance
© — v Level
=
> X Failure Level
Failure
Inspection
inLgL\I/aI
1T 1 17 17T 1T 1 11 >
tO tl t2 t3 . t
time

Frangopol, Kallen, and Van Noortwijk (2004)

Figure 1. Basic Condition-Based Maintenance Model
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A preventative maintenance levgl,is set and based on an acceptable risk of failure for
the system or component [25]. Over tihehe system or component will deteriorate (or
wear) and reliability will decrease and approach the preveetataintenance levep.

At level p, an action event triggers planned maintenance well in advance t#iltive
level, s. Similar to TDM, the inspection of the system is performedixad time
intervals,t,, however, the inspections are typically less intrusive and tirerdéss costly

and disruptive to production.

2.2 Life Cycle Cost Models

Between 1970 and 1980, ship repair and construction costs quadrupled and the Ship
Structure Committee (SSC) commissioned a study to detertimeneptimum corrosion
control system on typical cargo ship ballast tanks under variousngosystems,
operating and environmental conditions [35]. The study emphasizethploetance of
understanding hull and ballast tank environmental and operational conditipresdtot
structural performance. It concluded that, due to the decade’snstskelén cost of steel,
planned steel replacement strategies of hull plating were rgedodistatus quo”. A
paradigm shift by ship designers to incorporate more optimal coptivigction and
cathodic protection systems into the ship designs was paramount aiataim
competitiveness in the U.S. shipbuilding industry.

More recent ship reliability and life expectancy models comboogrosion
mechanisms with various modes of hull loading conditions from a stalidtonit state
perspective [10, 20, 64]. The key to designing optimal maintenancegstsatn concert

with coating protection and cathodic protection systems is improvengiriderstanding



of shell plating material loss as a function of its environmeatad operational
conditions.

As illustrated by Wang, Spencer and Sun [82], corrosion wastage exhibitslaveh
of variability. Improving model predictability by reducing vémigy is the ultimate
objective of the marine corrosion research community. Typicabgarchers use non-
destructive techniques such as ultrasonic echo pulse for meadwimgntaining plate
thickness. However, a lack of framework for properly analyzingigita in the industry
exists [51]. Through the development of new maintenance inspectitioaoéigies, a
new framework for accounting for environmental and operational infasgerend

potentially reducing variability provides future promise.

2.3 Marine Corrosion — Early Research

Some of the first in-depth marine corrosion research studiesredcafter World
War Il when engineers designing the second phase of thewsdaPlanama Canal tidal
locks required accurate corrosion rate data for various cankl raaterials under
consideration. Funded by the Naval Research Laboratory (NRL), kgésihj D.C. circa
1958, a 16 year corrosion research project was conducted and resutkgouiyl 1976
[76]. The research exposed more than 13,000 individual samples of S2rdiffeetal
alloys to five different marine environments (seawater insioar seawater mean tide,
fresh water immersion, marine atmospheric, inland atmospherigltimgsin 168,000
data measurements taken over a 16-year span. The only corrosahranmms
considered in the research were localized pitting and geserfadce corrosion. The
study produced a series of corrosion-vs.-time curves based onesameph values

describing general corrosion and pitting penetration with two significashnhfis:



1. Marine immersion corrosion occurs non-linearly over time
2. Environmental conditions and material composition are important infalenti
factors.
The study was conducted using exposed (uncoated) steel test coondodisl aot
consider “at-sea” conditions such as coating protection systerRS)(Ccathodic
protection or any special operational conditions. In addition, tleense statistical

moment (variability) was lacking.

2.4 Linear and Non-Linear Corrosion Models

Using results from the NRL research, Southwell, Bultman and Hrmjm7]
developed linear and bilinear corrosion prediction models. Since thetpredorrosion
loss over-estimates during the early stages of marine expotuwese models are
conservative and considered sufficient for structural design purdmgesot accurate for
maintenance prediction modeling. Melchers [47] would later extbBadSouthwell,
Bultman and Hummer linear models [77] by including the second &tatistoment and
fitting a non-linear power model over the curves.

e Melchers extended Southwell al Linear Model:

44 (t) = 0.076+ 0.03&

2-1
o,4(t) =0.051+ 0.025% (2-1)
e Melchers extended Southwel al. Bi-Linear Model:
(t) = 009, O<t< l46years
#alZ1 0076+0038,  146<t<16years 22
(t) = 0.062, O<t< l46years
e 71 0035+0017%,  146<t<16years



e Melchers-Southwell Non-Linear Model:

114 (t) = 0.084°%%3

(2-3)
o4 (t) = 0.056°%%

Where p(t) is the mean and(t) the standard deviation of the thickness of the
corrosion wastage from a probabilistic standpoiMelchers also suggested a tri-linear
and another non-linear power model [46].

e Melchers Tri-Linear Model:

0.17@, O<t<1lyears
d(t) =4 0.152+0.0184, 1<t<8years (2-4)
—0.364+.083, 8<t<1l6years

e Melchers Non-Linear Power Model:

d(t) = 0.12071 %%’ (2-5)
Whered(t) is the depth of corrosion loss at tilhé,om a deterministic standpoint.

In 1983, a five-year test program was undertakeassess the relative corrosiveness
of seawater at 14 test sites world-wide [68]. Tihdings indicate that while seawater
environments are ubiquitous, and similar in ternfs cbloride content and pH,
corrosiveness is site-specific, and influenced Mbiyeo factors such as temperature,

dissolved oxygen, flow, degree of fouling, bactesctivity and pollution [47].

2.5 Multi-Phase Phenomenological Corrosion Model

In 1995, R. E. Melchers [45] published a conceptd corrosion prediction model

(the multi-phase phenomenological corrosion motled) describes marine corrosion in

multiple phases (Figure 2).



Corrosion ,

Time

Phase: O

>

R. E. Melchers, 1995

Figure 2. Melchers Multi-Phase Phenomenological Masl

The model shows the progression of corrosion getigge. Immersion corrosion loss is
expressed as a function of exposure titneRhases 0-2 are aerobic corrosion (oxidation)
and Phases 3 and 4 are anaerobic and controlleah&grobic microbial conditions.
Ratesr,, ra, andrs define, respectively, initial corrosion rate due dxidation, initial
corrosion rate for corrosion influenced by bacteaad long-term rate for bacterial
influenced corrosion. Interceptsandcs are defined as shown, defines the theoretical
time to changeover from oxidation to microbiolodjigenfluenced corrosion.

A significant finding is environmental and materiafluences change dramatically
when bacterial action on the corrosion productresent. With its six parameters, the
Melchers phenomenological corrosion model provitkedbility to customize the model

for various environmental conditions. Through aeseof separate research initiatives,
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Melchers developed approximations of these parameteder various environmental
conditions [52, 56, 60]

Rather than measuring material loss of actualséa* steel structures, Melchers
exposed uncoated steel test coupons to variousedt-environments to develop the
multi-phase phenomenological corrosion model. el does not account for any
site-specific conditions such as cathodic effecis t stray electrical currents or coating
protection systems. However, the Melchers modélaised on a material loss function

consisting of a mean valued functifi{t,E) defined as:

c(t,E) =b(t,E)- fn(t,E) +£(t,E) (2-6)
where c(t,E) is material lossb(tE) is a bias functiong(t,E) is a zero mean
uncertainty function (or precision error) about thean value functionE is a vector of
environmental factors that influence material lasslit is the time of exposure to the
environment [50, 52, 57, 60]. This material logsdtion provides the foundation for the

relative material loss theory developed later im@tbr 3.

2.6 Corrosion Models that Include Coating Protection System

After a surge in corrosion research caused by abwip catastrophes between
1998 and 2003 (Section 1.1), it became evident liedtier understanding of coating
protection systems (CPS), environmental and opmerali conditions is important for
better approximating remaining structural life cdt-5ea” structures. In response,
corrosion researchers incorporated CPS life a®bapilistic function to the front end of
the corrosion models and used actual plate thickme=asurements from cargo and bulk

container ships to validate the models [26, 62869 86].
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Guedes Soares and Garbatov [32] account for CP& oorrosion model that

describes immersion corrosion progression as & thinase process (Figure 3).

d(t)4
TC Tt
© : A
(@)]
S
17
o
=
\ >
O O B Time C t

Guedes Soares and Garbatov, 1999

Figure 3. Guedes Soares/Garbatov 3-Phase Corrosidodel

The first phase occurs when the CPS is effectna r@o corrosion occurs. Statistics
show that the time period without corrosiag, varies from 1.5 to 5.5 year [22] and can
be probabilistically modeled. At some poimt, the CPS becomes ineffective and
corrosion initiates (second phase). This permdmay last up to 4 or 5 years and is

dependant on many environmental and operationériaenherent with the CPS. At
some point B, corrosion products build up and pnéwxygen from reaching the metal

surface, thus reducing the oxidation rate. Assaltecorrosion enters the third phase, the

12



corrosion rate decelerates and the thickness obsion wastage becomes constalf,
as it approaches point C. Three parameters;, andd, are used to describe the

corrosion process.

0} t<r
d(t) = ¢ 2-7
( ) {doo (1_ ef(tfrc)/z't)’ t> TC ( )

The Paik and Thayamballi [64] three-phase modebaats for (1) durability of

coating, (2) transition, and (3) progress of camoegFigure 4).

A
— Transition '
S _ _ /
E Durability I I /
= [©of Coating i 7 Progress of Corrosion /
- I I
S I I
& [ [
0 I I
- I I
o I I
[%) I I
o I I
S | |
O I I
I I
I I
I I
I I
I I
I I
0 T, TA+T,

Structural Age, T (years)

Paik and Thayamballi, 2003

Figure 4. Paik and Thayamballi 3-Phase Corrosion Mdel
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Similar to the Guedes Soares and Garbatov modd| {Be first phase accounts for
durability of the coating to some point in timk, The durability of the coating models
as a log-normally distributed random variable. Tean coating life is defined as being
between 5 and 10 years [43] with 5 years considenelgsirable and 10 years more than
desirable. The transition period is the duratiammt the time of the effective loss of the
coating, T, to the time of corrosion initiation];. The model is an exponentially
distributed random variable. The progress of o is modeled as a power function
with coefficientC; indicative of the annual corrosion rate adbeing an environmental
coefficient to account for structural dynamics amater velocity. For static structures,
the corrosion curve is slightly convex (solid lir@)d is similar to other power models
previously discussed. For dynamically loaded $tmas, such as ships at sea subject to
dynamic forces due to wave action, the concavaddptine is more appropriate. Paik
and Thayamballi used this data to produce chasds itidicatetotal corrosion rates in
terms of mean and coefficient of variance for sf@ates separating various ballast tank
conditions for 5, 7.5 and 10-year average coaties!

Other researchers using the Paik and Thayambatih groduced a time-dependant
corrosion depth model for statistically determinicgrrosion in seawater ballast tanks.
This research recognizes that seawater ballastcam&sion data exhibits high variability
and proposes a methodology that approximates ¢omroepth variability at any point of

time [61].

2.6.1 Model Limitations
The Southwelket al. [77] and Melchers [47] models were developed usiaierial

thickness loss over time on uncoated (exposed) stsé coupons in actual marine
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environments. As a result, these models are fictezft in predicting remaining material
life extension due to an effective CPS or cathgdatection system.

The Guedes Soares and Garbatov [32] and Paik bhagamballi [64] models where
developed from actual plate thickness readings fsbip hull structures and do attempt
to account for the existence of a CPS. Howeversghmodels assume initiation of
corrosion is instantaneous and occurs at some poiime and only upon the total loss of
CPS effectiveness. The assumption ignores anyattien between the CPS and its
marine environment. In reality, degradation of @RS is gradual and pitting is likely to
occur somewhat earlier than the initiation of ceioa [71].

None of the models found have the capability ffedentiating the degree of material

loss contribution on each plate side subjected/todissimilar environments.

2.6.2 Gradual CPS Degradation Model

Qin & Cui [71] introduced a three phase model whgaddual degradation of CPS is
considered and influenced by environmental factdrge the previous models, in the
first phase, the CPS is effective and no corrosiaats (Figure 5).

At some poinfTg, corrosion will start as pitting and eventuallycealerate to general
corrosion, as the effectiveness of the coatings$ in its entirety. At some inflection
point, Ta, the corrosion rate will begin to decelerate duthe increasing thickness of the
products from corrosion and microbial biomass. riwveally, similar to the Guedes Soares
and Garbatov model [33], a constant rate is reaehédd The corrosion model follows a

Wiebull function with four parameterd,,, Ts;, 7, andg .
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Figure 5. Qin & Cui 3-Phase Corrosion Model

0, 0<t<T,
B -
dt) =14 {1ex{(t—Tﬂ] ]} T, <t<T, (2-8)
"

The Qin & Cui [71] model is flexible such that bhging certain parameters, the model

can approximate the Guedes Soares and Garbatoy [B8fidPaik and Thayamballi [64]

and Melchers [47] models.
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2.6.3 Other Corrosion and CPS Research

More recent corrosion studies include Wang, Speand Sun [82] who created and
published a database of corrosion wastage of o®€r000 thickness measurements
collected from 140 tankers. This database is tafggn most other corrosion databases
in the public domain. The data confirms that mamorrosion wastage exhibits a high
level of variability.

Gudze and Melchers [31] applied condition-basethteaance (CBM) techniques by
further refining the Melchers multi-phase phenomegical corrosion model and taking
into account operational environments of the vesg@perational parameters such as
seawater surface temperature based on specifiel rante and varying water levels in
the ballast tank are inherent with this particidaudy. Using simulation, the authors
compared a time-directed maintenance policy withddemn-based maintenance. The
results provide evidence that adopting a condibased maintenance strategy over a
time-directed policy can result in a cost savinffasomuch as 32%. Again, uncoated test
coupons suspended in the ballast tank environn@otsde the wastage data for model
development with no means to distinguish mateoiss lon each plate side.

In an effort to quantify coating life using expgrtdigment, Melchers and Jiang [58]
conducted qualitative surveys using experts frossgeowners, coating contractors and
suppliers, and an independent expert to determhieeepected durability of epoxy
coatings in water ballast tanks. The study coregucbating life, described as percentage
area breakdown, approximates a normal distributidbue to the sample size being

relatively small (five experts), the ability to eraonclusions from the results is arguable.
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2.7 Environmental Factors - Seawater Immersion
Melchers through a series of research initiatij#&s, 49, 57] published a list of
environmental factors that influence marine imn@rstorrosion on carbon steel with

their relative importance (Table 1).

Table 1. Environmental Factors Influencing Marine Immersion Corrosion

Factor Importance
Bacteria Very important, long-term
Biomass Likely of low importance

Oxygen supply

Very important, shorter term

Carbon dioxide

Little importance

Salinity

Not important by itself

pH

Important

Carbonate solubility

Not very important

Pollutants Importance varies
Temperature Very important
Pressure Not important

Suspended solids

Not important

Wave action

Important

Water velocity

Important

Source: R. E. Melchers, 2006

Compared to the other factors, oxygen supply (@salved oxygen content) and
temperature are very important influences overtsteom exposure to marine immersive
environment. For low velocity, shallow and unptéld waters, these environmental
factors can be reduced to average seawater temperatth minimal error [60].

Dissolved oxygen content and temperature will lgbeovide the basis for model

validation for the relative material loss experimen
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2.8 Environmental Factors — Ballast Tank

Important factors that influence corrosion ratecmde and product tanker ballast
tanks include tank humidity, tank temperatureldsaltype, ballast age, tank location and
corrosion protection [69]. Research shows thatoston rates vary significantly in
general in different tank elevations within thelast tank (i.e. upper, middle and lower
levels) [11].

Using the Paik & Thayamballi model (Figure 4) aadsomewhat sophisticated
method, Paik, Lee, Hwang, and Park [65] approaletive material loss methodology by
publishing average corrosion rate charts for nuonersteel members and shell plating
using 110,000 wastage measurements taken from d® and oil tankers. Paik, Lee,
Hwang, and Park identified 34 structural membemupgsoon a typical single hull cargo
ship based on structural type, location and thacadjt marine environments.

For example, "A/B-V" = Air/Ballast Water-Vertic&8hell Plate and "B/S-V" = Ballast
Water/Seawater-Vertical Shell Plate. For eachhefrhember groups, a mean corrosion
rate (50%) and a severe corrosion rate (95% andedli® calculated for coating lives 5,
7.5 and 10 years. However, the methodology takbesligtic approach and does not
differentiate the degree of material loss contitoubn each plate side caused by each of

the dissimilar environments.
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Chapter 3 - Relative Material Loss Theory

Current marine corrosion research focuses on #aneldpment of probabilistic
models that predict structural member thinning framsk management and reliability
perspective [28, 33, 67]. These models providenteaance engineers with valuable
tools for predicting structural failure from an imate limit state perspective [63].
However, the models predict material thinning franmolistic perspective and offer no
means for determining material loss contributionaoparticular side of the plate. Paik,
Lee, Hwang, and Park [66] approached this concgpbublishing charts that indicate
total corrosion loss rates in terms of mean and coefficof variance for steel shell
plating separating various cargo tanker balladt arvironments.

Relative material loss (RML) theory leverages acttat sea” environmental and
operational conditions and the relationships betwgem to solve for material loss
contribution of each plate side of shell platingpa@ating two dissimilar corrosion
environments. In much the same fashion as a stala@ngineer isolates joints on a truss
and solves free body diagram equations to determiember forces [72], relative loss
(RL) equations are defined across various envirgnahdoundaries (i.e. shell plating)
and solved simultaneously to suggest solutions rterial loss contributions).
Implementation of RML provides the following berisfi

1. Estimating material loss contribution on each pkitke provides a new tool for

refining structural overhaul schedules and optingdifecycle performance [25].

2. RML theory provides corrosion researchers a newndsaork for studying the

effects of environmental and operational influenoessteel shell plating. The
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probabilistic models found in literature can be @dd to use RML to better

approximate corrosion loss of “at-sea” structu&g.[

3.1 Material Loss Function

Corrosion loss of uncoated steel plate due to x@oto seawater is difficult to
model due to inherit high variability in the cori@s loss data [42, 75]. Therefore, it is
appropriate to represent corrosion or material fom® a probabilistic standpoint using
parametric random variables. A material loss fiamctconsisting of a mean-valued

functionfn(t,E) is defined:

c(t,E) =b(t,E)- fn(t,E) + &(t,E) (3-1)
wherec(t,E) is material lossb(t,E) is a bias functions(t,E) is a zero mean uncertainty
function (or precision error) about the mean valuection. E is a vector of
environmental factors that influence material lasslit is the time of exposure to the
environment [50, 52, 57, 60].

For in-service or “at-sea” marine structures, @sion protection systems such as
coatings and cathodic protection are used to ihbdorosion and extend structure service
life [52, 70]. A parametric vectoP is added to account for the effectiveness of the
corrosion protection system (CPS) [71]. Accoumtior CPS, the definition of the
material loss function for “at-sea” structures bees:

c(t,P,E) =b(t,P,E)- fn(t,P,E) + £(t, P,E) (3-2)

3.1.1 Bias function
Bias error is a shift of the measured mean froenttbe value (Figure 6). Bias error

remains the same regardless of the size of thelsamp
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Figure 6. Relationship between bias and precisiorrmer

For example, an out of tolerance ultrasonic tesicgewill introduce bias into the data
and shift the mean from the true value. The biawtiort b(t) in the material loss
function is a calibration mechanism used to corfectirregularities in instrumentation
and/or sampling technique [24, 70, 74]. Mater@dsl function model calibration is
performed by comparing the mean values of the natierss c(t) from field collected
data with the predictions of the mean value mddél). Under careful experimental
control and the use of sound sampling methodologig¥t) is assumed to exactly
represenc(t) and bias is defined as unity [52]. Under thisdibon, the material loss
function is simplified:

c(t) = fn(t) + £(t) (3-3)

! Vector parameters P and E are omitted for clamifyposes.
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3.1.2 Zero mean uncertainty function (precision error)

Random error occurs either by nature, processrocepure and represents data
variability [24, 70, 74]. For example, a surveyoeasuring plate thickness introduces a
certain degree of precision error into the databtas the surveyor’s experience, fatigue
(mental and physical condition), motivation andriray. An inexperienced surveyor is
likely to introduce more precision error than aperxenced surveyor, resulting in higher
variability in the data [11].

The zero mean uncertainty functi@ft) in the material loss function represents

variability in c(t) that occurs as a result of individual measuremidatisfall on either side
of the mean valueg(t) is approximately normal with a zero mean and steshdeviation,
o [52, 70].

e(t)~N(00) (3-4)
Increasing sample size reduces variability. Algfogomplete elimination of variability
is theoretically impossible, the RML theory suggestdramatic reduction in zero mean

uncertainty is possible. Using a storyboard apgrpdevelopment of the RML theory

continues.

3.2 Relative Material Loss

A single steel plate is fully immersed in a homogeus marine environment. Since a
homogeneous environment exists wholly around thaeepit is reasonable to assume that
the rate of material loss over time is equivalentbmth sides of the steel plate. The
material loss contribution per side at any giveneti is easily calculated by simply
dividing the total measured plate material lossvay [52]. However, the determination

of material loss contribution on each plate siden@e complex when a single steel plate
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provides a boundary between two or more dissinglarironments. The next section

explores this phenomenon.

3.2.1 Single plate, dissimilar environments

A single Steel Plate A (Figure 7) with originaht# thicknessl 4 creates a boundary
between two dissimilar marine environmegtsandE,, whereE; # E,. Environments
E; andE; contribute to material loss(t) andc,(t), respectively, such that over time
ci(t) # co(t). Corrosion protection systems such as coatingscathodic protectiof®;
and P, postpone the effects of material losgt) and cy(t), respectively. Through
ultrasonic or caliper measurement, a thicknessimgaaf Steel Plate A at timeis taken

to determine remaining plate thickn@g$)a.

Steel Plate

c,(t) c,(t)

7

d(t)a

doA

Figure 7. Single plate separating two dissimilar erironments
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The definition of total corrosion loss (or wastaWé)across Steel Plate A is:
W, (1) = (1) +c,(1) (3-5)

Note: Parameter vectoEsandP are omitted for clarity purposes and later addascklat
the end of this section. Applying the materiakl@snction to Eg. (3-5), the bias function
ba(t) and zero mean uncertainty functigit) are added:

W, (1) = b () -[ (1) + . (0)]+ £4(1) (3-6)
The bias and zero mean error terms are represdmabstically due to thesingle
measuremeniVa across Steel Plate A.

Solving forc,(t), the relative loss (RL) equation in term) is defined as:

o) =l ¢ ) £all) (3-7)

b, (t) b, (t)
Under careful experimental control and the useoahds sampling methodologies, bias is
assumed to be unity; the RL equation reduces to:
G (1) =W, (t) —c,(t) — (1) (3-8)

Wherec;(t) is the material loss contribution of Steel Platesile 1 in termg;,(t). The
parametric vectorB® andE omitted earlier for clarity reasons are added back

6,(t,PLE,) =W, (1) -, (t, P, E,) —£,() (3-9)
Wi(t) is obtained from direct field measurement (i.erasionic measuring device).
However, the solution remains indeterminate. Siog# is unknown, it must be

determined either by assumption or modeled proiséibdlly. Note that the scalar value
of the error terme(t) did not change. The importance of error reductimctomes

apparent in the next section as a third environnarm a second RL equation is

considered.
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3.2.2 Two Plates Separating Three Dissimilar Environments
A second steel plate (Figure 8) with original pl#ticknessl,s shares environment
E. and provides a boundary between a third dissimilarine environmengs, whereE;

# E» # E;.  Since the environments are assumed to be horaogsjty(t)piate A =

Co(t)pLaTE B

Steel Plate Steel Plate
_________ - S B
N , N
Pl\ P, pz\ P,
E, | E K
&0 o) | ol c(t)

7
7

_________________________________________

d(t)a d(t)s
doA doB

A
\ 4
A
\ 4

Figure 8. Two plates separating three dissimilar erironments

The definition of total corrosion loss of the stpklte,Ws across steel plate B is:
W (t) = ¢, (t) +c5(t) (3-10)
The bias functiotg(t) and zero mean uncertainty functigt) are added:
W (1) =5 (1) -[c, (0) + ¢y () |+ 5, (1) (3-11)
Solving forcy(t), a second RL equation is defined:

by (t) - €, (1) =W (t) —bg (1) - c;(t) — g (1) (3-12)
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Combining the two RL equations (3-8) and (3-12) antving simultaneously, the RL

equation in terms afy(t) is defined as a function of(t):

wA(t)—eA(t)}_[va(o—sB(t)} (3-13)

Gt =c() +[ 0, (0) 0. (0)

Rewriting the RL equation to isolate the two etems:

W, (1)  W(t) + eg(t) ealt)
ba(t)  bg(t) bg(t) b,(t)

C(t) = () + (3-14)

Under careful experimental control and the useoahd sampling methodologies, bias is

assumed to be unity; the RL equation reduces to:

C (1) = Gy (t) +W, (1) —Wi (1) + &5 (1) —&4(1) (3-15)
Note that under conditions whegg(t) = ¢g(t), the error term in Eq. (3-15) approaches

zero. Under this condition, it is assumed thereleom approaches negligibility (or “zero
error”). The parametric vecto® and E omitted earlier for clarity reasons are added

back. A “zero error” RL equationi(t) as a function o€s(t), Wa(t) andWa(t) is defined:

G (t, P, Ey) = Gt Py, ) + W, (1) —W () (3-16)

3.3 Assumptions

Under “zero error” conditions, the following assuiions are made:

1. The marine immersion environments are stratifiech that conditions that cause
material loss are laterally homogeneous and lodgially heterogeneous.
Studies have shown that water depth is an impoménential factor [56, 61].

2. Workmanship for surface preparation and apptinabf the coating protection

system is assumed consistent and equivalent osidds of the plates. This
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assumption is reasonable for work crews that tyjyicaork to an industry
standard such as the Steel Structures Paintingc@d&$PC) [40].

3. The material thinning due to grit blast or watdasting is assumed to be
consistent and equal on all sides of the platel [25

4. The durability and coating life of the coatingtection system is assumed to be
the same on all sides of the plates [58].

5. Where cathodic activity exists, the electricafrent flow through the electrolyte
(i.e. seawater) is assumed equal on both siddseoftmersed plate. Therefore, if
cathodic protection exists, the resistance to swwroby cathodic protection is
assumed equal.

6. Inspector’'s gualifications and equipment caliora is assumed to be of high
guality and data sampling conducted in a contraleshner.

The “zero error” assumptions made above simplig/gblution for the variability due to
these elements exists on both sides of the platgsaee assumed equal. Since RML is
based on two-sided corrosion, these errors matheatiptdrop out when introduced into
the RL equations. The resulting difference (oatieé material loss) between the two
sides of a boundary plate represent wastage irdkeerioy known environmental and
operational parameters.

If c3(t) in Eq. (3-16) is not known or cannot be reasonasisumed, additional RL
equations can be defined to provide a more detestiursolution. For example, a third
relationship between vertical shell plate stiffentirat exists irfE, and adjacent to Shell
Plates A and B can be established and RL equatiefised and solved far,(t). The

more RL equations that are introduced, the more sthietion becomes potentially
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constrained. By using RL equations to define uppad lower bounds, linear
programming techniques can be employed to solvertbee complex RML problems
[83]. To constrain the research, the experimertoisducted on a structure that lends

itself to a reasonable assumptiorcstf).
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Chapter 4 - Experiment

4.1 Research Objective and Questions
The main research objective is to answer the fofigw

Q: Is the relative material loss (RML) theory v&lid

This question is tested through experimentatiomgusctual material loss data
obtained from an “at-sea” structure: a dry dockssam gate. The following main
research hypothesis is tested:

Ho: Using relative loss (RL) equations to describeemal loss across steel shell
plating exposed to dissimilar environments, anatiffe solution is possible that
approximates material loss contribution on eacte@ale.

H.: An effective solution is not found.

Effectiveness will be determined both qualitatwahd quantitatively. Qualitative
effectiveness will be determined by visually conpgrthe material loss contribution
profiles with profiles of environmental factors thare known to influence marine
corrosion found in the literature. To approximafectiveness quantitatively, the
profiles are simplified to linear relationships aadcorrelation made using Pearson's
product moment correlation [18, 73]. The correatwill determine how well material
loss of the isolated side correlates with environtalefactors that are known to cause
marine corrosion found in the literature. A sigraht level ofa = 0.05 will be used to

test for effectiveness.
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4.2 Dry Dock Caisson Gate
A dry dock caisson gate is a floatable steel \gss&itioned and submerged on the

sill of the open end of a dry dock to serve asraidrabetween the free water and the dry

dock interior (Figure 9).

r Deck

Dry Dock
Interior

s\

- Courtesy: Northrop Grumman Shipbuilding

Figure 9. Dry Dock Caisson Gate "D" and Section Vies

Once the dry dock caisson gate is in place andhfgealigned over prearranged blocks,
the dry dock is dewatered and the ship is safelyeted onto the blocks. As the water
level of the dry dock lowers, hydrostatic forcesenfr the free water side of the gate
increase and cause a natural water seal, forcengalsson gate rubber seal to press into
the concrete abutments around the bottom and tes sif the gate. Upon completion of
dry dock dewatering and the ship safely seatedhenblocks, ship maintenance and
repair operations can safely be conducted on tige Hahll, waterborne structures, and

mechanical systems otherwise exposed to the sg¢a [37
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A caisson gate is designed and constructed fpeeaific dry dock and its dimensions
will vary in accordance with the particular dry &oit services. Similar to ship hull
structures, caisson gates are made of mild cartemt glates, shapes and stiffeners. A
typical caisson gate contains four tank compartsientone main ballast tank for
buoyancy control, two trim tanks on each end fael®g and one concrete “tank” to

maintain negative buoyancy when seated on thealtl dill (Figure 10).

Trim tanks

—

Normal ballast level: 2’
below machinery deck

Main ballast tank

Concrete ballast “tank”

Courtesy: Northrop Grumman Shipbuilding

Figure 10. Caisson Gate Ballast Tanks

Employment of cathodic protection in the form ohzianodes is typical in areas
susceptible to high corrosion rates to attemptlate the rate of corrosion [35, 40].
Unlike the dynamic loading of ship hull structuadssea, caisson gate loading conditions
are static in nature. Hence, caisson gate straighlating, framing and coating protection
system are not typically subjected to cyclicalgaé stress and wear as is usual with “at

sea” ship hull structures [33, 67].
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4.3 Caisson Gate "D"

The material loss data obtained for this rese@dhom 2005 maintenance records
from a dry dock caisson gate located along the Sdrieer in the Tidewater Virginia
area. The owner requires anonymity for the caigmia so the structure is designated as
caisson gate “D” herein.

Caisson gate “D” was originally constructed in @941 and is 138’-0” in length,
45-0” in depth and 18'-0” in breadth. The dry whkt displacement including the
concrete ballast is 545 long tons. The gate isnsgtric about its longitudinal centerline
as well as the transverse plane amidships. Theigabtatable and at the time of data
collection, the forward end of the gate was origttdowards the north side of the dock;
the port, or side “A”, faced the river and the btard, or side “B”, side faced the dry
dock (Figure 9). The weather deck and machinegk gge watertight and access is
through two (2) watertight hatches. There is peran& concrete ballast the length of the
gate up to approximately 8 above baseline. Hligped towards the gate’s longitudinal
center as well as forward and aft towards the talabt pump sumps, near forward and
aft [23].

The main ballast tank is beneath the machinerk,dsaove the concrete ballast and
between the watertight bulkheads (Figure 9). Wthke gate is seated and the dock is
dry, the main ballast and trim tanks are floodedlout 2’ beneath the machinery deck,
(Figure 10). The gate has a rubber seal on the sheéll about 8” from the lower and

outboard edges of the seat section.
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The owner uses a reference plane when referritigetbieight of the water inside and

outside of all of its caisson gates. This wateelg“elevation 101.19’ ”, is at the height

of the mean high water Elevation 100’ is at 37°-0” above the gate bl

Caisson gate “D” was chosen for the researchhi®fdllowing reasons:

1.

2.

3.

4.

The marine environments are conducive for allovangasonable assumption of
cs(t), thus simplifying the experiment, see Eq. (3-16).

At the time of data collection, the age of the samsgate was 65 years old. The
advanced age of the structure provides a “ripe”imeagnvironment for studying
material loss on “at-sea” structures due to madiate variability [14].

The caisson gate marine environments are static dowile, thus structural
plating, framing and coating protection system rase subject to cyclical fatigue
stress and wear. Therefore, eliminating dynamadilog as an environmental
consideration.

The data collection process was performed by e@peeid marine surveyors,
supporting the reasonable assumption that the ctmpe qualifications and
equipment calibration is of high quality and théadsampling was conducted in a

controlled manner.

4.4 Main Ballast Tank Marine Environments

The scope of the research is constrained to tha balast tank shell plating and

excludes the two trim tanks fore and aft (Figurg 10aisson gate “D” main ballast tank

shell plating is exposed to five marine environmsdfigure 11): ballast tank atmospheric

2 Mean high water (MHW) was originally defined at0100 when the shipyard was founded in early 1900s
to maintain positive dock floor elevations. Owvend, the shipyards MHW has been recalibrated t@ kee
with rising sea level trends [13].
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(E1), marine atmospheric §fE ballast tank immersed {f river water (&), and concrete

ballast (E).

Level A

Level B

Level C

Level D

Level K

P

T

e -

Figure 11. Caisson Gate Marine Environments

E, — Ballast Tank Atmospheric
E, — Marine Atmospheric

E, — Ballast Tank Immersed

E, — River Water (James River)

E; — Concrete Ballast

Time of wetness, salt disposition and temperattgdators influencing material loss

of shell plating inside the ballast tank atmosphé&ie A thin layer of moisture due to

high humidity within the enclosed tank environmerglds partial anodic and partial

cathodic reactions, resulting in expected lowerason rates compared to the immersed

water environments [27, 61, 78]. For the marimacsphere, k periods of wetness and

temperature are further reduced, causing an aategjfurther corrosion rate reduction of

the exterior shell plating. Due to assumed souathtenance practices on the &d &

exposed surfaces (e.g. ease of access for maigtenaspections, painting and paint

longevity), material loss in these areas is expkttidoe minimal or even negligible.
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Average mean ballast tank water temperatures >grected to exceed river water
temperatures due to solar heating of the caisstnggaicture [78]. With stagnate water
and elevated water temperatures inside the ba#lakf microbial and organic plant life
inside the ballast tank are expected to exceeadypiver levels. The expectation is a
lower dissolved oxygen content in the ballast wHtan the river water [54].

The river water environmentyHs classified by the Commonwealth of Virginiaaas
Class II: estuarine wateftidal water-coastal zone to fall line). Meanitige river water
in the vicinity of the caisson gate is tidally idinced with semidiurnal tides and contains
brackish water [44].

The concrete ballast environmeng, IS dependant on the condition of the 65 year old
concrete. Sea water attack on immersed concretecaase the ingress of chemical
constituents from sea water on the cement hydraggroducts (paste matrix), ultimately
allowing salts to leach into the concrete strucaumd reach the interior shell plating over
time [36]. Since the interior shell plating ismaccessible and the interior steel surface
has achieved a service life of 65 years withoutnteaiance, pitting corrosion due to

anaerobic conditions is plausible [55, 59].

4.5 Shell Plating Thickness Measurements

The requirements for structural inspection of samsgate “D” is governed by MIL-
STD-1625C [7, 8]. MIL-STD-1625C requires thickneasgasurements of the caisson
gate shell plating on an 8 x 8 grid pattern (Figu?2). The sample sets are grouped

according to caisson gate level (A, B, C, D anf), Kach containing 14 samples. The

3 Keel level
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measurements are taken from forward to aft, evergt frame starting at frame number 2
and ending at frame number 41. Five sample setsdlected from each side (Side “A”
and Side “B”) for a total of ten sample sets. Tlaening convention as shown in Figure
12 is adopted. The owner’s elevation datum is wgleere mean high water is equal to
101.19. It is important to note that the Level sknples for Side “A” and Side “B” (D-
AASP and D-BASP) are taken at elevation 101.3 Hretefore, are considered in marine
atmospheric environment and not in the river caltebnes. No measurements are taken

in the tidal/splash zone.

(Side “B” similar)

Forward

D-AASP
101.3 =~f--t-X--- ----1e----- el EEEE EEE

D-ABSP
933 --1--t----

D-ACSP
85.3

D-ADSP
773 ---t-

D-AKSP
69.3 ---q-1-/--

2 5 8 11 14 17 20 23 26 29 32 35 38 41 .
Frame No. Sectlon

® |ocation of Thickness Loss Measurements (8’ grid pattern)

“D-ADSP”

“D” — Caisson Gate “D”

“A” — Side “A”

“D” - Level D

“SP” — Shell Plate

77.3 — Elevation [Mean High Water (MHW) = 101.19]

Figure 12. UT Measurement Locations and Nomenclature

Typical sampling techniques often used for inspecof underwater structures include

“systematic”, “pure random” and “cluster” samplifg3, 39]. The MIL-STD-1625C
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sampling strategy approaches “systematic” sampliviggre samples are taken on a set
spacing [8]. In this case, the spacing is evemdtirame (or approximately 8’). The
marine surveyor's methodology and equipment sptifins are of high quality and data

sampling conducted in a controlled manner. SeeAgix A for further details.

4.6 Water Quality Samples

Water quality parameters will be used for modédidadion. On July 16, 2008, water
quality parameters temperature and dissolved oxygene measured inside the caisson
gate main ballast tank and immediately outboardhefcaisson gate (river water). A
digital water quality multi-metémwas lowered and readings recorded at water déjths
5, 10’, and just above the top of concrete in Halast tank (17.9’). Outboard the
caisson gate, the device was lowered and readaogsded at 2’, 5’, 10’, 20 and 30’ from
top of river water. See Appendix B for furtheralks regarding the device specifications

and calibration data.

4.7 Supporting Questions

To support the main research objective in Sectidn the following three supporting
guestions concerning the marine environments artdrrabloss data are answered. The
first test is to determine if the marine immersemvironments (Eand E) separated by

shell plating are in fact dissimilar.

* Yellow Springs Instruments, Inc. model no. YSI 600
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4.7.1 Environmental Dissimilarity

Q1: Are the marine immersion environments separadigdthe shell plating

dissimilar?

To answer this question, a paired t-test [19eidgrmed on the environmental factors
known to cause marine corrosion found in literatoedéween the river and ballast tank
waters. It is known that temperature and dissolweghen are important environmental
factors that influence corrosion (Table 1) [34, 4%]. To test for environmental
dissimilarity, water temperature (T) and dissoleaggen (DO) content will be tested at
various depths inside the caisson gate ballast temk immediately outside along the
river side of gate. For the temperature pairegst;tthe following hypothesis is tested

using a significance level of= 0.05 and confidence interval = 95%:

H1.1o: HTemp River Water 4Temp Ballast Water— 0
H1.1: MTemp River Water UTemp Ballast Water? 0

The paired t-test results in a T-value = -9.91 pAdhlue < 0.001. Meaning, there is
strong evidence that the mean water temperaturessignificantly different. See
Appendix C for more information on the water tengpere paired t-test and the
associated 95% confidence intervals.

Next, a paired t-test is performed between thé&statank and river water dissolved
oxygen content at various elevations and the folgwhypothesis is tested using a

significance level o6 = 0.05 and confidence interval = 95%:

H1.2: DO River Water- DO Ballast Water = O
H1.2: DO River Water- DO Ballast Water # O

The paired t-test results in a T-value = 2.39 andhlpe = 0.029. Meaning, there is

evidence that the mean dissolved oxygen contergssmnificantly different. See
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Appendix C for more information on the dissolved/gen content paired t-test and the
associated 95% confidence intervals.

Since neither of the confidence intervals in bets contains zero and the p-values
are less than 0.05, it is concluded that theregisfscant evidence that the environmental
factors temperature and dissolved oxygen contetwdssm the ballast tank and river
water environments are in fact dissimilar. A sanitonclusion is deduced qualitatively

by simple inspection of the figures in the appeeslias well.

4.7.2 Environmental Stratification

The marine immersion environments are stratifiadhsthat conditions that cause
material loss are laterally homogeneous and lodgidly heterogeneous. The following
guestion is addressed.

Q2: Are the immersed marine environments laterahpmogeneous and
longitudinally heterogeneous?
To answer this question, the caisson gate matkrsal samples are grouped into two
halves: forward end to mid-gate and aft end to gate. A one-way analysis of variance
(ANOVA) of the two sample means is conducted [2]. 18he following hypothesis is

tested using a significance leveloof 0.05:

H2. 1y Maft Half = HForward Half
H2.1;: Mt Half F UForward Half

For the environments to be laterally homogenedwesnull hypothesis must fail to reject.
The one-way analysis of variance results for Stédésand “B” are summarized below:

Side “A” F-value = 0.66 p-value = 0.421
Side “B” F-value = 1.84 p-value = 0.180
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For both sides, since both p-values > 0.05, theer®t enough evidence to reject the null
hypothesis. Therefore, both null hypotheses taiteject and the conclusion is marine
immersion environments for Sides “A” and “B” aretdelly homogeneous. See
Appendix D for the one-way analysis of variance bos plots.

To test for longitudinally heterogeneity, ANOVA performed on the material loss at

each caisson gate level. The following hypothissiested:

HZZ) The means at eaCh Ievel are equal ,uLOSS Leve|: ,uLOSS Other Levels
H2.2;: At least one mean is significantly different oss Leve# [Loss Other Levels

For the environments to be longitudinally hetercgmrs, at least one level will be
significantly different, causing the null hypothe4d reject. The one-way analysis of
variance results for Sides “A” and “B” are summadzelow:

Side “A” F-value = 24.69 p-value < 0.001
Side “B” F-value =11.34 p-value < 0.001

For both sides, since both p-values are signiflgdass than 0.05, at least one level on
each side is different, providing evidence to rejee null hypothesis. Therefore, both
null hypotheses are rejected and it is concludadttie marine immersion environments
for Sides “A” and “B” are longitudinally heterogemes. See Appendix E for the one-
way analysis of variance and box plots. A simdanclusion is deduced qualitatively by

simple inspection of the box plots in the apperslae well.

4.7.3 Test for Normality and Outliers
Once laterally homogeneity and longitudinally metgeneity has been established, the
sample sets as defined in Section by 4.5 are tdstechormality and outliers [2].

Establishing normality is fundamentally importardgr fthe subsequent sections on
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polynomial regression assume normality. The follmyvquestion is addressed in this
section:

Q3: Are the sample sets normally distributed?

Usinga = 0.05 (A* = 0.752) as a two-tailed test statistic, eacltheften sample sets
are tested for normality using the Anderson-Darlmaogmality test [9] and outliers using
Extreme Studentized Deviate test (Grubbs' Test) 329 No outliers were detected. A

summary of the results is presented in Table 2.

Table 2. Anderson-Darling Normality and Grubb's Teg for Outliers

Sample Set A? AZ* P-value Outliers (Grubbs)
D-AASP 0.300 0.319 0.535 None detected
D-ABSP 0.265 0.283 0.636 None detected
D-ACSP 0.360 0.383 0.396 None detected
D-ADSP 0.395 0.421 0.324 None detected
D-AKSP 0.371 0.395 0.373 None detected
D-BASP 0.709 0.755 0.050 None detected
D-BBSP 0.914 0.974 0.014 None detected
D-BCSP 0.526 0.560 0.147 None detected
D-BDSP 0.307 0.327 0.519 None detected
D-BKSP 0.190 0.203 0.878 None detected

Sample sets with p-values greater than or equal $00.05 are said to be normally
distributed. With the exception of sample sets 88B and D-BBSP, all the samples sets
conclusively exhibit normality.

D-BASP is marginally normal (p-value = 0.050) d«BBSP is questionably normal
(p-value = 0.014). As postulated in Section 4ofaltmaterial loss in the;Ho E, areas

may be minimal or even negligible. This is duethie light corrosive environments
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inherit with these environments. The fact that ajamty of the measurements are

negative supports this claim (Figure 13). A noapatric curve fitting technique (i.e.

LOWESS) is employed to validate parametric curve fitting.

Normal Probability Plot for D-BASP

Percent
wn
o

l l l l l

-1.0 -0.5

Data

0.5

Normal Probability Plot for D-BBSP

Percent
o
o

l l l l l

Da

Figure 13. Normal Probability Plots for D-BASP & D-BBSP

® Locally Weighted Estimated Scatter Smoother
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4.8 Robust Locally Weighted Regression (LOWESS)

To provide a nonparametric picture of the overaliterial loss profile across the
caisson gate shell plating, a robust locally weadhtegression (LOWESS) is performed
on each of the ten sample sets. LOWESS provide®nparametric technique for
smoothing 2D scatter plots. LOWESS is conductedpésforming local polynomial
regression at each data point and the points seadl@inity [16, 17].

An iterative technique using MinitdbLOWESS module is conducted where the
STEP value is held constant at 2 and FIT is vairech 0.1 to 1.0 in increments of 0.1.
For each FIT, an Anderson-Darling normal probaptist is performed on the LOWESS
residuals. The FIT that produces the maximum AsmeiDarling p-value are selected as

best LOWESS fit (Table 3).

Table 3. Step, Fit and Maximum Anderson-Darling p-alues on the LOWESS Residuals

Sample Set LOWESS | LOWESS Maximum
STEP FIT AD p-value
D-AASP 2 0.6 984
D-ABSP 2 1.0 821
D-ACSP 2 0.9 558
D-ADSP 2 0.4 625
D-AKSP 2 0.8 705
D-BASP 2 0.8 571
D-BBSP 2 0.4 508
D-BCSP 2 0.9 654
D-BDSP 2 0.4 717
D-BKSP 2 0.3 940

Source: MINITAB Release 12.23

Using Minital’® residual model diagnostics module, the goodnesi-of each LOWESS
curve is validated by checking the residuals:
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1. Normal Plot of Residuals — visual check for nortyadif the residuals

2. |-Chart of Residuals — visual check for autocotretaof the residuals

3. Histogram of Residuals - visual check for non-ndityaf the residuals

4. Residuals vs. Fits — visual check for heteroscezigsof the residuals [21]
The LOWESS curves for each sample set are platté&ppendix F. However, because
LOWESS is nonparametric, the material loss profileannot be represented
mathematically nor can confidence intervals belgagenerated without resorting to
manual bootstrapping techniques [84]. To provideadhematical model of the material
loss profiles, polynomial regression modeling (arve fitting) provide mathematical
representations of the LOWESS fits. A careful cangon of the polynomial regression

models with each LOWESS fit is performed.

4.9 Polynomial Regression Models (Curve Fitting)

For each sample set, a least squares methoddstasgeate polynomial regression
models [2]. The models define the best algebrajgression of material loss as a
function of caisson gate frame location for a giedégvation. The models are used to (1)
extrapolate values in between measured samplespaimtt (2) provide 95% confidence
intervals about the point estimates (Appendix Rprmally distributed random error is
assumed within the sample sets and supported ito8et7.3. Because frame number
equal to zero is outside the experimental regioningercept term was included in all
models. Where no relationship between materiad sl frame number were detected
(i.e. the regression line is horizontal), the sampkan was used [73].

The Minital? regression analysis module is used to developrihgels. The model

that produces the maximum adjusted regressioniciseff (adj.R?) and lowest overall p-
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value in the regression analysis of variance igctetl as best fit. Overlaying the
polynomial regression models over the LOWESS mod@8ksction 4.8) provides an
independent validation of both models. The detafleach polynomial regression and
LOWESS model are presented in Appendix F. A surgrofthe regression coefficients

and p-values is provided in Table 4.

Table 4. Polynomial Regression Models - R-squaredd p-values

Sample Set R? AdjLI;S;ed 'S"il/;\:eA
D-AASP 38.5 20.1 .166
D-ABSP 59.8 56.4 .001
D-ACSP no correlation, use mean
D-ADSP 54.7 34.6 .098
D-AKSP 70.8 52.5 .044
D-BASP 89.8 77.8 .013
D-BBSP 57.3 38.7 .076
D-BCSP 46.0 36.2 .034
D-BDSP 56.1 42.9 .035
D-BKSP 77.6 67.6 .005

Source: MINITAB Release 12.23

The adjusted?®? values range from 20.1% to 77.8% and p-values10t600.166. The
regression line for D-ACSP is nearly horizontal miag the arithmetic mean of the
sample set is a valid model. The ANOVA p-valuasgolynomial regression models D-
ADSP and D-BBSP exceed the significance test vallue= 0.05 but are significant for
= 0.1. The ANOVA p-value for polynomial regressiomodel D-AASP exceeds all

meaningful levels of significance; possibly for tlheasons stated in Section 4.4.
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However, validation of polynomial regression moBeRASP (as well as the other nine
models) is qualitatively supported due to its cléisego the LOWESS curve and the
LOWESS being well within the model's 95% confidenotervals (Appendix F). The
polynomial regression models are used to calcylatat estimates horizontally along the
caisson gate shell plating. The general form efgblynomial regression model is:
Wo_nmsp = F(X) (4-1)

whereW is total material loss (wastage) on caisson gaers= (A or B) and caisson
gate levelm = (A, B, C, D or K) for any caisson gate framedbenx = (2, 3, 4, ...41).
D andSPare designators for caisson gate “D” and “sheltgdl respectively.

A composite summary of the polynomial regressiardets for Sides “A” and “B”

indicate high variability in the data (Figure 14).

2.5

D-AASP
D-ABSP
D-ACSP
D-ADSP
D-AKSP
= = D-BASP
= = D-BBSP

D-BCSP

D-BDSP
= = D-BKSP

Material Loss (mm)

-1.5 1

FWD AFT

Frame No.

Figure 14. Polynomial Regression Models - Sides "Aand "B"
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The solid lines represent the Side “A” profiles @hd dashed lines the Side “B” profiles

for all five levels.

4.10Negative Wastage Measurements

The sample sets contain thickness measurementswtien subtracted from the
original plate thickness yield negative wastaggfe 14). Plate thickness increase is
cited as not an infrequent occurrence and possiliigsult of measurement error [51].
However, through comparison of the caisson gatepkasets (Appendix F), negative
corrosion is more apparent in shell plating exposedess (and possibly negligible)
corrosive environments (sample sets D-AASP, D-ABSPBASP and D-BBSP); a
phenomenon not likely to be caused by measurennet e

An assumption is made that thickness increasdnensample sets is due to plate
thickness overage inherit from the manufacturingcpss. To test this assumption,
histograms of all thickness measurements are diétben shell plating from four caisson
gates and a LOWESS curve is fit to define a distidn (Appendix G). The fit of the
LOWESS is adjusted until a definable intercept eg@n the negative end (left end) of
the distribution. The intercept of each distribatis compared to the ASTM allowable

overage tolerance of 1.78 mm [4]. A summary otiltess provided in Table 5.

Table 5. Comparisons of shell plating negative waatje measurements

Caisson Age Negative

Gate (Year built) Intercept

A 1961 -1.05 mm

B 1958 -0.75 mm

C 1978 -1.57 mm

D 1941 -1.75 mm

Allowable Plate Overage: -1.78 mm
(ASTM A 6/A 6M — 07)
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A reasonable assumption is made that steel plaeufacturing process has not
significantly changed in the last 65 years and tiegavastage found in the sample sets is
due to plate thickness overage inherit from theufasturing process. Therefore, for the
convenience of keeping the values positive, 1.78mmadded to the polynomial
regression models developed in Section 4.9 such tha

Wo_msp = F(X)+178 (4-2)
A sensitivity analysis of the data reveals thas @djustment only shifts the material loss

contribution profiles to the right and does not aopoverall experimental results.

4.11 Relative Loss Equations
Ten (10) relative loss (RL) equations are definedlevels A, B, C, D and K and on

Sides “A” and “B” for caisson gate “D” (Figure 15).

Level A Wpaasp = Ria + NRg+ (1-NRpy 7 oo oo oo Wop.gasp = Ria + (1-N)R,+ NR,,

Level B Wp.asse = Ryp + MR+ (L-NRy, " 1o oo - 4o Wp.gssp = Ryp + (1-N)Ryp* NR,,

Level C Wop.acsp = Rae + MR+ (1-N)Ry, Wpacsp = Rge + (1-N)Rye+ NRy

Level D Wpapsp = Rag + NR4g+ (1-N)Ryy Wo.gpsp = Rag + (1-NRyg+ NRyq

Level K Wp_aksp = Ret MRyt (1-n)Ry, - s - = Wpaksp = Rek + (1-N)Ry+ NRy,

Figure 15. Relative Loss Equations Across Shell Rlag on Caisson Gate "D"
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whereWb.nmspiS the total wastage measured on sidievel m andRenis the relative loss
contribution influenced by environmeat at levelm. For exampleWb.aaspiS the total
wastage along Side “A” at Level A.Rj, is the relative loss contribution from
Environment 1 at Level A.n is an operational parameter that describes gattioo,
wheren is the percentage of time Side “A” has been exppds&, (or converselyn — 1

exposure td,). The gate rotation parameteis defined in the next section.

4.12 Gate Rotation Parameter,n

Caisson Gate “D” is reversible and can be rotated for end (180 degrees) at each
dock evolution. As a result, the exterior sidetled shell plating periodically alternates
between river watele,, and marine atmosphettt; (Figure 11). As discussed in Section
4.11, the RL equations take this operational dgtivnto account by including a
percentage of Side “A” exposure to river water temm The calculation oh for caisson
gate “D” is developed below.

By inspection of the data (Appendix F), Side “Aiedl plating exhibits more material
loss than Side “B”. Quantitatively, paired t-test® performed on the meanof the
sample sets at Levels C and D, on both Sides “Af ‘@i. In both cases, the null
hypothesis is rejected resulting in strong evidetihag material loss on Side “A” shell

plating is greater than Side “B”.

Ho: HUD-ACSP= UD-BCSP Hi: MD-ACSP> UD-BCSP (T-value = 3.15, P-value = 0.004)
Ho: p-aDsp=ip-BDsp  Hh: Up-apsp™> tp-spsp  (T-value = 4.75, P-value = 0.000)

In 1985, a revision B to the governing maintenadoceument MIL-STD-1625
mandated periodic caisson gate rotations as padutihe dock evolutions [6]. This new

mandate is confirmed as part of this research wabk operations personnel whom
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indicated that routine caisson gate rotations aitlatcur until approximately the mid
1980s.

Based on the dominate material loss exhibitedida $\" compared to Side “B”, an
assumption is made that from years 1940 to 198%amson gate rotation occurred and
Side “A” was mainly exposed to river wat&y; during this time period. After the
initiation of MIL-STD-1625B(SH), caisson gate “D’ate was routinely rotated at each
dock evolution, resulting in Side “A” and “B” shefllating alternating between river
water and marine atmospheric environments 50% @ftithe. The percentage of Side
“A” exposure to river wateE, (and conversely Side “B” exposure to marine atrhesp

E,) is calculated as follows.

= (1985-1940 + .5(2005-1989
2005-194(

= 84% (4-3)

Conversely, the percentage of Side “A” exposunm&nine atmospherig; (and Side “B”

exposure to river watdt,) is defined:

1-n=16% (4-4)

4.13 Relative Loss VariablesRen

The solution in Figure 15 is indeterminate (10auns, 15 unknown variables). To
solve for the unknown variables, more informatiemeeded. As postulated in Section
4.4 and later supported in Section 4.7.3, maringapheric environment,,Econtribute
very little to material loss and may very well beghgible compared to the river and
ballast tank water environments. Additionallyjtiseasonable to assume that the marine

atmospheric environment is longitudinally homogarsgo meaning material loss
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contribution is equivalent at all caisson gate leveTherefore, for caisson gate “D”, the
following assumption is reasonably made:
R =Ry =R =Ry =Ry =0 (4-5)
The ten RL equations in Figure 15 are combineth wie five assumptions made in
Eq. (4-5) to produce 15 equations and 15 unknowfise solutions are solved using a
system of linear, simultaneous algebraic equafiéipksuch that:

AR =W (4-6)
whereA is a 15 x 15 non singular, coefficient matrix bétten relative loss equations
plus the five assumptions in Eq. (4-33,is a 15 x 1 column vector of unknown variables
in terms of relative losR.m andW is 15 x 1 column vector of known total plate
thickness loss (wastage) measuremafs,mse

The polynomial regression models developed ini@ect.9 are used to calculate

values oMb.nmspin W at each caisson gate frame locatilonRewriting Equation (4-6):

R, =AW, (4-7)

4.14 Relative Material Loss Contributions, c(t)
Equation (4-7) in Microsoft Excel format:
R, =MMULT(MINV ERSE(A),W), (4-8)
At each caisson gate frame locatiars; (2, 3, 4... 41), a MicrosdttExcel matrix is
created using Eq. (4-8) and solutions Ry, are determined. For example, Table 6

provides the relative loss variali¥e, solution at caisson gate frame locatior, 10.
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Table 6. Relative Loss Variables, Rem (at frame lation: x=10)

A W* R®

—~ — ~

Rla Rlb R2a R2b R2c R2d R2k R3c R3d R4a R4b R4c R4d R4k R5k Loss

D-AASP| 1 0.16 0.84 1.360525 Rla=| 1.3699
D-ABSP 1 0.16 0.84 1.672352 Rilb=| 1.0314
| Example D-ACSP 0.16 1 0.84 3717099 || R2a=| 0.0000
D-ADSP 0.16 1 0.84 2.33714 R2b =| 0.0000
D-AKSP 0.16 0.84 1| 2613437 R2c =| 0.0000
D-BASP | 1 0.84 0.16 1.368101 R2d =| 0.0000
D-BBSP 1 0.84 0.16 1.153479 R2k =| 0.0000
D-BCSP 0.84 1 0.16 2.87854 R3c=| 2.6812
D-BDSP 0.84 1 0.16 1.657291 R3d =| 1.4973
D-BKSP 0.84 0.16 1| 1.337153 R4a=| -0.0111
R2a 1 0 R4b =| 0.7630
R2b 1 0 R4c=| 1.2332
R2c 1 0 R4d =| 0.9998
R2d 1 0 R4k =| 1.8769
R2k 1 0 R5k =| 1.0369

1. Ten relative loss equations plus five assumptions

Wh.nmsp = f(X) + 1.78 wheref(x) is the polynomial regression model for sidend levelm, 1.78mm added to
correct for negative wastage. In this examplesszai gate frame locatiorn= 10 is shown.

3. Relative loss variableR,, contained irR, whereR = MMULT(MINVERSE(A),W)

Source: Microsoft® Excel

The coefficients for the fifteen relative loss etijpras are placed in the 15 x 15 matix,
The total material lossé8b.nmspare calculated using the polynomial regressionetsod
(atx = 10 in the example) and placed in the first tans@f the 15 x 1 column matrix,
W. The assumptions from Eqg. (4-5) are placed inréneaining five rows iiW. For the
convenience of producing positive values, 1.78mnadded to each\p.nmsp (Section
4.10). The material loss contributions are catedlausing Eq. (4-8) and displayed in a
15 x 1 column matrixR.

From the solutions inR, further decomposition of material loss in terms o
contributionc(t)em are defined. For example, at level D-ACSP thal totaterial [0SSWb.

acspis decomposed such that:
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Wo_acsp = C(1) 5 +C(t) 4 +C(t) »c
=R, + 084R,. + 016R,,
= 2,681+ 084(L.233 + 016(0) (4-9)
= 2.681+1.036+ 0.000
=3.717

Where:

e R, defines the loss contributiong(t)sc due to internal ballast tank water

conditions

e 084R, defines the loss contributiot(t)sc due to river water conditions on the

external shell plating during times of river sidgesure (due to gate rotation)

e 016R,, defines the loss contributior(t),. due to atmospheric conditions on the

external shell plating during times of dock sidgp@sure (due to gate rotation).
However,R,;. = 0 due to assumption.
The process above is repeated for all caisson lgaéts and on both caisson gate
sides for each caisson gate frame locatxorf-or the example, at frame locatios 10, a

summary is presented in Table 7.

Table 7. RML Contributions, c(t) (at frame location: x=10)

Thickness add =1.78 RML Contributions, c(t) : Wastage

n=0.84 Elev Ballast River Atm Total
D-AASP 101.3 1.370 (0.009) 0.000 1.361
D-ABSP 93.3 1.031 0.641 0.000 1.672

| D-ACSP 85.3 2.681 1.036 0.000 3.717 Example |

D-ADSP 77.3 1.497 0.840 0.000 2.337
D-AKSP 69.3 1.037 1.577 0.000 2.613
D-BASP 101.3 1.370 (0.002) 0.000 1.368
D-BBSP 93.3 1.031 0.122 0.000 1.153
D-BCSP 85.3 2.681 0.197 0.000 2.879
D-BDSP 77.3 1.497 0.160 0.000 1.657
D-BKSP 69.3 1.037 0.300 0.000 1.337
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For the example, Table 7 reads as follows: Asst gate frame location= 10,
level C, Side “A”, the total material loss acrokse shell plating is 3.717 mm. The loss
contribution due to ballast tank water condition2.i1681 mm (72%) and loss contribution
due to river water conditions is 1.036 mm (28%heToss contribution due to marine
atmospheric is assumed to be near zero and therefegligible. The relative material

loss can be expressed as a ratio such that:

c(t) 2.681
RM — Ballast — — 259 _
LD?ACSP C(t)River 1036 (4 10)

Meaning the relative material loss on the sheltiptpinside due to ballast tank water at
this location is 2.59 times the outside surfaceoseg to the river side.

Time, t in the three loss contribution terms in Eq. (49s no mathematical
significance since is a constant (e.g.= 65 years). The term|s included withc in Eq.

(4-9) only to not lose focus that material losstabnation is a time based function.
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Chapter 5 - Results

5.1 RML Profiles

To approximate a point estimate and account faakdity, the RML contributions at
each caisson gate frame location and all levelpktted as vertical profiles along the
caisson gate section view. Figure 16 is the pdbk the Side “A” total shell plating

material loss.

Side
"

Level A ¢----- e L

‘ ® Point Est =Fit
67.8 1 Thin black lines represent bootstraps of the
data that provide an approximate
confidence interval of the point estimate.

628 |
0.000 1.000 2.000 3.000 4.000
Material Loss (mm)

Figure 16. Caisson Gate "D", Side "A", Total ShellPlating Material Loss
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The thick red line represents the total loss pestimate and it is calculated by taking the
arithmetic mean at all frame locations at a sped#vel using the polynomial regression

models f(x) developed in Section 4.9 such that:

i
f(x)
- 5-1
WD—AmSP = ( )

j—i+1

Wherei = 2,j = 41, for allm= (A, B, C, D, K) at D-AnSP. The points are connected to
produce the profile. The thin black lines are icattprofiles at each caisson gate fraxne

and provide an approximate confidence intervaheffoint estimate such that:

Wo_amse = f(X) (5-2)

Wherex = (2, 3, 4, ...41) for aln= (A, B, C, D, K) at D-AnSP.

Note the inflection points near elevations 73 a8d Bhese appear to correspond with
the changes in environmental conditions due to ghan shell plating orientation [38]
and tidal splash [51], respectively. Also, noteiafaility remains small at level C which
is in close proximity of top of ballast water lewarses the variability within the concrete

ballast zone (level K) which indicates large swings

5.2 River Side RML Profile (Side “A”)

The procedure outlined in Section 5.1 is repedi®md river side contribution
producing the river side RML profile in Figure 1T.is not good practice to extrapolate
beyond the extents of the known environments [&hce transitioning between level A

(atmospheric) to level B (marine immersion) invaverossing into dissimilar
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environments, it is not assumed that the profiiles between these two points are
directly connected. Therefore, the loss contrdoupoint estimate and variability at level

A are represented as single points.

Caisson Gate "D", Side "A", River Contribution
(as calculated using RML)

Q
O |

Side Side ® River Water
A B ——RW Fit
102.8 4 .
Level A @ -----r--oodomo ] @O ® 40O ®O0OCD O d AI Atmospheric

R-Sa: 98.2% (Adj: 94.5%)

= =

Thin black lines represent bootstraps of the
data that provide an approximate
confidence interval of the point estimate.

T T 1

(2.000) 0.000 1.000 2.000 3.000
Material Loss (mm)

Figure 17. Caisson Gate "D", Side "A", River Side Material Loss Contribution

A least squares fit is performed between the foaan value point estimates at levels B,
C, D, and K and profile curve developed (adj.\Rlue = 94.5%). As with Section 5.1,
the thin black lines are vertical profiles at eaghsson gate frame and provide an

approximate confidence interval of the point estana



Again, note the inflection points in the confidenaterval profiles at elevations 87.8,
82.8 and 73. These inflections appear to corresporiop of ballast water, a horizontal
plate stiffener (located between levels C and @) emange in shell plating orientation,

respectively.
5.3 Model Validation

Dissolved oxygen content and temperature higHlyemce corrosion and are used to
define the environmental profiles from which modalidation will be tested [53, 60]. A
single water column sample is taken using a digitalti-meter water quality measuring
apparatus. Readings are taken at various depthseanver side adjacent to the caisson
gate. The measuring technique and equipment spE@hs are further detailed in

Appendix B.

A least squares fit is performed through the sampbints to develop the
environmental profiles. Table 8 provides a sumnurhe adj R values and p-values of

the least squares fits. The environmental pro@ikespresented in Appendix C.

Table 8. Environmental Profiles (Dissolved Oxygen & emperature)

Environment Factor R? Adj L:Qszt ed p-value
River Water Temperature 72.6% 63.5% 0.067
River Water Dissolved O, 99.1% 98.2% 0.009

Ballast Water Temperature 98.8% 98.2% 0.006

Ballast Water Dissolved O, 93.7% 90.5% 0.032

Source: MINITAB Release 12.23
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With the exception of the river water temperatwak,the environmental profiles least
squares fits are significant (p-value < 0.05). haligh the river water temperature fit is
marginal (p-value= 0.067), it will be considereckqdate for the comparisons.

For quantitative validation, the profiles are amsed to be linear and a Pearson

product-moment correlation coefficient [73] is edéted using Minitab®© software.

5.3.1 Side “A”, Shell Plating Total Loss Validation

The Side “A” shell plating total loss, river watdissolved oxygen and river water
temperature profiles are superimposed over top et in (Figure 18). The dissolved
oxygen and temperature profiles have been shitiembincide with the total loss profile

to facilitate visual comparisons.

Caisson Gate "D", Side "A", Total Loss Correlation
(Total Loss, DO(Mg/L), Temperature)

107-8 Correlations (Pearson)
Side Ri ver
“B” Loss RW DO
102.8 4

RW DO 0.518
0. 008
RW Tenp  0.270 0.953
0.192 0. 000
Cel | Contents: Correlation
P- Val ue
Source: MINITAB Release 12.23

S

=8=—Total Loss
& DO (Mg/L)

o Fit

.

A Temperature

=Fit

o
0.000 1.000 2.000 3.000
Material Loss (mm)

Figure 18. Correlations of Temperature and Dissolvé Oxygen to Total Shell Plating Loss
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Through visual inspection, there appears to lte ldorrelation between the total
loss profile and the other two profiles. This #ieipated for total material loss is a
function of all contributing environmental factorgigure 18 only includes the river side
contributing environmental factors and does notoant for the ballast tank side

contributions.

Note the maximum shell plate total material lossuos at level C where the plate is
exposed to both river water and ballast water dmrdi. Water quality sampling reveals
that dissolved oxygen content is at its maximurthist level for both the river water and

ballast tank water environments, contributing ® tiaximum total loss (Appendix C).

Note the strong correlation between the river wdissolved oxygen profile and the
river water temperature profile (Figure 18). Qutatively, the Pearson correlations
support this finding (r-value = 0.953, p-value €@l). The strong correlation between

dissolved oxygen and temperature is consistent mettature findings [34, 49, 67].

As expected, the correlation between the tota [mefile and the dissolved oxygen
profile is somewhat weak (r-value = 0.518, p-vakie0.008). A weak correlation
between the total loss profile and the tempergtuéle is also detected (r-value = 0.270,

p-value = 0.192) and supported by visual obsermatio

As shown in the next section, after applying RMedry and isolating each side from

the total loss profile, these correlations willden strengthen.
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5.3.2 Side “A”, Shell Plating River Loss Contribution Validation

The Side “A” shell plating river loss contributionver water dissolved oxygen
and river water temperature profiles are superiragas/er top each other in Figure 19.
The dissolved oxygen and temperature profiles Hmen shifted to coincide with the

river loss profile to facilitate visual comparisons

Caisson Gate "D", Side "A", River Loss Correlation
(River Loss, DO(Mg/L), Temperature)

Correlations (Pearson)
Ri ver
Loss RW DO

RW DO 0.925
0. 000

RWTenp 0.768 0. 953
0. 000 0. 000

Cell Contents: Correlation
P- Val ue
Source: MINITAB Release 12.23

@ River Loss
=—Fit

¢ DO (Mg/L)
= Fit

A Temperature
= Fit

o}
0.000 1.000
Material Loss (mm)

Figure 19. Correlations of Temperature and Dissolvé Oxygen to River Side Contribution

By visual inspection, the relationship betweenrtlier loss profile and the other two
profiles improve and the correlations appear tost®nger. This is quantifiably
supported through the improvement of the Pearsorelations (r-value = 0.925, 0.768,

0.953 all with p-values < 0.001). Since Side “As exposed to the river water
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environment 84% of its life (Section 4.12), strongrrelations between river loss

contribution and dissolve oxygen content and wiseperature is expected.

Note the river side contribution point estimatdeal A is near zero. This supports
the assumption made in Section 4.13 that marin@siheric contribution is negligible

compared to river and ballast tank water envirortsien

Another observation is the river loss contributjpmnt estimate at level K is near
zero. This suggests material loss at this levehase pronounced inside the concrete
ballast tank area rather than on the river sidéhis Ts plausible for the river water
dissolved oxygen content and water temperaturenaremal at this level, causing
impedance to the corrosion process. The concsedged (65 years old) and it is quite
possible that it is deteriorating; allowing saltsm the ballast water to wick into cracks
and end up adjacent to the shell plating. Beiag tthe inspection of the concrete and the
adjacent shell plating is improbable; the studytldé phenomenon is important and

deserves further research in the near future.

5.3.3 Shell Plating Ballast Tank Loss Contribution Validaion

The loss contribution point estimates and approtechaonfidence intervals for the
ballast tank environments are developed similafigyre 20). As in Section 5.2, the

profile lines are not extended beyond the limitg®Environment.
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Side
gy
Level A

Caisson Gate "D", Side "A", Ballast Tank Loss Contr ibution
(as calculated using RML)
I
=8—BT Atmospheric
=8—BT Water

¢ BT Concrete

© O@0 O @

o O o

Thin black lines represent bootstraps of the
data that provide an approximate
confidence interval of the point estimate.

1.000
Material Loss (mm)

2.000

5.3.3.1 Ballast Tank Atmospheric

The material loss profile between levels A and 8ide the caisson gate is due to the

The upper portion of the caisson gate (level A ahdve) is exposed to day-night

TOW in this area.
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Figure 20. Caisson Gate "D", Side "A", Ballast Tank Side Material Loss Contribution

ballast tank atmospheric environment. Environmdiaigtors known to cause corrosion
in this area include time of wetness (TOW), surfaalt concentration and temperature

[27, 31]. The corrosion rate at level A is highlean level B because of the increased

temperature fluctuations, that is known to cause tteform on the inside shell plating

surface. As a result, TOW is greater in this ragadlowing moisture to condense on the



shell plating and promoting more active corrosiorthe level as compared to level B
[14]. At level B, the shell plating temperatureedonot exhibit the wide temperature
fluctuations as seen at level A and the surfacepéeature is conceivably cooler than
level B due to the water temperature in direct aonfrom the river side. Hence, the
material loss over time at level B would expectléss than level C as supported in

Figure 20.

5.3.3.2 Ballast Tank Water

Within the ballast tank water environment, the enat loss is more pronounced at
level C than level D (Figure 20) and visually ctates with the measured dissolved
oxygen content and water temperatures (Appendix @lptice the inflection in the
confidence intervals detected at elevation 82.&ndtent with earlier findings, this
inflection appears to coincide with the horizongkdte stiffener between levels C and D.
Consistent with the findings in Section 5.3.2, tlevel K shell plating in the concrete

ballast tank area suggests high material loss.

The ballast tank shell plating loss contributioalldst tank water dissolved oxygen
and ballast tank water temperature profiles aressogposed over top each other in
Figure 21. The dissolved oxygen and temperatuwélgs have been shifted to coincide

with the river loss profile to facilitate visual mparisons.
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Caisson Gate "D", Ballast Tank Water Loss Correlati  on
(Ballast Tank Loss, DO(Mg/L), Temperature)

107.8 ‘ CorrelatioQTs (Pearson)
Loss RW DO
102.8 1 BT DO 0.918
0.082
] BT Tenp 0.987 0.953
978 0.013 0. 047
Cell Contents: Correlation
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Source: MINITAB Release 12.23
c
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Figure 21. Correlations of Temperature and Dissolvé Oxygen to Ballast Tank Contribution

The relationship between the ballast tank losdilprand the ballast tank water
dissolved oxygen and ballast tank water temperairofies provide visual suggestion of
high correlation. There is a strong correlatiomweaen ballast tank material loss and
water temperature (r-value = 0.987, p-value = 0.01Bhe correlation between ballast
tank material loss and dissolve oxygen content asgmally high (r-value = 0.918, p-

value = 0.082).

5.3.3.3 Ballast Tank Concrete

At level K, material loss contribution due to thencrete ballast tank environment is

the highest compared to other ballast tank levieigufe 20). The mean value of the
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point estimate is 2.4 mm with a wide range of 1®3.69 mm. As discussed in Section
5.3.2, this high material loss condition is plalesifor inspection of the concrete and the

adjacent shell plating is impossible and meritareiresearch.

5.4 Atmospheric Side RML Profile (Side “B”)

The profile for the Side “B” total shell plating megial loss is shown in Figure 22.

Caisson Gate "D", Side "B" Total Shell Plating Mate  rial Loss
(1.78mm added to correct for negative wastage)

| 107-9
1070

Side
apn

Level A | | eeeeo .

RN i g

E‘-Point Est

IRN

The thin black lines are a bootstrap of the
data. They provide an approximate 95%
confidence interval of the point estimate.

Q | |
0.000 1.000 2.000 3.000 4.000 5.000
Material Loss (mm)

Figure 22. Caisson Gate "D", Side "B", Total ShellPlating Material Loss

Due to the operational condition of gate rotati®@edtion 4.12), the exterior side “B”
shell plating is exposed 84% of the time to maatmospheric condition and 16% of the

time to river water conditions. Since the assuampts marine atmospheric corrosion is
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negligible (Section 4.13), it is reasonable to assuhe majority of the material loss
contribution will be caused by internal ballastkaronditions. Close inspection of the
side “B” total shell plate material loss profileigEre 22) with ballast tank side material

loss contribution profile (Figure 20) supports tagsumption.

Deducting the interior ballast tank contributiororh total Side “B” shell plate
material loss, the exterior side “B” river materlabs contribution resembles a scaled
down profile of the side “A” river side contributiqFigure 23). Inflection points of the
bootstrapped confidence intervals suggest locatimhstructural anomalies such as
change in shell plating orientation (elevation J2l8cation of horizontal plate stiffeners

(elevation 82.8) and top of ballast tank water I¢gkvation 88).

Caisson Gate "D", Side "B", River Contribution
(as calculated using RML)

I

® River Water
=—RW Fit

A Atmospheric

T
R-Sq: 98.2% (Adj: 94.5%)

on

Elevati

The thin black lines are a bootstrap of the
data. They provide an approximate 95%
confidence interval of the point estimate.

0.500
Material Loss (mm)

Figure 23. Caisson Gate "D", Side "B", Marine Atmospheric Side Material Loss Contribution
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Chapter 6 - Conclusion

The research provides strong evidence that tlaivel material loss (RML) theory
described herein is valid and merits further regear

It has successfully demonstrated the use of veldtiss (RL) equations to describe
environmental and operational relationships acnoesine shell plating exposed to
dissimilar environments. Solving the RL equati@msultaneously, solutions produce
effective approximations of material loss contriboton each shell plating side. A
unique “at-sea” structure, a sixty-five year oldy diock caisson gate, provides the
research platform for which the RML theory is teste

Qualified technicians use systematic proceduresltiect material thickness readings
and the normality of the data are verified usirapdard statistical methods. Polynomial
regression models mathematically describe totaénatloss across the shell plating and
nonparametric techniques (LOWESS) verify model exmess. Material loss profiles
generated from simultaneously solving RL equatidefine material loss contribution on
each shell plating side.

Strong correlations exist between the materiad f[m®files on each plate side and the
environmental factors known to influence marinerasion; namely water temperature
and dissolved oxygen content. The significancthefcorrelations is within the standard
Type | error of alpha = 0.05. Therefore, the rede@oncludes that there is not enough
evidence to reject the null hypothesig; (Section 4.1) and an effective solution using the

RML theory described in Chapter 3 is supportedraedts further research.
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6.1 Future Research and Spinoffs

The purpose of this experiment is to prove prqiily that RML is plausible.
Therefore, the test subject was limited to a singggine structure, a 65-year old dry dock
caisson gate. Expansion of the dataset to inchdttional “at-sea” structures will
provide greater confidence in the research findiamgd is a recommendation for future
research. Additional research using more tesestbguch as other caisson gates located
in different environments (i.e. naval shipyard gaR Harbor) is recommended.

Future research should expand to include moreabias in the relative loss (RL)
equations in order to reduce the assumptions needeaduce a deterministic solution.
As an example, it is expected that a relationskefgvben the material loss of the vertical
plate stiffener flanges and webs and internal g¥lating loss exists and could potentially
be included in the RL equatidhs

Additionally, three spinoff discoveries provide oprising future research

opportunities.

6.1.1 Negative “Wastage”

Negative wastage measurements are evident thratigliiothe sample sets. The
research presents a convincing case that this pieman relates to standard mill
tolerance overage not taken into account duringwhstage calculation. With current
literature interests focused on knowing teenainingshell plate thickness from a limit
state or structural adequacy perspective, negaigtage measurements is of no concern

or interest. However, with a paradigmatic shift relative material loss theory,

® Note: preliminary research has revealed that riztirss relationships using vertical plate stitiesdo
not directly coincide with the internal ballast kagshell plating material loss. However, a relasiop may
be possible by thorough regression analysis.
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accounting for negative wastage becomes paramolimt.original shell plate thickness
becomes the baseline for the relative loss equatized in the methodology and new
methods for approximating original shell plate kimess is a reservation for future

research.

6.1.2 Diminution of Precision Error

Using RML, the reduction in precision error is pbde and theoretically supported in
Section 3.2.2. The reduction occurs though catioalaof the error terms during
mathematical substitution of the RL equations. Ewsvy, the research experiment stops
short of providing evidence of this phenomenon. fdot, upon observation of the
bootstrap confidence intervals, a counter argunemausible (Figure 17, Figure 20,

Figure 23). Further understanding RML variabilgya future research requirement.

6.1.3 Bootstrap Inflections for Detecting Anomalies

Inflection points of the bootstrap confidence mgds appear to correspond with
changes in structural orientation of shell platiag well as locations of horizontal
structural plate stiffeners (Figure 17, Figure Eggure 23). Further research of this
phenomenon is a future research recommendatiozonfirmed, RML theory can expand
to include an x-ray or “see through” capability, emd locating a structural anomaly

behind hidden structure has a potential futureez&dumaintenance inspectors.
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Appendix A — Ultrasonic Test Procedures and DevicBpecifications

The readings were taken on December 2004 by agriexged marine surveyor hired
by the caisson gate owner. The following was olg@ifrom the surveyor, describing the
methodology used to obtain the shell plating mat¢hickness measurements.

The ultrasonic test (UT) unit was calibrated using?” thick, machined test block,
above and below water to verify the accuracy ofuh&. UT equipment used in the
inspection was calibrated daily, prior to perforgmmeadings. For members tested above
water, the surface was prepared by scraping lo@derial (i.e. paint, corrosion, dirt, etc.)
from the coated surface of the member. After lodséris was removed from the
surface, an ultrasonic coupling gel was applietheotransducer of the UT unit and the
transducer was then applied to the surface of temimer. Each reading is verified as
follows:

" Metal

Time

With multiple echo, readings are taken by measuring
the time delay between any three consecutive backwall
echos. The time of T1(coating thickness) is ignored.
Thetimes of T2 and T3 are equal to the time that it takes
to travel through the metal. Only by looking at three
echoes can the measurements be automatically
verified (where T2 =T3).

Source: www.cygnus-instruments.com

Additionally, a minimum of three readings were take each specified location to verify
the previous reading. Members tested below watebrfierged) followed the same
protocol as the above water testing. Howevernther present was used as the coupling
in lieu of the ultrasonic coupling gel. Water piaes the same coupling properties as the
gel. The device used was a Cygnus 1 Underwateufactared by Cygnus Instruments.
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Specification

Materials Sound velocities between 2000 mis
and 7000 mfs — covers virtually al
comman enginesring materials

Range in steel 3 mm = 250 mm with 2.256 MHz probe
2 mm = 150 mm with 3.5 MHz probe
1 mm = 50 mm with 5 MHz probe

Accuracy +0.1 mm or £0.05 mm (selectable)
Resolution 0.1 mm or 0.05 mm (selectable)
Probes Remote single crystal soft-faced
compression
6 mm -5 MHz

13mm - 2.25, 3.5 or 5§ MHz
19 mm - 2.25 MHz

(Lower fFequency pmbas afler bt penatration an hassy

eamrasion oo aings)

Power MilH rechargeable battery pack
Battery Life 30 Hours continuously reading
Display Large, bright LED display

Size 235 mm x 75 mm

Weight 950 g - with remote probe

860 g - with fixed head probe

Operating Temp -10°C to +50°C

Environmental IPXE Continuous 300 m rating

Protection

Compliance CE, British Standard BS EM 153172007
(Specifcaion for the charsclerizsion and verficstion
af urasanic tickness measudng egquipment)

Environmental RoHS, WEEE compliant

Source: www.cygnus-instruments.com
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Appendix B — Water Quality Measuring Device Specifiations and Calibration

YSI 600XL & 600XLM Sensor Specifications

Range Resolution Accuracy
Dissolved Oxygen 0 to 500% 0.1% 0 to 200%: +2% of reading or 2% air saturation,
% Saturation ET“ whichever is greater; 200 to 500%: £6% of
6562 Rapid Pulse™ Sensor® reading
Dissolved Oxygen “ 0 to 50 mg/L 0.01 mg/L 0 to 20 mg/L: + 0.2 mg/L or 2% of reading,
mg/L ET whichever is greater; 20 to 50 mg/L: +6% of
6562 Rapid Pulse™ Sensor* reading
Conductivity® 0 to 100 mS/cm 0.001 to 0.1 mS/cm +0.5% of reading + 0.001 mS/cm
6560 Sensor™* ET“ (range dependent)
Sc:|inity 0 to 70 ppt 0.01 ppt +1% of reading or 0.1 ppt, whichever is greater
Temperature “ -5to +50°C 0.01°C +0.15°C
6560 Sensor* ET
pH 0 to 14 units 0.01 unit +0.2 unit
6561 Sensor* ET“
ORP -999 to +999 mV 0.1 mV +20 mV
Depth & Level Medium | 0 to 200 ft, 61 m 0.001 ft, 0.001 m +0.4 ft, £0.12 m
Shallow | 0to 30 ft, 9.1 m 0.001 ft, 0.001 m +0.06 ft, £0.02 m
Vented level | 0to 30 ft, 9.1 m 0.001 ft, 0.001 m +0.01 ft, 0.003 m
» Report outputs of specific conductance (conductivity corrected to 25° C), resistivity, and total dissolved solids are
also provided. These values are automatically calculated from conductivity according to algorithms found in Standard
Methods for the E: ion of Water and V (ed 1989).
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Certificate of YST 600 XL Calibration

YSI 600 XL Serial Number 0 was calibrated to the manufacturer's specifications with NIST standa

Model: 600 X1
Pine No: 1782
Serial Na: 0

fot Number:pH 4 1712282

alibration Standard |Insirument Quiput {Allowable Range % Difference
IPH—Span 1: 4PH IZPH 3.8-4.2 PI 0%

lot Numbericond 1.413 2708795

alibration Standard JInstrument Qutput |[Allowable Range %% Difference
onductivity-Zerol:
L.413ms/om 1.413ms/cm 1.34-1.48 ms/cm 0%

lot Number:DO 100% Sat Air
F;alibmtion Standard [Instrument Output_|Allowable Range % Difference

Dissolve Oxygen-
Spanl: 100% 100% 95-105 % 0%

lot Number:ORP 240mV G2643
lgalibration Standard |Instrument Output {Allowable Range %6 Difference
Redox: 240mv A0my 228-252 mv 0%

lot Number:pH 7 4803106

alibrafion Standard [Insirument Qutput jAllowable Range % Difference
PH-Zerol: 7PH 7PH 6.65-7.35 PH 0%

lot Number:pH 10 1711579
alibration Standard i{Instrument Qutput_jAllowable Range Difference
PH-Spanl: 10PH 10PH 0.5-10.5 PH )%

Envirommental Conditions of Test Area:

femperature Degree 75 4 9%Relative Humidity 47

Date: 7/15/2008 9:14:00 AM
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Appendix C — Water Temperature and Dissolved Oxyge&omparisons

Paired T-tests were performed to quantify and eonénvironmental dissimilarity.

Elevation

Elevation

Caisson Gate "D" - Water Temperature Comparisons

107.8 |
Paired T-Test and Confidence Interval
102.8 1 95% Cl for nean difference: (-0.4414, -0.2851)
T-Test of nean difference = 0 (vs not = 0):
T-Value = -9.91 P-Value = 0.000
97.8 - 'S
' ! * Source: MINITAB Release 12.23
» ’
R-Sa: 72.6% (Adi: 63.5%) 1 .
92.8 1 X ) ’
p-value: 0.067 f
I
87.8 1
’
82.8 1
N & River Side Temp (C)
77.8 . Fit
’ . i
" R-Sq: 98.8% (Adj. 98.2%) = = = Upper ClI (0.95%)
7284 R L p-value: 0.006 - - - Lower CI (0.95%)
ST . ‘ ®m Ballast Tank Temp (C)
4 ”
67.8 1 Fit
= = = Upper CI (0.95%)
= = = Lower CI (0.95%)
62.8
24.6 25.6 26.6
Temperature (C)
Caisson Gate "D" - Dissolved Oxygen (Mg/L) Comparis  ons
107.8 |
Paired T-Test and Confidence Interval
102.8 4 95% Cl for mean difference: (0.61, 10.04)
T-Test of mean difference = 0 (vs not = 0):
T-Value = 2.39 P-Value = 0.029
97.8 1 Source: MINITAB Release 12.23
92.8 1
R-Sa: 93.7% (Adi: 90.5%) ! "
875 p-value: 0.032 R-SQ: 99.1% (Adj: 98.2%)
I p-value: 0.009
kd
82.8 1
’
. & River Side DO (Mg/L)
77.8 4 J ' —it
L4 1}
K H ) - = = Upper CI (0.95%)
72.8 4 . \ A - - - Lower CI (0.95%)
! ' Y4 m Ballast Tank DO (Mg/L)
. ’ .
678 4 Fit
= = = Upper CI (0.95%)
= = = Lower CI (0.95%)
62.8
2.0 3.0 4.0 5.0 6.0 7.0

Dissolved Oxygen (Mg/L)
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Appendix D - Lateral Homogeneity Test for Sides “A”and “B”

Lateral homogeneity test for Side “A”:

Boxplots of D-ASP(AFT) - D-ASP(FWD)

(means are indicated by solid circles)

D-ASP(AFT)

|
Side “A”  paspEwD)

One-way Anal ysis of Variance

Anal ysis of Variance

Sour ce DF SS
Fact or 1 0.576
Error 68 59. 649
Tot al 69 60. 225
Level N Mean

D ASP(AFT) 35  0.7674
D ASP(FWD) 35  0.5860

Pool ed StDev = 0.9366

[¥3 F P
0.576 0.66  0.421
0.877

I ndi vi dual 95% Cl's For Mean
Based on Pool ed St Dev

StDev ---------- Homemnens Hemeeeenns Heennnn
0.9798 (CETTTTRE— LT )
0.8913  (----------- TR T T T T )

---------- o
0.50 0.75 1.00

Source: Minitab© Release 12.23

84



Lateral homogeneity test for Side “B”:

Boxplots of D-BSP(AFT) - D-BSP(FWD)

(means are indicated by solid circles)

3
*
2 —
*
*
1
[ ]
0 _ [
-1
*
2 |
I _ I
D-BSP(AFT) Side “B” D-BSP(FWD)

One-way Anal ysis of Variance

Anal ysi s of Variance

Sour ce DF SS M5 F P
Fact or 1 1. 366 1. 366 1.84 0. 180
Error 68 50. 550 0.743

Tot al 69 51.916

I ndi vi dual 95% Cls For Mean
Based on Pool ed St Dev

Level N Mean StDev  -4--------- teemmme domameee- +e----
D- BSP( AFT) 35 0.3030 0. 9607 O BEEERETEEEEE )
D- BSP(FWD) 35 0. 0236 0.7509 (----------- REEE R T )

B R L +-----
Pooled StDev = 0.8622 -0.25 0.00 0.25 0.50

Source: Minitab© Release 12.23
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Appendix E - Longitudinal Heterogeneity Test for Stdes “A” and “B”

Longitudinal heterogeneity test for Side “A”:

Boxplots of D-AASP - D-AKSP

(means are indicated by solid circles)

D-AASP —|
D-ABSP _|
D-ACSP |
D-ADSP |
D-AKSP

Side “A”

One-way Anal ysis of Variance

Anal ysi s of Variance

Sour ce DF SS M5 F P
Fact or 4 36. 322 9. 080 24. 69 0. 000
Error 65 23.903 0. 368

Tot al 69 60. 225

I ndi vi dual 95% Cl's For Mean
Based on Pool ed St Dev

Level N Mean StDev ------- R e L R
D- AASP 14  -0.2086 0.5101 (---*---)
D ABSP 14 0. 2540 0.5104 (---*---)
D ACSP 14 1. 9050 0. 8276 (---*---)
D- ADSP 14 0. 9616 0. 4277 (---*---)
D- AKSP 14 0. 4717 0. 6710 (---*---)

------- R N .
Pooled StDev = 0.6064 0. 00 0. 80 1. 60

Source: Minitab© Release 12.23
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Longitudinal heterogeneity test for Side “B”:

Boxplots of D-BASP - D-BKSP

(means are indicated by solid circles)

D-BASP —

D-BBSP

One-way Anal ysis of Variance

Anal ysis of Variance

Sour ce DF
Fact or 4
Error 65
Tot al 69
Level N
D- BASP 14
D- BBSP 14
D- BCSP 14
D- BDSP 14
D- BKSP 14
Pool ed St Dev

SS

21.339
30. 577
51.916

Mean

. 2268
. 5806

9162

. 0544
. 6531

. 6859

5.335
0.470

St Dev
0. 2561
0. 6969
0. 6906
0. 6565
0. 9450

D-BCSP —|
D-BDSP —|
D-BKSP —

Side “B”

F P
11.34  0.000

I ndi vi dual 95% Cl's For Mean
Based on Pool ed St Dev

f s [ [ +- -
CEECLEPREY
(-reee?emes)
(CERELEPRED
(CEEELERIED
R )
e o o +- -
-0.70 0. 00 0.70 1.40

Source: Minitab© Release 12.23
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Appendix F — LOWESS and Polynomial Regression Modsl

Caisson Gate "D", Side "A", Level "A", Member "SP"

Polynomial Regression Model
y = -0.00000359x"4 + 0.000205x"3 - 0.107x + 0.479

Elev: 101.30

F-value: 2.09

p-value: 0.166

Std Error:  0.4561

R-Sq: 38.51% (Adj: 20.06%)

—@— D-AASPp

e Point Estimate
= = Lower CI (0.95%)
= = Upper CI (0.95%)
Lower PI (0.95%)
Upper PI (0.95%)
LOWESS

== Mean: -0.2086

Frame No. (x)

Descriptive Statistics

Variable:

A-Squared:
P-Value:

Mean
StDev
Variance
Skewness
Kurtosis
N

| | | | |
-1.2 -0.8 -0.4 0.0 0.4
| | | |

! Minimum
Median
3rd Quartile

95% Confidence Interval for Mu Mavimum

e
|1‘H ]
e

D-AASP

Anderson-Darling Normality Test

0.300
0.535

-2.1E-01
0.510089
0.260191

-3.0E-01

-1.2E-01

14

-1.20650
-0.53975
-0.12700
0.09525
0.57150

T ] e
-0.50316 0.08587

| | | | | | |
-0|.5 -OI.4 -0|.3 -OI.2 -0|-1 OI-O 0-I1 95% Confidence Interval for Sigma
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Material Loss mm  (y)
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Polynomial Regression Model
y =0.0314x - 0.4221

Elev: 93.30

F-value: 17.84

p-value: 0.001

Std Error:  0.3369

R-Sq: 59.78% (Adj: 56.43%)
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Descriptive Statistics
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Material Loss mm  (y)
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Polynomial Regression Model

y =-0.00279x + 1.965

Elev: 85.30

F-value: 0.02

p-value: 0.886

Std Error:  0.8606
R-Sa: 0.2% (Adi: -8.1%)

w
=
o

Fwd

15 20 25

30

—e—D-ACSPp

e— Point Estimate
= = Lower CI (0.95%)
= = Upper CI (0.95%)
Lower PI (0.95%)
Upper PI (0.95%)
LOWESS

=== Mean: 1.9050
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The constant is the only term that has
significance (T=4.19). Therefore, using
the mean is an acceptable model.

Descriptive Statistics

Variable: D-ACSP
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Material Loss mm  (y)
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Caisson Gate "D", Side "A", Level "D", Member "SP"

Polynomial Regression Model
y = 0.000000000119x"7 - 0.0000373x"4 + 0.00167x"3 - 0.0193x"2 + 1.189

Elev: 77.30 F-value: 2.72
p-value: 0.098
Std Error:  0.3459

R-Sq: 54.7% (Adj: 34.57%)
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Descriptive Statistics
Variable: D-ADSP

Anderson-Darling Normality Test
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Polynomial Regression Model
y = 0.000000000011x"9 - 0.0000000013x"8 + 0.0000000 52x"7 - 0.00000073x"6 + 0.000942x"3 + 0.215

Elev: 69.30
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Frame No. (x)

Descriptive Statistics

Variable:

F-value: 3.87

p-value: 0.044

Std Error:  0.4625

R-Sq: 70.77% (Adj: 52.49%)
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Material Loss mm (y)

Caisson Gate "D", Side "B", Level "A", Member "SP"

Polynomial Regression Model

y = -0.0000000000262x"9 + 0.00000000404x"8 - 0.0000 00247x"7 + 0.00000758x"6 - 0.000118x"5 + 0.000765x" 4 - 0.206x + 0.309
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Anderson-Darling Normality Test

0.709
0.050

-2.3E-01
0.256085
6.56E-02

-2.7E-01
-1.08591

14

-5.7E-01
-5.7E-01
-1.9E-01
-6.3E-02
0.190500

95% Confidence Interval for Mu

-7.9E-02

95% Confidence Interval for Sigma

0.412564

95% Confidence Interval for Median

-6.3E-02
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Polynomial Regression Model

y = 0.000000000209x"7 - 0.0000000102x"6 + 0.00598x" 2 - 0.0823x - 0.393

Elev: 93.30

F-value: 3.05

p-value: 0.076

Std Error:  0.5459

R-Sq: 57.53% (Adj: 38.65%)
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Variable: D-BBSP

Anderson-Darling Normality Test

A-Squared: 0.914
P-Value: 0.014
Mean -5.8E-01
StDev 0.696880
Variance 0.485642
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Polynomial Regression Model
y = 0.00000103x4 - 0.0736x + 1.825

Elev: 85.30

F-value: 4.68

p-value: 0.034

Std Error:  0.5518

R-Sq: 45.98% (Adj: 36.15%)
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Descriptive Statistics
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Polynomial Regression Model
y =0.000011x"4 - 0.000726x"3 + 0.0126x"2 - 0.769

F-value: 4.26

Elev: 77.30

p-value: 0.035
Std Error:  0.496
R-Sq: 56.1% (Adj: 42.93%)
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Variable: D-BDSP

Anderson-Darling Normality Test

A-Squared: 0.307
P-Value: 0.519
Mean 0.054429
StDev 0.656545
Variance 0.431052
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Kurtosis -4.2E-01
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Material Loss mm  (y)

Caisson Gate "D", Side "B", Level "K", Member "SP"

Polynomial Regression Model

y = 0.0000000000376x"7 - 0.000601x"3 + 0.0325x"2 - 0.482x + 1.737

F-value: 7.77

p-value: 0.005

Std Error:  0.5381

R-Sq: 77.55% (Adj: 67.58%)
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Descriptive Statistics
Variable: D-BKSP
Anderson-Darling Normality Test
A-Squared: 0.190
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Appendix G — “Negative” Wastage Distributions of Far Caisson Gates

Negative Wastage

Shell Plating, Caisson Gate “A”

Year Built: 1961
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LOWESS

Degree of Smoothing: 0.5
Number of Steps: 2

Source: Minitab© Release 12.23




Negative Wastage
Shell Plating, Caisson Gate “C

Year Built: 1978

20 —| 777 = 20 —|
— VY
> [ >
2 2
(5} (5}
§ 10 — || § 10 — ~
* * -1.57 mm:
0 — 0 — i 1
T T T T T T T T T T T T T T T
2 1 0 1 2.0 -1.9 -1.8 -1.7\@_9/— 413 -12 -11 -1.0
C-SP C-SP
UT data obtained from NGSB 2005 overhaul report LOWESS
Degree of Smoothing: 0.5
Number of Steps: 2
Source: Minitab© Release 12.23
Negative Wastage
Shell Plating, Caisson Gate “D”
Year Built: 1941
20 — 10 —
— B 9 —
L s | _
_ 7
2y M 3 6
c c
g 104 M 2 5
g g4 1,75
L X1 L 3 =ALl. mm
Me-q 5 —
1
0 T T T T T T T 0 B T \/\\ T T T T T T T
-2 -1 0 1 2 3 4 -2.0 -1.9 WI.G -15-14 -13 -1.2 -1.1 -10
D-SP D-SP

LOWESS

Degree of Smoothing: 0.5
Number of Steps: 2

Source: Minitab© Release 12.23

UT data obtained from NGSB 2005 overhaul report

99




