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1.0.0 Introduction

Ships have been relied upon to transport goods in bulk from their source to marketplace for

over 2000 years. Routine long distance transport of bulk materials began in the 17th century with the

oriental spice. trade. The ‘east indiamen’ undertook voyages taking years and covering thousands of

miles between Europe and the Orient, Ships had to be built to withstand the rigors of the long

voyages, have enough cargo capacity to make the trips profitable and have space enough to

accommodate crews large enough to operate the vessels.

The construction of early vessels was an a- with hull forms and rigs developed through years

of experience and personal taste rather than through any standardized guidelines. The relatively small

size of the vessels allowed shipwrights to construct a vessel near almost any large body of water, often

relying on plans that at times existed only in the mind of the yard master. As a resul~ the tracking of

vessel construction was nearly impossible. Yards often appeared, built only a small number of vessels

and disappeared, leaving no record of the details of a vessels construction. However as a result of

crude construction methods and small size, these vessels tended to be heavily built with success

determined by the speed/cost/deadweight abilities rather than by the more than adequate strength of the

vessel. The loss of these sailing merchantmen was nearly always a result of grounding, loss of

stability or foundering at sea rather than due to catastrophic structural failure. Since the vessels were

heavily built with initial strength far in excess of that required to perform their missions, the condition

of older ships could vary widely as a result of varied levels (if any) of maintenance which the vessels

had experienced.

The formation of classification societies was in part a response to the accountability problems

involved with the multitude of small vessels available to carry freight. To a merchan~ the soundness

of one [older] vessel was difficult to evaluate. Without an objective expert opinion, that evaluation

was often wrong. The loss of goods shipped on ill fated, inferior quality, poorly maintained vessels

1
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cost the merchant and underwriters dearly. With the performance of fitness for purpose surveys of

vessels by classification societies, risk was mittimizcd through classification of ships with respect to

age and apparent seaworthiness. This ranking of vessels helping to determine the risk to financiers

and underwriters of speculative ventures involving the sponsoring of vessels on long perilous voyages.

The safety of crews also improved due to the new interest of shipownem in getting their vessels

favorably classified,

With the application of steam power to ships in the mid 19th Century, ships could be built to

serve on any route regardless of season and wind direction. For the first time, a vessel could be

driven at high speed into head seas imposing loads on hulls heretofore unexperienced by sailing

vessels which were limited to running before or abeam of the wind and preva fling seas. Due to the

increases in power available from superheated steam, larger vessels could be built which experienced

even greater stresses.

With ‘production line’ type ship building first seen during world war II, welded steel

construction came into wide spread use. It expedited construction and was less prone to plate

“springing” under impacts as were riveted hulls. The welded hull was considered to be stronger,

lighter and more resilient than it’s riveted predecessor, There were problems though, with cracks

propagating unchecked through welded structures. Many cases of brittle fracture were reported on

Liberty type ships and T-1 tankers. Perhaps the most notorious case of catastrophic brittle fracture

was the dockside breakup of the S.S. Schenectady y in the winter of 1943. Improvements in steels,

welding methods and inspection techniques since then have greatly improved the resistance of ships

such catastrophic failures. However, they still do occur on a disturbing y frequent basis. Since the

cost of failure including the loss of freight revenue, shipyard costs, salvage costs and clean-up crests

high, it is important that every effort is made to ensure that the most diligent and technically

sophisticated efforts would be utilized in order to assure the structural integrity of the ship.

2
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Since 1946 the Ship Structure timmittee has addressed critical problems such as brittle

fracture and has sponsored research to improve structural design, construction, maintenance and repair.

Three hundred and sixty five separate reports have been published to date, The content of these

reports range from the highly technical to practical guidelines for personnel directly involved in

ship yard/shipping operations.

The purpose of this report is to provide a state of the art summary and ovemiew of completed

research related to ship maintenance. The report is based principally on the work of the SSC and

focuses on technological areas of greatest concern to ship operators. While it is intended to be as

qualitative as possible, quantitative analysis was necessary in certain areas in order to properly address

the concepts.

In addition to this report, a database of SSC report abstracts has been compiled to allow rapid

access to all of the reports through a key word search format. Through information availability, this

database will further facilitate new technology application within the maritime community.

The topics discussed in this report are based on the key technology and subject areas currently

in use by the SSC for research planning. These areas include reliability based design, structural

assernbl y, vibration, fatigue, fracture control, corrosion, inspection, non destructive testing, and

structural instrumentation. The report emphasizes the application of technology to the maintenance of

ships.

.,_,..,



This Page Intentionally Left Blank



11.0.0 Design

Since existing ship maintenance is the focus of this repor~ design considerations are of limited

concern. However, maintenance difficulties and expenses are related to earlier design decisions.

Therefore, some design philosophy background is needed to understand maintenance practices and

problems.

11.1.0 Durability

Traditionally ships have been designed to meet a minimum allowable scantlings requirement

with some additional margin to allow for uncertainties in the somewhat crude analysis tools available

to designers. With the advent of more sophisticated design tools and intensified competition in

bidding for ship building contracts, the margin between the minimum scantling requirements and the

as built scantlings have become quite small.

The method used in shipbuilding to achieve a minimum weight structure is the use of highly

stiffened thin plate for weight and cost savings. This design philosophy has led to highly fracture

prone, complex, hard to inspect and repair structures [1]. The use of heavier plating with lighter

stiffening members would result in a more robus~ easier to construct and less corrosion prone

structure. Increased skel weight do~s result in a ship more costly to operate: however the cost of

maintenance is drastically reduced by the structure’s tolerance for corrosion without approaching any

minimum scantling limit. As shown in Figure 1 curve A, a poorly maintained ‘lightly’ built vessel

will incur quite high maintenance costs as it ages. Because of the small margin between the ship’s ‘as

built’ and minimum scantlings, it will reach a minimum scantling limit several times throughout it’s

life. At each occurance, the ship would require extensive and costly repair. Curve B illustrates the

same lightly built but better maintained vessel which incurs lower repair costs than A, but will still

needs some structural replacement during it’s lifetime. Curve C, which represents the heavily built

lightly stiffened ship, can corrode throughout it’s entire life without reaching a minimum scantling

5
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‘igure 1 Compariscm of Traditional Minimum %antlings Vessel with “Maintenance-Free” Design.

limit.

Both the initial cost and lifetime maintenance costs and lifetime maintenance costs of the

vessel are related to the margin between the ship’s as-built and minimum scantlings. This suggests

that higher initial steel expenditures may result in a cheaper ship in the long run. In practice the ideal

ship would fall somewhere between the three alternatives presented in Figure 1. The decision is

dependent upon a number of economic factors that the owner must weigh.

11.2.0 Design for Maintenance and Repair

The primary motivation for the efficient planning and execution of maintenance in a

commercial setting is to minimize the net long term cost to the operator. As seen in Figure

B, poor maintenance practices, (coatings, cathodic protection renewal, and repair quality) could result

1, cmwe
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in the need for repeated and expensive steel renewals. The design of details and sub assernbl ies can

have a significant effect on the minimizing of these costs by ensuring that attempts are made during

the initial, (or with respect to the intent of this repor~ the remedial), design stages to obsewe the

following guidelines;

O ore must be taken in the selection of makrials with mechanical properties which are

suitable for the types and magnitudes of stresses expected.

O Welding methods for specific lo~tions must be clearly specified, [Chapter II].

O Designers must ~nsider a structure’s damage tolerance and long term durability.

O Care must be taken to ensure corrosion resistance, avoid water traps, provide drainage paths,
and minimize hidden surfaces, (difficult to coat and inspect), provide for ease of access to,
and mounting points for cathodic protection [Chapter VI].

O Design for constructability; inspectability [Chapter IX], (Can NDT equipment reach the

critical welds?), and repairs, (If a failure does occur, how will the detail be removed? If
it cannot be removed has extra care been taken in it’s design?), consider the use of
mechanical fastening techniques, [Chapter III] in critical hard to reach areas to minimize
welding and in place inspection problems.

The “design for durability” requirement noted above, has definite bearing on the maintenance

of existing vessels. When a detail fails, a determination must be made as to whether the failure was a

result of bad design or, as is more often the case, poor construction. If the cause was poor

construction, the detail is merely removed and replaced, although with a higher level of scrutiny.

If the cause was poor design, then a revised design must be developed having a higher level of

robustness than that of the previous failed detail. A direct analogy can be drawn to curve B, Figure 1;

if a detail is well repaired and re-protected, (coated), it will degrade slowly with the rest of the

structure as does the repair in Figure 1, curve B. However, if a repair is poorly planned, the detail

will most likely fail again, necmsitating the repetition of the repair process. In some cases, repairs are

made which not only have the original faulty characteristics, but new ones introduced by an even

poorer quality repair process which can lead to even more serious consequences [2]. This process is
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‘igure 2 Degradation and Repair Curves

illustrated in Figure 2, where through normal wear and tear, the structure degrades until some repair is

necessary, (curve B). If the initial quality of construction is poor, the structure degrades at a higher

rate as shown by curve A. This condition necessitates earlier than expected repairs, however if the

quality is very poor, or unexpected high loadings are encountered, the detail may fail completely as

shown hy curve A’, If the complete failure (fracture) occurs, A’ shows the strength effectively going

to zero, with the load picked up by parallel members, possibly overloading them also . In either case,

insufficient design work, faulty construction and lax inspection can all lead to early repair costs. Once

repair is needed, a properly designed and executed repair should bring the strength back up to it’s

intended design level, (curve E), with a subsequent normal rate of degradation. Curve C indicates a

poorly designed repair, which will fail early regardless of the quality of the installation. Conversely
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curve D indicates a well designed, poorly executed repair which will also degrade rapidly as in the

case of curve A.

11.3.0 Probability Based Design Methodology

Historically, structures have been designed to withstand the product of a specified set of

loading conditions with a factor of safety, Historical y, the magnitude of the factor of safety has been

subjectively determined. It has been based on the accumulation of experience with similar structures.

The goal of a probability based design is the clear definition of the minimum margin required between

the structure’s maximum expected loading and it’s strength, given failure consequences and

uncertainties. The procedure involved in the probabilistic approach accepts the fact that there is no

absolute assurance of safety for any structure. There is an expected level of structural perfonnancej or

likelihood of survival, which is defined by subjecting the structure to a probabilistic set of loads with

performance described in terms of probability. The advantage of using probability based design

methods is that a large data bank of previous designs is not required, only a combination of

distributions for strength and loadings are needed to define a probability of failure. This approach is

particularly advantageous when the design of a new type of structure is being contemplated given that

no historical data is available from which to extrapolate the new design.

The calculated required margin is ideally a weighted balance between overbuilding to

withstand uncertain loads in an uncertain structure, and a cost based consequence of failure factor.

The classical methodology used in probability based design is quite elegant in it’s elementary form.

However the rational quantification of variables needed to complete the process can be quite difficult.

As a resul~ this quantification of variables is one of the areas where a majority of current research is

presently being concentrated [3]. The challenges facing the designer are the definition of failure, an

acceptable probability of failure, the estimation of uncertainties and the selection of the applicable

distribution models to use in the calculations.



11.3.1 Economics Based Approach

This approach enables the designer to optimize the

and inspection/maintenance/repair program, in terms of the

combination of initial capacity, durability,

total life cycle cost utility of the structure.

This utility being defined as the minimum possible expected net cost over the lifetime of the structure.

The total cost is defined as shown in Eq (l),

Ct=cd +C1+CR +CM

where; CO=Initial Construction Cost
C~=Failure Cost
C1=Inspection Cost

C~=Structural Maintenance costs
C~=Structural Repair costs

Assuming continuous discounting, each of the ~’s can be expressed as shown in Eq (2);

Where;
Cx=COst type
CX=Specific costs at t=TX
r =Assumed average discount rate
TX=Time at which expense is incurred

11.3.l.a Uncertainties

Of course not being able to see into the future, all

Which means that we must assign a best guess probability

Uli!

P and an expected value E, as shown in Eq (3). With the

of

to

(1)

(2)

the above quantities are uncertain.

each, expressed in terms of a probability

(3)

likelihoods, (Probabilities P’s), associated

with each of the cost variables estimated on the basis of analysis, data or experience.
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11.3.l.b Probability of Failure

The probability of failure of the global system, P~, can be defined as the probability that the

“supply” of structural strength is exceeded by a “demand” of a set of loadings. If the ultimate capacity

of the hull structure is denoted by Ru, and the ultimate load S~, the above statement can be expressed

as in Eq (4). These two quantities are each assigned a probability distribution, the strength being

based on arithmetical combination of the constituent strength distributions, and the loading being based

PF= P(R@M) (4)

on environmental condition forecasting. A median factor of safety is defined as the quotient of the

median ultimate strength and the median ultimate loading, which when divided by the total

uncertainty, yields a “Safety index”, B, as shown in Eq (5), (for Normally distributed R and S). Where

B is defined as a proq or normalized measure of the probability of failure. When II increases, the

likelihood of failure decreases. The probability of failure can be approximately related to 11as shown

in Eq (6);

Ruw-SMm

“m.

PF=lo-~

A quantitative

(5)

(6)

measure of the “margin”, can be expressed as the quotient of the ultimate

capacity and the design loading, or the ‘Reserve Strength Ratio’ or RSR as shown in Eq (7).

RSR=:
d

(’?)

The RSR is used to express the overall robustness of the design, which can be directly translated into

the structure’s ability to withstand loading without reaching a minimum scantlings limit.
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An additional factor which should be considered in the design process is the level of ‘residual’

or post ductile failure strength that the structure possesses. The consideration of this factor can, in

some instances, enable the designer to go with a lighter, (read: cheaper), structure that utilizes it’s

non-linear plastic deformation to survive highly unlikely loading conditions on a single survival

incident basisl.

1 Once again to be evaluated on a probabilistic cost analysis basis.
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111.0.0 Steel Structure Assembly: Welding

Almost all modern steel structures are assembled using high temperature electrical arc fusion

welding techniques. The success of welding as a technique for the assemblage of steel components

has come quite far in the fifty years that it has been used for ship building. The types and methods of

welding now used are numerous varying from standard arc welding to sophisticated inert gas methods.

The most obvious advantage of joining two components with a weld is that the continuous

joint effectively unifies two components into a single member. However there are many mechanisms

which if allowed to occur, can lead to premature failure of the subassembly, The careful training of

welders, design for access by welders and perhaps most importantly, the inspection of welds, are all

critical in ensuring that a structure, once constructed, will perform to expectation.

Approximately 20 percent of the SSC reports address the subject of welding, indicating the

relative importance of this subject with respect to the integrity of ship structures.

In maintaining an existing vessel, there will be subassemblies and details that fail and need

repair or replacement. The vast majority of these failures will involve faulty welds [4]. It is thus

necessary to investigate welding problems and solutions in a survey of ship maintenance.

111.1.O Weld Techniques

111.1.1 Fillet Welding

There are fully 60 tons of fillet weld metal in a 50,000 ton ship, all of which is highly fatigue

sensitive given it’s location at points of stress redirection and between homogeneous plating.

The resistance to fatigue failure of fillet welds can be expressed as in Eq (8) [5].

13
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R=RuLJ1-e-~A)a
where; (8)
~=Empirical regrew-on coefficient
A =De&mwion

From fatigue testing data, (pulsating tension testing), the regression coefficients shown in Eq(8) were

reduced through:

Peening by 75%

Grinding by 50%

Which is to say that the resistance to fatigue is increased by utilizing the above methods to reduce

residual stresses and improve the weld profile respectively. Some welds made under ideal conditions

may be good welds in every sense but may be somewhat under size. Many inspectors will reject the

weld requiring that additional passes be made in order to exceed the minimum size, this is probably a

waste of time and resources, however the acceptance of slightly undersize welds places a large burden

of responsibility on the inspectors knowledge of which welds are critical in the ship’s structure, and

since classification society rules can vary in their requirements for minimum weld size by up to 100Yo,

the minimum acceptable weld size has yet to be agreed upon. Since many fatigue failures are initiated

from weld toes, this is an area of concern which merits further investigation. A fully plastic yield

failure criterion which requires a fully plastic zone along the weld legs as the failure criterion would

allow a less restrictive minimum weld size requirement.

The goal in the development of strength criteria for fillet welds is that of developing weld

material strength that is as near as possible to that of the attached members. This goal is aimed at

minimizing the existence of stress concentrating, high stiffness regions. In order to analyze the

strength of fillet welds, ideally the solution of different equations for each of six failure modes should

be performed, here two modes will be examined which will show the basic methodology used.



111.1.l,a Longitudinal shear

In order to develop the ideal strength of the attached material through the weld throa~ the

dimension of the throat should conform with the relation shown in Eq (9), with dimensions as

sketched in Figure 3. For loading along planes AA or BB, the proportions should conform to the

relations as shown in Eq (9). As long as the conditions

Intercostal M~mber

-. -- ... . . . . .. .
Mgure 5 Fulet weld nulure planes

2 x D x Sin45° x ~wl=T x rd

... KJ/t=o.707 x ~
T

W1

Wh4?rq
~Wl=Weld material ultimate longitudinal shear stress.

~d= Ultimate shear stress of intercostal member.
D=Fillet weld size.
T=Base plate thickness.

(9)
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(lo)

indicated in Equations (9) and (10) are satisfied, the fillet weld should develop the full shear strength

of the intercostal member.

2 x D 1.414 x ~W=T x ~d

.“.D/T=o.354 ~
TM

111.1 .l.b. Transverse Shear

Although the failure planes in transverse shear most often occur as shown in Figure 3,

(angularly midway between the longitudinal failure planes and the intercostal, or 22.5° from the

intercostal), for simplicity sake the failure planes are conservatively taken to be the 45° planes,

(conservative since there is less shear area for the 45° planes than for the 22.5° planes, 0.71D vs.

0.92D respectively), Thus the criterium is identical to those stated for longitudinal shear with the

exception of the substitution of Uti, (the ultimate tensile stress of the intercostal), for ~ti, (the ultimate

shear stress of the intercostal). qt for most weld deposition metals

strength of the base material, thus conservative y the ultimate shear

shown in Eq (11);

Td=o.75 *ud
TUC=0.75*OM

is 2/3 to 3/4 of the ultimate tensile

strength can be expressed as

(11)

Due to the greater area of the transveme failure planes it can be shown that the transverse shear

strength of the fillet weld is between 1.44 and 1.56 times greater than the longitudinal strength. (This

fact is of interest to inspectors in that if loading patterns am known, the most likely points for fillet

weld failure can be quite accurately predicted, e.g. longitudinal failures in bottom longitudinal frames

is more likely than tripping if girth and primary loads are similar). Thus it is assumed that TW=l.44

ZW,,where q is tabulated in welding handbooks as a function of the weld rod electrode series.

Comparing this to the criterium set forth by the various classification societies reveals hidden

16



consewatism by introducing bias in the direction of over-welded and consequently expensive structures

[5].

Weld size reductions are not achieved by using higher strength weld rod, since doing this

merely shifts the failure plane closer to the base metal. Using the afore mentioned relations, a narrow

band of minimum weld sizes ranging from ,607 to .698 times the intercostal member thickness is

found. The more conservative figure of 0.698 is used to determine the acceptable joint efficiency. A

final expression for minimum weld size must include a corrosion margin, joint efficiency and

intercostal size as expressed in Eq (12).

D =0.698 *qmm*(T-2*C)+l.414*C

I%&
Dmm=Corro&d weki size.

11~W=Cono&d joint eficienq
C=Corrosion allowance

111.1.2 Joint Efficiency

(12)

& indicated in the previous discussion, an expression indicating joint efficiency must be

included in any expression specifying minimum joint size. The joint efficiency is a function of joint

geometry, loading mechanism and connection method, (weld method and quality), which for a properly

connected joint can range from of a low of approximately 509% to unity. In a design setting,

efficiencies for standardized joint geometries are determined from tables, which take into account the

foregoing set of variables pertinent to the design situation.

111. I.2.a Intermittent Welding

Intermittent welds, when properly executed, can be just as effective as continuous welds with

the added benefit of being more economically attractive [6]. In regions of the structure where

lightweight material is specified, intermittent welds are used in order to avoid excessively strong joints.

Little guidance is given in this area due to the obvious liability problems. Classification societies



usually require that specific anal ysis must be shown for regions where intermittent welding is to be

allowed.

111.1.3 Corrosion Allowances for Corrosion Control Systems

IrI regions of the vessel where approved corrosion control methods are specified, most

classification societies allow the reduction of scantlings by a corrosion allowance [see page 90]. For

welds which are used in these areas, no reduction is allowed, apart from reductions due to the material

thickness of connected members. This dilemma could be eliminated by simply ignoring or reducing

the corrosion factor C by an agreed upon factor.

Many shipowners will, in order to build a conservative ship, use a corrosion control system

but not use the control system scantling reduction allowance. This is done in the belief that the extra

money spent on the material is well spent in avoiding possible future repairs, [See Figure 2], that the

material cost is a small fraction of total cost, (with respect to labor cost), and that an over built vessel

will be more able to meet schedules in a wider variety of conditions.

The cost of welding for a typical vessel is quite high given the labor intensive nature of the

job. Differences in specific welding cost, (cost per linear unit of bead), although quite small can result

in large cost differentials for the construction of an entire ship. Therefore any means available to the

designer for reducing the amount of welding necessary should be fully taken advantage of, this being

especially true given the intense competition in the ship building industry.

111.1.4 Effect of Defects on Structural Integrity

In any complex system deviations in material and assembly will be present, and as a result a

construction plan will contain tolerances in order to allow for some errors in assembly and

manufacture. The welding process is no differen~ with tolerances specified in order to allow the

welder some room for error in order for him to expeditiously proceed with the assigned work [7].

In order for the design engineer to specify the level of non-conformity, he must understand the
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effect of the inclusion of defects on the structural integrity of the structure.

111.1.4.a Fatigue Effects

The ultimate strength of a structure is well understood and can be predicted using modern non-

linear plastic numerical methods. Temporal failures occurring at significant] y lower stress levels are

less well understood and are the main reason for specifying maximum levels for defects in weldments.

The migration of cracks in structures almost invariably originate from defects introduced at the time of

it’s construction. The study of fracture mechanics aims to understand the mechanisms involved in the

spread of damage, enabling the designer to specify a maximum defect level wh

specified maximum probability of failure at a maximum stress level over a the

:h can exist with a

ifetime of the
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Figure 4 Favorable vs. Unfavorable Fillet Weld Profiles
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structure.

As shown in Figure 4, the most critical failure initiation site for a weld is the weld toe, this

point represents an abrupt change in the geometry of the structure and is a prime stress concentration

point. For this reason, smaller weld beads can actually reduce stress concentrations reducing the

probability of the initiation of a fatigue crack. Porosity defects in weldments tend to have a lesser

criticality in terms of initiating fatigue cracking, as they tend to be approximately spherical which

means no sharp discontinuities exist for crack initiation. The comparison of the stress concentration

factors, &’s, also reinforces this .staternen&.

Residual stresses in welds significantly decrease their endurance. The stresses tend to be

tensile on the surface and compressive at around mid thickness in the weld, this is the reason that

peening [Seepage 14] and post weld heat treatment of the weld surface can increase the expected

fatigue life of the weld3.

The interaction of loads in welds tend to retard crack growth, which is usually not accounted

for in linear elastic fracture mechanics which have been shown to yield overly conservative fatigue

endurance limits. These superimposed loads are most prevalent in structures exposed to random

loading such as those experienced by marine structures. Thus the actual crack growth rate is lower

than that predicted by the linear summation of individual loading regimes at differing frequencies.

The modeling of fatigue behavior is discussed in chapter V.

2 The stress concentration for a pore in an infinite body subjected to axial tension is 2.05. The stress

concentration factor for a toe of a butt weld is 3.06 for a 1/2 inch plate with a weld toe radius of .02 inch,
a height of 0.17 inch and a reinforcement width of 0.29 inch.

3 Peening the weld surface counteracts the tensile stress at the surface relieving residual stresses. The
increase of compressive residual stresses is acceptable since it can be shown that compressive residual
stress in welds tends to increase the expected endurance of the weld.
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111.2.0 Delayed Cracking

Delayed cracking of joints in welded structures is a signifimnt problem with regard to

structural integrity. Thes~ cracks occur in the Heat Affected Zones, (HAZ’S), of the welds in low

alloy and carbon steels4, and occasionally in the weld material itself. As the name implies, this type

of cracking develops over a period of time, (several hours to several days [8]), after the weld has

been completed. Often the crack will not open to the surface meaning that they are hard to detect.

Delayed cracking is hard to detect and can occur in initially good looking passable welds.

Although delayed cracking is relatively easy to preven~ compliance with the requirements necessary in

it’s prevention can be difficult to assure because of the delayed nature of crack formations [8]

111.2.1 Description of Delayed Cracking

Delayed cracks form on a microscale near a weld joint when the necessary conditions are

present. After a sequence of certain events take place, the crack grows until it is large enough to be

seen either visually or by other means of Non Destructive Testing, (NDT). If detected, the delayed

cracked weld must be removed and re-welded in order to prevent possible catastrophic failure in

service.

Delayed cracks appear in several locations around weld

summarized in Table I. The root and toe cracks are considered

joints as shown in Figure 5, and

the most serious delayed crack types

since they occur nearer to the surface where bending stresses imposed on a joint are the most severe.

Toe and root cracks are also frequently associated with other types of defects such as undercutting or

4 Low strength steels such as ABS-A, ABS-B and A13S-C are not susceptible to delayed cracking, thus
delayed cracking precautions do not apply. However the majority of a ships structure is constructed of
high strength steels which are quite susceptible.

5Welders may not understand the consequences of delayed cracking, which combined with the initially
acceptable appearance of the weld, may result in their ignoring the requirements necessary to minimize

the chances of delayed crack initiation.
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incomplete penetration. These surface defects increase the stress concentration at the vicinity of the

crack even further increasing the chance of joint failure.

Aother consequence of delayed cracking is the effect it has on production scheduling and

fabrication costs. The usual procedure for inspecting the welds for delayed cracking, is to delay

inspection in order to allow time for the cracks to grow. USCG regulations [8] call for a delay of

seven days prior to inspecting welds, meaning that if delayed cracking is found, between removal of

the weld, re welding, waiting for seven more days and then reinspecting, total production time and

costs are considerably affected.

Table I Summary of Delayed Crack Locations and Detection

OTransverse weld metal cracks:

Less frequently encountered, weld metals usual] y contain less carbon and are thus less apt
to form a microstructure susceptible to cracking upon cooling.

OUnderbead cracks:

Longitudinally positioned, occurring parallel to the fusion line, entirely in HAZ, does not
propagate to the surface, must be detected by Ultrasonic methods.

ORoot Cracks:

Initiate at weld root and propagate into the HAZ or weld metal, if occurring in fillet welds,
cannot be detected by any practical means, in butt welds detectable by Ultrasonic

testing.

OToe cracks:

Occur in the edge of the weld and are open to the surface, magnetic particle or dye penetrant
detectable, very ‘tight’ cracks not detectable by visual inspection.

111.2.2 Conditions for Occurrence of Delayed Cracking

Three conditions must be present for delayed cracking to occur in a welded join~

OAtomic hydrogen, (Hl not H~, molecular hydrogen), must be present.
one heat affected zone and/or weld metil must have a hardened microstructure.
OThe weld joint must have significant internal stresses.

All of these conditions must be present for delayed cracking to occur. The formation or absence of
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the hardened microstructure, (mainly a function of the material properties, and to a lesser extent the

cooldown rate), will determine whether or not delayed cracking will occur. The rate at which delayed

cracks develop is a function of the steel’s susceptibility to delayed cracking, [micro-structure), the

amount of hydrogen present and the level of stress in the joint.

The delayed cracking susceptibility in steels is a direct function of the steel’s chemical

composition, which determines the hardening characteristics when the material cools after welding.

The main alloying element that determines the steels’s susceptibility is it’s carbon content. In high

carbon steels, the susceptibility to delayed cracking can be minimized through the control of welding

heat inpu~ cooling rate and other procedural factors.

Atomic hydrogen is formed in the highly ionizing gas envelope that surrounds the welding arc.

The arc breaks down any hydrogen bearing compounds present releasing atomic hydrogen ~Hl that

migra~s into the weld metal, Typical sources of hydrogen include:

ODamp electrode coverings
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OMoisture on joint surfaces

ODamp electrodes
00rganic covered electrodes

00rganic material present on the base metal

The elimination of moisture, the use of inert gas shielded welding techniques or submerged arc

welding, can significant] y reduce the risk of delayed cracking.

Stress conditions are due to unequal shrinkage in the weld and HAZ as it cools after welding.

The magnitude of stress is a function of the joint design, plate thickness, and welding procedure.

These stresses can be controlled to a point through cnntrol of welding procedures that reduce or more

evenly distribute the amount of shrinkage.

111.2.3 Mechanism of Delayed Cracking

Although the exact mechanism of delayed cracking is not known, several theories have been

proposed to explain what is actually happening. Over time, various theories explaining the delayed

cracking phenomenon have been accepted and subsequent y rejected. The currently accepted theory is

the triaxial stress theory. The triaxial stress

steel to regions of high triaxial stresses [8].

martensiticG microstructure [9]. If a critical

theory basically states that hydrogen will diffuse through

Such regions are always present on a microscale in a

stress level exists and a critical amount of hydrogen is

present in this area, a microcrack will initiate. As the crack appears, the region ahead of the crack is

subjected to increased triaxial stresses and further diffusion of hydrogen into this region occurs. The

concentration of hydrogen again builds up until it reaches a critical level for the crack to propagates a

little bit further. This process continues until the crack reaches a macro scale and it is then called a

delayed crack. The arrest of the crack, (as with any fracture), occurs when it reaches regions of

b When steel k cooled from a molten state, it passes through a eutectoid state, meaning that the
alloying elements solidify nearly together. If a steel is cooled too rapidly, this will not occur, rather a

structure called martensite will form rather than steel. This substance is very hard structure with little
ductility, (a necessary property in steels).
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differing material properties or lower stresses, (beyond the HAZ into the base metal in this case).

From the standpoint of prevention, the theory that is in fashion has no bearing on the

procedural steps to be taken in the prevention of delayed cracking. (All of the theories agreeing on

the same initiation conditions necessary for delayed cracking to occur). Thus to prevent this

phenomenon, at least one of the three [page 22] conditions necessary must be removed from the weld

area.

111.2.3 Prevention

111.2.3.a Microstructure

In Figure 6 below, the three designated zones indicate the type of structural changes that

occur in steel as it is heated or cooled. In addition, three cooling curves labeled I, II and III are

shown which indicate various rates of cooling and the micro-structural changes which occur. The

fastest cooling rate is shown by curve I. & the steel cools at this rate, no structural changes occur

until a temperature of about 500°F is reached, whereupon the austenite changes completely into hard

martensite, (the worst case with respect to delayed cracking). This cooling rate is representative of a

sudden water quench of the weld joint. The slowest cooling rate cuwe, III, passes through the

austenite to ferrite region so that all the austenite is transformed into ferrite. This curve corresponds

thecooling rate of a pre-heated HAZ, (which is why pre-heating of the weld joint is so favorable).

Curve II corresponds to the approximate cooldown of a non pre-heated HAZ, where in cooling the

austenite is converted to bainite, ferrite and some martensite. This diagram illustrates how the use of

pre-heating a weld joint can prevent the formation of martensite, the structure necessary for the

formation of delayed cracking.

The use of higher carbon steels, (which is quite common in shipbuilding applications), will

tend to shift the upper transition curves to the righ~ meaning that even more pre-heating and slower

cooldowns are necessary to avoid the formation of martensite.
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111.2.3.b Hydrogen

The minimization of the possibility of atomic hydrogen introduction of into the weld region is

perhaps the best understood, yet difficult to ensure step in the prevention of delayed cracking. The

preheating of the weld, in addition to the metallurgiwl benefits described in the previous paragraph,

will tend to dry the joint and burn off any foreign organic material in the vicinity. The use of

electrodes with low hydrogen contents is the next step in minimizing the chance of hydrogen

introduction. Electrodes which have the numbers 15, 16, 18, or 28 in their designation, (e.g. E80~ or

El 10~, are low hydrogen electrodes. However, steps must be taken to prevent their contamination

due to their tendency to absorb moisture from the ain

ONew electrodes must be baked to drive off any moisture, (per Mfg. directions).
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OBak~ electrodes must be stored in an oven ~ order to prevent subsequent moisture

pick-up, (250°-3000F).
OE]ectrodes must be handled with care to avoid moisture or organic material

contamination.
OA supply of heated electrodes should be kept as near to the site as possible.

OIf a heated supply of electrodes is not available, electrodes should be used within the

following times:
E-70XX 4 hours
E-80XX 2 hours
E-90XX 1 hour

E-1 10XX % hour
OAny electrodes exposed longer than the above should be rebaked as new electrodes.
OThe above rebake should only be done ONCE, thus rebaked electrodes should be used first.
OAny electrodes that become visibly contaminated should be discarded.

111.2.3.c Stresses

The stresses present in a welded joint consist of ‘local’ stresses and ‘external’ stresses. The

local stresses are caused by the welding operation itself. The base plate expands and contracts as the

heating is applied and removed. The weld metal shrinks as it cools after solidifying. Multiple passes

cause repeated heating and cooling cycles. Welding variations, (non-uniformities), mean that this

thermal cycling will not be uniform along the joint. All of these act together to create internal stresses

in the joint after the weld is completed. External sources are not related to the welding process but

will add to the internal local stresses. External sources arise due to forcing parts into alignment, the

self weight of the part(s) being welded, shrinkage from other welds, lifting and moving the welded

part, etc.
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IV.O.O Structural Assembly: Fastenings

The connection of many sub-assemblies, (especial] y those prone to damage, corrosion or rapid

wear), in marine structures is accomplished using mechanical fastening techniques. As shown in

Table II, the use of mechanical fasteners in certain situations has several important advantages over the

blanket use of welding. Which is to say that the use of mechanically fastened details should be

considered prior to assuming that all subassemblies should be affixed by welding. This being

especially true in a repair environmen~ where in certain situations, the welds themselves may be at the

root of the problem [30]. The redesign of problem details for assembly using mechanical fastenings

may solve problems that cause these details to fail in the first place, many of which are cited in

Table II below. For nonstructural joints, not all of the points cited in Table 111are of concern.

Table 11 Mechanical Fastening Advantages

O Ease of instillation, most types requiring only simple hand tools and basic skill levels.
O hck of material problems in the immediate vicinity of Heat Affected Zones, (l%% Z’s).
O Crack arr~ting properties inherent to discontinuous joints.

O Ease of inspection and repair.

0 Possible isolation of sub-structures from loads, e.g. deckhouses isolated from hull loads using
intermediate flexible jointing methods.

O Ease of removal for access, inspection, repair or replacement.

O Increased accuracy of detailed analysis due to problems with the modeling of stresses in welds,
(See Page 58).

O Ease of emergency re-enforcement of partially failed details.

However for structural hull plating to stiffener or bulkhead tQ framing joints, all the considerations

listed in Table III must be addressed when a mechanical fastening system has been chosen or

suggested, (most of the concerns listed in Table III are of concern for any joint with the exception of

tooling and hole tolerances) . These points have been included in various aircraft design manuals

[10], included herein since as ship structure strength to weight ratios continue to increase, the

seemingly diverse technologies are actually beginning to converge in many ways. The main structural

29



Table III Fastener Selection Considerations

A) Joint Type
1) Single lap
2) Double lap
3) Butt
4) Fluid Tight
5) High Load Transfer

B) Loading
1) Direction

2) Magnitude
3) Frequency

C) Environment
1) Thermal
2) Corrosion
3) Material Compatibility
4) Material Properties

D) Structural Life Requirements
1) Stress Limitations
2) Fatigue Limits
3) SCF’S

E) Maintainability/ Repairs
1) Tooling for Installation
2) “ “ for Maintmance
3) Accessibility after Assembly

F) Required Reliability Level
G) Hole Tolerances

1) Fastener Fit
2) Fastener Installation
3) Fastener Repair/ Replacement

concern in a highly cyclic loading environment is of course that of fatigue. The fatigue of airframes is

one of the main areas of research in the aircraft structural design field, which is years ahead of those

involved in the study of ship structures’. With the increasing use of high yield low ductility steels in

shipbuilding, designers can draw on established technologies to solve problems inherent in newer

ships. The seemingly retrogressive shift to mechaniml fastenings is one of the mom elegant solutions

7 The ship structure has only quite recently began to utilize high yield materials to create highly
stressed relatively light-weight structures. From it’s inception, out of necessity, airframe designers were

forced to create light-weight highly stressed structures. Due to the convergence of the technologies, some
utilization of methods should be possible.
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to the fatigue problem, with extensive research data available through studies carried out by the

aircraft industry. For the purposes of the ensuing discussion the advances made in the field of

airframe mechanical fastening technology will be used in the discussion of mechanical fastening of

ships. Although the scale of ship and aircraft structures differ by an order of magnitude, the

engineering principles involved are the same.

With regard to existing ships, it is proposed that many previously welded sub-assemblies could

be fastened using mechanical methods, allowing:

O Superior Fatigue Resistance

O Pre-Fabrication
o Ease of Structural Modification

O Ease of Installation (hand tools and lifting/alignment apparatus)
O Reduction of Concerns about the Strength of Welds

O Reduction in NDT cost

IV.1.O Mechanical Fastening Considerations

Prior to WWII nearly every ship built had been mechanically fastened in one manner or

another. The advent of welding made for rapid construction but had problems with cracking and

durability. When the aircraft industry began to fabricate aircraft from metal it also for a time utilized

welding of skins to stiffeners, however with ever increasing standards of reliability it was determined

that use of rivets or screws resulted in a structure of superior durability and fracture resistance.

One of the problems inherent in the use of mechanical fasteners is the proliferation of the

types of fasteners available. This problem has been overcome in many industries by specifying that

only select sizes, thread types, material grades, and fastener configurations be used in design work.

This eliminates the problem of vast selections of fastener types that contractors must purchase and/or

have on had for assembly, repairs or replacemen~ This also increases the likelihood that field repaim

can be accomplished using a smaller inventory of spares carried on board a vessel. The choice also

must be made regarding the standard to be used in fastener selection, i.e. MilSpec, SAE, DIN,
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English, Metric, NASA... standards. The standard chosen is invariably a function of the vessel’s trade

route e.g. the standard most commonly used in candidate repair/overhaul yards along the route.

IV.2.O Fastener Types and Applications

Fatigue rated mechaniml fasteners are available in a seemingly infinite number of

configurations for installation by unskilled to highly skilled personnel using hand tools or highly

sophisticated machinery.

Installation conditions include:

O Interference Fits

0 Net Fits
O Clearan@ Fits

O Taper Hole/Shank Fits

With holes being formed by:

o precision Drilling
O Broaching

Often holes located in highly cycled environments are cold worked, [10], to increase fatigue resistance.

Fastenem are installed by;

0 Squeeze Operations
o pull or Push Operation

O Slip Fitted

The fashners are retained using

O Torqued Nuts
O Swaged Collars
O Fastener Deforrnationn

The following list includes some of the more common fastener types available for m amenable to

marine applications, together with possible applications in a ship structure.

IV.2.1 BUS Fasteners

The BUS Hi-Lok fasteners are two piece, high strength, torque controlled, threaded structural

fasteners designed for use in naval and commercial marine applications. The system consists of a high
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strength bol~ a high torque clamping nut with a wrenching hex torque-off feature for torque control;

and a matching light weight installation tool. The system is designed to provide hole seal-off

capabilities, making it suitable for fluid bounda~ applications.

IV.2.2 Six Wing Fastene~

Six-Wing fasteners are available for high tensile applications, These fasteners have a

protruding torque head and are available for high tensile, shear and temperature applications. The Six-

Wing series is available in several alloys with tensile strengths of 160-240 KSI, [10], (which has

obvious strength advantages over welded connections which are lucky to develop the strength of the

base metal). The fastener is designed for joints requiring high clamping forces, tensile strength and

fatigue resistance.

This fastener is suitable for attachment of machinery to deck mountings, and its’ high torque

capability allows ease of removal should machinery or fastener replacement become necessary.

IV.2.3 Blind Fasteners

These are available in flush and protruding head designs in various alloys. A use of this type

of fastener in a flush head corrosion resistant alloy would be that of panel close out.

IV.2.4 Lock Bolts

Lockbolts come in a variety of configurations with flush and protruding heads, a variety of

alloys, and protective finishes and are used for structural joints in tension and shear. These have been

utilized in marine structures for attachment of the deckhouse to the deck via lap joints formed by the

deck house and a steel deck combing.

IV.3.O Riveting

Rivets are available in a wide variety of alloys, heat treats, coatings and head configurations.

Rivets are available in fatigue and fluid tight ratings for structural applications, and can be installed in
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materials varying from thin sheets to thick lap joints, (Figure 7). They do not require tight hole

tolerances, are easily installed by hand driving, machine riveting, electromagnetic riveting, or by using

portable squeeze type hand riveting tools. Marine applications can be easily seen in photos of pre-war

merchant ships which were fastened almost exclusively by rivets. Some possible applications of

riveting in modern steel vessels includv,

0 Splice-Butt joints in the primary structure, similar to those used in aircraft wings
o “Jumboized” modular structures could be joined using fatigue rated fasteners in pre

assembled units
O Modular internal structure could be attached using portnble “squeeze” type units,

eliminating the need for continuous welding which tends to deform the shape of a structure.

The following articles discuss various material developments, tooling, and riveting techniques which

have been proven or show promise for shipboard applications.
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IV.3.1 Nitinol

Nitinol is an alloy composed of nickel, titanium, iron and cobal~ It was developed for the

U.S. Navy as a riveting material with the ability to be formed into a configuration, chilled, reformed

and installed, regaining it’s original configuration upon warm ing. The use of nitinol is advantageous

in that it forms a very tight fit, it loads the hole in compression resisting fatigue, and has high

strength.

IV.3.2 Drilling

Preparation for rivet installation over large areas is conventionally performed using automated

drilling techniques. The installation of rivets is semi-automatic in that rivet loading into the riveter

can be automatic using pneumatic, hydraulic or electromagnetic power sources.

IV.3.3 Electromagnetic Riveting (EMR)

This method of riveting, developed by the aerospace industry, uses electromagnetic energy to

form the rivets, [Figure 7]. The equipment is portable, relatively inexpensive, and easy to use,

allowing highly repeatable quality production. EMR when used in conjunction with production type

track drilling equipmen~ affords cost effective production capability for structural fastener installation

but is capable of functioning independently. The advantages of EMR include;

o proven performance in wing spars production

O High installation rate capability
O Built in repeatability and quality control

0 Interference profiles in thick materials not achievable with conventional riveting
processes

O Rivet head uniformity
O Low noise operation
O Minimizes operator fatigue
O Low skill requirements
O Conventional quick change dies

o Low cost

s The wing spar being the central structural section (beam) in an aircraft wing which carries the loads
produced by aerodynamic, propulsive, control surface and landing gear loads.
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O Balanced forming forces

IV.4.O Cold expansion sleeve system

Under applied load, each rivet or fastener hole has a region of stress concentration of 200-

300%, [11], of that in the surrounding structure. Cold working or introducing residual compressive

stresses in the region of the holes reduces the chance of tensile fatigue cracks from initiating at the

holes through compressive pre-loading. The cold expansion sleeve system uses a cylindrical sleeve

which is placed into the hole and expanded using a mandrel which is forced through it causing

compressive plastic flow of the surrounding metal. The sleeve is removed and the fastener inserted.

The system has the following advantages;

o It allows great,er expansion of fastener holes than previous methods

O The process produces a controlled amount of cold working
o me ~e. of a pre-]ubricated sleeve reduces problems of galling and tool breakage
o ~1 work can be awomplished by one man from one side of the structure

IV.5.O Explosive Bonding

This process was first developed for the chemical industry, which developed the method in

response to the need for a method of joining two dissimilar metals in a continuous manner. The

method has application in the joining of aluminum deckhouses to steel hulls, specifically the

fabrication of a transition joint to serve as an interface between dissimilar metals,

The process consists of placing the “clad” metal above and parallel to the base metal, placing

an explosive charge over the entire surface of the base metal and detonating it from one end. The

detonation causes a fluid flow phenomenon in the impinging metal which forms an extremely strong

bond between the two metals, stronger than the weakest metal.

IV.6.O Adhesive Bonding

The state of the art in adhesive technology has advanced considerably in the past several

decades, principally due to efforts by the aerospace industry. Advances in polymer chemistry have
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made possible adhesives with high strength, good environmental resistances, excellent manufacturing

characteristics and moderate costs. The bond integrity of an adhesive joint is highly dependent on the

surface preparation meaning that consistent high strength bonds in metal applications will usually

require some type of chemical-immersion pre-bond treatment. Due to it’s wide variety of applications

in aircraft structures, the state of the art for bonding aluminum alloys is far more advanced than that of

other metals. The most successful bonding preparation in use for iron alloys has been the precoating

of the surfaces with a chromate primer prior to bonding,

The use of adhesive bonded subassemblies although not yet widel y accepted by the maritime

community for metal applications, does show promise for future developments. The fact that direct

contact is not achieved between metals implies usefulness for the bonding of dissimilar metals. A an

alternative to welding or mechanical assembly of non-critical structural assemblies, adhesive bonding

could be used to provide the advantages of the continuous weldment with the stable non heat effected

nature of mechanical assembly. An additional side benefit of bonding is it’s resistance to sonic

fatigue, or high frequency fatigue noticeable in lightweight structures in high noise areas.
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V. O.OVibration Control and Attenuation

Mechanical vibration, when transmitted throughout a structure is a cause not only of

discomfort to those working or living within the structure, but a potential cause of fatigue and failure

of mechanical fastenem, welds, and other fatigue prone subassemblies[12]. Since, as noted

previously, a majority of the failures noted in modern merchant ships are of a dynamic natare, it is

very important to understand these dynamic forces which can cause dynamic type failures, (fatigue).

Since wave and impact loads are a function of hull design and operational demands, the discussion of

vibratory loads will be focused mainly on those which are mechanically generated.

The configuration of most modern vessels with bridge and accommodations well af~ in

combination with the high power propulsion plants, has sewed to increase crew awareness of

machinery vibrations. However this arrangement has also had the effect of placing operators far from

bow sections which experience the highest level of hydrodynamic and impact loads. The net result

being a reduced awareness of structural and hull vibration [13]. For this reason the careful

inspection of vessel charac~ristics in normally unmanned spaces during sea trials is of even greater

irnportanceg with regard to early detection and correction of potentially damaging levels of structural

vibration. The ability to detect excessive vibrations in a marine structure is very dependent on the

conditions during testing; they must be performed while the structure is in it’s elernen~ e.g. main

engines run up to service speed, normal seaway loadings, and routine heavy equipment operation.

Operation of the system in it’s element is imperative in order to obtain data which may reveal a

problem.

Since the complexity of a marine system dictates the involvement of many different designers,

g The increasing reliability and economy of structural instrumentation systems, which when combined
with the structural damage cost and consequence of failure, makes the installation of such systems

increasingly attractive.
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‘igure8Dynamic Amplification vs. Frequency asa Functionof Damping Ratio

each witha slightly different design objective depending on the subsystem he is working on, means

that unrelated subsystems may, (and often do), have undesirable effects when run simultaneously: e.g.

unpleasant and potentially damaging generation of beatl” harmonics if run at slightly different load or

speeds[14, 16]. Some typical vibration related problems are given in Table IV, [14], showing the

wide variety of problems that undesired levels of vibration can cause.

In the interest of discussing only the factors that might be easily remedied, (machinery,

10 “Beat” frequencies can be generated by running two or more monochromatic sources at slightly
differing speeds producing low frequency periodic interference vibrations, This phenomenon is seen when
two engines are run at nearly the same speed producing a low “thrumming”. Since most of the equipment

on a vessel is run at or near a 50 or 60 Hertz frequency, if machinery isolation or damping is insufficien~

potentially damaging mechanical vibrations can result.
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appendage or tnechanieally induced structural vibration), the correction of vibrations induced by

hydrodynamic effects 11will be discussed only briefly due to the complex nature of the

turbulent flow and separation effects which cornmonl y induce these vibrations.

V.1.O Bac@round

Although theoretically all the machinery present on board a ship will contribute to the total

vibratory signature of the vessel, to analyze the total system response is extremely difficult and for the

most part unnecessary, Most of the vibration problems which are cited as problematic can be

considered as local in nature and can therefore be analyzed as such [14, 16]. One of the most

Ii These vibrations including slamming and whipping of the ship are most commonly a function of
hull design and require extensive redesign to remedy.
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Table IV Detrimental Effects of Vibration

o
0
0
0
0
0
0
0
0
0

Damage or non-utility of various navigation aids at certain speeds.

Cracked welds near deckhouses.
Fractures in piping, (possible deadly consequences).
Premature wear of shock mountings.

Chemical exchange element breakdowns.
Premature bearing failures.
Excessive rudder vibration leading to loss.
Reduction gear damage.
Damage to PDE main bearings.
Ship speed reductions so as to allow tolerable levels of habitability.
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common examples found in ships is the vibrations present in a propeller drive system induced by

screw-hull interaction, shafting imbalance/misalignment, or improper bearing or main engine mounts.
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This system is modeled with the screw as the cyclic forcing function, (with frequency taken as the

product of the rotational speed and the number of blades), the shaft torsional and/or bending stiffness

as the restoring force, and the material damping properties as the mechanical damper. The boundary

conditions imposed by the cutlass, line shaf~ and thrust bearings are taken as fixed or corresponding to

local hull stiffness and damping properties. In most cases the system is analyzed using a simplified

model which has as few variable boundary conditions as possible, expediting and exaggerating the

effects of changes in system parameters. For example, the effect of slightly varying the degree of

damping in the simplest possible model, (a single degree of freedom damped oscillator), can be seen in

Figure 8 to be very significan~ (especially in the neighborhood of the resonant frequency where

dynamic amplification [DAFi2] effects become pronounced). The curves presented in Figure 8 are

plots of Eq (14), which models the behavior of a simple single degree of freedom oscillator [Figure 9]

under the influence of a periodic forcing function. Zeta is representative of the damping ratio, or the

fraction of critical damping, (the damping level where a single excitation pulse will produce a

displacement with no oscillations [Figure 10]), present in the system. This non-dimensional quantity is

based on the solution of the equation of motion for a free, (no periodical forcing function), single

degree of freedom damped oscillator [see Figure 9] as shown in Eq (13). The advantage of this

approach is that the quantification of damping is not necessary, on]y an idea of the damping relative to

the critical damping, solved for as shown in Eq (14). These equations are very powerful in that quick

estimates of the effect of various changes in the system, (mass, restoring force and damping), can be

readily understood.

12The Dynamic Amplification Factor (DAF) is the ratio of the amplitude of motion at a specific
frequency to the static deflection amplitude, which as seen in Figure 8 can be quite high near resonant

frequencies with small damping ratios.
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V.2.O

V.2.1

Subsystem Considerations

Hull Girder ‘

The hull girder is comprised of the vessel’s internal framing, bottom, side and deck plating

which collectively provides the strength neeessary for satisfactory performance of the design in all

expected sea conditions. Globally, the hull responds as a “free-free” beam with vibration mode shapes

independent of any fixed nodes, which means that there are many fundamental mode shapes possible

due to the lack of mechanical restraint in any of the six domains of dynamic motion. The hull girder

is thus subject to numerous vibration related problems, e.g. premature fatigue failures, jamming of

mechanisms, etc.

The most common cause of vibration in the hull girder is interaction of the propeller and hull,

where the. characteristics of the vibration are primarily established by the propeller and stem

configurations. The correction of excessive vibrations due to this interaction are most easily

accomplished through modification or replacement of the existing screw(s) with screw(s) of different
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pitch/ diameter or, most commonly, a different number of blades13. Temporary relief from this type

of vibration is achieved by simply operating at power levels above or below the resonant peak of the

system, (although operation above the peak requires two potential y damaging transitions through the

resonant frequency, one on the up bell and one on the down).

V.2.2 Shaft Frequency Forces

First order mechanical forces associated with shaft rotational speed may result from any of the

following [15];

0 Shaft imbalance
O Propeller imbalance
O Propeller pitch errors
O Engine imbalance

0 Bent shafting
O Journal eccentricity
O Coupling misalignment

Shaft frequency forces normally occur within a low frequency range, (directly proportional to shaft

speed which is normally on the order of 100 RPM), They are of considerable concern due to the large

amplitude forces possible, (directly proportional to the vessel SHP and shaft rotational speed), exciting

significant hull modes at or near full power [15]. This is of special concern on modern high power

low speed direct drive diesel applications with very high coupled driveline mass14, which means that

the only real way of alleviating a vibration problem is to detune the system, since varying mass or

damping would require impractically large changes in the system.

V.2.3 Propeller Forces

The periodic forces induced by the blade tips passing through regions of time and space

13The excitation frequency of the propeller-hull interface is determined by the frequency of the blade

tips passing near the hull, (usually in the case of single screw ships, the 12:00 position), e.g. a six blade
propeller turning 100RPM will generate a frequency of 600 pulses per minute or 10 Hz.

14In a direct drive system, the rotating mass includes the pistons, connecting rods, counterweights,
crank-shaf~ flywheel, couplings, shafting, and the screw.
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varying pressure fields, (as

longitudinal and transverse

principally at the shaft and

a result of the turbulent flow in proximity to the hull), cause both

excitation forces on the shafting. This interaction transmits vibrations

higher order harmonic frequencies. Of primary importance in the

consideration of hull excitation is the first mode. Random vibrations tend to be a result of propeller

cavitation effects, Cavitation occurs when the pressure on the forward trailing edge of the screw falls

below the vapor pressure of the water, resulting in the formation of water vapor pockets. When these

vapor regions are carried away from the screw, in either a tangential or radial direction, they are

collapsed violently. The collapse of the vapor in the region of the hull plating creates distinctive

“booming” impacts, causing even further imbalance of forces on the screw, (additionally leading to

rapid deterioration or “burning” of the propeller blades due to material erosion).

Modern hull design has evolved in response to attempts to minimize the shaft frequency

excitation of the structure. The after sections of modem ships appear quite different than their

predecessors due primarily to the desire to minimize propeller induced vibratory forces by [16];

O maximizing the distance between the propeller, hull, and rudder, (see Figure 11).

O high aspect low cavitation propeller blades,
O flow improvement schemes intended ~ minimize the confusion of the water flowing into the

screw.

The spade rudder has become almost universal, eliminating the traditional gudgeon shoe design

which placed a stationary hydrodynamic interference directly below the screw on older designs,

(Figure 11), introducing a secondary member into which radial blade wash collided doubling excitation

frequency on screws an odd number of blades, and increasing excitation on screws with an even

number of blades. The loss of lateral rigidity of the lower rudder has led to some vibratory problems

[14, 16] due to the lack of lateral restraint at the lower end of the rudder’5, however the benefits of

15The cantilevered spade rudder requires a much heavier rudder stock than the traditional gudgeon
shoe design. Lakwal vibration problems occur as a result of insufficient lateral structure supporting this
heavy strut. In some cases the entire after sections of a vessel must be modified when the stock is place
well aft in a narrow stern with soft angular stiffness.
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the design far outweigh this disadvantage.

The use of highly skewed, high aspect ratio propellers with seven or more blades has also

moved the fundamental frequency of the propeller-hull system further away, (higher), from the low

fundamental hull frequencies, (the skewnesslb of these propellers reduce the severity of passage

through pressure gradients since the entire blade takes longer to pass, generating longer, gentler

pressure waves thus decreasing excitation).

Mndern Hull Fnrm Around Screw

Traditional Stern Hull Form

Figure 11 Modem vs. Traditional Merchant Ship Stern Configurations

V.3.O Substructure Vibration

For the purpose of this discussion, substructures are defined as any structure of sufficient mass

lb Skewness refers to the “sweep” of the propeller blades, or the amount by which the chord centers
lag behind that at the mot as one moves from the root to the tip,
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or capable of developing sufficient force to have dynamic characteristics of their own, which because

of direct coupling with the hull girder, can significantly influence the global vibratory characteristics of

the hull. Excessive vibration of a major substructure can be the result of transmission of forces from

the hull girder or forces generated by mounted equipment within the substructure.

Typical substructures on a vessel would includ~

O Superstructures, deckhous~
O Main deck structures, cargo handling equipment etc.

O Propulsion and auxiliary machinery
0 Heavy cargo

The dynamic response of deckhouses and superstructures are primarily a function of the stiffness of

the hull-deck stiffness at the joint. This type of problem usually requires an exkmsive testing program

to isolate problems which tend to be very expensive to repair.

V.3.1 Local structural Vibratiom

Local structural vibrations are usually the result of cyclic motion transmitted from the parent

structure into a local detail. These local details are normally designed based on experience with

similar details, thus receiving very little dynamic analysis during the design stage. In most cases these

local vibrations are detected during trials and easily remedied if the underlying principles are

understood. Undetected structural vibration induces dynamic stresses in the detail which in addition to

the normal operational stress can cause premature fatigue failure of the detail. For this reason it is

imperative that a thorough inspection of the structure is performed when it is placed in service to

correct excessive vibrations in details, ensuring that their integrity is not jeopardized by early vibration

induced fatigue.

V.4.O Criteria for Acceptable Levels of Vibration

Several codes exist which specify “acceptable” levels of vibration, SNAME T&R code C-1,

“Code for Shipboard Vibration Measuremen~” and 1S0 4876, “Code for the Measurement and
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Reporting of Shipboard Vibration Data,” both have similar requirements. In the absence of any other

criteria these codes can be used as a standard for the measurement and evaluation of vibration levels

aboard ship.

Vibration is considered excessive if it results in ;

O Damage of shipboard equipment
o Structural damage
O Adverse effects on passengers or crew

Normally vibration will result in personnel complaints before it reaches a level whereby structural

damage is likely to occur, This may not be the case with remote subassemblies which can experience

periodic high amplitude vibrations, not noticed by the operators, which can lead to premature failure.

Various methods using a wide variety of equipment can be used to measure and evaluate the

vibration of structures, although an experienced operators ‘ “feel” for the stracture may still be the most

revealing method of uncovering the source(s) of trouble.

V.5.O Vibration Evaluation and Corrective Action

Once it has been established that an unsatisfactory vibration situation exists, the source of the

problem must be isolated, data on the characteristics of the vibration gathered, a model of the system

designed and tested, and finally alternatives for repair evaluated in order to determine the most

effective method for solving the problem.

In the design of the model for use in evaluating the data and solutions, the first step is to

determine the components which comprise the model’s mass(es), spring(s), damper(s) and force(s) in

the vibrating system. The number of degrees of freedom of the system must be determined in order to

evaluate the nature of the vibration, since identicd structures vibrating in different directions may be

excited by completely independent phenomenon. If it is determined that the system has multiple

degrees of freedom, it may be necessary to gather extensive data in order to define the motion

adequately; (generally complimted vibration modes should be referred to consulting vibration
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engineers due to the involved specialized methods involved in the analysis).

As mentioned, the seriousness of vibrations can most often be evaluated by an experienced

operator with a “feel” for the normal vibration of the ship, The vibration of loose gear, lightweight

panels or rails might be extremely annoying, but of little concern structurally. Bearing squeal or

rotating machinery rumbling on the other hand may be indicative of serious problems, thus in the

initial evaluation of vibrations throughout the structure, a somewhat subjective decision must be made

regarding the severity and level of criticality of detected vibrations.

V.5.1 Hull Vibration

Hull vibrations will normally be detected immediately during sea trials, excessive levels will

probably show up in the form of excessive stem vibration levels at specific speeds and headings. The

cause is invariably due to either loose or damaged structural members or screw-hull interaction.

Solution is usually accomplished by reinforcement or less preferably screw replacement.

V.5.2 Excitation

The excitation of hull vibration can be the result of poor flow into the propeller(s), creating

multiple vibration modes in the shafting and stern area. The remedies include;

O Increasing the skewness of the propeller
O Installation of fins to direct flow into the screw

O Increased radial and axial clearances

Propeller cavitation may be the result of poor screw design or poor flow into the propeller, these

forces can damage the screw and result in high cyclic forces on the hull. The remedies include;

O Reducing speed or maneuvering rates17
O Redesign screw

17Maneuvering rate being defined as the rapidity with which changes in power level are accomplished;
e.g. the rate [RPM/time] that the screw is accelerated when responding to power level orders. If the rates
are reduced, the vessel will have time to respond, (speed up), as the RPM’s are increased, resulting in

reduced cavitation due to lack of flow to a racing propeller with low speed of advance.
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Propeller imbalance will result in lateral vibrations of the shafting and rapid wear of the bearings, this

can be caused by a damaged or faulty screw. This condition is remedied by replacing or balancing the

screw.

The forces imposed on the hull girder by a sea way may excite the hull through several

mechanisms. Bow slamming is the most familiar and is mainly a problem of operator sensitivity to

conditions. Initial design of the lower bow sections can minimize the severity of this phenomenon,

but for existing ships, unless extensive modifications are made, slamming is a fact of life. Hull

springing can occur on vessels with low fundamental frequencies, (vessels with low section modulli

such as great lakes bulk carriers, which consists of dynamic alternations of sag and hog profiles. The

solution to this problem again is mainly operational, that is if large amplitude springing occurs, the

operatms should change heading and speed to alter the excitation, (wave encounter), frequency. In

addition, the subsequent distribution of cargo be altered in order change the vessels shear and bending

curves in order to minimize the tendency for rapid transition between hogging to sagging modes.

V.6.O General Approach

In order to alleviate, (minimize periodic displacements), vibration problems, there are several

different options. The problem structure can be braced against vibrations, effectively tying it to a

larger structure with a higher mass and degree of stiffness. Rotating machinery can be balanced,

effectively reducing its unbalanced mass and thus the imbalance force at critical frequencies.

Structures excited by fluid forces can be detuned or redesigned so that flow separation is not as severe

or vortex shedding is spoiled. Of great interest to those seeking further guidance in this area is

[14, 16] which contains several excellent case studies of shipboard vibration problems and their

solutions.
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VI.O.O Fatigue

Fatigue is easily the most prevalent structural failure mechanism in offshore structures. The

fatigue environment being uniquely severe due to the cyclic loads imposed by the waves continuously

encountered by a ship or any other structure at sea [17]. Although a ship may be designed to

withstand the ultimate stresses imposed by immense storm waves, (very low frequency high intensity

events), failure can and does occur due to seemingly low stresses generated by the continuous

encounter of smaller although significant ocean swells, (high frequency nominal intensity events), as

well as the routine impact loads resulting from the routine loadin~g and maneuvering of a ship.

Given that a ship has a life of 20 years and is at sea 75% of the time, assuming that the median wave

encounter period is on the order of 5 seconds, (approximate wave periodicity), the ship will have

experienced nearly 100 million loading cycles. Thus one can see that no matter how robust the

structure, with this many potential cycles imposed some work hardening and ernbrittlement is bound to

occur.

Fatigue has become an even greater concern when the increasing stress levels imposed on

modern ship details is considered. This condition arises as a result of the trend toward the use of

steels with higher yield strengths, (and consequently less ductility)lg. The use of these steels has the

advantage of increased deadweight with constant gross weight which translates into a more profitable

ship due to it’s lighter structural weight, however the construction and maintenance of this lighter

weight more highly stressed structure requires an increased level of attentiveness than previous lower

stressed structures. Although yield and ultimate strength of higher strength steels are higher, the

18A vessel undergoes routine cyclic stress due to the variance of still water bending moments during
the transfer of cargo, stores, ballast and fuel.

19There are high strength steels with high levels of ductility, however they are quite expensive due
to the extensive heat treatment required. The decision must be made on a case by case basis using
economic optimization methods.
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fatigue strength does not increase in proportion to either [18].

VI.1.O Discussion

Fatigue failure is most evident in the complicated geometry of the internal structural framing

of the ship, The connection of various 3 dimensional internal components and the subsequent

redirection of force vectors gives rise to stress concentrations, which can contain stresses many times

that experienced by the originating members. When the connections and details are well designed and

fabricated, these stress concentrations can be minimized, however if poorly designed and constructed

details are used cracks can develop, and if proper maintenance and repair k not carried out cracks

grow leading to the possible failure of details and even the loss of the ship.

With regard to the maintenance of existing ships, the subject of fatigue is limited to the

can

detection and modification of existing, (detected), failing or failed details to minimize the chance of

future failures. Due to the complexity of a ship structure, some details are bound to experience

overload and failure. This being especially true in a new class of ship (prototype) where design

calculations are bound to be in error in some areas, Proper inspection, maintenance and repair

procedures [see Chapter I] and operation of the ship per design specifications are the first line of

defense against these potential failures. Once a trouble spot k identified, analysis of the detail in order

to identify the cause(s) of failure followed by careful repair and documentation of the solution and

20 The documentation should include a ship’s machine~action taken is necessary . history log, entry

into a generic detail database and a bulletin directed to the classification society.

VI.2.O Fracture Controls

Cracking was not a critical structural failure mode prior to the 1940’s when welding became

the preferred method of connection of individual components used to construct ship structures. The

20This is not to say that attempts should be made to analyze the problem away, but attempts should

be made to verify loading in order to design a reasonable re-enforcement scheme for the local structure.
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discontinuous nature of riveted joints served to effectively arrest any crack propagation, (which is why

modern aircraft are riveted together vs. fusion bonding {weld ing} of sections),[ 10]. The solution in

the past to failures has been the incorporation of large factors of safety order to reduce working

stresses to a level where it was assumed that cracking would not occur. However as mentioned, the

trend towards higher yield steels and low factors of safety due to improved analysis techniques, has

resulted in relatively brittle, unforgiving structures.

Fracture control can be broken down into five basic categories [19]:

O Control of stress levels/ Redundancy
O Minimizing Stress Concentration Factors (SCFS)
o Control of welding procedures

O Inspection
O Materia] selection

Improvements in structural analysis methods have allowed the designer to estimate the stresses

and strains on structures given a set of loading conditions with a great deal of accuracy. The

increasing ease with which the creation and analysis of numerical structural models has given the

designer the ability to perform fully non-linear structural analysis enabling him to utilize all of the

material’s reserve strength @ost yield) to determine the true ultimate strength of a structure. A a

resulq factors of safety have been reduced, which has subsequent] y resulted in higher loading levels in

the structure, creating a more fracture prone environment. One of the greatest advantages of improved

analysis techniques, (e.g. FEM), is the ability to identify regions of high stress concentration for a

multitude of loadings and prospective geometries. In order to minimize the probability of fracture

occurrence, efforts must be made to minimize the severity of these stress concentrations by either

attempting to more evenly distribute loads throughout the structure or increasing scantl ings

proportionally. When this is accomplished, any existing flaws are less likely to experience overload

leading to fracture.

The introduction of flaws is unavoidable during either construction or less prevalently during
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the life of the structure, and although essential] y impossible to eliminate, quite possible to minimize.

Introduction of cracks during construction can occur due to overloading of subassemblies during fit-up

due to stresses imposed during crane operations21, equipment placement, launching and innumerable

other operations which can impose uneven loading on subassemblies not designed to carry loads

certain orientations, There are many sources of flaws, welding imperfections (main] y), material

out of

impurities, misalignment of joints, residual stresses from forming (welding, casting/forging), heat

treating etc. The minimizing of fracture initiation points can be accomplished during the construction

or repair phases through high quality welding and inspection, both of which tend to be influenced to a

great extent by workforce competence and workmanship. Which is to say that the weldem must

consistently produce high quality welds versus welds which will probably pass if inspected. If

surveys of structural failure in ship structures are examined, it is easy to see that poor welding is

perhaps the leading cause of fracture initiation [20].

The availability of uniformly high quality steel is quite good, the task of the designer is to

select the material whose properties are well suited for the loading and environment expected [21].

Standardized material testing techniques include the charpy V-notch test which indicates the material’s

fracture toughness, Brinell and Rockwell hardness tests which indicate the material’s hardness and of

course fatigue testing which although used more specifically to examine specific joint geometries, can

be used to determine the material’s resistance to fatigue and work hardening.

21This problem is most evident in the assembly of platform jackets during crane operations. The
jacket is usually constructed in flat faces lying on the ground and then lifted into a vertical position by
a team of cranes. If the cranes are just slightly unbalanced, immense loads can be imposed on the tubular
joints of the truss work as it is erected resulting in fractures.

n Workers must be made to feel that errors are expected and should be reported, in this way all
personnel can be trained in their avoidance and all will learn from them, as opposed to the traditional,
(read: American), punitive system which encourages workers to hide errors. Dr. E&w& Deming, on
Quali~ Control.
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VI.3.O Allowable Stresses in Fatigue Design

The logarithmic stress vs. number of cycles curves, (SN) curves, used for the determination of

the suitability of a detail’s fatigue life, are determined using the fracture mechanim approach in the

laboratory for various detail configurations and loading environments.

The American Petroleum Institutes’ Guidelines for the Design of Offshore Structure~, (API-

RP 2A), defines 2 curves for any given detail, one more conservative and another which requires the

welds to be properly profiled to minimize the generation of stress risers at the weld toes. “Peening” or

literally beating on the welds with a purpose made hammer also serves to reduce residual stresses in

the welds since the residual stresses on the weld surfaces tend to be tensile in nature, (the introduction

of compression tends to neutralize the tensile residual stresses-which can reach yield stress in the

weld). The allowance for greater fatigue life in design using the profiled SN curve encourages the

designer to specify profiled welds. The SN curve selected defines an allowable stress level for a

proposed design life load history or visa versa. However the allowable fatigue loading does tend tn

under estimate true fatigue life due to the placement of the allowable limit 2 standard deviations of the

data below the median SN cuwe, thus ensuring that 97.7% of the test points lie above tho allowable

stress line. If in addition to using the conservative -2u curve, a signifimnt safety factor is included,

the design will tend to be quite unnecessarily robust and costly. In addition when the structure is

exposed to random variable amplitude loading, crack growth retardation occurs which is not accounted

for in the super-position of linear elastic discreet frequency loading regimes, which introduces further

conservatism into the analysis. Thus when considering the addition of conservatism into the design,

these facts should be kept in mind [22].

The definition of failure should also be examined, depending on the detail’s criticality, failure

m This reference is useful in that the criticality of welds for permanent offshore structures is very high,
and has resulted in some very serious research work with regard to fatigue.
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might be defined as the complete fracture of the detail, excessive displacement of some part of the

detail, or any of innumerable other criteria. The detection probability must also be taken into account,

e.g. the resistance to damage should be

detail [23].

Conservatism is warranted with

proportional to the difficulty of inspection [of the particular

respect to the actual stresses experienced within the welded

joint itself due to the difficulty of measuring the stresses in a welded joint. SCF’S within the joint can

vary by orders of magnitude due to geometriml stress concentrations, residual stress in the heat

affected zone and other factors such as shear lag. The FEM has difficulty in modeling thicker regions

where multiple weld passes are necessary to achieve the desired weld profile, and also where material

thickness is increased24. Therefore although very good estimates of stresses in the members up to the

joint itself can be made, the stresses in the actual fused joint are still difficult to model accurately.

VI.4.O Fatigue Life

The fatigue life of a structure can be considered to be the finite number of cycles required to

achieve failure as defined by the assumptions for the specific empirical SN curve. The cycles are

broken up into discreet ranges (blocks) e.g. discreet wave height ranges which impose proportional

loadings in the detail. For each range, a specific number of cycles to failure is defined with a range

damage ratio equal to the quotient of the cycles experienced and the number of cycles to failure. The

overall damage ratio is as defined in Eq (15), where N=number of cycles to failure and ni=number of

cycles that the detail has experienced up to any point in time. One of the questionable assumptions in

N ni
D=x –

i.l N
(15)

x It can be shown experimentally that the allowable stress decreases by the change in thickness raised
to the -0,2S i.e. if tp2*tl n ~,o~(z)=@)(O”~*odltil) or 84%
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the design procedure is that the rate of damage accumulation at the Beginning Of the structure Life,

(BOL), (for a specific stress level) is identical to that at the End Of structure Life ,(EOL), even

though crack propagation is in a different phase. Justification is given by the fact that it can be shown

that after a crack initiates, it will propagate at a relatively constant rate, (assuming that the conditions

necessary for brittle fracture to occur are not satisfied; name] y that material temperature does not fall

below the Nil Ductility Temperature ND~, assuming the other conditions are satisfied, namely a

flaw and tensile stress). Thus the accumulation of damage is considered to be a linear process from

crack initiation to fracture. The fatigue life is defined as the inverse of the damage accumulation

level.

VI.4.1 Fatigue Life Prediction

The prediction of the exact number of cycles that a specific ship detail will endure, even if

assuming a constant stress amplitude, is quite difficult given the variabilities in geometry and the

complexity of loadings imposed on the detail. There have been hundreds of test programs carried out

with the aim of the determination of the fatigue characteristics of various classes of details in order to

develop design guidelines and verify fatigue design hypotheses, and as a result there is a plethora of

fatigue data available which attempts to represent SN curves for the various test specimens [17].

VI.4.l.a Miner’s Rule

This approach is based upon the assumption that the structural loading and the strength of the

structure in terms of stress levels and number of cycles to failure can be quantified. The method is

derived from S-N test data and the assumption that damage accumulation is linear. Therefore the

fatigue life is assumed to be the weighted sum of the individual lives at various stress levels, S, as

given by applicable S-N curves with each being weighted by the assumed fraction of time that

x NDT (Italics) will be used as the abbreviation for Nil Ductility Temperature vs NDT for Non
Destructive Testing.
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exposure to the specific loading level occurs. The loading can be expressed as a histogram where the

ordinates are number of cycles and the abscissa is divided into stress ranges. A resulting non-

dimensional damage ratio can be expressed as shown in Eq (16) where tl~ depends on the number of

cycles at each stress level [19, 23].

In linear-Elmtic fracture mechanics the stress field at the tip of the crack is described in terms

of stress intensity as in Eq (17) where F is a geometrical correction factor and a is crack length, In all

methods for crack growth predictions, the stress intensity factor is the main independent variable

determining the rate at which the cracking progresses. That is to say that

where;
qL=Limit damage ratio

P=Number of stress bloch
qi=Number of strem bloch E block i
Ni=Number of qcks + failure

(16)

da/dn=F(~W-~n) or the crack growth rate is some function of the range of stress applied to a flaw.

When fatigue data is plotted against stress intensity on Log-bg paper, an S shaped curve results,

(Figure 12), which is commonly divided into three distinct regions: Region I is the early non-linear

region referred to as the “threshold” region, in this region small changes in stress range produce large

changes in growth rate. Region II is the “steady state” region which is nearly linear in that changes in

stress range produce nearly linear changes in growth rate. Finally region III or the “unstable” region,

like region I is non-linear and is the region in which failure occurs, The entire curve can be modeled

(17)

by Eq (18) where C and M are material dependant constants determined empirically,
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VI.5.O Munse Fatigue Design Procedure (MFDP)

When variable amplitude stress histories are used to predict the fatigue life of a detail,

different SN curves result [24], The MFDP takes this into account by introducing a correction

factor Z, which when multiplied by the allowable constant amplitude strength for a given life, will

predict the fatigue strength for a variable loading history. Additionally the natural scatter in fatigue

data is accounted for by uncertainties in fabrication and stress analysis using the concept of total

uncertainty given by Eq (19);

Qti= Q2f+Q2c+(rF#*c2) (19)
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Wherq
Q.= Uncertainty in TOTAL fatigue life
+ Uncertainty in fatigue data life: RMS of COV of fatigue data life about the SN regression line

and the error in the fatigue model: effects of imperfections in the Iinear damage accumulation

assumption.
L--Jc= Uncertainty in mean intercept of the SN regression line: in particular effects of fabrication
!+ Uncertainty in the mean stress range: effects of impact and errors in stress analysis and

determination.

The largest uncertainty is of course the stress range that the structure will encounter. Having estimated

the uncertainty, a reliability factor Rf is estimated after assuming appropriate distribution models and

desired level of reliability. The MFDP estimates the maximum allowable stress range DELTA SD

from the particular detail’s closest matching type of weldrnent SN curve, the average fatigue strength

at the desired life, and finally multiplying by the random load correction and the reliability factor.

For Welds subjected to a constant amplitude stress range, the mean fatigue life N is given by

Eq (20), [24].

N=~
(ASJ”

(20)

Where C and m are empirical constants obtained from least squares analysis of SN data. Munse’s

procedure uses the extended straight SN line at the stress ratio R=O as its basis and neglects effects of

mean stress, material properties and residual stress. After cycle counting, the variable load history is

plotted in a stress range histogram. Mean stress level and sequence effects are regarded as secondary

effects. Since random loadings for weld details cannot be determined exactly, the Munse procedure

uses probability distribution functions to represent the weld fatigue loading. Six distributions are

employed to represent different common variable loading histories:

O Be~

O Log-normal
0 Weibull

O Exponential
0 Rayleigh
O Shifted Exponential



It is necessary to determine which distribution or distributions provide the best fit to the loading

history. The random load factor is a function of the desired life and are tabulated in various design

guidelines. The reliability factor is given by Eq (21).

(21)

Pf(N)= probability of failure
t2~=Total uncertainty
r =Gamma Function

50% Reliabilip Rf=l.00
90% Reliabili~ Rf=O. 70
95% Reliability Rf=O.60
99% Reliability Rf=0,45

This procedure provides an accurate prediction of fatigue life and is straight forward to carry out [24].

The difficulty lies in the determination of the proper distribution and the quantification of the

uncertainties. The utilization of successful values used in similar applications is recommended with

the addition or subtraction of some additional modeling uncertainty depending on the subjective

confidence of the designer. This may be due to more or less confidence in the quality of fabrication

of the detail at hand, the materials/ assembly method, or the ease of access to the workpiece.

VI.6.O Alternate Approach

An alternate approach as proposed by Munse [17] is based on the calculation of a “design

allowable” stress range, S,~, for fatigue. This stress range is the maximum peak to peak stress range

expected at the point in question once under the most severe sea state and during the entire life of the

structure. Comparing that stress range to the allowable stress for other failure modes indicates the

controlling mode of failure. In all cases the S,~ must be less than the one time maximum allowable

stress. The approach defines S,~ as the product of the mean value of constant amplitude stress range

at the design life N~, a reliability factor, Rf and a random load factor E, Eq (22). The mean value of
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SUis found using the applicable SN curve for the expected life of the structure, (number of cycles).

Sd=snd$w (22)

The reliability factor is meant to account for uncertainties in the fatigue data, workmanship,

fabrication, use of the equivalent stress concep~ errors in load history and errors in the stress analysis.

The reliability factor is modeled assuming that Rf is a random variable with a Weibul pdf and the. use

of a relationship for the P(survival) through N loading cycles. The effect of this factor is to reduce a

mean stress range to an equivalent stress range which corresponds to a designated probability of

survival greater than the 5070 level of the mean stress range. The random load factor, E, is introduced

in order to make possible the use of existing constant cycle fatigue data in designing for variable

loading semice conditions.

VI.7.O Initiation Life Model

It is generally agreed that cracks will initiate at points of stress concentration, namely notches,

pores or other defects which interrupt the continuity of material [25]. This initiation mechanism

results due to the plastic deformation in the region of the initiator, due to the high stress concentration

and thus stress level well above the yield stress. This can occur with the majority of the assembly

well below yield again due to the magnification of stress at the initiation site. Cyclic loading applied

in the region of the initiating flaw will thus result in a propagating crack whose progress is directly

proportional to the lading and loading rate, The endurance of a particular detail is divided into two

distinct phases: that of crack initiation and that of propagation. The modeling of fatigue life must

therefore consist of two models, an initiation model and a propagation model.

VI.7.1 Initiation: Notch Analysis

After the occurrence of plastic deformation as described above, the stresses and strains can be

determined using the following notch analysis technique [19, 23]. An elastic stress concentration

. .
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factor,~, which is defined as the quotient of local stress and remote stress, is determined by using

either FEM or elasticity theory.

used to directly predict the local

After the notch region has plastically deformed 1$ can no longer be

stress as the plastic stress will rise at a lesser rate and the plastic

strain at a greater rate. Instantaneous stress and strain conversion factors must be used beyond the

elastic limit due to the non-linem nature of the problem, (see Figure 13); this relation is expressed in

Eq (23). Since delta e is the quotient of the nominal stress range and the modulus of elasticity, the



W7tere;
AS=Nominal str~ range
Ae =Nom”nalstrain range

(23)

expression can be given as in Eq (24). This is Neuber’s rule expressing the local stress/strain behavior

at the notch root to the nominal stress and elastic stress concentration factors. Using the power law

hardening relationship; the relation in Eq (24) can be expressed as in Eq (25);

(24)

where K is the strength coefficient and n is the strain hardening exponent, finally the expression is

expressed with orIly the stress range as the unknown in Eq (26).

(25)

which is solved through successive iterations for the elastic stress concentration.

Since in practice the predicted life for a notched specimen tends to be overly conservative, a

fatigue notch factor, ~, is introduced which is used in place of ~, which is defined as shown in Eq

(27)[19, 23];

~ can be expressed in terms of ~, notch tip radius, r, and a material dependant strength parameter, a

as shown in Eq (28); This important relation points out the fact that small notches are less sensitive

to fatigue and that ductile materials are less fatigue prone than strong materials, which is intuitively

correct.
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where;

300]l&lo-3iW~a=(—
IYu

r=Crack tip rh

(27)

The actual prediction of the number of cycles to crack initiation can be expressed in terms of

the above expressions when the specimen is cycled between strain limits in the Coffin-Mason Equation

given in Eq (29), By relating the strain calculated at the notch root to the strain life data,

(1)

(2)
(3)
(4)

($
~

A~ =Strain amplitude

e>=Fm’gue duti”fiiy coeflcient

olj=fw strength coefficient
om=ilfean stnxw
2N~=N&r of revensahr-fiilure
C=Fatigue dudity ~OWbt

b=Ftigue strength WOnent

(28)

the number of cycles to initiate a fatigue crack at the notch can be estimated. Quantities 2,3,7 and 8

in Eq (29) above are obtained by either low cycle fatigue testing or through estimation.

VI.7.2 Propagation: Crack Growth

The second phase in the fatigue crack mechanism is that of crack growth. The growth rates

have been shown to be a function of the stress intensity at the crack tip, the ratio of the minimum

stress to the maximum stress and specific material properties as mentioned in the previous section.

The growth rate can thus be expressed as shown in Eq (30);

The stress intensity factor is determined as a function of the geometry, the stress range and the

instantaneous crack length and shape. An expression for the stress intensity factor can be expressed as

shown in Eq (31);
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AK=( ~ ~ASm

o

Where;
M*=Crack tqface area
M,=Plate thickness
M==Str@s grdient
@o=Crack shape
AS=Wrw range

(29)

(30)

The geometrical descriptors, (M’s), shown in Eq (31) must be included in order to differentiate the

infinite number of possl%le crack shapes, orientations

front free surface can be described as in Eq (32);

M.*=1.o-o.12(1-#

and sizes. The M$ factor which accounts for the

(31)

where a/c is the ratio of the minor to major ellipsoidal axes. If the crack is embedded in the material,

M~=l.O. The M, factor, accounts for plate thickness and is tabulated in mechanics of materials

handbooks in tables of stress intinsity factors. The factor M~ is used to account for the stress

differential near flaw vs remote regions of the material, as above it is tabulated in handbooks. The

crack $ape factor @Ois ca~lated as given in Eq (33);
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VII.O.O Structural Fractures

The prevention of fracture of rigid steel ship structures is the overwhelmingly prevalent

concern amongst those involved in the design, cmstructiort and maintenance of these structures [26].

In order to minimim the occurrence of fractures due to design, construction or accidental loading, steel

structures are constructed according to codes or optimum performance specifications. Ships are

constructed mainly in accordance with codes although some unusual designs are built to performance

standards due to lack of pertinent codes. In addition to minimum strength requirements, the use of

redundancy, “fail-safe” structural design and the use of “safe metals” are specified [27], Redundant

structures are designed such that multiple load paths exist at loading levels low enough such that the

additional loadings which are imposed on adjacent membe~ due to the loss of a specified maximum

number of the original load paths, (reliability level; see Chapter I), can be tolerated by the remaining

elements. A “fail-safe” philosophy consists of designing the structure so that failures in the structure

are physically limited to isolated sub assemblies, e.g. crack arreste~ and certain schemes of sub

assembly isolation. The “safe metal” approach is somewhat implicit in material specification for

modem structures, with the brittle fracture and fatigue problems being prime examples of the type of

failure mechanisms that this approach is meant to avert, (i.e. the specification of minimum ductility,

toughness, transition temperature... in addition to material strength properties).

The degree of fracture resistance of a structure is a direct result of not only the thoroughness

of the engineering analysis directed at minimizing the problem, but most importantly the level of

fabrication quality that exists once the structure is built. Implicit in this statement is quality of

qualification, inspection and material monitoring which exists during construction. The minimizing of

fracture consequence and severity when fractures do occur is one of the main functions of thorough

and routine structural inspection program, Catastrophic failures of structures due to known existing

flaws are not rare, emphasizing the importance of prompt action upon the discovery of fractures.

69



Although structural redundancy may allow the continuing operation of a vessel with substantial

fractures, unexpected or unusual loads may cause unforseen damage which can combine with existing

damage causing massive failures. In damage reports, an isolated lone crack is seen less often than

multiple seemingly random cracks emphasizing the somewhat random forms that fractures take.

VII.1.O Fracture Initiation

The initiation of fractures observed in surveys such as that carried out in the SSC detail survey

report series, indicate that the overwhelming majority of fractures initiate in the region of assembly

flaws [28,29,30] . These flaws, if located near sub assemblies where large changes in stiffness

occur, near regions of high stress, or regions with a high degree of alternating stress invariably fail

through the slow or fast migration of fractures. In addition, if high levels of residual stress due to

poor fit-up and/or poor welding method are present, the failures will occur at even lower loading

levels.

VII.2.O Fracture Prevention

IrI some cases, known “hot spots” in the structure, detected during design or modification

analysis, will fail in fatigue due to scantlings designed to withstand ultimate rather than the working

loads critical in fatigue failure. A high degree of diligence must be exercised in detail design to;

O Design details which are straight forward to assemble, minimizing the chance of the

introduction of high levels of residual stresses due to difficulty of proper fit-up.

O Merever possible eliminate sharp notches or other initiation points for cracks, (as in the

above, design such that these initiators are not introduced due to the difficulty of fabrication
of specified details). If drainage channels or other types of slotting of material is necessary,
(e.g. in horizontal plate elements, such as tank tops or longitudinal flanges) they should be
aligned such that the axes are parallel with the orientation of expected principle stresses,
(minimize the possibility of fatigue cracking).

O Wherever failures are at all expected, (and especial] y in critical structures), crack arresters or

interruptions in load paths should be used to limit fractures to local assemblies, (thus limiting
the nature of damage to that of Iocd vs. global).

O ENSURE whenever possible the specification and USE of materials with sufficient resistance
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to expected loadings in details, (in many cases failure occurs due to the use of materials
other than those specified in plans, rendering the engineering work involved in the. drawing
up of those plans all but void).

O Establish tolerances which are easily met by the expected competence level of the force to

perform the work.

O If at all possible s~rch for da@ i.e. SSC294 A Survey of in Service Structural Details [30],

on performance of various designs in order to utilize past experience with existing detail
types utilizing on] y configurations which have been successful.

VII.3.O Crack Arresters

pmty

Material Cross
section Change

Material Cnntiuity
Change

igure 14 Crack Arrest Schemes

event

Crack Arresters are the “fail safe” component in a complete fracture prevention system. In the

that cracking does occur, the intent is that crack arresters will have been placed near enough to

one and other that the crack cannot propagate to the extent that it becomes structurally threatening.
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The requirements for an effective crack arrester system are [31];

O proper Material, @ughness, strength and compatibility with surrounding material.

O Effective Geometry
O Strategic Location

The material must be able to stop a propagating crack, thus it must be much tougher than the base

metal. It has been found that an arrester toughness of approximately 4x that of the base metal is

sufficiently effective in arresting cracks.

The most common geometrical arrangement of crack arresters fall into one of the three

categories as sketched in Figure 14 including;

O Riveted seams
O Welded strakes, (in plane arrestem)
0 Welded stiffeners, (out of plane arresters)

Riveted strips are less common in newer ships due to the expense and time consuming nature of

riveting. This scheme’s crack arrest ability is accomplished when the crack propagates into a

discontinuity or into a rivet hole, which is commord y agreed upon as the most effective crack arrest

mechanism”[32]. Many fittings and auxiliary equipment are through bolted to the primary

structure such as water tight doors, flanges, and hatch combings, which provide these discontinuities

and holes for crack termination.

Welded in plane strakes serve to arrest cracking in two ways, they are usually of a slightly

heavier section than the adjacent primary structure, and they are of a material grade with far superior

toughness and fracture resistance to that of the primary structure. It is suggested that for most large

commercial vessels where this material is used in sheer, side shell, and deck strakes, that the strake be

at least 6 feet in width [31, 33], For primary hull bending stresses, the most effective locations for

this material is in the two regions of highest stress, namely the main deck edge and the turn of the

26Emergency crack repair procedures all dictate the boring of a stopping hole at the end of cracks to

preclude further growth, prior to welding. Since the hole is smooth all the way around its girth, there is
nowhere for the crack to re-initiate.
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bilge, and to resist primary shear loads, on the side shell at the approximate level of the neutral axis,

as sketched in Figure 15.

In ships with large deck openings, such as the deck hatch openings in container ships, regions

of high stress concentration of torsional and primary stresses exist in the region of the container hold

openings at the main deck level. The use of material surrounding these openings is actually a

combination of the transverse, longitudinal and riveted type reinforcements acting to minirnim

cracking around the openings and combings as shown in Figure 15.

VII.4.O Flaws

From surveys, the most often cited fracture initiation flaws are [33];

O Slag Inclusions
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O Material cracks, (delaminations, corrosion cracking,,,)
0 Material/lVeld Porosity
O Undercutting
o Ixick of Weld penetration

An all too common scenario for fractures is the initiation of a fatigue crack which grows

slowly, and, (if undetected), steadily until it reaches critical size for brittle fracture which occurs and

fails the detail when conditions are opportune for brittle fracture, (T s NDT, tensile stress condition,

and critical flaw size) [20]. The occurrence of brittle fracture, although minimized through extensive

materials testing and improvemen~ does still occur in vessels operating in cold conditions, (many

fractures from surveys occur in northern latitudes in winter), seemingly emphasizing the criticality of

thorough inspections during the fall and continuously in the winter to prevent these occurrences.

VII.4.1 Indications

The most useful tools available in the study of fracture in offshore structures, are cracked

sections removed from a failed structure (Figure 16). The failure analysis of failed specimens carried

out constitutes the data which is most directly used in the definition of construction codes and

standards used by the industry. Several key checks can be quickly performed on a broken specimen to

determine [20];

O ne direction of crack propagation, and thus the general area of initiation.
o The type of fracture, i.e. Fatigue, overload, Brittle...
O The mode of fracture, i.e. plastic, Elastic plastic or plane.

The indications clearly visible on a fatigue fracture sample include the following [31, 33];

O A “clamshell” pattern visible on the crack surface, indiwtive of the slow sequential nature

of fatigue propagation.
0 Due to the slow nature of the crack propagation, corrosion may be visible on the “older”

parts of the crack surface, (lower damage accumulation level).
O Extensive evidence of plastic deformation adja~nt to the crack, indicative of the high stress

field around the crack root, (ridges somewhat proportional to clamshell pattern).
O Crack oriented normal to a principle stress field.

The indications clearly visible on a brittle fracture sample include [31, 33];



H’ractured Sample lndlcatm’s

Figure 16 Fracture Mocle Identlhcatlon xetcn

o Distinctive “chevron” markings on the crack surface, these chevrons “pointing” in the

opposite direction as crack propagation, (towards the initiation point).
o Clean new crack, indi~tive of rapid propagation through the material.

O Little evidence of plastic deformation,

O Fracture occurrence during a period of low ambient temperature, near or below NDT.

Thus from simple visual observations, important information about the cause of fractures can

immediately27 be deduced. Subsequent laboratory testing provides material composition and exact

initiation mode, however the above visual observations can provide the majority of macroscopic fault

analysis information.

27It is Vew imPortint ~ insPect the fracture ~ soon as possible after it’s discovery, with effork made

to record all possible pertinent information, since important indications carI be masked with time due to
corrosion and temporary repairs.
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VII.5.O Brittle Fracture

The brittle fracture failure mechanism became a signifimnt global failure mechanism with the

advent of the all welded ship during world war II. Of the 5000 liberty and T-2 vessels constructed

during the war, by 1946200 had experienced serious fractures and 9 had broken completely in two.

In 1947 the American Bureau of Shipping, (ABS), established chemical composition guidelines for

Table V Brittle Fracture Prevention Checkpoints

0 Service Temp, 0° C is considered to be a safe minimum temp for design purposes,
however many, (most) of the failures occur at lower temperatures.

0 Residual stresses, increasing the intensity of stresses imposed by normal loading allowing
the detail to reach critical stress levels during non critical global loading conditions.

o Design, the inclusion of sharp intersections or detail designs which are prone to welding

errors should be avoided,

0 Welding, completeness of prep, completeness of fusion, removal of slag, proper weld rods,
lack of porosity, and lack of cracking in welds.

O Material ~ughness, suihble for intended operating conditions.

O Fatigue environment; location in the structure e.g. cyclic stress environment.

ship steels requiring that they be classified not ordy in terms of strength but in terms of toughness and

fracture resistance. Although significant progress has been made in the field of brittle fracture

prevention, brittle fracture still occurs in modern ships. Therefore when involved in the maintenance

and repair of even quite modern ships, diligence must be exercised in order to guard against this

destructive phenomenon. The surest method is to ensure that mechanisms are present to arrest

fractures should they occur. The factors which must be considered with respect to brittle fracture are

given in Table V [34]. The three most critical initiation factors for brittle fracture are toughness,
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initiation flaw size and stress level when T s NDTX, the above additional considerations in Table V

affecting the severity of the fracture when these critical criteriurn are met [26].

The study of fracture mechanics has shown that all the above factors can be interrelated to

predict (or design against) the susceptibility of a welded structure to brittle fracture. Fracture

mechanics is based on stress analysis and thus does not depend on empirical correlations to translate

laboratory results into practical dmign information. Fracture mechanics is based on the fact that the

stress distribution ahead of a flaw can be characterized in terms of a single parameter ~, the stress

intensity factor [KSI/{in]. K] is a function of the nominal stress, (u), and the flaw size, (a), which if

known at failure can provide the designer with critical flaw sizes to be guarded against in the

specification of design tolerances and geomet~.

VII.5.1 Toughness Requh-ements

Material toughness is determined using impact tests which express the materials toughness in

terms of the energy that the material can absorb without fractures propagating from various flaw sites.

The fracture energy is plotted vs. temperature, which is varied in order to determine the transition or

Nil Ductility Temperature, NDT, as sketched in Figure 18 the general appearance of the resulting

curves are shown. The energy ordinates are divided into three regions;Plane Strain behavior refers to

fracture under elastic stresses with little or no shear-lip formation, essentially classical brittle fracture.

Plastic behavior refers to ductile failure under yielding conditions with large shear lip formation. In

between these is a transitional region or the Elastic-Plastic region, in this area traits of either or both

modes are observed.

For structures subjected to only static loadings, the static curve shown in Figare 18 should be

X NDT, Nil Ductility Temperature, the temperature below which the material exhibits primarily brittle
behavior. Determined by conducting such tests as the Charpy V-Notch, (CVN), which test the impact
resistance of notched specimens at various temperatures in order to determine their toughness and
transition temperature.
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igure 17 K] for various cracks, stress/flaw size/toughness curves.

used whereas for dynamically loaded structures the more restrictive impact curve should be used2g.

As shown in Figure 18, the steel used to construct a structure should have a margin between its

expected minimum operating temperature and the transition temperature of the steel. Using a

reliability based design method to obtain the desired margin, a steel with a curve similar to steel 2

would be selected given the indicated desired performance level.

If at O“F KID, (the critical dynamic toughness), is about 60% of the crY~,(the dynamic yield

strength), then at 32°F the ratio can be taken to be about 90$10. Using the concepts of fracture

mechani~, as well as engineering experience, observations regarding the level of performance at 32°F

29Since for a dynamic loading, such as a dropped object the applied force can be twice the object’s
weight.
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for steels and weldments that satisfy the primary toughness requirement of NDT s O“F and the

auxiliary toughness requirement that K1+rY~ a 0.9 at 32°F:

Plastic

t

J Elastic
Plastic

Knergy
absnrptmnn

Plane
Strain

Plastic

Elastic
Plastic

Plane
Strain

Temperature-—t

‘1
t

‘igure 1S Brittle Fracture Transition Curves

O The start of the transition from brittle to ductfle behavior will begin below the minimum

service temperature of 32”F. Thus at the minimum service temperature the materials will

exhibit non plane-strain behavior in the presence of a crack under impact.

o The material will experience some fibrous fracture appearance at 32°F, an indicator of

resistance to brittle fracture.

0 Although precise stress-flaw size behavior cannot be made for material exhibiting elastic-
plastic behavior, critical crack size for 40KSI steel can be made as follows:

O For KIDa.9 CTY~and a nominal stress range of 14 KSI the critical crack size at 32°F is
estimated to be 8-10 inches.

O For about 24 KSI, (one of the largest primary stress levels ever actually recorded in a
vessel), the critical crack size is estimated to be about 3 inches.
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O For the worst case dynamic loading of yield point magnitude, the dynamic critical crack

size is estimated to he about 1%inch.

For plate thicknesses commonly used in commercial ships, (less than 2 inches thick), the

thickness of the plate has a second order effect on the transition temperature of the material, as

compared with the first order effects of loading rate and notch acuity. For this reason the testing of

less than full thickness samples is acceptable since changes in toughness are very small.
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VIII.O.O Corrosion Considerations

The highly corrosive sea water environment that steel maritime structures are expected to

operate for their entire 1ifetimes is easily the most chemical] y punishing of any environment in which

large steel structures are expected to operate. The highly oxygenated salt water is highly reactive with

the iron contained in all mild steels. From the day the structural steel arrives at the shipyard to be

used in a new vessel, to the vessel’s decommissioning, a continuous battle with corrosion is waged.

There are several methods of corrosion inhibition available for use in the marine environment

to retard wastage and subsequent loss of structural integrity. Since the degree of corrosion which

occurs on the outer shell, deck and super structure of a vessel is readily apparent due to it’s external

nature, diligent topsides maintenance can ensure a relatively corrosion free structure in these areas.

The internal structure, on the other hand, is often inaccessible to routine inspection due to cargo or

remoteness from normal operating areas of the ship. In addition, many of the cargoes carried,

(especially in ~nk$hips / 0130 carriers), can be corrosive, reactive or otherwise harmful to the

integrity of the corrosion control system. The ease with which the internal vs. external structural

components are blasted, recoated, or replaced constitute tasks with very different levels of difficulty, (

and thus cost). Thus the corrosion control systems for the internal structure of the vessel must be of a

higher level of robustness than topsides or wetted surface systems.

VIII.1.O Corrosion Control Factors

VIII.1.1 Tank Washing

Tank washing is carried out whenever a tank is to carry a “cleaner” cargo than was previously

carried [35]. In the past tank washing was accomplished using high pressure jets of seawater to

clean sludge and debris from the tank surfaces. This practice resulted in the need to discharge

contaminated seawater overboard and had very unfavorable corrosion implications. These included;
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0 Hydraulic erosion near washdown nozzles tended to erode the coating, (High pressures-up to

200 PSI- are needed in order to reach remote areas of the tank).

O The ~troduction of sea water into the tank means that there will invariably be a small layer

of seawater at the bottom of the tank contributing to localized pitting, Beneath this layer of
seawater there is usually a layer of salty sludge whose salinity is further increased with each
seawater introduction,

O men it is necessary to we hot water m cut the sludge, an even more corrosive environment

is created. The washing is beneficial in that it removes any foreign build up from installed
zincs enabling them to be effective when the tank is refilled, (especially if it is to be in
ballast).

VIII.1.2 Crude Oil Washing (COW)

In order to alleviate some of the problems associated with the use of seawater to clean tanks

on tankships, the substitution of a petroleum solvent for seawater has been used to successfully clean

ballast tanks of sludge and waxy deposits. The elimination of water and salt from the environment

reduces the hostility of the environment during washing and eliminates the continuous introduction of

residual non strippable seawater puddles from tank bottoms. The disposal of the washing medium is

simple due to the fact that it is merely a fuel oil sprayed at elevated pressures30.

VIII.2.O Cathodic Protection

Cathodic protection provides corrosion protection through the attachment of dissimilar metals

of lesser nobility, (higher oxidation potential than the structure’s metal).

cell tends to shed the atoms of the anode, “sacrificing” itself and rather

The resulting electrochemical

than the base metal, thus

protecting the base structure from reduction due to the shedding of it’s own atoms,

The longer an anode, the higher the current it will generate, reducing the number of anodes

needed. The cross sectional area will determine the anode’s useful life. Thus the sizing of anodes

must be a compromise between mechanical considerations (keeping the anodes attached, relatively out

30Due to the spraying of oil into the tank atmosphere, an increased level diligence must be exercised

with respect to fire hazards. The use of gas inerting methods in tanks undergoing COW is highly
recommended.
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of the way, and small enough so that they do not generate high drag forces if mounted externally), and

the protection required. The anode sizing for protection is a function of many variables, including

salinity, temperature and the condition of any coatings present. The current density requirements are

usually expressed in milli+bperes per square foot or meter, the magnitude required being based on

historical data of protection levels vs. corrosion rates. Cathodic protection requirements vary greatly

from one structural region to another, with the greatest requirements in areas with large horizontal

surfaces, The simple placement of large anodes very near to one another, forming large overlapping

active regions, is to be avoided since over protection can cause coating damage.

The anodes can be attached by welding or bolting to attached pads. Although welding is

cheaper initially, the use of bolts allows much quicker and simpler replacement.

Cathodic protection provides two basic types of protection, primary and secondary. Primary

protection is that afforded by the anodes when installed on bare steel as the only corrosion inhibition

system. Using only primary control, corrosion should be limited to approximately 20$% of non

protected, (bare steel), rate. Secondary control is that afforded by using cathodic protection in consort

with a coating system. In this way corrosion in areas of defects which occur in the coating system are

protected by the anodes.

The location of the anodes on the vessel requires some consideration as well, on the

submerged outer shell anodes are located in a pattern which affords minimum overlapping protection

along the entire wetted surface. The anodes are usually aligned as parallel as possible to the

streamlines along the ship’s hull, minimizing drag force and thus the tendency for them to be sheared

off by either hydrodynamic forces or impacts with foreign objects. The placement of anodes within

the hull must be done with the levels, types and frequency of fluid types in mind. Since most tanks

are never filled completely, cathodic protection will not protect tank tops, which must be protected

through the use of coatings. The tank sides and bottoms are areas where cathodic protection is most
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effective, especially in wing tanks where ballast is often carried [35]. The tank bottoms are nearly

always covered with between a few inches to a foot of sea water no matter the cargo31, thus it is

quite common to see anodes mounted on tank bottoms or diagonally on bottom longitudinal webs.

In order for the anode to afford full protection, it must be fully immersed in an electrolyte,

(electrically conductive fluid), and it must be clean i.e. no paint or other coatings should be allowed

cover the anodes. This problem is particular y important in Cargo/ballast tanks where sediment and

waxy build up can form due to the presence of crude on the anodes, (this is another reason tank

washing is important before changing cargo types).

to

There are several metals used for cathodic protection including Aluminum (Al), Zinc (Zn) and

Magnesium (Mg). The use of Mg anodes was halted due to both their tendency to spark (due to high

driving voltage), and also a nasty tendency of producing hydrogen gas, (which have lead to

catastrophic explosive hydrogen ignitions in cargo tanks). Mg also tended to overprotect adjacent

areas causing heavy salt deposits around the anodes. Mg anodes were banned for use in cargo tanks

in 1964 by the USCG.

Although Al anodes were initially banned for use along with Mg due to theirtendency to arc

and spark when attachments failed and the anodes fell to the tank bottom, the aluminum anode has

been re allowed under the restriction that an anodes TOTAL potential energy not exceed 200 ft-lbf

above the tank bottom32. Al is again used due to several advantageous features;

0 Self Cleaning: If submerged in waxy crude, not cleane~ and then submerged in seawater,
the aluminum anode quickly reestablishes effectiveness.

31This seawater tends to evaporate between tank fill/pump-down cycles, meaning that the Chloride
content of the water concentrates, (the constituent of salt water that is responsible for most corrosion
processes;

[Na+ + Cl-+ HZO + FeH - FeO,(rust) + HCI + NazO],
When anodes are present the anode metal ions take the place of the iron ions, due to their higher oxidation
potential.

32e.g. a 251b anode can be no more than 8 ft. above the tank bottom.
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O High current densi~: Fewer aluminum anodes will provide the same protection as zinc

anodes.

The use of Zinc anodes is by far the most popular and has no restrictions placed on their installation.

VIII.3.O Adhesive Coatings: General

Protective adhesive coatings are by far the most familiar method of corrosion control, however

there are a wide variety of corrosion inhibiting coatings available for use. The selection of the proper

system is of paramount importance with regard to long term costs. The selection of a proper system is

a function of several considerations including [36];

o
0
0
0
0
0
0
0
0

Constituency of material in contact with the coating
pH of fluids in contact with the surface
Temperature “ II

Reactivity “ II

Type of metal to be coated
Cost benefit analysis of yard time: i.e. projected high PVC33
Desired hardness of coating
Environment in which the coating must set-up
Method of application

The coating of the interior of tankships is of interest due to the highly variable nature of the

corrosion environment. A tank may contain crude, gasoline, light fuel oils, kerosene, or seawater

ballast at any given time. Of additional interest in this environment is the problem of tank washing,

where the tank is cleaned in order to take on a different cargo, enable inspection, or enter a yard

period. This operation is hard on the coating due to the hydraulic blast of the cleaning jets and the

chemical attack due to the application a cleaning medium.

Emily the most important phase in the application of any coating system is the surface

preparation. In order for the coating to properly adhere to the steel, it must be clean, dry and

corrosion free. However, as any ship yard knows, full compliance with the above conditions are

33 If a cheap initial system is used, with projected frequent yard periods, the ever rising cost of
hazardous waste disposal (Sand Blasting residue, solvents and spray application) must be kept in mind
when one considers a cheap short life system.
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nearly impossible in the real world given the complexity and sheer size of most ship coating jobs. In

order to come as close as possible to this goal, the most effective method of steel preparation is the

use of sand blasting followed promptly by the application of n suitable prime coat, The preparation of

any steel surface is basically as above with more or less cleaning approaching an ideal level of “white

metal”. The Steel Structures Painting Council, SSPC, publishes specific guidelines in the level of

surface preparation required as a function of the type of coating to be applied, expected durability and

the environment in which the system is to operate [36]. It is usually desirable to remove all corrosion

from the surface of the steel prior to coating. This may be quite difficult in the case of in-service

ships due to heavily pitted regions or inaccessibility to sand blasting equipment, (again design for

accessibility problems), Another problem specific to tankship tanks is the waxy build up on the

surfaces due to the carriage of heavy crudes. This build up, if not properly removed, can be driven

into the metal during blasting making adhesion of the coating nearly impossible. For this reason

special care must be taken in the preparation of internal spaces where this cargo has been carried.

The environment present in the vicinity during the application and set up of the coating is also

very important. Manufacturer’s specifications for humidity, temperature, ventilation and curing time

must be met in order to ensure that the expected durability of the coating is realized. All of the above

can be controlled artificially in the interior spaces, but are quite difficult to control on topsides

surfaces. Once the coating has been proper] y applied and cured, care must be taken if the coating is

applied to the internal surface of cargo carrying tanks to ensure that initial cargos are not detrimental

to the new mating. Manufacturers of tank coating systems will normally specify cargoes which will

aid or hider curing of newly coated tanks.

VIII.3.1 Coating Types

There are two main types of coatings used in ship building, zinc based coatings and epoxy

type coatings, The zinc coatings are comprised of two categories; organic zinc coatings and inorganic
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zinc coatings: Organic zinc coatings exhibit cathodic protection characteristics combined with epoxy

characteristics. Inorganic zinc coatings are most widely used and again provide cathodic protection.

The use of a coating with a high zinc content (=75 w/O Zn by Vol) serves to protect against high

corrosion rates in regions of insufficient coating coverage such as bubbles, light spray areas, and areas

which are completely missed during application, The coatings may be either solvent or water based

with the prime difference being the curing environment required.

Inorganic zinc coatings have a narrow pH range in which they can operate, (nominally neutral:

pH=7 +3/-2). The suitability of zinc coatings for exposure to crude is a function of the sulphur

content of the oil. Inorganic zinc coatings are tolerant of the solvent characteristics of the full range

of petroleum products, as long as the pH requirement is met. Inorganic zinc coating should not be

used for continuous sea water immersion due to it’s sacrificial nature, however it is an excellent under

coating for anti-fouling and topsides paint. The presence of inert gas systems which use stack gas to

displace any formation of explosive gas mixtures in cargo tanks~, has been known to cause rapid

deterioration in zinc coatings if high levels of sulfites are present in the gas~5

Epoxy coatings can be brokon down into 3 categories, amine catalyzed, polyamide catalyzed

and coal tar epoxies. Epoxy coatings attempt to prevent corrosion by creating an oxygen tight

envelope around the steel isolating it from the oxygen in the air which is necessary for the formation

of Iron oxides FezO~ (Rust). Epoxies are generally two part products consisting of a base and a

hardener, the hardener, or curing agent, is the amine or polyamide in the formula. Amine based

products are resistant to petroleum products and salt water while polyamide products are susceptible to

W Required in all tankships over 70,000 DWT

35Can be removed through the use of scrubbers
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attack by acids and solvents, with both of the afore mentioned drying to form a hard3b glossy finish.

There are of course disadvantages, firstly the epoxies tend to shrink when curing, which can cause the

caating to pull away from sharp edges and corners. The second is the tendency of the formation of

pinholes which can lead to local corrosion.

Coal tar Epoxies are quite different from the aforementioned types, they are highly water

resistant but resistance to solvents is poor and cargo contamination would result from the transport of

refined products in a tank lined with coal tar epoxy. & the name implies, coal tar epoxies are dark

which implies inspection problems. One of the main reasons for the avoidance of the use of coal tar

epoxies is it’s potential health hazards, it has been reported to be carcinogenic by many yards which

refuse to work with it.

V11L3.2 Soft Coatings

Soft coatings are, as their name implies, semi permanent coatings which require very little

preparation to apply. The level of preparation required can involve as little as the removal of all scale

and sludge from a tank. The soft coatings are applied using several methods, they can be applied

using conventional spray techniques which require the emptying of the tank, cleaning and then

spraying. They can also be applied using the “float” method whereby the coating is poured over the

free surface of water in the tank, then the tank is ballasted up and down resulting in the coating the

sides of the tank. The “float” method requires more coating thfin spraying, but it can be accomplished

at sea by ship’s company, and also ensures that all areas which will come into contact with the

seawater are coated.

VIII.4.O Full Scantli~gs

Most classification societies now allow a reduction in required scantlings if approved corrosion

36It has been suggested that the hard finish is advantageous as it will tend to show material cracking
more readily than a ‘soft’ finish; facilitating more successful crack detection during inspections.
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control systems are utilized. The implementation of this reduced scantling requirement dictates that if

the corrosion control system should fail, it must be replaced/repaired promptly to prevent the loss of

material due to wastage. If it is not, there is a smaller window of time that unchecked corrosion can

be allowed to proceed before structural steel replacement is required by the classification society due

to the loss of minimum scantlings to wastnge [see Figure 1, page 5].

Most owners opt for scantlings which exceed the minimum allowed for a ship with no

corrosion control system, so that loss of corrosion control does not imply rapid deterioration of the

structure to a point where steel replacement is necessary.

VIII.5.O Corrosion Rate Prediction; Polariztttion Rate Methods

The term polarization as it applies to corrosion refers to the change in open circuit electrode

potential as the result of the passage of current. In shor~ polarization is the change in a metal’s

galvanic potential,(voltage drop), due to current flow from one metal to another of dissimilar potential,

(analogous to the voltage ‘droop’ observed in a heavily loaded DC circuit). Every corrosion process

involves a corrosion potential (e) and current (i), which are VOM37 measurable quantities (see

Table VI). For a given corrosion process, an i/e curve can be expressed as a function of the potential

of the process where the inverse slope of the generated curve is proportional to the corrosion rate.

i =ic[lO-$ -lOf]
e a

Eq(34) shows the generally observed form of the curve where;

i=Applied current density

iC=Cmrosion rate expressed as current density
B, and B= are Anodic and Cathodic, (-Q,+Q respectively) constants
P is the overpotential, (difference between the open circuit and the polarized potentials)

At low values of P the corrosion rate can be expressed as shown in Eq (35),

(33)

37Volt-Ohm-Meter, usually able to measure voltage, resistance, and current.
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R=A~ =
(BJ(BJ (34)

Ai 2.303 i= (B=+BJ

Where R, the slope of the generated cuwe of E vs. i, has units of resistance and is inversely

proportional to the corrosion rate, iC.

This method is useful in describing the corrosion process but is of limited use in practical

applications since the constants which are considered as such in the derivation are in reality variables

which are notoriously unpredictable [37].

VIII.6.O Statistical Rate Prediction Methods

Statistical corrosion rate prediction methods have a wide degree of applicability in industrial,

commercial and laboratory applications. Statistical methods characterize the corrosion process in terms

of the end result of the process as opposed to deterministic methods which are concerned with the on

Table VI Practical Galvanic Series

Material

Pure Magnesium(Mg)

Mg ~lOy
A1-Zn-In

A1-Zn-Hg
Zn
Pure Al
Clean Mild Steel
Rusty Mild Steel
Cast Imn
Pb
Mild Steel in Concrete
Cu,13rass,Bronze
High Si Cast Iron
Mill Scale on Steel
Carbon, Graphite, Coke

Potential (Volts\

-1.75
-1.6
-1.16

-1.1
-1.1
-0.8
-0.5 to -0.8
-0.2 to -0.5
-0.5

-0.5
-0.2
-0.2
-0.2
-0.2
+0.3
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going corrosion reactions involved [37]. The beauty of using a statistiml frame work lies in the fact

that the results of the corrosion analysis ean be used directly in the system reliability formulation. For

example once a distribution for the corrosion process of a region is determined, the distribution

parameters can be combined through methods such as the algebra of normal processes to determine the

subsystem reliability index,

VIII.6.1 Corrosion Induced Strength Lass: Probabilistic Model Development

If the mode of failure considered is that of yielding during bending of the hull girder as a

“free-free” beam, it can easily be shown that the strength expression is as given in Eq(36), where:

S= F(D,$B,tdsJ

S= N*SY s D*(t~ +#WD)*SY
(35)

=deck or bottom section modulus
=tensile strength
=section depth
=section beam
=flange area
=web area

=&/2B =equivalent thickness of one flange
=~2D =equivalent thickness of one web

When corrosion occurs, ~, ~, ~, and ~ all become functions of time on tit), ~t), L(t), and A(t),

as the structure corrodes, The material thickness can be considered to conform to the expression in

J%(37);

Where;
T(r) =plate thickness at t= ~ [mm]
TO =origimd thickness [mm]
Ra =corrosion rate for period ‘i’ [mm/yr]

(36)

(Eq (37) assumes that the corrosion rates over the life of the structure can be subdivided into blocks of
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different rates of corrosion each with a constant rate, however for simplicity sake a mean value can be

used for calculation of temporal performance), A a result of the constant loss of material with time

due to corrosion, the strength distribution expression in the reliability expression becomes a function of

time, and as a resulq so does the system reliability, Accordingly, the probability of failure will

increase throughout the ship’s life until, when it reaches a minimum scantlings limit, (as shown in

Figure 1), and repair costs become too high, the vessel is scrapped. Eq (38), (the familiar

‘MVFOSM ‘;Mean Value First Order Second Moment expression), expresses the reliability index as a

(normally distributed) function of time since the system strength distribution becomes a function of

(37)

g ~d linear for example sake.)

time. This relation shows that as the strength diminishes with time, (with increasing uncertainty due to

corrosion non-uniformity), the reliability will decrease proportionally.

Alternatively the strength at time tOcan be multiplied by a corrosion rate factor, kC, (effectively

the same procedure as Eq (38)), which is also a random variable, to account for a specific reduction in

strength at a certain time in the vessel life.

Another approach is to consider the effect of corrosion which does not result in a time

dependant strength is to take the total plate thickness as the sum of the thickness required for limiting

stresses, ~, plus a thickness for corrosion allowance, tCas shown in Eq (39);



t*(@ 130L)=tn+ 2, (38)

which, if expanded about mean plating thickness, yields the COV of the plate thickness over the

expected life of the piece as shown in Eq (40).

(39)

Where the lower case deltas represent the Coefficients of Variation, (COV);

am =COV of plating thicknes due to production tolerances
6. =COV due to corrosion

J =mean thickness for corrosion condition ‘i’

For most ship owners it seems that the addition of a corrosion margin in concert with a high

quality corrosion control system is considered an inexpensive method of ensuring that

failures due to wastage, or loss of revenues due to unscheduled repairs are unlikely to

catastrophic

occur.
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IX.O.O Corrosion Survey Methodology

The periodic inspection of a vessels structare is necessary in order to determine fitness for

continuing service and/or the estimation of the expected time until repairs are required. Although

certain structural problems such as cracking are difficult to detec~ the detection of corrosion is simple

due to its omnipresence and highly visible nature throughout the structure. The difficulty lies in the

prediction of average and specific local corrosion rates throughout the structure. Due to the ever

changing environment that the ship structure is subjected to, corrosion rates tend to be very erratic.

The tanks in a tankship may at any given time contain seawater, crude (sweet or sour3g), gasoline or

light fuel oil, all of which have vastly different corrosive properties.

Inspections are performed in order to satisfy two basic requirements; those as required by a

vessels owner in order to access the condition of the ships corrosion protection systems, attain data for

estimation of corrosion rates and estimate the time remaining until repairs are required. The other type

are the inspections required by a classification society or other regulatory body to determine if the

structure (plates and shapes) requires renewal as part of the evaluation of fitness of the vessel to

conduct safe operations.

IX.1.O Survey Results

Although it is difficult to estimate corrosion rates from historical survey data, it is possible to

establish corrosion patterns throughout the structure. In specific regions of similar vessels trading on

similar routes, and of comparable age, corrosion patterns should be quite similar, The patterns of

corrosion can also be correlated to the type of coatings used. These general categories of corrosion

observed in ship structures arw,

~ ne terms “sweet” and “sour” crude refer to the sulfur content of the oil, “sour” crude having a high

content of sulfur and thus a “sour” aroma. The effect on corrosion rates has
form sulfur based acids when exposed to water including: H~S, HSOq, and

obvious detrimental effects on any lightly protected steel in the tanks.

to do with the ten~ency~o

H#Oq, these acids having
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o General corrosion, or the large scale formation of rust over a significant area;

O Pitting corrosion, which is characterized by the localized attack of the base metal resulting
in the physical pitting of the material.

O Crevim mrrosion,which Omurs along paths of high water flow or along creases or welds in

the structure.

Many operators view pitting corrosion as the most detrimental due to the possible of loss of membrane

integrity and the possibility of fatigue cracks initiating from pitting sites. The most prevalent general

corrosion locations seem to be within the splash zone where seawater continually wets the area yet the

complete immersion of the area is slight. General corrosion is prevalently a surface type of corrosion

which does not pose significant structural risks unless left unchecked over a long period of time. If

this happens deep scaling can occur which can flake away leaving fresh material to corrode again

rapidly, this scenario is indicative of a major loss in material which if located in highly stressed

regions can lead to major structural failure. Pitting corrosion tends to occur in areas where water is

trapped and allowed to stand such as tank tops, side shell longitudinal, bottom shell plating and other

horizontal surfaces such as bottom longitudinal flanges.

Local loss of structural integrity in highly stressed areas maybe critical with respect to global

integrity especially when local stresses arise from primary loads. For this reason a high degree of

scrutiny must be paid to any loss of effective scantlings in the vessel’s strength decks or bottom

structure which unfortunately are hot beds of corrosion [38, 42].

IX.2.O Corrosion Data Utilization

The accumulation of corrosion data is the primary tool available to the structural engineer in

the estimation of corrosion margins and reevaluation of older structures which have under gone

..- ...
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significant material loss to corrosion3q [38]. The evaluation of corrosion margins is of use in

determining the validity of the assumptions made in the design stage, allowing the future use of

margins which are more representative of actual corrosion COV’S,

Margins are specified by classifimtion societies either as nominal constants or as functions of

new steel dimensions. ABS adds a corrosion allowance to the material thickness of the required

scantling dimensional formulae and requires hull thickness gagings and renewals based on percentage

wastage limits for the various location. The USCG wastage limits are based on an “Average” wastage

of 20 percent. Normal wastage allowances before structural steel replacement is required range from

between 15 to 30 percen~ the exact figure being a function of frame spacing, ship type, age, and the

structural component in question. In practice, the plate thickness that the wastage limit is based on the

A13S rule required thickness at that location [39].

A more specific use of corrosion data with respect to general corrosion average wastage is the

reevaluation of the buckling strength of panels with in plane loading regimes.

%lla~ ‘2 *E *(2)2 *K
“ 12(1-@ b

Eq (41) is the familiar, [37], expression for the critical plate buckling stress where;

(40)

t= Plate thickness

M= Poisson’s ratio
b= Unstiffened width

k= Plate aspect ratio
E= Young’s modulus or the modulus of elasticity

The significant point here is that a reduction in effective material thickness has a second order effect

on the ability of the plate tn accept in plane compression loads without failing. This example

39This is a growing area of interest amongst owners of offshore systems which are nearing or have
reached the end of their design 1ives. The re-qualification for service of older structures which are
operating in marginally favorable trade can mean high profitability for it’s owners since it’s value has been

depreciated and operating costs are well known.
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emphasizes the criticality of any loss of material which is considered effective in the section modulus

calculation. Considering that bottom shell and deck plating maybe subjected tQ buckling loads, and

that these areas are highly prone to material loss due to corrosion, (with the bottom plating being the

most affected)~ signifimnt changes in the primary strength can arise due to seemingly small amounts

of material loss in these areas.

Only very rudimentary models for the prediction of the loss of strength due to pitting

corrosion exist. One of the most intuitive models uses the uniform distribution of an average pit from

inspection data to create a mesh arrangement of pits which is analyzed as a homogeneous plate of

reduced thickness consistent with the mesh model’s loss of material as expressed in Eq (42).

TOAM - PAP. VP=
‘MDUCED = ( )

W4erq
‘*

T~n= Reduced plate thickness with uniirm pit distribution

Aw= Plate area
pAF~=Averagearea &M”iy of pti

~m= Awrage volume of ptiv

(41)

Pits are also considered as cyclic stress fatigue failure initiation sites since crevices around the

pit can act as notches from which cracks can propagate, an additional important motivating factor in

a For example a uniform 10% reduction in bottom plating will cause a 3070 reduction in it’s
effectiveness in the section modulus calculation due to the third order effect of the plating’s thickness on

Zi=Height of ifi component
Iz,=Second moment of id co~nent

about it’s horizontal centroi&l axis.

it’s horizontal second moment. This can increase stresses and subsequent y significant reductions in the
margin to buckling.
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the minimization of pitting.

IX.3.O Corrosion Surveys

Previously three types of corrosion were mentioned, general, pitting and grooving, but in order

to be precise, there are actually eight (8) corrosion classifications that can be identified in steels.

These includq

O General
O Galvanic
0 Crevice

O Pitting/Grooving
O Intergranular
o Selective leaching
O Velocity corrosion (Erosion)
O Stress corrosion cracking

Although there are certain overlaps in the mechanisms of all of the above regimes, definite differences

do exist in each, each with specific consequences.

The gathering of corrosion data must be well planned and executed to ensure that pertinent and

useful information is obtained. This planning should include but is not limited to;

O Determining the extent and location of inspection
o ~gisti~l plan for minimizing time within the structure
o Detafled emergency plan, with immediate actions required committed to memory by all those

involved
O All necessary equipment located and on hand
o peculiarities of the particular vessel reviewed with a company Naval Architect
O Instrument Hlibration verified

IX.4.O Corrosion Locations

A.Bottom plating Experiences the greatest wastage as a result of sea water collection and settling.

Types of corrosion observed include;

O Genera]: In uncoated areas or areas where the coating has been damaged, and in areas

where inorganic zinc has been used light general corrosion is observed.

O pitting and Grooving: In areas where ma] tar epoxy was used, presents a real hazard

of bottom penetration.
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O Grooving, In areas of high flOW due b CUtOUtS and between bottom Iongitudinals.

Heavy pitting is obsemed on horizontal membem or geometries that catch and settle
i.e. at the top of the joints between side longitudinal webs and side shell plate near the
turn of the bilge.

B. Side Shells: as mentioned above, the most severe corrosion near the side shell plate is in areas
where sea water can collect and settle. Corrosion of the side shell is usually initiated at welds and

sharp edges.

C. Deckheads: General corrosion usually appears at the connections of the deck longitudinal to the
deck. The upper regions of tanks need a coating system since zincs aren’t effective in the ullage
space, this is a very conclusive environment for wastage should the protective system break down. In
addition in ships which use a stack gas inerting system in their tanks HXSOY’Spresent can form
extremely corrosive acidic solutions which can rapidly degrade unprotected steel. For these reasons,
the upper sections of cargo tanks need be coated with a high quality coating system resistant to harsh
atmospheric conditions.

D. Special Locations: In any particular vessel areas which tend to corrode rapidly will appear requiring
extraordinary controls and attention. Many times these areas can be controlled by simply rearranging
drainage such that the area loses any tendency to cmllect corrosive sea water, changing the extent of
corrosion protection afforded the area, or reevaluating the expected life of the sub structure.



X.O.O Inspections

Perhaps the most critical factor involved in the assurance that structural integrity is maintained

is the thoroughness with which a vessel is scrutinized by her crew on a routine basis, or by specialized

Inspectors during less frequent scheduled or unscheduled inspections. Although the cost of inspections

can be relatively high, that cost throughout the ship’s life should be more than offset by the savings in

unscheduled major repair costs when an assembly actually fails rendering the vessel unserviceable or

in need of immediate unscheduled corrective maintenance41 [40].

The frequency of inspection varies from semi-continuous observation of the ships’ performance

by her crew to the required periodic inspections by port authorities, classification societies, and the

Coast Guard required to ensure specified reliability level over the ships’ life,

X.1*ODesign Checks

The inspections carried out during the new-build or overhaul phases are critical with respect to

the expected robustness of the structure throughout it’s remaining lifetime. The most optimal time for

inspection is during the process of assembling a new or repaired detail, since inspections can be

performed prior to installation of interferences such as piping, wiring and machinery, Since newly

completed structural components have experienced very little, (if any), material loss to corrosion or

fouling build up, (which would tend to mask faults in the steel or connections), [41] this is the best

time to ensure that high quality, [see section 11.2.142], assembly is achieved. In order to minimize the

corrosion damage of details throughout the vessel, the quality of the initial application of coatings over

bare steel is perhaps the most critical factor involved in the minimizing of the probability of future

41 The intent of the performance of periodic scheduled preventative maintenance is to detect and
monitor possible faults, noting them and preferably scheduling their correction for

accomplishment during a scheduled availability of the vessel.

42Regarding delays necessary in order to allow any delayed cracking of weldments to occur.
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repair costs due to wastage. The preparation of the steel, selection of a proper coating system, a

uniformly high quality application, and subsequent inspection of the coating coverage and quality is of

paramount importance in the production of a minimum maintenance vessel.

The fitting up of sub assemblies should be given special attention to assure dimensional

accuracy, in order to prevent misalignment with adjacent assemblies which when forced into alignment

will introduce un-necessary stress. [42]. Many of the inspection responsibilities should, if possible,

be delegated to sito supervisor in order to minimize work stoppage while waiting for inspectom to

approve minor construction completions prior to further work progression. However, certain

construction milestones should be Inspected by specifically designated pemonnel representing the yard,

owner or classifimtion society in order to minimize flaws due to “tunnel vision” of on site personnel.

X.1.l Inspection Milestones

X.1.l.a Planning

During the design, construction and acceptance phase of the vessel’s life, a thorough and

detailed inspection/QC plan should be designed and approved prior to any actual progress on the

vessel’s construction. Idally, in order to minimize possible delays in the initiation of work, a

somewhat standardized inspection plan should be wtablished which can be modified in order monitor

and assure the quality of any job undertaken by the yard, (with non applicable steps deleted from

simpler jobs or details added to larger jobs43).

X.1.l.b New Construction

Although not directly related to the maintenance of existing ships, the motivation for an

inspection plan in a new-build setting has instructive value amenable to the inspection and repair of

existing vessels. The cost involved in any significant structural repair of a vessel dictates that it be

43As determined by the site level III inspector, (see page 115).
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performed as expeditiously, expertly and as permanent] y as possible.

An analogous cmcept of an iterative monitoring/inspection system is familiar to the Naval

Architect in the iterative design process used during ship design, wherein the design is modified when

it is determined that it has fallen short of minimum design requirements. When it is determined that

the design meets all the specified checkpoints, i.e. deadweigh~ speed, strength, constructability, cost

etc., it is carefully reviewed and either approved, or sent back to the design department for the

indicated revisions. This system is obviously different from a construction scenario in that the design

is changed to meet requirements prior to any actual physical structural work. In the yard setting, the

design is essential y complete with inspections intended to assure conformance to the design.

This design iteration/review process is of interest to those dealing with existing vessels in that

if requirements such as accessibility to welders and inspectors at any time before, during or after work

completion, are not me~ it should be possible, (and indeed encouraged), that suggestions regarding

revisions of the plan be made in an expeditious manner. The attitude that if a structure can be buil~ it

can be inspected should not be assumed, blind spots and sealed voids are to be avoided due to their

potential as sites for undetected structural failure”. The attitude that plans are to be carried out as

specified, even though there are obvious problems which will need attention later, should be

discouraged with available channels of communimtion open between the design office and the

shipyard.

Some of the checkpoints that should be met during the design (or refit/repair planning) phase

should include [40]:

o Degree of attention paid to accessibility to all details

O Degree of redundancy
o Gre in selection, specification, and procurement of materials

M The term “Structural Failure”, indicating any unplanned or potentially damaging condition present

or impending within the stress bearing framework, shell plating or ship’s machinery. Which is to say
it includes anything from coating failure to plastic deformation or fracture of structural membe~.
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0 Quality of materials delivered (Receipt Inspection)
O Effectiveness of inspection plan
O Efficiency of defect initiator correction plan (thoroughness of fault analysis)
O procedure for modification of ship’s plans if during construction it is found that

modifications are required
o
0

0
0

Conformance to Classification Rules
Proper notification of ail concerned bodies
Effect on adjacent structures
Logical definition and inclusion of uncertainties in calculations

X.1.2 Structural Analysis

During the evolution of a structural design, the loading preliminary stress analysis should

reveal areas of high stress which should, during the next design iteration, result in increases in local

scantlings. This strategic increase in local scantlings allows the acceptance of a higher local loadings

without unreasonably high stress levels. The goal being the development of similar stress levels in

areas of high loading to those experienced elsewhere in the structure45. The “Structural Integrity” of

the vessel can be expressed somewhat simplistically as a function of the distribution of materials and

of structural redundancy, or the degree of indeterminacy built into the ship [43]. Both of these

factors are of particular interest when formulating the inspection plan for the vessel, since regions of

unavoidably high local stress, (where either space, weight or cost considerations preclude the use of

heavier scantlings), are usually the first areas to indicate damage accumulation, which in turn give a

good indication of the degree of loading that the ship has experienced up to the time of inspectionti.

The updated level of microstructural damage accumulation can then be used to update the predicted

fatigue life of the detail, indicating the need for inspection schedule modification, (updating of

45According y, in areas that are found to experience low loading levels, scantlings can be reduced.
As a result, the total material weight can be kept to a minimum through lightening some and building up
other strategic areas.

w Indicating the severity of conditions that the ship has experienced up to that time, and as a result
the damage accumulation level. Since the initial inspection timetable is based on an assumed loading
pattern, the vessel’s actual damage level may be indicative of more or less severe loadings requiring either
earlier or less frequent monitoring.
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probabilistic inspection plan).

The structural redundancy increases the reliability, in that failure of the entire system is highly

unlikely as a result of the failure of a single element. However, if damage is detected in a redundant

member, adjacent load sharing members should be closely examined in order to determine if they too

have been damaged requiring either reinforcement or replacemen~

When a Probabilistic design format is used, a target reliability level is specified which defines

the maximum acceptable risk level, (Probability of Failure), at which it is considered acceptable. to

operate the ship. Since the strength of the ship slowly decreases with time, (due tQ corrosion, fatigue

damage accumulation and general wear), accordingly the reliability level also decreases. When the

reliability is determined to have reached the afore-mentioned minimum level, the ship must undergo a

structural survey, (and overhaul if required), which will allow a reevaluation of the reliability through

the reduction of uncertainty of the structural condition of the vessel [Figure 1]. This procedure

extends the life by shifting the reliability level upward, above the minimum, due to the determination

of structures actual vs. predicted level of soundness. This new reliability level will never be as high as

when the vessel was new, which means that at some point when it is determined that the cost of

overhauling an old ship to maintain it’s viability as a commercial venture becames too high it is

simply scrapped.

Of critical importance in the performance of a numerical structural analysis, is the review of

the results of involved computations. If the model, the analysis method, the imposed loads, or

mathematics are in error the value of the work is nil. In particular, the FEM which has gained

acceptance as the standard by which details are analyzed can easily be misused by the introduction of

errom in the assumption of boundary conditions, mesh size, or material properties. Thus the proper

procedure in the use of sophisticated structural analysis methods such as the FEM must include [44];

O Verification of loads
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o Verification of boundary condition assumptions
O Checking that geometry is correct
O Appropriateness of mesh size, (are regions of stress concentration likely to be “hidden” in a

coarse mesh?)
O Verification of material properties
o Testing the accuracy of analys~ programs with benchmark problems

In summary the performance of a structural analysis consists of the adoption of a geometry,

the determination of the geometry h applied loads and the evaluation of the response with respect to

acceptable standards. This is a crucial step in the design/planning process, however without careful

scrutiny of the steps involved, a GIG047 loop can be easily established with possibly disastrous

results. The results of an accurate structural analysis provides a good basis for an initial in service

inspection plan, in that critically high stressed regions can be identified for routine inspections.

X.2.O Construction Phase

X.2.1 Receipt Inspection

Prior to commencing with the cutting of plate and framing elements, and the erection of

modules, a receipt inspection of delivered materials must be carried out. The cost of receipt inspection

can be minimized by utilizing random sampling methods on specific “Lots” or “batches” of material

and statistically predicting the variability of material properties about specified nominal values. The

material should be color coded so as to minimize the incorrect use of material once it has been

accepted from the mill. Receipt inspection checkpoints should include;

x.2.2

0 Dimensional Accuracy
O Surface Defects
O pla~ ~mination
O Grade

Construction/Overhaul/l’vlodificatioD Inspection

The inspection plan should identify as specifically as possible the frequency and scope of

47Garbage In Garbage Out
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inspections to be. performed throughout the yard/construction period. Over inspection of construction

will slow progress and drive costs up unnecessarily, however under inspection of the process may

allow flaws to leave the yard undetecbd and impose unplanned repair costs on the vessel far cost] ier

than the correction of errors while the ship was still in the yard with equipment and yard personnel on

boardw. As mentioned previously, the self inspection philosophy should be used to the maximum

extent possible given the yard’s record of quality and the size and type of vessel being built.

Specific customer needs should also be addressed in the inspection plan, as nearly all owners

will have “Pet” requirements which may seem trivial to the yard and designers, but may mean the

difference between a cordial and adversarial relationship between the two parties. If early problems

are identified and corrected expeditious y, the confidence level that the owner has in the yard will

increase, which will tend to persuade the owner to place more responsibility in the yard’s hands

further expediting construction and reducing costs.

In process inspection during subassembly y, assembly and erection should in particular check for

the following [38, 42]:

O Completeness of details,
(Welds: Slag removal, Fusion, Complete;
Structure: Correct scantlings, Correct geometry, Cmrect Placemen~ Coatings: Preparation,
Coverage, Type)

O Materials are correct

O Accuracy of fitup (all assemblies within tolerance, minimum of “jacking” of components
into place)

o preparation: preparation is of paramount importance with respect to any operation to be

performed, be it welding, cutting, fitting up, equipment installation or especially the
application of the coating system.

O Welding: Weld Type/Method/Quality
o Detail Conformity with Plans
O Proper Support for Construction Equipment

0 General Workmanship
O ~libration of cutting Equipment
o Clear definition of Datum used to align sub assemblies

(Actually this should be ensured during planning stages)

% Very critical with regard to yard reputation, one of the intangible costs of doing business.
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O Application and curing of coatings per manufacturer’s specifications

X.3.O Inspection Archiving

A continuous log of inspection results should be maintained as part of the ship’s record.

Results of structural inspections should be distributed to the ship’s owners, the yard and the

classification society charged with classing the vessel. Of primary importance in the assurance of

structural integrity, is the prompt transmission of inspection results to the cognizant structural engineer.

When structural deficiencies are found this information is imperative in order for prompt expert advise

regarding recommended corrective action in light of the results of analysis of the failures effect on the

global structural safety.

All inspection results should be statistically analyzed in order to detect trends in the

performance of certain details and enable the design office to track the efficiency of all aspects of the

design.

X.4.O In Service Inspection Program

At the vessel’s completion of a yard period, be it post newbuild or overhaul, the inspection

plan should be reviewed and updated to reflect any changes in the vessels structure which may weaken

or strengthen i~ dictating more or less frequent inspection intervals. Changes in the inspection plan

should in particular give instructions to the crew identifying critical areas to be watched and logged

during all ship’s operational periods. This is an important point since, as mentioned previously, the

ship’s crew is able to continuously monitor the behavior of the ship in it’s element and is thus most

able to note subtle changes in it’s characteristics. When the crew is unable to access a suspect area,

they are the people best suited to schedule inspection during availabilities such that ship operations are

interrupted as little as possible.



X.4.1 Specific Detail Inspections

X.4.l.a Longitudinal Stiffeners

Longitudinal are joined using two different joints, firstly the joint between the plating and the

stiffener is a fillet weld, and secondly the joints between stiffener sections are butt welds. Historically

the butt welds are very robust and have not been known to fail [45]. The fillet welds have been

known to fail due to the tripping of the longitudinal, (transveme shear failure, in vertical planes

adjacent to the welds-see chapter IV), and due to secondary bending of the plating structure between

transverse members, (Longitudinal shear failure and vertical sear failure depending on the severity of

the secondary deflection).

Cmsidering the above statements, the inspection of hull longitudinal should concentrate on

the fillet welds between the Iongitudinals and plating, especially if heavy plate is used such as that in

the box girders of container ships.

X.5.O Survey Results

Although it is difficult to estimate corrosion rates from historical survey data, it is possible to

establish corrosion patterns throughout the structure. In specific regions of vessels of common type

route and age, corrosion patterns are quite similar. The nature and patterns of corrosion can also be

correlated to the type of coatings used. The typical types of corrosion observed are those of general

corrosion, or the large scale formation of rust over a significant area, pitting corrosion which is

characterized by the localized attack of the base metal resulting in the physical pitting of the material,

and thirdly, crevice corrosion which occurs along paths of high water flow, along creases, or welds in

the structure. Many operators view pitting corrosion as the most detrimental due to the possibly of the

loss of membrane integrity and possibility of fatigue cracks initiating from pitting sites.
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XI.O.O Non Destructive Testing

XI.1.O Purpose

The performance of Non Destructive Testing (NDT) would not be necessary if it could be

proven that 100% of all the makrials, connections, and design assumptions used in the design and

construction of a structure were flawless. Since this is not the case, it is necessary to test components

of a structure to ensure that specifications and requirements are met. NDT is accomplished by using a

wide variety of methods and equipment ranging from simple visual checks to sophisticated high

energy particle testing of critical welds in a structure.

XI.2.O Scope

The degree or thoroughness with which a particular subassembly y is inspected is in direct

proportion to it’s perceived criticality in the structure and/or the type and frequency of flaws

commonly encountered in the particular detail type [46]. The degree of confidence required of a

particular subassembly y, dictates the inspection method(s) used to evaluate the detail since the cost of

inspection can be quite high when highly skilled inspection personnel are required to perform

complicated inspections, i.e. radiography.

In a welded steel structure the most critical and thus most inspected part of the structure are of

course the welds. There are literally miles of welded joints in a modern vessel, with a large

percentage being critical to the structural and watertight integrity of the vessel.

Since the emphasis of this report is directed towards maintenance of existing ships, the

inspections of interest are those performed either as preventative, post abnormal loading, (collision,

storm, post-fracture etc.), or post repair. The inspections carried out on a routine basis would fall

primarily into the preventative category. This type of inspection is performed somewhat continuously

by an alert crew operating the vessel. Scheduled preventative maintenance is usually performed on
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subsystems which are heavily loaded, inaccessible during normal operation or on assemblies which

have been recently repaired or modified in order to evaluate the performance of the repair over time.

Scheduled preventative maintenance is done in such a way that specific personnel must take

responsibility for the results of the inspections and are thus held accountable for inspection results.

Corrective maintenance inspections should be conducted in an even more formal manner than that of

preventative maintenance inspections. In this case, more documentation is required, more steps are

required, and higher authorities must be notified of the results. The procedure should include at least

three (3) separate inspections [47];

O A pre-repair inspection should be performed to determine the extent of damage, the

condition of surrounding components and any other conditions pertinent to necessa~ failure
analysis.

O The stmcmre should be inspected prior to actual repairs, but after all preparations have

been completed. This condition being met by the removal of all damaged steel, all corrosion
and coatings, insulation, machinery and interferences removed, and necessary materials
needed to complete the repair present. Depending on the cause of damage, the proposed
repairs should also be approved by qualified personnel, (engineering analysis completed),
prior to the actual repair being initiated, (this being absolutely necessary if the failure was as
a result of normal loading resulting in the need for the addition of material to reenforce the

area).
O hstly a post repair inspection should be completed including all inspections necessary to

verify the soundrtess and conformity of the repair, a verification that all the pertinent

information has been recorded in the vessel’s records, that the classification society has been
notified and approves of the repair and post repair checks, and
structure removed has been replaced and properly preserved.

XI.3.O Personnel Qualification

As in most jobs which require the completion of tasks requiring

finally that all equipment or

definitive levels of skill and

competence, certain pensonal qualification requirements must be met by NDT personnel. This in itself

is a form of preventive maintenance, ensuring that personnel performing the testing have been tested

and certified to perform according to the standards of the most recent published standards as set forth

by the ASTM [48].

There are three levels of NDT qualification for Inspectors depending on experience and
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knowledge level [48, 49]:

O NDT level I Level J personnel are certified to perform the testing only, he is responsible to

a level II or III inspector.

o NDT ]evel II ~vel II personnel are also qualified h perform tests but in addition he is

certified to set up and calibrate the equipment, evaluate the test results and compare them
with established codes or specifications as set forth by the level 111inspector.

O NDT level III A level III inspector can in addition to the above, is qualified to interpret

codes, establish techniques and design a particular set of inspections in order to satisfy
particular codes. He is responsible for supervising level II and III personnel, and ensuring
the establishment of maintenance of their proper qualification levels. Usually a shipyard will
have only one or two level III personnel responsible for all of the above, with the title of

NDT manager or head.

XI.4.O Methods of Non Destructive Testing

The focus of this chapter, as mentioned above, is the testing for the level of integrity of the

materials and welds in the structure, The inspection of the condition of steel and corrosion control

systems is discussed in chapter VII.

The goal of NDT for welded connections is the assurance that the strength of the welded

connection is as close as possible to that of the surrounding material, and more specifically that defects

which might initiate cracking are minimized [49]. Specifications and checkpoints for proper weld

profiles are the main assurance of the strength of a weld and are discussed in chapter II. Thus the

main goal of weld NDT is to check for the existence of cracks which are not visible or may not be at

the weld surface. The following is a brief discussion of the basic methods of NDT for welds,

assuming that the weld beads meet the standards of the American Welding Society guidelines for the

connection in question. Several excellent guides have been published by the SSC for the interpretation

of inspection results provided by qualified NDT personnel, most notably; SSC1 77/213/245 [48, 49,

50, 51], which contain excellent summaries of joint types, flaws and the inspection methods used

to detect them.
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XI.4.1 Radiography

The methods used for Radiography should always conform to the latest published

guidelines of the American Society for Testing and Materials, (ASTM). All activities certified to

perform radiography should have the latest copies of the guidelines available for review and “in hand”

when radiography is being performed. In addition to the actual testing procedures, all applicable

radiological precautions must be strictly adhered to as specified by 10 CFR 204~ and the cognizant

activities’ local radiological controls instructions.

igure 19 Weld Joint Geometry Sketch

Radiographic testing enables the inspector to see “inside” the interior of the weld and to check

49Federal Guidelines for Exposure limits for Radiation and Non-Radiation workers,
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for possible failure initiation sites. The method is quite expensive and demands very tight controls

to the. use of high energy particle emitting isotopes or powerful electromagnetic fields. For these

reasons the method is usual] y used to examine the most critical welds.

due

Radiographic inspection is accomplished by placing a radiation sensitive film cartridge on one

side of the weld, and a radiation emitting isotope source or “X-ray” generating device on the other side

of the weld. The source or machine is subsequently exposed/energized for a predetermined time,

dependant on the material thickness, generating an image of the interior of the weld on the film

cassette. This enables the inspector to determine weather flaws exist within the weld with almost

absolute certainty. SSC245 [48, 49] contains photographs of common flaws to be aware of when

examining Radiographic images of welds. The inspector should be well trained to identify any

abnormalities in the images.

XI.4.2 Magnetic Particle Testing

This method is used to identify near surface or surface cracks in welds of ferro-magnetic

materials. The method involves the scattering of ferrous powder over the area to be inspected and

observing the patterns that result when a magnetic field is generated in the test specimen. Flaws are

detected by the formation of distinctive patterns on the surface indicating the existence of near-surface

or surface flaws, these patterns being formed by the migration of the particles to the location of

discontinuities attracted to the strong leakage of the magnetic fields in these areas [52].

The magnetic field is generated in the test specimen using either magnets or high current low

voltage probes 50 in contact with the metal, Most often a portable high voltage generalor with

attached electrical probes are used due to their portability and ability to adjust output to vary the

50 The leads of an arc welding unit can be used to generate the magnetic field needed to perform
Magnetic Particle Testing, Ref SSC195 Emergency Welding Procedures for Temporaq Repairs of Ship
Steels.
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magnetic field to suit the test conditions. The probes generate a magnetic field which is perpendicular

to a line between the probes, which allows the detection of flaws parallel to the line between the

prods. In order to detect longitudinal flaws, the probes are positioned along the weld bead, and for

transverse flaws the probes are positioned on either side of the bead. Electrode voltage and prod

spacing is set in accordance with approved test procedures and is as a function of the material

thickness and composition.

Some high strength low alloy steels may exhibit false flaw indications, however, unnecessary

repairs can be avoided by light exploratory grinding followed by retesting. Again this method requires

specialized equipment and personnel, so it is used only for relatively critical welds. This method is

less costly and not as technically demanding as radiography, however, it can miss deep discontinuities

in welds.

XI.4.3 Dye Penetrant Testing

This method, aside from simple unassisted visual inspections, is the easiest of the 3 commonly

used tests. It is useful for the detection of surface disccmtinuities only. The method uses a bright dye

which seeps into cracks and pits, making them more obvious to visual inspection. The method is

simple meaning that yard personnel can be quickly trained and qualified in it’s use. Like the other

tests, the surface to be tested must be cleaned to bare metal. However, with this test, care must be

taken to avoid the inadvertent peening of the material resulting in the closure of cracks. Therefore,

chemical or high pressure water blasting is preferred for pre-test cleaning of a test specimen51.

51For all NDT it is preferable to clean the material in a manner which produces the smallest possible

disturbance in the base and weld metal. Therefore, better methods include; chemical, high pressure
washing (care must be taken in the use of this method as it can cause some deformation in metal), and
methods to be avoided include; needle gunning, grinding or chipping. All of which tend to highly deform
the surface of the sample.
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XI.4.4 Visual Inspection

Visual inspection is by far the simplest and most easily performed mode of NDT. Usually the

welder will self inspect his work prior to calling the job complete and ready for any more extensive

testing. Common checkpoints for visual checks include bead size, bead shape, pitting, slag inclusions

etc. Visual inspections are perhaps the most subjective type of inspection available, relying heavily

on the experience and judgement of the person performing the inspection. A good welder will inspect

multi-pass welds thoroughly after the completion of each pass, since remediation of defects are most

easily accomplished if they are surface or near surface defects. The complete removal of slag between

each pass is perhaps the most important self inspection task that the welder performs.

As mentioned above, the inspection of an assembly which has been fitted up and is ready to

be welded is quite important. This step can ensure that unnecessary stresses are not introduced by

improper fit and forcing members into alignment. In addition the proper preparation of joint gaps and

condition is checked, ideally just prior to actual welding.

Assurance of conformity to minimum bead size and geometry can be accomplished using

template type gauges for quick go-nogo checks of finished welds, the welder will usually carry several

of these gauges for self inspection.

XI.5.O Specialized Non Destructive Testing

XI.5.1 Inspection of Heavy Sections

The non destructive testing of heavy section weldments, forgings and castings demand

differing inspection techniques to detect flaws unique to these type of specimens. Thick sections have

a greater chance of flaws due to the larger amount of material present, castings and forgings in

particular are prone to flaws resulting from cooling effects [53]. Castings are also prone to

inclusions of porous point defects due to entrained gasses in the molten material. The criticality of
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surface defects in large castings and forgings is lower since catastrophic crack migration is less likely

due to the random crystalline orientation present.

The ASTM and ABS both publish a set of standards and guidelines for testing heavy sections.

The shipyard is given a high degree of freedom in the establishment of standards for these heavy

sections due to the historical reliability of these types of sub assemblies.

XI.6.O Underwater Testing

On occasions when it becomes necessary to examine the condition of submerged portions of a

vessel’s hull, historically it has been necessary to expose the hull through dry docking or grounding in

an area with a large tidal range. In the offshore oil industry the above options are not available, which

has encouraged the development of technology for underwater inspection and repair utilizing both

manned and unmanned methods [54]. If under water repair and more specifically underwater

inspections, can be done in such a manner that underwriters and classification societies accept the

procedures as semi-permanent to permanent repairs, the large costs involved in unscheduled dry-

docking may be avoided.

XI.6.1 Techniques

Of the five methods used for non-destructive testing, (visual, magnetic particle, radiography,

ultrasonic and dye-penetrant testing), all but the dye penetrant test have been successfully used in

underwater applications.

Visual inspection can be performed using either direct reporting, photographic equipment or

video equipment. For all of these methods, the visibility in the water must be good, this can be

achieved by either the continuous pumping of clean water to the site or the isolation of the site using a

boundary filled with clean water. In addition, all methods require that the region must be cleaned to
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bare meta152 This is achieved using high pressure water jets, mechanical methods, such as needle

guns, or for small regions, manual means, such as scrapers or wire brushes. The preferred method is

the water je~ since mechanical means can slightly peen the welds which tends to mask defects.

Magnetic particle inspection is performed using the ferrous particles suspended in a slurry with

the rest of the procedure performed in the normal manner, Superior results have been obtained using

fluorescent particles in conjunction with ultraviolet ligh~ providing much more apparent results. This

method is actually a more sophisticated visual inspection, since the results must be recorded as

mentioned above, e.g. directly reported, photographed or transmitted via video camera [55] to

personnel in a remote locale.

Radiographic inspection for underwater applications also requires some procedural deviations

from those carried out in a dry environment. Firstly since a radiation source and a film cassette must

be placed on opposing sides of the weld, the alignment of the source and the film cassette presents a

unique challenge. Electronic probes have been the most successful method of alignmen~ where one

probe is placed inside of the hull, and a diver has the other which, when moved to within a

predetermined distance, emits a signal which alerts the diver to mark the spot. Either component (the

source or film cassette), can be placed within the hull. Although, if room allows, it is preferable to

place the source inside the hull in order to maintain maximum control of radioactive materia153.

Using this arrangement, the film can be attached to the outside of the hull using magnets holding a

lead backing sheet to the hull, which when complete allows the diver to leave the area. This method

gives the best results. However, it is the most costly and hazardous method.

Ultrasonic inspection is perhaps the most readily adapted method of underwater inspections.

52The reapplication of a coating system is imperative once the inspection(s) have been completed,
requiring the use of a coating system which can be applied underwater.

‘3 This also allows the use of a less highly qualified diver since if the source is placed outside of the
hull, the diver must be qualified to have custody of the radioactive material.

119



seawater is an efficient couphmt for the ultrasonic probe and the diver’s mobility around the three

dimensional hull cannot be duplicated in the drydock, There are numerous battery powered portable

ultrasonic inspection devices available which only need b be sealed for underwater use. A more

efficient method would be the use of a recorder topside with the. actual device connected by cable to

the diver operated probe. Again remote video equipment carried by the diver can be

monitored/recorded topside and used to direct the diver to exact locations on the hull.
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XII.O.O Instrumentation

At some point in the development of theory which is meant to predict the behavior of a

dynamic system, the theory must be calibrated against the actual physical behavior of the system it is

meant to model. Once actual data is obtained, the theory can be modified in order to reduce bias

present in the prediction process. For marine structures, actual motions data is important due to the

larger amplitude forces and motions experienced with respect to other large structures. The vessel

motions and accelerations along with concurrent measurements of the forcing mechanisms, (Ocean

waves, wind and currents), must be recorded in order to verify design assumptions and determine if

structures should be built or

aforementioned more highly

modified according to revised standards [56]. In addition, with the

stressed nature of modern ship structures, their instrumentation can serve

as an additional safeguard against overloading. Which is to say that in addition to the collection of

data, the system can serve as a monitoring system for the crew, thus creating an increased level of

awareness of the vessel’s structural performance.

The accurate recording of wave properties is important to oceanographers whose ultimate goal

is the accurate prediction of ocean behavior according to season and existing conditions. The ability

to accurately forecast the average and maximum severity of conditions directly affects the ultimate and

fatigue loading uncertainties and subsequently the strength and cost of structures.

The rational design of ship structures must be basad on knowledge of the magnitudes and

combined effects of the loads to which the ship is subjected in semice. Some of these loads arise

from locked in stresses, diurnal temperature variations, local heating or cooling, still water cargo

loading, low frequency wave bending load, slamming, and local vibratory effects. Rather than attempt

54 The provision of such information as midship bending moment, impact pressures, vibration

amplitudes... etc., will be of little use to the crew if some basic training regarding the significance and
meaning of the data is not accomplished. This can be somewhat circumvented by the provision of tables

of nominal, severe, and dangerous levels of these parameters, or simply installing alarm circuitry.
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a simultaneous study of the effects of all of the above loads, and because of the statistical nature of

some of them, it is most convenient to investigate each type of loading in detail and then establish the

effects of combined loading.

With the ever improving level of technology with regard to instrumentation and data

processing and recording devices, the cost and complexity of instrumentation packages continues to

fall. Where once the existence of an instrumentation system on a vessel was highly unusual, and

probably the centerpiece of an expensive research projec~ it is now becoming an integral part of

normal ship’s operational equipment. These packages, once they gain acceptance by owne~ and

operators, could become to the field of structural

and computers have become to the ancient art of

XII.1.O Data Types

damage avoidance what radar, satellite navigation,

navigation.

The data attained from instrumentation programs carried out on seagoing structures can be

divided into two general categories, environmental and structural response data. Environmental data

consists of wave height, period and shape, wind speed, direction and variation, current (speed,

direction and temperature), and barometric pressure and variability. This data is recorded for use by

engineers in the verification of structural response to environmental conditions, and by oceanographers

as previously mentioned. Response data is measured within the structure as strains, stresses,

vibrations, displacements and accelerations. The response data is used by engineers to verify that the

structure is behaving as designed or to detect conditions that indicate possible trouble. Perhaps the

most useful application of the data is that of the verification of model accuracy and subsequent bias55

determination as mentioned above.

55Bias is defined as the true value of a variate divided by the calculated or predicted value of the
variate. In the event that the bias is very non-proportional or large, the model used for predictions may
need extensive modification or complete redefinition.

122



In most instances modern recording equipment will process analog signals through a A-D

converter and store the data in digital form, The data is then easily analyzed using a digital computer

either on board or ashore.

XII.2.O Measuring Equipment

In any structural response study it is desirable to obtain simultaneous cause and effect

information, in order to establish the proper correlation between loading and structural response.

this reason response instrumentation packages developed for use in the marine environment, tend

consist of a rather extensive array of triggering, detection, signal processing, and data recording

devices to comprise a system which yields valuable data. Of prime concern when selecting the

components for such a system is the robustness of the equipment. It must be corrosion resistan~

For

to

it

must not interfere with normal ship’s operation, it must be somewhat autonomous, since most modern

commercial vessels sail with very small crews (unless the body sponsoring a short term data gathering

program wishes to embark personnel to monitor the performance of the equipment).

XII.2.1 Triggering Devices

In order to avoid the accumulation of large masses of data of little interest to researched, or

subject equipment to long periods of expensive unnecessary operation, triggering devices are used to

start the equipment only when certain conditions are satisfied. The onset of bow slamming is

commonly a condition for which recording equipment is automatically switched from standby to

recordm (or in an operations system, warning the crew of the slamming condition). The

environmental conditions recording instrumentation can also be used to switch the equipment from

standby to operate.

environmental).

(e.g. wave height, wind speed, and barometric pressure trends are all examples of

‘GThis condition is sensed by either bow displacemen~ acceleration, or vibration sensing equipment
which actually senses the slamming.
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The operation of these triggering devices is quite simple, the signal from the signal

conditioning unit is simply fed to a bistable amplifier which is in turn used to operate an electronic

switch which places the equipment on line. The triggering mechanism may have several levels of

operation;

O During periods of very mild conditions it may align the system such that most of the

equipment is off.

O men conditions reach a moderate loading level, the system may switch on various

equipmen~ placing it in a standby mode, with circuitry energized and thus “warmed up”,

internal calibration carried out.

O Wen Wnditions become more severe, the system may go into a “reduced” data gathering

mode, e.g. wave height sensing on, recorder off, standby for slamming data with
accompanying indications on the bridge.

o Fully operational, all sensors on, all recorders on indication of conditions.

XtI.2.2 Detectors

The types of detectors available for measuring quantities of interest on board a ship are as

numerous as the possible quantities and ranges they are intended to measure. They range in

sophistication from simple strain gauges to complex RADAR [57] wave height sensing equipment

consisting of many complex components which must be expertly installed, calibrated, and maintained.

The information provided by the detectom is only useful if their location has been carefully

selected to correspond to regions of high variation of parameters, (a detector intended to measure shear

load would reveal little if it is attached on the deck center-line!). Detectors must be compensated if

they are measuring quantities that are relative in nature, e.g. absolute wave height signals may be

compensated by ship motion signals, depth sounder signals, and ship trim.

Detectors should be mounted in such a way as to minimize the possibility of their interference

with normal shipboard operation. Devices such as strain gauges, accelerometers, and pressure cells are

usually mounted in locations (on the shell plating or internal framing members) where the chances of
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interference with machinery or personnel movement is sma1157. Topside exposed detectors such as

wave height sensors and outer shell strain gauges should again be clearly marked, and preferably be

protected by an enclosing cage. The protective “cage” should be designed so as to prevent fouling of

cables, lines, or equipment with the detector. The immediate area around the detector should be

painted with warnings to attempt tQ instill some caution in those working nearby.

‘igure 20 Instrumentation Block Representation

X11.2.3 Component Connection (Cabling)

As shown in block form in Figure 20, the interconnection of the components in an

instrumentation system is not a trivial matter. All the components of an instrumentation system are

57These detectors should be clearly marked for inspedion or repair teams, so that when accessing a

space, damage is not done to the detector, (or Inspector), due to stumbling over the detector or cabling.
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wide] y dispemed throughout the vessel, are located in many differing types of environments, and

produce signals which can easily be masked by radio frequency interference emitted by various

machinery throughout the vessel,

The loss of detector signals is most often due to cabling failure, and most often in severe

conditions when the data is most informative. For these reasons the guidelines shown in Table VII

should be observed in order to ensure maximum reliability of the system.

Table VII Instrumentation System Cabling

1. Cabling
OShielded, thermally rated, heavily armored.
OSpare cable runs to remote detectors.

2. Installation
0~] ~ble terminations completed & TESTED per standard.

OMinimize cable terminations.
Openetrations completed through insulated stuffing boxes.

OFO]1OWship’s cable runs, {ensure distinction between}.
OMainta~ clearance between machinery.
OIf Hb]e must bend around plating, provide saddles,
0~1 cabling permanently clear] y labeled, if permanent entry in ship’s machinery history and

drawings.
o~nnections should be made within sealed junction boxes, securely mounted to the vessel.

3. Maintenance
OIf the above guidelines are adhered to, none should be required.

XII.2.4 Signal Processing Equipment

Due to the wide variety of signal types and levels supplied by the various detection

components in the system, there must be a system of signal conditioners or pre-amplifiers which

provide signal isolation, amplification, demodulation, and general conditioning. This equipment

connects one end to the coaxial shielded cabling from the detectors and at the other end provides the

signals as analyzed, displayed, and stored by the computer system. The preamplifiers are used during

the initial alignment of the system to coarsely tune the signals from the detectors, clamping the signal

levels for use by the A-D converters in the computing system.
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XII.2.5 Computing/Display System

With the availability and ever increasing capabilities of eommerciall y available personal

computers, this onetime costly and complex component of the instrumentation system has become it’s

most reliable and easy to understand. The computing needs of a complete ship structural

instrumentation system can now be easily met by using standard high performance PC’S.
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XIII.O.O SSC Database System

In addition to this report, the research project sponsors, (MARAD SR-1347), requested that a

database of SSC reports be developed for use by the maritime industry. The database code and report

data fields were programmed/entered using the commercially available FOXPRO V 2.0 database

5$ A a resul~ a user must have this package loaded on his IBM compatible PC in order topackage .

utilize the SSCDBASE package. However, due to the low cost of the package it is felt that the utility

of the system is well worth the cost. An operator’s manual, (Appendix I), details all the operations

possible with the system, the SSCDBASE code is provided on floppy disk as part of this report

package.

XIII.1.O Data Format

All reports published by the SSC as SSC XXX reports have been entered into the database

with the following information included;

o SSC report number
O General subject classification

0 Author(s)
o Date of publication

0 Abstract
O National Technical Information Service (NTIS) order number, (all of these reports are kept

by the NTIS on microfilm, and can be ordered in hardcopy for a nominal fee5g.

A utility for the entering of new reports has been incorporated into the system allowing any user to

either add commentary, pertinent references, or new SSC reports.

XIII.2.O Database Usage

A complete users manual is included in the appendices of this repor~ detailing the usage of the

58The complete package is available from;
Fox Software, 143 W. South Boundary, Perrysburg, Ohio 435521
As of spring 1993 the package sold for approximately $125 U.S.

‘g U S DEPARTMENT OF COMMERCE, National Technical Information Service, Springfield, VA

22161, PHONE: (1-800-553-NTIS), FAX: (1-703-321-8547), TELEX: (89-9405)
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package, it’s capabilities and limitations,



XW.O.O Conclusions

In the course of reviewing SSC reports for this project, it became quite clear that a full review

of all aspects of ship maintenance would be impossible to complete in the allotted time frame. Even

the areas discussed in this report are only considered to be overviews of the currant state of the art as

defined by the related SSC reports. For a structure as complex and variable as that of a ship, it is

clear that only general conclusions and guidelines can be given to aid the ship owner/operator in his

goal of performing the best maintenance that resources allow.

The reviewers recommended that this project be continued with new efforts directed in areas

not covered or not completely covered by this report. Some suggested topics include;

O Operational Guidelines

* Ship hand] ing effects on ship structures, (maneuvering effects).
* Guideline for data reporting by ship’s company.
* Quick reference guide for operatmx in the event of grounding stranding.

0 Guidelines
* Emergency repairs.
* Data archiving, maintenance system.
* Detail surveys, [273].
* Numeri~l models of de~ils for direct use by s~ndardized FEM routine.

* Failure ~rrelation s~dy, [262], quick reference for welders to aid in their

understanding of weld flaw consequences.
0 Design

* Ergonomic design methods, design for accessibility during construction and

subsequent inspections.
* Probability Based Design
* Further elimination of error regarding COV’S for wave loading, (COV’S for

large waves currently err by 10-20% [331, mans]).
* Effec~ of vessel form on vibratory loadings; fatigue effects.
* More work with regards @ whipping behavior of ships [330].
* Further investigation regarding plastic behavior of me~ls, for use in non-linear

mechanics.
0 Welding

* Intermittent vs. continuous welding guidelines.
* Ef feet of neglecting corrosion a]]owanc~ On cost and strength.

As seen by the above lis~ the topics which relate to ship maintenance are widely varied,

effecting the vessel’s integrity in direct and indirect manners. The maintainability of a structure is a
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function of many variables, ranging from decisions made in the early planning stages of a design to

procedures used when failures occur.
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SSC Database, SSCDBASE, User’s Guide

1.0 Introduction

This database system has been developed in response to the need for a method of rapid access

to the wealth of information that has been published by the SSC over the past 50 years. The system is

to be issued as part of the final product of the MARAD sponsored research project entitled

Maintenance of Marine Structures; a State of the Art Summary, (SR-1347)W.

aa
FonPro FoxPro Q&A
Readme

I
I

‘igure 21 Foxpro icon in windows environment

The system has been dmigned to allow a user to access any of the 367 SSC reports issued as

of publication of this report, (May 1993), with provisions for the entry of additional SSC or outside

m Marad Report DTMA91-92-CA-200096



reports as they become available.

The system runs as an appliwition within the Microsoft Foxpro for Windows environment,

meaning that a user must obtain a copy of Foxpro for windows, (and

windows is not running on the user’s machine), This is a reasonably

program which runs well on an 80386 based PC.

windows in the unlikely case that

priced, commercially available

Figure 22 Foxpro main program screen

1.1 Database Contents

The database has been designed to enable the user to continue the classification, evaluation

and cross referencing begun by the authors after the completion of a workable database system. The

additional classification of the reports in terms of their contents has been accomplished through the
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addition of keywords entered in addendum to the report abstract fields, and their entry by subject into

specific categories. These keywords are intended to facilitate the listing of reports whose abstracts

may have left out indications as to the contents of text contained in the body of a report The

additional keywords are entered in the abstracts below a heading which appears as follows:

SMRP Commentary
***** ***** ***** ***** ***** ***** *********************************************

All of the reports published by the SSC have been entered into the database in terms of their

apparent subjects as inferred by their titles and abstracts. The addition of commentary is limited to the

reports cited as references in the end of this report.

2.0 Installation

The application is supplied on one (1) 1.44 MByte 3.5” floppy disk, with installation

accomplished by simply copying all of the files on the supplied floppy to whatever directory the user

desires. It is suggested that the following procedure be carried ouv

O BOOt computer or change to the target directory using the standard DOS CD_Target

command; Foxpro for windows is loaded into a directo~ called Foxprow by default, and it is

recommended that the SSCDBASE files be loaded into a sub-directory created as
C:\foxprow\SSC.

O Copy all files from the supplied floppy by inserting it and typing COPY B:\*.* while in the
target directory.

O Start windows in the usual way

O had foxpro for windows by double clicking on the fox icon as shown in Figure 21.

3.0 Program Loading

Once the foxpro/w program has been loaded and started as described above, the screen will

appear as shown in Figure 22. The SSCDBASE program is started by clicking on the ‘SSC’ icon,

which will bring up the screen shown in Figure 23. The data base is now ready for use.



.. ..—-————-—. .-

11
DtJ Program File: Directory

sscdbase.app d:$fcmpmwbscf

=1

Iliiiiild: dm400

,. . . *r. --h . .w- , . . .,

4.0 Database Layout

The SSCDBASE system is organized into two basic blocks, an upper editing block, and a

lower search block. In this section the user is taken on a tour of the main screen in order to

familiark himself with the basic operation of all the ‘buttons’ in the program.

4.1 Editing Block

The editing block, starting from the upper left-hand corner down, consists of

O Report number block: Displays current report number of record displayed.
O Title Block: Displays Title of current record.
O Subject Block: Displays category of current record.
O NnS at #: Displays National Techniml Information Service, (NTIS), catalogue number for

ordering complete reports.
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Figure 24 SSCDBASE Main Screen

O scanBar: Allows moving through the database by:
*~op: Moves pointer to the first record in the database
*~rior: Moves pointer back one record in the sequence

*~exti Moves pointer forward one record in the database.
*~ottom: Moves pointer to the last record in the database.
*~uit Quits the application

O Date: Displays the publishing date of the report.
O Editing BOX: Allows editing of records including:

*The addition of new records
*Saving new records to the database file, (SSCDBASE.DBF)
“Canceling an editorial session.
*Deletion of records from the database file.

O me Keywords butmn allows the user to define keywords for permanent association with the

currently displayed record, @age VI: $4.2). The popup which appears for inputting new
keywords by the user is shown in Figure 25,

v
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igure 25 Additional Keyword Input Screen

o The Abstract buthn displays the abstract of the current record, as shown in Figure 26.

4.2 Search Block

The search block consists of a left side criteria bloc~ and a right side results block. The

search criterium is defined in the search block by selecting on of the options displayed when the

‘Search By’ down arrow is clicked on. The options include:

O $Abstracc Searches through all abstracts for keywords entered by user in the Search By

box.
O Subject : Searches for reports under pre arranged groups of records, e.g. corrosion, fatigue,

damage etc.
O Author: Searches for report(s) by specific authors.
O Keyword: Searches for recor~ that have been linked to particular keywords as defined in

the Keyword button in the upper right region of the main screen, (see Figure 27).
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Eile Edit .E@tabane HECDrd rmgram Rum ~Ext ~ndow Help
Six full scale speci~ens= simi lap in design to a hatch corner of a
shipz were constructed from a low carbon= ship qualityz semi-killed

steel and tested to fai lure. one tested at 120e a shear type
fraoture. fill others tested at room temperature failed with

Qleavage type $ra~tures. Two which were welded with preheat at
400wed superior per~ormanee= both in strength and ene~gy
absorpt ion. TUJO which were #abricated by riueting gave infevior

Performance. fin investigation was conducted to determine the
effects of preheat and a comparison made with the effects of
1000theat treatment for 8 hours. Studies were made of quarter
scale symmetrical and asymmetrical hatch corrte~ models to determine
whioh type of specimen would best dupl icate the stress condition
existing in actual ships.

‘igure 26 Abstract Viewing Window

The actual initiation of the search routines in theprograrnis

button positioned at the bottom of the criterium block.

5.0Database O peration

accomplishedby clicking on the~rowse

The following section will run the user through several example searches in order to

familiarize himself with the basic operation of the system.

5.1 Searches

O Keyword Search:

O The system is startedas described above
OThe Search By down arrow is clickedon
O ne desired keyword is entered in the Criteria box
O ~e search is ~itiatedby clickingon the ~rowse button
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Figure 27 Search criterium pull-down

o The records retrieved as a result of the search are displayed in the Search Results
box

O When a particular record is selected in the Search Results box, the details regarding
the record automatically appear above. in the editing section.

O Subject Search:
O As above except Subject is selected from the Search By Pull Down

O Author Search:
O As above except Author is selected from the Search By Pull Down

O $Abstract Search:
O AS above except Abstract is selected from the Search By Pull Down

6.0 Maintenance

The system has been designed so as to allow a user to continuously update the
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SSCDBASE.DBF and KEYWORD,DBF database files through the editing section, all updating of the

system should be accomplished through the utilities available in the main screen. Changes to the

database file(s) are permanently accomplished upon exiting the program.

The usual backup copies of the disk should be made using the DOS Diskcopy command. The

program will be archived permanently by the Department of Naval Architecture orI the University of

California at Berkeley.
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